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Editorial

Optical antennas * serve to confine the energy of photons trans-
ported by a light wave to a tiny volume much smaller than the
wavelength; or reversely, to convert the energy of an evanes-
cent field that oscillates at optical frequencies to a traveling
electromagnetic wave that can be observed in the far field.
Optical antennas are key elements in nano-optics, bridging the
gap between the dimension of an optical wavelength (several
hundreds of nanometers) and the size of elementary quantum
emitters such as single atoms, molecules, etc. (a few nanome-
ters to below 1 nm). Nanoantennas have been under examina-
tion for the past few decades in view of their attractive funda-
mental properties, while the rapid development of nanofabrica-
tion techniques has opened up possibilities to create more and
more sophisticated shapes and configurations with increasing
control over their optical performance [1-4]. The strong local
near-field enhancement by plasmonic nanoantennas is being

harnessed for high sensitivity, high-resolution optical nanospec-
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troscopy techniques [5], such as surface-enhanced or tip-en-
hanced Raman spectroscopy (SERS or TERS) [6-15], as well as
for (bio-)sensing applications [16-18]. The integration of
nanoantennas can lead to enhanced functionality for optoelec-
tronic devices, nano-light sources, light amplification, or hybrid
systems in combination with nanoemitters or two-dimensional
materials [19]. Under excitation with state-of-the-art lasers,
ultrafast effects can be observed as well as a plethora of non-
linear characteristics [20]. Recently, also electrically driven
nanoantennas have been demonstrated [21-25], which are an
important milestone towards on-chip integration, device-to-
device communication, and bilateral transduction between elec-
trons and photons [26].

An optical gap antenna typically consists of two nanostructures

with a nanometer gap in between. Optical excitation induces a

coupled plasmon oscillation along the two antenna parts, which
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can lead to large surface charge oscillations on the opposite sur-
faces confining the gap, and a field in the gap that is enhanced
by several orders of magnitude with respect to the incident field
[27]. The gap field is particularly strong when the particle plas-
mons are in resonance. The enhanced local field and the en-
hanced optical mode density can, for example, enhance the ex-
citation and/or the emission rate of a quantum system that is

positioned in this near-field region [28].

Both the enhanced local field and optical mode density are of
great practical use for local spectroscopy with extremely high
spatial resolution. They enable boosting the intrinsically low
optical signal of a very small number of molecules by orders of
magnitude with respect to any surrounding molecules, which
can be the source of an overwhelming background signal.
This principle applies to virtually any kind of optical
spectroscopy. Prominent examples are SERS and TERS,
where the intrinsically small Raman scattering cross-section
is enhanced by several orders of magnitude, making single-mol-
ecule spectroscopy feasible. These spectroscopic techniques
have shown tremendous progress in the last two decades [29-
32].

Under high-power excitation of nanoantennas, higher order
contributions to the particle polarization are no longer negli-
gible, and nonlinear effects become apparent. Due to their
inherent symmetry breaking, nanoantennas can act as local
sources of second harmonic generation (SHG) with attractive
applications in low-background medical imaging or nanolasers
[33].

Electrically driven optical antennas emit light when a bias
voltage is applied to the contacted antenna arms that are
forming a tunnel junction. Inelastic electron tunneling through
the gap excites gap—plasmon oscillations leading to the emis-
sion of photons as a consequence of radiative plasmon relaxa-
tion [34-36]. The relaxation depends on how the gap modes
couple and can hence be controlled by the design of the
antenna. The combination of an electrically driven antenna with
optical excitation is a very promising but not yet well explored
subject. Energy-level engineering in the gap by introducing
molecules into the tunnel junction provides an additional handle
to modulate photon emission from an electrically controlled
optical antenna. Light emission by tunneling through a single
molecule opens the door to combine electronics and quantum

optics for a new class of quantum devices [37].

The concept, realization and prospective applications of such
optically and electrically driven antennas are explored in the
Beilstein Journal of Nanotechnology Thematic Issue, “Opti-

cally and electrically driven nanoantennas”.

Beilstein J. Nanotechnol. 2020, 11, 1542—1545.

In most applications for ultrahigh sensitivity sensing the central
feature for tightly confining and enhancing the optical near-field
is a narrow gap between two metallic nanoparticles or tips.
Creating such gaps to obtain a controlled distribution of
hotspots, for example, on a chip, is no trivial task. This has been
pursued using top-down approaches such as thin film deposi-
tion and nanopatterning, as well as bottom-up approaches such
as chemical synthesis and self-assembly [38]. Gap sizes may
range from a few tens of nanometers down to sub-nanometer
tunnel junctions, where the classical description of the plas-
monic behavior breaks down [39,40]. Here, several approaches
to create low-cost, large-area SERS substrates that exhibit ho-
mogeneous Raman intensity enhancement are introduced. The
substrates are based on quasi-hexagonally ordered gold parti-
cles prepared by block-copolymer micellar nanolithography and
electroless deposition [41], or on dense silver island films
created by pulsed laser deposition [42] or physical vapor depo-
sition [43]. In [44], individual plasmonic nanotags are prepared
by coating gold nanoparticle clusters with Raman reporters.
This work explores the minimum number of tags required for
obtaining a SERS signal under operation conditions. Moving
further towards the (near-) infrared regime, different antennas
are employed in a surface-enhanced infrared absorption
(SEIRA) configuration [45]. Here the aim is to detect low con-
centrations of semiconductor nanocrystals through maximum
local enhancement of their optical phonon response. High local
field enhancement is likewise required in TERS experiments,
where a tip with a hotspot located at its apex is scanned across a
sample surface. The performance of a TERS measurement is
closely related to the quality of the tip [46]. Therefore,
researchers are on the lookout for nanotips that can be prepared
fast and with reproducible properties, and at the same time, aim
for ever higher field enhancement and localization to improve
the sensitivity and spatial resolution of the TERS information.
In [47], an earlier protocol for etching thin gold wires to a sharp
tip is refined to a two-step procedure with high throughput. A
self-assembly approach to create a dumbbell antenna consisting
of a 40 nm and an 80 nm Au nanoparticle at a scanning tip is
shown in [48] and applied for single molecule sensitivity
imaging. The advantage of applying TERS for revealing local
structural properties is illustrated in [49], where crystalline and
amorphous regions within core—shell silicon nanowires are
discerned with an optical resolution of a few nanometers. This
study further demonstrates that it is possible to combine polari-
zation angle-resolved experiments with a TERS setup, which

has been rarely pursued so far.

In the hot topic area of active plasmonics, reversible changes
in the refractive index of the environment of a plasmonic
system, for example, by liquid crystals or thermosensitive

polymers, allow for actively switching the plasmonic properties
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[50,51]. A recent example of the strong coupling between
silver nanorods and photochromic molecules is demonstrated in
[52].

Due to the high local field intensity in the gap of a nanodimer,
strong polarization of the particle, and consequently, strong
SHG from the particle surface, may be expected. However,
owing to the polarization and far-field interference, a silencing
of the SHG is observed for decreasing gap sizes [53]. This
effect is further studied in [54] using the surface integral equa-
tion method. On the other hand, the generation of higher
harmonics by a dielectric nanostructure can be boosted by
forming a hybrid antenna. In the case of [55] an AlGaAs
nanopillar, which has an anapole mode resonant with the pump
wavelength, is encompassed by a gold ring. The field enhance-
ment by the plasmonic structure is shown to lead to almost two
orders of magnitude improvement of the SHG and a sizeable
third-harmonic generation from the pillar. The fact that non-
linear effects can already be observed in the absorption and
scattering of single gold nanoparticles at much lower laser in-
tensities is demonstrated in [56]. Using the so-called x-scan
technique, a nanoparticle is scanned through a confocal laser
spot, and power-dependent modifications are observed in the re-
sulting point-spread function profile.

Last but not least, the electrically driven generation of photons
is explored in [26] and [57]. In [26] the emission of light
from electromigrated in-plane tunnel junctions is observed,
where the feed-gap is shown to couple to propagating modes in
waveguides with up to 30% efficiency. Making use of propa-
gating surface plasmon polaritons (SPPs), directional light
beams are created in [57]. The SPPs are excited by inelastic
tunneling from a scanning probe. The probe is positioned in
the focus of an elliptical structure, which is formed by a slit
in a gold film. By defining the dimensions of the ellipse, it
becomes possible to control the directionality of the emitted
light beam.

The contributions collected in this Thematic Issue thus high-
light current and emerging directions in the fast-moving field of
optically and electrically driven nanoantennas. In the current
age of photonics, such elements may prove essential in further
expanding the functionality of electrical devices by integration
with photonic functionalities. We sincerely thank all colleagues
who contributed to this Thematic Issue with their time and

research results.

Monika Fleischer, Dai Zhang and Alfred J. Meixner

Tiibingen, September 2020
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Abstract

Background: Electrically controlled optical metal antennas are an emerging class of nanodevices enabling a bilateral transduction
between electrons and photons. At the heart of the device is a tunnel junction that may either emit light upon injection of electrons
or generate an electrical current when excited by a light wave. The current study explores a technological route for producing these
functional units based upon the electromigration of metal constrictions.

Results: We combine multiple nanofabrication steps to realize in-plane tunneling junctions made of two gold electrodes, separated
by a sub-nanometer gap acting as the feedgap of an optical antenna. We electrically characterize the transport properties of the junc-
tions in the light of the Fowler—Nordheim representation and the Simmons model for electron tunneling. We demonstrate light
emission from the feedgap upon electron injection and show examples of how this nanoscale light source can be coupled to wave-
guiding structures.

Conclusion: Electromigrated in-plane tunneling optical antennas feature interesting properties with their unique functionality

enabling interfacing electrons and photons at the atomic scale and with the same device. This technology may open new routes for

device-to-device communication and for interconnecting an electronic control layer to a photonic architecture.
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Introduction

The constant evolution of information technologies requires the
integration and development of complex processing functionali-
ties. The fast increasing demand of connectivity between
devices necessitates the deployment of new data-transfer strate-
gies. Optical fiber input/output pigtail-wiring connections are
the key technology enabling fast and reliable data transfer down
to on-card system level. However, the need for parallel process-
ing and the physical size of these optical buses prevent their
deployment as a sustainable technology for short-range on-chip
interconnects. Alternative propagation supports are being de-
veloped to meet integration requirements. Silicon-based
photonics for instance is offering a cost-effective strategy to
merge microelectronics and photonics [1,2] and address the
next generation of interchip and intrachip optical interconnects.
Optical and electrical cross talk between vertical interconnect
accesses, thermal envelope, footprint, wafer-bonding require-
ments, and the drastic increase of power consumption with the
number of links are limiting factors for using this platform at
the nanoscale. In parallel, the integration of alternative chip-
scale routing networks is being developed [3]. For instance
wireless radio-frequency (RF) data transmission between distant
nodes is emerging as an alternative for wired physical wave-
guiding channels [4]. This approach is enabled by the availabili-
ty of complementary metal-oxide semiconductor (CMOS)-com-
patible transceivers [5] and may offer cost-effective robust
interconnects operating with a large bandwidth [6]. Yet, the
implementation of hardware components for wireless network-
on-chip (WNoC) is constrained by the physical size of the trans-
mitting antennas. For instance, ultra wide-band RF intercon-
nects and millimeter-wave traffic are relying on device sizes
comparable to dimension of the chip itself (millimeters). A new
paradigm is thus required to develop miniature antennas
enabling future WNoC to operate with sub-micrometer trans-
mitting units [7].

In this context, optical antennas are offering an interesting tech-
nological route to meet this integration requirement. Optical
antennas are devices operating at frequencies from visible light
to infrared [8]. They were primarily developed to enhance
light—matter near-field interactions [9] via the excitation of sur-
face plasmons for metal-based devices [10] or Mie resonances
for dielectric antennas [11,12]. Interestingly, optical antennas
have radiating properties bearing similarities with traditional RF
antennas [13-16] but have a nanometer-scale footprint offering
thus unsurpassed integration capability. However, the deploy-
ment of such components for interconnects has not been a
viable solution so far as optical antennas are typically used as
wave-vector converters to manipulate optical fields. Recent de-
velopments showed that a novel generation of optical antennas

can be electrically connected [17]. These devices are operating
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based upon the unique properties of tunnel junctions. In particu-
lar, they can be deployed as electro-optical transceivers because
they may either emit light upon injection of electrons [18-21] or
optically rectify an incident electromagnetic wave [22-27]. Ad-
ditionally atomic-scale gaps provide a unique test bed to iden-
tify the rules governing the physics of electron interaction with
surface plasmons and photons: quantum effects were shown to
challenge the classical plasmonic description [28-30] and the
fluctuations of the electronic current impart a rich photon statis-
tics [31,32].

In this work, we present a strategy to realize electrically
connected optical antennas by employing the electromigration
of metal nano-constrictions. The atomic-scale gap acts as an
active feedgap operating a transduction between an electrical
signal and an optical radiation. We electrically characterize the
device and deduce the relevant properties using the standard de-
scription of tunneling transport. We demonstrate light genera-
tion from the feedgap and discuss different emission mecha-

nisms based on the radiated spectrum and activation voltage.

Results and Discussion
Nanofabrication of electrically connected

optical antennas

The starting geometry for realizing an electrically connected
optical antenna is a Au constriction formed between two fan-out
electrodes laying on a glass cover slip. We use electron-beam li-
thography and standard physical vapor deposition to produce
gold constrictions and the proximity electrodes. The thickness
of the Au layer is typically 50 nm, and we use a 2 nm thick Cr
or Ti adhesion layer to improve gold adhesion on the glass sub-
strate. A scanning electron micrograph of a pristine 150 nm
wide Au constriction formed between two bow-tie leads is
exemplified in Figure la. The electrical connections of the
constriction to outside control electronics is obtained in a
second step of fabrication by ultraviolet (UV) photolithography.
An image of a typical sample, constituted of 24 constrictions
and their associated macroscopic electrodes, is illustrated in
Figure 1b. The red and blue regions are realized by electron-
beam lithography and UV lithography, respectively. Each elec-
trode is connected to a common ground (centered square) and
can be individually addressed by a set of peripheral electrodes.

To create a tunnel junction that will eventually form the active
feedgap of an optical antenna, we perform an operator-con-
trolled electromigration of the constriction. Electromigration is,
in a broad sense, the transport of mass due to an electric current
passing through a metal. The phenomenon depends on several
variables, such as current density, temperature, composition,

stresses in the solid, and grain structure [33]. We adapted and
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Figure 1: (a) False-color scanning electron micrograph of a typical
constriction separating two tapered electrodes. The yellow color indi-
cates the Au part. The constriction is 150 nm wide for a length of

70 nm. (b) False-color image of a series of constrictions and their elec-
trical connections. The areas colored in red are made by electron-
beam lithography, the regions in blue are those fabricated by photolith-
ography.

tested different strategies available from the literature ranging
from the simple ramping of an applied voltage until breakdown
to approaches relying on feedback mechanisms [34]. We finally
settled on a method where the applied bias is manually adjusted
to control the time evolution of the conductance of the constric-
tion. The procedure is as follows: An ac voltage applied across
the constriction with an amplitude V,. =20 mV and a frequen-
cy F'=12.6 kHz is summed to an adjustable direct current (dc)
bias Vy. F is used as an external reference for a lock-in ampli-
fier. A current-to-voltage amplifier converts the current flowing
through the device to a voltage output read by the lock-in
amplifier. The output of the lock-in is proportional to the ampli-
tude of the modulated current oscillating at /. The conductance
of the constriction G is then estimated by dividing the lock-in
signal by V,.. The conductance of the devices before electromi-
gration is in the range of 1 to 4 mS, and includes the contribu-
tion from leads and contacts. V. is then incremented by steps
of 100 mV. We monitor G(¢) during each step and the entire
electromigration process may be divided into phases.

During the first few Vg, steps, G(¢) is fairly constant because
Joule dissipation is not yet affecting the temperature-dependent
resistivity of gold. On increasing Vy., the temperature of the
constriction grows and the conductance starts to fluctuate. The
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general trend is that G(¢) decreases when stepping up Vy.. We
also consistently observe a momentary rise of the conductance,
which we attribute to the desorption of surface contaminants as
well as a temperature annealing of the constriction due to dissi-
pation of the electrical power in this area. This effect can be
traced in Figure 2a at around ¢ = 150 s. An example of another
temperature effect is illustrated at # = 200 s in Figure 2a. The
applied bias is constant, but G(¢) decays towards a stable value.
This is understood from the temperature-dependent resistivity
of the material: For a given V4. the current flowing in the
constriction dissipates heat and affects in return the tempera-
ture-dependent resistivity [35]. These conductance fluctuations
are typically observed for V. < 1.7 V and corresponds to the

end of the first phase of voltage increments.

When applying higher voltages, G(¢) generally drops with a rate
rapidly increasing with time. The process is entering a second
phase. This behavior is the signature of the onset of electromi-
gration of the device, and will rapidly lead to the failure of the
constriction if the applied bias is maintained. In order to control
the electromigration process, we reduce Vg, by 100 mV when
the dropping rate of G(¢) exceeds 5 uS-s~!. This usually stops
the runaway momentarily. An example of the procedure is illus-
trated at £ =420 s in Figure 2a. After a few seconds, the conduc-
tance drop resumes and V. is again adjusted to control the de-
crease of the conductance. When G(¢) stays constant, the elec-
tromigration is hindered because the temperature of the
constriction is too low to thermally assist the process [36]. V.
is consequently increased by a few increments to trigger the
process again. The constriction will eventually break for bias
voltages V4. of around 500 mV. We sometimes observe quan-
tized conductance steps indicating the change of transport
regime from diffusive to ballistic as illustrated in Figure 2b. The
conductance is normalized by the quantum of conductance
Gy = 22/l = 77 uS, where e is the electron charge and 7 is
Planck’s constant. The passage to the tunneling regime when
G < G( ends the electromigration process. In the inset of
Figure 2b, we show a statistics of the final conductance values
measured after the electromigration of a series of 24 constric-
tions. About 17% of the devices feature large conductances
approaching Gy.

A scanning electron image (SEM) of an electromigrated
constriction is displayed in Figure 2c. Electron imaging is made
possible by sputtering a thin conductive Au layer. Different
information can be deduced from the image. To begin with, the
tunneling gap is not situated at the location of the constriction,
but is displaced towards the source electrode as already re-
ported in the past [37]. There are two reasons why the forma-
tion of the gap is not occurring at the constriction. First, the

dissipation of electrical power during the process takes place at
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Figure 2: (a) Temporal extract of the electromigration sequence featuring the effect of partial annealing, Joule heating and onset of electromigration
on the evolution of the condutance with bias increments. (b) Time trace of the conductance G(f) during the last moments of the electromigration
process. The conductance is quantized in units of Gp, the quantum of conductance. Inset: statistics on the final conductance for a series of 24 electro-
migrated constrictions. (c) False-color scanning electron micrograph of the device after electromigration. The tunneling junction forms on the source
electrode. The zone corresponding to the constriction has been annealed by Joule dissipation during the process, reducing the number of grain
boundaries available to trigger electromigration. Voids resulting from Au migration are also observed on the source electrode. The image is obtained

by sputtering a thin conductive Au layer on the post mortem device.

the constriction, i.e., at the region of highest resistance [38].
The evaporated Au layer can thus be partially annealed through
Joule heating. We substantiate this hypothesis by the temporary
improvement of the conductance at # = 150 s before the onset of
electromigration discussed in Figure 2a. The SEM image of
Figure 2c is also providing additional confirmation of a partial
annealing of the constriction. In the area marked “annealed
zone” in the image, the concentration of triple points consider-
ably reduces and the dimensions of grain sizes increase. The
constriction is thus less susceptible to failure because diffusion
of atoms is facilitated by these polycristalline structural defects
[39]. Secondly, the gap is occurring at the source electrode
because charge carriers here first collide with grain boundaries
to initiate atom diffusion as it can be seen by number of voids
present in this electrode (Figure 2c¢).

Electrical characterization

The electrical characterization of the tunneling feedgap forming
the active area of the optical antenna primarily consists of
measuring the current-to-voltage characteristics IT(Vy.). An ex-
ample is illustrated in Figure 3a. In this graph, the current densi-
ty (JT = IT/A) is displayed for an arbitrary tunneling junction
area A, chosen at 100 nm?.

For a tunneling barrier subject to a small applied bias, the trans-
port may be described by Simmons’ equation of tunneling elec-
trons [40]:

2
Jp(eV <) =%=Z—2 *’26;"4) Vaeexp[-BJB ], ()

where B =47tdh_1m, A and d are the effective area and
width of the junction, m is the electron mass, and /4 is Planck’s
constant. The average barrier height ¢ includes the presence of
an image potential that reduces the barrier height. Considering
that the work function of gold is ca. 5.4 eV, Equation 1 is
usually valid for applied bias voltages up to a few volts.

The shape of the tunneling characteristics of IT(Vg4.) essentially
depends on the parameters d and ¢ with minor corrections from
the effective area 4 [41]. These parameters can be extracted by
fitting the experimental characteristics. Generally, the current-
to-voltage plots measured from electromigrated gaps are not
symmetrical with respect to the applied bias. The irregularities
of the gap, such as protrusions, affect the two sides of the
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Figure 3: (a) Current density Jt plotted versus applied bias Vyc. The black circles are experimental data points and the solid red line is the best fit to
the data using Simmons’ model of tunneling transport. (b) The fitting parameters ¢, A¢, and d as functions of the junction area A. The yellow frame
represents a parameter space consistent with respect to the experimental measurements.

energy barrier, ¢; and ¢,, differently [42] leading to asym-
metric output characteristics. Electron tunneling through an
asymmetrical trapezoidal barrier is described following

Brinkman’s formalism [43]:

2

AyAd 345 o

1- 3 Vie + Vie
32¢ 128¢

)

G(Vse) = Gre=0)

with Ay =4+2md / (3h) and Ad = ¢; — ¢, G(Vdc=0) is the zero-
bias conductance:

2 —-10
V2
Gw, -0 =A4-107185 m?e exp _4nd x10 2moe
de 12 dx10710 h 4

=4-3.16-107 gexp[—l.ozwﬁ}

d is here in angstroms, 4 is in square nanometers, e is in
coulombs and ¢ is in electronvolts. Combining Equation 2 and
Equation 3, the current density Jp(Vyc) is

v
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The set of parameters [d, ¢ and Ad] is determined by conduct-
ing a fit to the experimental data as shown by the red curve in
Figure 3a. We arbitrarily set the effective area to 4 = 100 nm?
because we cannot obtain a precise experimental determination
of the active area in which the electrons tunnel from the com-
plex morphology of electromigrated gaps. In Figure 3b, we
explore the dependence of d, ¢ and Ad on the area 4. The
yellow region in the graph shows the boundaries of the parame-
ter space, limited on one side by half of the area occupied by a
gold atom, and on the other side, by the cross-sectional area of
the constriction. Even with a variation of 4 by four orders of
magnitude, the estimated gap size remains at d < 1 nm. Such a
small distance between two electrodes is the key characteristics
for developing the novel generation of electro-optical antennas
discussed here.

It is interesting to display the characteristics of J1(V4.) using the
so-called Fowler—Nordheim representation to understand the
physical meaning of the average barrier height ¢, which is in
the region considered in Figure 3b considerably lower than the
work function of gold. The Fowler—Nordheim plot, In(J1 / dec)
as a function of 1/V, is commonly used to distinguish the tran-
sition between direct tunneling at low Vg, and a high-bias
regime where the energy barrier is drastically reduced and elec-
trons are tunneling by field emission [44]. Thus, the representa-
tion isolates two extreme cases of bias polarization: |eVdC| <o
and |eVdc| > ¢ separated by a minimum in the plot indicating
the cross-over between the transport regimes. The effective
barrier height of the electrodes may be directly inferred from
this minimum, commonly referred to as the transition voltage
.

The Fowler—Nordheim plot of the Jp(V4.) characteristics dis-

cussed in Figure 3 is displayed in Figure 4a. Two clear minima

are identified with respect to bias polarity at nearly symmetric

1968



values 1/V; =-3.51£0.16 V' and 1/V;" =3.5+0.09 V',
corresponding to an average transition voltage |V = 0.28 V. It
is immediately obvious here that the transition voltage inferred
from the Fowler—Nordheim plot differs significantly from the
average barrier height resulting from Simmons’ model
(¢ = 1.11 eV). However, such a low value of ¢ is consistently
reported in Au tunnel junctions [19,26,41,45] and is tentatively
attributed to surface states on the electrodes [41,46], the effect
of image charges [47], the presence of protruding atoms [48] or
a Schottky contact [45]. Despite this body of work, the
interpretation of the Fowler—Nordheim plot and the transition
voltage has been debated in the past. Huisman et al. [49] fol-
lowed by Vilan et al. [50] argued that the inflection in the
Fowler—Nordheim plot is a generic property of the nonlinear
characteristics and takes place when the third-order term in
Equation 2 becomes important. By recasting Equation 2 in the
Fowler—Nordheim form, we find an analytical expression for V;
by searching the minimum of the function:

3
4 :ﬂ._d)’ )
Jm d

where 7 is in electronvolts and d is in angstroms. Equation 5
shows that the transition voltage does not depend on the barrier
height ¢ but on the ratio between the square root of the average
barrier height and the barrier width, \/$ / d. Huisman derived a
similar expression [49] using Stratton’s tunneling formalism
with a dependence on \/ﬁ / d. Inserting the values of ¢ and d
deduced from Simmons’ fit to Equation 5 leads to V; =0.28 V,
which is exactly the value inferred from the Fowler—Nordheim

plot. To reinforce this interpretation of the transition voltage,
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we plot in Figure 4b the \/$ / d -dependence of the transition
voltages measured on either side of the Fowler—Nordheims plot
for a series of 15 electromigrated junctions. The solid black
curve is |V calculated using Equation 5 and the parameters ¢
and d extracted from fitting the experimental data of Jp(Vy.)
with Equation 4. The dependence of the transition voltage on
\/5 / d is clearly revealed from the graph, demonstrating that V;

cannot be an estimate of the tunneling barrier height.

Even if the Fowler—-Nordheim plot of the device shown in
Figure 4a feature a symmetric transition voltage with respect to
the bias polarities, electromigrated junctions may have asym-
metric current-to-voltage characteristics; the data points repre-
senting |Vt*| and 7" in Figure 4b do not generally coincide.
This is expected from the irregular morphology of the junction
and its influence onto the barrier height [51].

Light-emitting electron-fed optical antennas
The electromigrated planar junctions discussed above may
serve as light-emitting optical antennas when electrons are
injected in the tunnel barrier formed between the two metal
leads. The junction acts as the antenna feed because radiation is
emitted from this driven element [52].

Light emitted from tunnel junctions has been heavily investigat-
ed since the pionner work of Lambe and McCarthy [53] and is
generally attributed to inelastic scattering of tunneling electrons
into radiative surface plasmon modes. Generally, spectra
detected from electrically-driven on-chip optical antennas are in
agreement with this picture [19-21,27,54]. However, some
authors reported an over-bias emission from atomic contacts

where the emitted spectra are no longer limited by the kinetic
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Figure 4: (a) Fowler—-Nordheim representation of the J1(Vyc) data shown in Figure 3a. The transition voltages V;~ and V;" are determined from the
inflection points of the representation. (b) ;| and V;* as functions of \/gld for 15 electromigrated junctions. The solid line is the transition voltage V;
calculated with Equation 5 and the parameters ¢ and d deduced from Simmons’ fit of the electrical characteristics.
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energy of the electrons given by the applied bias [18,55,56]. In
these devices, the emission is described by thermal radiation of
an out-of-equilibrium heated electron distribution, which is
promoted by the electron—electron interaction dynamics. Both
light-emission mechanisms may be observed in the electromi-
grated junctions discussed in the previous section as illustrated
in Figure 5. Prevalence of inelastic scattering in the barrier over
electronic heating essentially depends on the conductance of the
device and the current density flowing through the contact.
Typically, the quantum cutoff hv < eVj. is violated when
0.1Gyg < G < Gy, where v is the frequency of the photon.

In the left column of Figure 5, we show an example of emis-
sion from a hot distribution of carriers for an electromigrated
junction biased at Vo = 1.1 V. The light generated by the tunnel

Thermal emission

Beilstein J. Nanotechnol. 2018, 9, 1964—1976.

junction upon electrical biasing and emitting in the substrate is
collected using an inverted optical microscope (Nikon, Eclipse)
equipped with a 100%, 1.49 numerical aperture (N.A.) objective
and a charge-coupled device (CCD) camera recording the object
plane of the microscope (Andor, Luca EM S 658M). The reso-
lution of the microscope is about 300 nm at 800 nm emission
wavelength. The optical activity in Figure 5b is restricted to the
location of the gap (not distinguishable in the optical transmis-
sion image of Figure 5a). The electrical characteristics
(Figure 5¢) feature a value of G(Vdc —0) = 69 uS = 0.9G,.
Figure 5d shows the emission spectrum of the device taken at
Vie =900 mV. In the framework of inelastic electron tunneling,
no light should be detected in the sensitivity window of
Si-based devices because at V3. = 900 mV, the wavelength at
the quantum cutoff is 1300 nm to which the Si detectors are

Inelastic tunneling
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Figure 5: (a) Transmission optical image showing a series of electromigrated constrictions. (b) Optical image of the light emission when the centered
junction is biased at 1.1 V. (c) Corresponding current-to-voltage characteristics where the black and red curves are the forward and backward voltage
sweep, respectively. (d) Emission spectrum recorded for Vyc = 0.9 V. The entire spectrum violates the quantum cutoff since hv > eVj. (e) and (f) are
images of another series of electromigrated gaps showing the respective layout of the structure and the optical activity when the center junction is
biased at 4.0 V. (g) Corresponding current-to-voltage characteristics. (h) Electroluminescent spectrum of the light-emitting device obtained at

Vyc =4 V. The emission is characteristic of inelastic electron tunneling events with hv < eVy.. The spectra are corrected for the quantum efficiency of

the CCD camera and the transmission of the microscope.
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blind. Clearly, the spectrum is violating this quantum cutoff.
Here, this overbias response is understood from the spontane-
ous emission of hot carriers, accelerated by the electric field
present at the junction, and colliding with the boundary of the
gap [18]. The detected spectrum is thus the visible tail of a ther-
mal peak located in the infrared. The position of peak is not
directly related to the bias via the quantum relation cited above,
but to the electronic temperature of the hot electrons responsi-
ble for the emission. In our previous report on analogous
devices [18], electron temperatures exceeding 1000 K were
measured for similar operating conditions, which pushes the
thermal peak roughly between 2 and 3 pm.

The column on the right of Figure 5 illustrates an example of
electromigrated junction operating in a different emission
regime. Here the device is biased at Vg, = 4.0 V. Very much
like the thermal glow of Figure 5b, the active region is restricted
to the tunnel gap, but the electrical characteristic (Figure 5g)
gives G(Vdc:o) =5.61078 uS = 7-107* Gy. The spectrum emitted
by the optical tunneling gap antenna is consistent with the quan-
tum cutoff; the energy of the detected photons is smaller than
the kinetic energy of the tunnel electrons. The substantial drop
of intensity below 600 nm is due to the onset of interband tran-
sitions in the material. For this device, the emission is probably
resulting from the radiative decay of surface plasmons popu-

lated by inelastic tunnel electrons [19-21].

In the following section we show examples of devices where
light emission from tunneling electron-fed optical antennas is
not simply radiated in free-space but partially coupled to wave-
guiding architectures. Here, the objective is to implement a first
technological step to integrate compact transducing tunnel
optical antennas directly at the input port of photonic links to
provide for an electronically driven optical transmission line
with broadband spectral characteristics. This asset may help at
increasing the bandwidth via wavelength-division multiplexing.
Integrated broadband sources are also utilized in photonic
sensing chips [57] or to command non-classical secondary
photon sources [58]. There is thus a demand for versatile and
low-cost integrated light sources, and optical tunneling gap
antennas may provide an alternative technology to solid-state
light emitting diodes or quantum dots. Coupling of such a junc-
tion have been recently demonstrated in plasmonic strips
[27,59] and we extend the concept to dielectric TiO, wave-

guides and slot geometry.

Electrically connected optical antennas on TiO»
waveguides

Because the emission spans the visible part of the spectrum,
and, depending on the underlying mechanism, extends to near-

infrared wavelengths, standard silicon-based platforms are not
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adapted to collect and guide photons emitted by the junctions.
For the operation at visible wavelengths waveguiding struc-
tures composed of TiO, feature interesting material properties
[60,61] such as broadband transparency, high refractive index,
compatibility with complementary metal-oxide semiconductors
and ease of processing.

We realize the implementation of tunneling antennas on a TiO,
waveguide through a multi-step process. First, a 85 to 110 nm
thick titanium dioxide layer is deposited by physical vapor
deposition on a clean glass substrate. Then, the Au backbone
that will subsequently define the electrically connected tunnel-
ing optical antennas is fabricated by electron-beam lithography,
Au evaporation and lift-off process. The structures consist of
either a gold nanowire of 1.1 um length and 130 nm width or a
constriction as discussed above. For both types, the structures
are connected to a set of electrodes. The thickness of the nano-
wire and electrodes is 50 nm, including a 5 nm Ti adhesion
layer. The third step is the dry etching of the TiO, layer. For
that, we first create an etching mask by electron-beam lithogra-
phy, thermal deposition of a 30 nm thick nickel layer and lift-
off. Reactive ion etching is then used to remove the TiO, layer
and to define the waveguides. More details about this etching
process can be found in [62]. A last optical lithography step is
carried out to define the macroscopic leads that are connected to
the microscopic electrodes. The process is subsequently termi-
nated by electromigrating in situ the nanowire to create the
optical tunneling gap antenna. Figure 6a,c,e illustrates the ex-
periment with different waveguide geometries and gap orienta-
tions. In Figure 6a, the TiO, waveguide is 85 nm thick and
1.5 um wide, and the SEM image was taken before the electro-
migration of the nanowire. In Figure 6¢ and Figure 6e the wave-
guides have a cross section of 500 nm x 110 nm and both
images were taken after creating the optical tunneling gap
antennas. Note that in Figure 6e, the displacement of the junc-
tion towards the source electrode has been taken into account to
place the tunneling gap at the center of the waveguide.

Figure 6b,d,f shows false-color CCD images showing the distri-
bution of the light radiated in the substrate when the tunneling
junctions are biased by V4. The electrical operating conditions
are reported in the images. In all these devices, light is most
likely emitted by inelastic tunneling because the detected spec-
tral range is below the bias energy: v < eVy.. The zero-bias

conductance values are all about 1072Gj.

In the set of images in Figure 6, the strongest signal detected
through the glass slide originates from the junction itself. How-
ever, the images show also that light emerges from the distal
end of the TiO; stripes indicating that a portion of the power
emitted by the electron-fed antennas is coupled to the dielectric
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Figure 6: (a, c, e) Colorized scanning electron micrographs of the electron-fed optical antennas integrated in various waveguiding geometries. The
yellow and blue hues show the Au and TiO, materials, respectively, and the glass substrate appears in gray. The TiO, waveguides are 1.5 ym wide in
(a) and 500 nm wide in (c) and (e). The Au electrodes are parallel to the waveguide axis in (a) and (c) while in (e), the orientation of the electrodes is
perpendicular to the two symmetrical TiO5 stripes. Insets: Calculated modal distribution of the electric field norm in the waveguides evaluated at

800 nm. (b, d, f) False-color CCD images of the distribution of light in the structure upon electrical biasing of the tunnel junction. The electrical condi-
tions are given in the images and the integration time is 30 s for all frames. The color scale is saturated to enhance the contrast.

structure and is transmitted away from the radiating feedgap.
The optical tunneling gap antenna may therefore be used as an
electrically activated local source of light. An absolute cou-
pling efficiency is difficult to estimate since only the light
emitted in the substrate is collected here. Nonetheless, we may
qualitatively evaluate an effective coupling yield and compare
devices. We numerically assess the characteristics of the mode
supported by the TiO, waveguides by a two-dimensional finite
element calculation (Comsol software) using published values
of the refractive index of TiO,[63]. The insets of Figure 6a and
Figure 6¢ display cross-sectional views of the norm of the elec-
tric field existing in the waveguides at a wavelength of 800 nm.
At the operating voltage, the emission of the electron-fed
antenna is typically spanning the visible and near-infrared spec-
tral region. For the TiO, geometries discussed here, the confine-
ment loss is calculated to be about 1072 dB for a 10 pm long
waveguide. We may therefore neglect propagation losses in the
TiO, while estimating the coupling ratio. In Figure 6b, the light
collected at the waveguide termination is about 12% of the total
signal received on the detector. Optimizing the amount of
power emitted by the local source and transferred to the wave-
guided modes requires to shape the wavevector distribution
radiated by the antenna and to reduce the influence of the elec-
trode. This may be achieved by introducing multi-element
antennas [16,64]. The electromigrated gap features the charac-
teristic of a dipolar source [18] despite the marked nanometer-
scale irregularities of the gap itself. Structuring the immediate
environment of the junction, i.e., the feed of the antenna, with
elements acting as a reflector and directors may help in shaping
the broadband-emission diagram emitted in the dielectric and

improve the overlap with photonic modes. There are also

reports of efficient coupling by engineering a cladding material
surrounding the active emitting area [65], by a heterogeneous
integration of the source in a structured waveguide [66,67], or
by using extreme modal confinement [68].

We have tried simple steps to increase the apparent coupling
yield to the modes sustained by the geometries without relying
on directivity-enhanced designs or more complex engineering.
As it can be observed in Figure 6b and Figure 6d, scattering
takes place at the edges of the waveguide right above and below
the location of the junction as well as on the Au electrodes.
Thus, losses imparted by the electrodes at the top of the wave-
guide are present and contribute to attenuating the mode in this
part of the waveguide. These scattering information further
suggest that the antenna radiates also in a direction perpendicu-
lar to the main axis of the waveguide. To decrease these scat-
tering points, we introduce the geometry of Figure 6e, where the
waveguides are oriented perpendicular to the electrodes. While
the amount of signal emerging from the distal ends remains
modest (8% on the left port and 6% on the right port), scat-
tering and attenuation by the electrical circuit is reduced.

Electrically connected optical antennas emitting in
slot waveguides

Figure 7 shows another example of the integration of optical
tunneling gap antennas. In this configuration, the electromi-
grated junction is located between two 130 nm thick large
metallic pads forming a slot waveguide. Slot waveguides are
characterized by deep modal confinement while maintaining
micrometer-range propagation [69]. Excitation of the mode

from free-space radiation is usually insured by the mediation of
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Figure 7: (a) Colorized image of the optical tunneling gap antenna
(orange) integrated inside a slot waveguide formed by two Au pads
separated by 130 nm. Upper inset: close-up SEM image of the junc-
tion after electromigration. Lower inset: calculated distribution of the
norm of the electric field in the 130 nm x 150 nm slot waveguide.

(b) False-color CCD image of the distribution of light when the antenna
is biased at Vyc =3.5V.

passive antenna couplers [70]. In the example shown in
Figure 7, the 130 nm wide slot is directly excited in situ by the
emission of the electron-fed antenna, providing thereby a simul-
taneous excitation and coupling strategy of the modal land-
scape with a self-content ultracompact device. As in the case of
the TiO, waveguide, the strongest detected signal originates
from the junction itself. However, light is also observed at the
two outputs of the slot demonstrating that confined modes can
be electrically excited by the junction.

The percentage of light scattered at the slot termination repre-
sents about 10% of the total collected signal. If we take into
account the attenuation of the mode, the percentage effectively
coupled to the mode at the location of the source is likely to be
higher. We also estimated the propagation length of the slot
mode using finite-element simulations. A cross-sectional view
of the norm of the electric field is shown in the inset of Figure 7
for a mode existing at 800 nm. The field is mostly located in the
slot and the calculated propagation length is Lgp, = 6.2 pm. If
we take this attenuation into account, the percentage of the light
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coupled to the waveguide can be evaluated in the following
manner. Starting from the intensities measured at both ends of
the slot waveguide 7% and 7 ;il%iht,
ty coupled to the waveguide mode /o4 at the location of the

feed:

we first calculate the intensi-

]mod = (151% +I§1%1ht )eXp(sz/LSpp )

We then calculate the coupling coefficient I' by normalizing
Inod With the total intensity collected by the CCD camera in-
cluding the intensity effectively recorded at the position of the
antenna /g4 and the estimated intensity delivered to the wave-
guided mode ;04:

= L ~ 30%. (©6)
I feed T I mod

The somewhat larger coupling ratio of the antenna emission to
the slot mode can be understood from the increased modal
confinement compared to dielectric TiO, waveguides. Because
the emission is radiated from the nanometer-scale feedgap of
the electromigrated junction, the emitted wavevector distribu-
tion matches better the momentum of the mode confined be-
tween the two metal electrodes.

Conclusion

We argue in this work the potential of electromigrated in-plane
tunnel junctions to act as electron-fed light-emitting optical
antennas. Starting from an electrically connected gold constric-
tion, we describe the electromigration process by a constant
monitoring of the electrical conductance. We analyze the difter-
ent signatures leading to the formation of the gap including the
occurrence of quantized conductance steps characteristic of a
ballistic transport of electrons. We detail the balanced contribu-
tion of the thermal dissipation, which is on one hand required to
assist the electromigration but is, on the other hand, preventing
the formation of the gap at the constriction. The electrical non-
linear properties of the tunnel junction are investigated with a
standard model of electron tunneling enabling to extract crucial
parameters such as the gap size and the effective barrier height.
We discuss the interpretation of the Fowler—Nordheim repre-
sentation and show that the transition voltage deduced from this
representation not only depends on the energy barrier height as
commonly reported, but also on the barrier width. We show that
upon injection of electrons, the electromigrated tunnel junc-
tions are emitting light. The emission mechanism depends on
the zero-bias conductance G of the tunnel junction. Roughly
speaking, light is generated by inelastic tunneling events when
G is much smaller than the quantum of conductance Gy in
accordance with the standard description of electromagnetic ra-

1973



diation produced in metal-insulator—metal devices. However,
when the gap is small (few angstroms) and G approaches G,
the energy of the photons exceeds the energy of the electrons
provided by the bias, and the emission originates from the
glowing radiation of a hot electron gas. We finally demonstrate
that these electron-fed optical antennas produced by electromi-
gration can be integrated into more complex device architec-
tures. In particular, we show that the emission released by the
feedgap can be coupled to propagating modes with the effi-
ciency approaching 30% for slot waveguides. Additional efforts
are required to optimize the coupling yield, notably by devel-
oping strategies to shape the momentum and the energy of
emitted photons. The devices discussed in this report may also
be used for the reverse transduction whereby an incoming elec-
tromagnetic radiation is rectified to produce an electrical cur-
rent flowing in the circuitry [23,26]. The interfacing of electron-
fed optical antenna with an optical rectenna may thus open a
new era for on-chip communication between distant nanometer-
scale emitters and receivers [71].
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The fabrication and optical characterization of self-assembled arrangements of rough gold nanoparticles with a high area coverage

and narrow gaps for surface-enhanced Raman spectroscopy (SERS) are reported. A combination of micellar nanolithography and
electroless deposition (ED) enables the tuning of the spacing and size of the noble metal nanoparticles. Long-range ordered quasi-

hexagonal arrays of gold nanoparticles on silicon substrates with a variation of the particle sizes from about 20 nm to 120 nm are

demonstrated. By increasing the particle sizes for the homogeneously spaced particles, a large number of narrow gaps is created,

which together with the rough surface of the particles induces a high density of intense hotspots. This makes the surfaces interest-

ing for future applications in near-field-enhanced bio-analytics of molecules. SERS was demonstrated by measuring Raman spectra
of 4-MBA on the gold nanoparticles. It was verified that a smaller inter-particle distance leads to an increased SERS signal.

Introduction

Over the last decades self-assembled layers of gold nanoparti-
cles have taken an important role in emerging nanotechnolo-
gies. Noble metal nanoparticles show localized surface plasmon
polariton resonances (LSPRs) in the visible and infrared spec-
tral range and exhibit a very strong near-field in their close

vicinity [1]. The plasmonic resonances of gold nanoparticles

can be varied by changes in size, shape and geometrical
arrangement [2,3]. A high density of intense hotspots can be in-
duced by narrow gap sizes and rough surfaces [4,5]. These
remarkable optical properties make them attractive for applica-
tions in biosensing, biomedical science and as optical antennas

[6-8]. In particular, metal nanoparticles can be employed to
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strongly enhance the signal intensity in chemically specific
Raman sensing [9]. This technique is known as surface en-
hanced Raman spectroscopy (SERS) [10]. Ordered arrays of
such particles can be fabricated by different methods. Electron-
beam lithography for example is a top-down method which
provides good control, but is time consuming and costly. In
contrast, the self-assembly of block-copolymers is a bottom-up
method, which enables the parallel processing of large areas. A
cost-effective photochemical method is block copolymer
micelle lithography (BCML), which can be used to create tem-
plates on the surfaces of substrates [10-12]. To use the tem-
plates for further patterning of the substrate with nanodots, dif-
ferent techniques such as reactive ion etching, thermal evapora-
tion and atomic layer deposition can be used in combination
with BCML [13-15]. Here it is important to choose the
optimum chain length of the diblock copolymers for obtaining
the desired inter-particle spacing [16,17]. It is thus feasible to
obtain quasi-hexagonally ordered regular arrays of gold nano-
particles over large areas by simple means. For the fabrication
of gold nanoparticles gold salts can be used to load the micelle
core, and the copolymer can be removed afterwards with an
oxygen plasma treatment [18-20]. For tuning the size of the
gold nanoparticles, a combination of micellar nanolithography
and subsequent electroless deposition (ED) makes it possible to
increase the size of the particles [18]. In this work, we follow
the cost-effective and simple photochemical method outlined in
[18], but in the present case pursue the goal to fabricate
dense ordered arrays of gold nanoparticles with sizes up to
>100 nm and single digit gaps on silicon. We first describe the
synthesis of gold nanoparticles, which is based on micellar li-
thography. For tuning the size of the gold nanoparticles we use
electroless deposition for different durations. Rough particles
with sizes up to 120 nm in diameter are achieved in quasi-hex-
agonally ordered arrays, resulting in a high density of hotspots
as has been shown for similar raspberry-like nanostructures
[21,22].

Next, the optical properties of the samples are characterized by
measuring the scattering spectra of selected gold nanoparticles.
Finally, we demonstrate SERS enhancement by measuring
Raman spectra of 4-mercaptobenzoic acid (4-MBA) molecules
that are adsorbed to the gold nanoparticles.

Experimental
Block-copolymer micellar lithography

1 x 1 cm? silicon substrates were cleaned with acetone in an
ultrasonic bath for two minutes. Then they were rinsed with
isopropanol, and finally dried with nitrogen gas. A symmetric
diblock copolymer (polystyrene-block-poly-2-vinylpyridine,
PS(133000)-block-P2VP(132000), polymer source) was dis-

solved in toluene at a concentration of 1 mg/mL and stirred for
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2 days. The micelles were loaded with chlorauric acid (HAuCly,
loading parameter (L = 0.5), Sigma-Aldrich) and stirred again
for 2 days. Spin-coating was applied to cover the substrate with
a monolayer of the gold-loaded micelles (30 s at 2000 rpm).

Electroless deposition

A quartz glass slide was placed on top of the substrate after a
drop of about 10 puL of water was applied. The assembly was
then exposed for 4 min to deep UV light (254 nm, 85 W). After
this step, the substrate was placed in an aqueous solution of
enthanolamine (2 mM, Sigma-Aldrich) and potassium gold(III)
chloride (KAuCly, 0.1 wt %, Sigma-Aldrich), to grow the gold
precursor particles with the electroless deposition process.
Reactive ion etching (Oxford Plasmalab 80 Plus) was used to
remove the polymer with an oxygen plasma treatment with the
following settings: process pressure 100 mTorr, power 100 W,
temperature 20 °C and duration of the etching process 60 s. To
measure the inter-particle spacing and sizes of the gold nano-
particles in this work we used a Scanning Electron Microscope
(SEM) (Hitachi SU 8030).

Darkfield spectroscopy

The scattering spectra of gold nanoparticles were measured with
a custom-built dark-field spectroscopy setup. A 50% objective
(Mitutoyo BD Plan APO SL 50X) was used for imaging and
taking the spectra. The samples were illuminated by a laser
driven light source (Energetiq EQ-99-FC) at an incident angle
of light of about 45°. The spectra were taken with an Andor
Shamrock SR-303i spectrometer equipped with an iDus
DU416A-LDC-DD detector.

Raman spectroscopy

The gold nanoparticles were incubated for 22 h with a 5 mM
solution of 4-MBA (Sigma Aldrich) in ethanol. After this
process, the substrate was rinsed with ethanol and dried with
nitrogen gas. The Raman spectra were measured in a confocal
Raman spectrometer (LabRam HR 800, Horia JobinYvon)
using a 632.8 nm He—Ne-laser with a laser power of 50 mW
and a 50% objective. The laser aperture was set to 1000 pm, the
slit size to 200 um and the grating had 1800 lines/mm, result-
ing in a spectral resolution of 2 cm™!. For all measurements

the exposure time was set to 60 s to reduce noise.

Results and Discussion

We use the bottom-up method of BCML combined with ED to
fabricate tunable gold nanoparticles forming quasi-hexagonal
arrays on a silicon substrate. The optical properties of the gold
nanoparticles are investigated by dark-field spectroscopy.
Finally we show that by tuning the size (and thus the inter-parti-
cle spacing) of the particles, a higher SERS signal intensity
could be obtained.
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The PS-b-P2VP diblock copolymer is dissolved in toluene,
which is an apolar solvent. An apolar solvent dissolves prefer-
entially the PS block [23]. The hydrophobic PS forms the shell,
and the hydrophilic P2VP the core of the spherically shaped
micelles [24]. Within their core gold salt can be assembled,
which is bonded by protonization or complexation [25]. The
loaded spherical micelles form a hexagonal array when being
deposited on a substrate. Exposing them to an aqueous environ-
ment promotes a morphological change of the spherical
micelles [18]. In the next step, the micelles are treated with UV
irradiation, which causes the gold salt particles in the center to
grow bigger by photochemical growth [18]. To enlarge the
metal precursor particles even further in a controlled fashion, an
electroless deposition step using potassium gold(III) chloride
was performed [18,26]. To reduce the gold ions to elemental
gold, a solution of ethanolamine as a reducing agent can be used
[18]. The final size of the gold particles can be tuned by the
duration of the process [18]. A schematic overview of the fabri-
cation process is shown in Figure 1. In a first step a silicon sub-
strate is coated with gold-loaded polymer micelles (Figure 1a)
via spin-coating. In a second step the micelles are exposed to
deep UV illumination while the substrate is covered with a
quartz glass slide (Figure 1b). In a third step the nanoparticles
are enlarged by electroless deposition (Figure 1c), and finally
the polymer is removed by an oxygen plasma treatment
(Figure 1d).

SEM images of the primary distribution of the gold precursor
particles without any size increase by ED confirming that the

Beilstein J. Nanotechnol. 2018, 9, 1977-1985.

micelles cover the entire silicon surface are shown in
Figure 2a,b. The distribution is mostly regular, except for occa-
sional defects, and shows a roughly hexagonal order. The
center-to-center-spacing of the ordered particles amounts to
109 £ 20 nm. After deep UV illumination, electroless deposi-
tion and oxygen plasma treatment, SEM images are taken at
two different magnifications, which are shown in Figure 2¢c—j.
For a direct comparison between SERS platforms with large
and small gaps, four substrates were fabricated, two each with

identical parameters for process assessment.

In Figure 2c¢.,d and 2e.f, representative images of gold nanoparti-
cles after an electroless deposition step of 30 min are shown.
The first substrate (A) (Figure 2c,d) exhibits an average nano-
particle size (nps) of 66 + 25 nm and an average inter-particle
distance from edge to edge (ipd) of 56 = 9 nm. The second sub-
strate (B) (Figure 2¢,f) shows an nps of 73 = 16 nm and an ipd
of 33 = 6 nm. Substrate A shows a lower degree of order than
B. Two more samples were prepared with the same process
steps, but with an electroless deposition of 90 min instead of
30 min. In Figure 2g,h sample C has an nps of 96 + 12 nm and
an ipd of 17 + 6 nm. The second sample (D) in Figure 2i,j
shows an nps of 97 + 10 nm and an ipd of 14 + 9 nm. The statis-
tical ipd of 14 + 9 nm indicates the presence of a considerable
number of sub-10 nm gaps. Comparing the particle sizes, one
finds a significant variation between the 30 min samples, while
the 90 min samples exhibit very similar arrangements. The
results are summarized in Table 1. The inter-particle distances
were measured directly from the SEM images, and averaged

Figure 1: Schematic illustration of the preparation of variable-size gold nanoparticle arrays on top of a silicon substrate: (a) Gold nanoparticles with
block copolymer micelles after spin-coating. (b) Deep UV illumination with water and a quartz glass on top of the substrate. (c) Electroless deposition.

(d) Substrate after oxygen plasma, which removes the organic components.
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Figure 2: SEM images of the gold precursor particles after oxygen plasma treatment (a, b) and gold nanoparticles after electroless deposition and
oxygen plasma treatment: (c, d) sample A with 30 min ED, (e, f) sample B with 30 min ED, (g, h) sample C with 90 min ED, (i, j) sample D with 90 min
ED. Scale bars: (a) 2 um; (c, e, g, i) 1 um; (b, d, f, h, j) 400 nm.
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Table 1: Measured average particle sizes and interparticle distances
for the different samples.

Sample ED Avg. nanoparticle  Avg. inter-particle
duration  size distance

A 30 min 66 + 25 nm 56 +9 nm

B 30 min 73+ 16 nm 33+6nm

C 90 min 96 + 12 nm 17 £ 6 nm

D 90 min 97 £+ 10 nm 14 £ 9 nm

over ten measurements. The nanoparticle sizes for the samples
A and B were evaluated by using the method described in the
next paragraph. Because many of the particles in samples C and
D touch each other, they could not be separately discerned by
this method, and their nps had to be measured manually from

the SEM images, also averaging over ten measurements.

In order to find the dependence of the gold particle diameter on
the ED time, two additional series of samples with different
time steps were fabricated. The preparation parameters were
similar to the ones shown before, only the polymer concentra-
tion was reduced to 0.7 mg/mL and the loading parameter was
set to L = 1. The results are summarized in Figure 3. The SEM
images for each sample were evaluated using a python script
that applies a threshold in order to generate binary images. Blob
detection is used to find the particles in the binary images and to
evaluate the pixel count for each individual particle. From this
pixel count, the area coverage and thus the mean equivalent di-
ameter of the particles is calculated, assuming perfectly round
particles. A histogram of all the diameters is calculated and a
Gaussian is fitted to this histogram. This allows us to extract the

Beilstein J. Nanotechnol. 2018, 9, 1977-1985.

mean equivalent diameter as well as the full-width-at-half-
maximum (fwhm) of the diameter distribution, which is indicat-
ed by the error bars in Figure 3. Since in reality the particles are
irregular and exhibit some surface roughness, the equivalent di-
ameters underestimate the maximum outer diameter, and thus
the minimum gap sizes to neighbouring particles may be even
smaller than indicated by this evaluation. A general trend of in-
creasing particle diameters with increasing ED times can be ob-
served. The growth goes into saturation when the particle size
approaches the interparticle spacing. Before ED, the gold-
loaded micelles start with sizes around 10 nm to 20 nm. As the
ED duration increases, their size increases up to about 100 nm
to 120 nm. A systematic offset can be discerned between the
separate test series, indicating that the process is highly sensi-
tive to the exact preparation conditions during the fabrication
process even when the same recipe is followed. In addition, the
center-to-center spacing varies slightly from sample to sample.

To compare the SERS signal of smaller particles with larger
gaps to that of larger particles with small gaps, the optical prop-
erties of the samples shown in Figure 2 were further analyzed
using dark-field spectroscopy. For every sample, 25 measure-
ments at different points were taken and averaged. The results
are shown in Figure 4. The bigger particles (sample C and D)
show an overall increase in the scattering intensity compared to
the smaller ones (A and B), as one would expect for Rayleigh

scattering. The curves exhibit very broad spectral features.

To measure the SERS signal, the gold nanoparticles were
covered with a self-assembled monolayer of 4-MBA. Because
the thiol-group of the 4-MBA molecules has a very high affinity
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Figure 3: Dependence of the mean equivalent diameter of the gold particles on the ED duration. Three separate sets of samples were fabricated and
evaluated. The series are color coded as orange triangles, blue circles and green crosses. Each marker represents the data from one SEM image.
The error bars indicate the deviations of the mean equivalent diameter within the respective SEM images. The green crosses correspond to the sam-
ples that are shown in Figure 2. The values for the green crosses for an ED duration of 90 min were evaluated manually from the SEM images, all

others were calculated by using the method described in the main text.
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Figure 4: Mean dark-field spectra of the different samples. For each sample 25 spectra at different positions were taken and averaged. The shaded

regions show the standard deviation of the average.

for gold [27], and the samples were rinsed thoroughly with
ethanol to remove any unbound molecules, we can assume that
mostly 4-MBA molecules are present on the gold surfaces and
not on the substrate.

Raman spectra were recorded as described above at three differ-
ent positions on every sample and averaged. For the excitation
the laser wavelength of 632.8 nm was chosen, since according
to Figure 4 it appears to have good spectral overlap with the
plasmon resonances (maxima in the scattering intensity) of the
larger gold particles, and is thus expected to excite strong
hotspots in the gaps. The intensity of the characteristic Raman
bands for 4-MBA at 1085 cm™! and 1590 cm™! were evaluated
[28]. The background-corrected peak intensities are summa-
rized in Table 2, denoted as “raw”. By looking at the SEM
images in Figure 2, it is obvious that the samples show a differ-
ence in the amount of gold that is present, which also means
that for each sample a different amount of molecules attached to
gold is present in the focal spot of the Raman laser. To approxi-
mately correct for the different amounts of molecules on the dif-
ferent samples one can use the filling factor (area coverage) of
the samples: A threshold was applied to the SEM images, and
the white pixels representing the presence of gold were counted.

The filling factor was then calculated by dividing the white
pixel count by the number of pixels of the image. This repre-
sents a measure for the average particle size as well as for the
density of the particles, and correspondingly it also provides a
measure for the number of molecules on gold per unit area. The
Raman intensities were then divided by this filling factor, which
results in filling factor-corrected intensities. The resulting filling
factors and corrected Raman intensities (denoted as “corrected”)
are shown in Table 2, while the raw background-corrected

Raman intensities as measured are visualized in Figure 5.

By looking at the raw Raman spectra for the different samples
one can see that the larger particles show higher Raman intensi-
ties than the smaller particles by more than a factor of 2. Of
course, in this case the larger gold surface and thus the higher
number of molecules was not taken into account. If the Raman
intensities are corrected for the filling factor as explained above,
the difference between the samples becomes smaller, but still
the larger particles show an increased Raman signal, particular-
ly for the peak at 1085 cm™!. Figure 6 shows a comparison of
the corrected Raman intensities for the different samples where
this increase is clearly visible. This effect may be explained by
the much shorter mean inter-particle distances between the

Table 2: Filling factor and measured Raman intensities (raw: background corrected raw data, corrected: Raw spectra normalized by filling factor) for

all samples.
Sample Filling factor

raw
A 0.31 3.8+0.1
B 0.33 43+0.2
C 0.56 10.3+0.5
D 0.62 12.0+0.8

Raman int. at 1085 cm™! [k counts]

Raman int. at 1590 cm™" [k counts]

corrected raw corrected
122 +0.3 3.1+04 10.1+£1.3
13.1+0.6 3.8+0.1 11504
18.6£1.0 6.8+0.2 122+04
195+1.3 9.3+0.3 15.0+£ 0.5
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Figure 5: Background-corrected mean Raman spectra of the four different samples. For each sample three Raman spectra at three random positions
on the samples were taken and averaged. The shaded regions show the standard deviation of the average. The spectra were offset vertically for

clarity.
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Figure 6: Filling factor-corrected Raman intensities of the different samples, for the two peaks at 1085 cm™" and 1590 cm™". The average of 3 mea-
surements for each sample is shown, the black bars denote the standard deviation.

larger nanoparticles, including some very narrow gaps due to
the statistical variation, which causes an increased coupling be-
tween the particles and thus an increased near-field [29].

To estimate a lower boundary for the enhancement factor of the
particles we compared the corrected Raman spectra of sample A
to a measurement of 4-MBA on a smooth gold film with a
thickness of 70 nm, also on a silicon substrate. Both samples
were treated in exactly the same way. The spectra are shown in
Figure 7. For the gold film no signal was observed, and thus we
assume that the upper limit of the signal is the peak-to-peak
noise in the measurement. By dividing the maximum corrected
signal of the Raman mode at 1085 cm™! by the peak-to-peak
noise of the measurement on the gold film we obtain a lower
limit of the enhancement factor of ~300. This is a very conser-

vative lower limit, and compared to values commonly reported
in literature it is significantly smaller, but we would like to
stress that the estimation of SERS enhancement factors is inher-
ently difficult and is still a much discussed topic within the
community [30,31].

As can be seen in the SEM images for the samples with 90 min
ED, the particles show average separation distances around
15 nm and individual separations down to only a few nanome-
ters. This means that the method presented here allows for the
fabrication of nano-particles that exhibit very small mode
volumes and high near-fields. The fabrication is based on
bottom-up processes and thus offers the possibility to scale it up
to bigger substrates and higher throughput. The high near-fields
and the ease of fabrication make these structures particularly
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Figure 7: Filling factor-corrected Raman spectrum of sample A compared

suitable for sensing applications, for example for SERS as it
was shown here.

Conclusion

In conclusion, we describe a cost-effective, scalable, parallel
method for the fabrication of quasi-hexagonally ordered arrays
of nanoparticles with particle sizes up to 120 nm and gap sizes
down to few nanometers, which are fabricated by block
copolymer micellar nanolithography combined with electroless
deposition. The resulting particle arrangements are compared
for samples prepared with 30 min vs 90 min ED. The dark-field
scattering intensity is compared for the different nanoparticle
sizes. We demonstrate the SERS effect exhibited by these sam-
ples by measuring Raman spectra of 4-MBA that is adsorbed to
the gold nanoparticles. The spectra show an increase in Raman
intensity for larger particles and smaller gap sizes by a factor of
>2. The surfaces with the narrower gap sizes result in higher in-
tensities even when correcting for the different particle sizes
and area coverage. This effect may be attributed to a stronger
near-field coupling between the particles due to smaller inter-

particle distances.

Acknowledgements

This work was performed in the frame of the European Cooper-
ation in Science and Technology COST Action MP1302
Nanospectroscopy. Support by E. Nadler in the preparation of
the SEM images and by F. Schreiber for access to the Raman
spectroscopy setup is gratefully acknowledged.

References

1. Jain, P. K, Lee, K. S,; El-Sayed, |. H.; EI-Sayed, M. A.

J. Phys. Chem. B 2006, 110, 7238-7248. doi:10.1021/jp0571700
Kelly, K. L.; Coronado, E.; Zhao, L. L.; Schatz, G. C. J. Phys. Chem. B
2003, 107, 668-677. doi:10.1021/jp026731y

to a Raman spectrum on smooth gold film.

. Talley, C. E.; Jackson, J. B.; Oubre, C.; Grady, N. K.; Hollars, C. W.;
Lane, S. M.; Halas, N. J. Nano Lett. 2005, 5, 1569-1574.
doi:10.1021/nl050928v

. Chen, G.; Wang, Y.; Yang, M.; Xu, J.; Goh, S. J.; Pan, M.; Chen, H.
J. Am. Chem. Soc. 2010, 132, 3644—-3645. doi:10.1021/ja9090885

. Alexander, K. D.; Hampton, M. J.; Zhang, S.; Dhawan, A.; Xu, H,;
Lopez, R. J. Raman Spectrosc. 2009, 40, 2171-2175.
doi:10.1002/jrs.2392

. Jin, Y. Adv. Mater. 2012, 24, 5153-5165.
doi:10.1002/adma.201200622

. Huang, X.; El-Sayed, I. H.; Qian, W.; EI-Sayed, M. A.

J. Am. Chem. Soc. 2006, 128, 2115-2120. doi:10.1021/ja057254a

. Park, Q.-H. Contemp. Phys. 2009, 50, 407-423.
doi:10.1080/00107510902745611

. Horrer, A; Schéfer, C.; Broch, K.; Gollmer, D. A.; Rogalski, J.;
Fulmes, J.; Zhang, D.; Meixner, A. J.; Schreiber, F.; Kern, D. P.;
Fleischer, M. Small 2013, 9, 3987-3992. doi:10.1002/smll.201300449

10. Moskovits, M. Rev. Mod. Phys. 1985, 57, 783.

doi:10.1103/RevModPhys.57.783

11.Glass, R.; Méller, M.; Spatz, J. P. Nanotechnology 2003, 14, 1153.

doi:10.1088/0957-4484/14/10/314

12.Kadem, L. F.; Lamprecht, C.; Purtov, J.; Selhuber-Unkel, C. Langmuir

2015, 31, 9261-9265. doi:10.1021/acs.langmuir.5b02168

13.Cheng, J. Y.; Ross, C. A;; Chan, V. Z.-H.; Thomas, E. L ;

Lammertink, R. G. H.; Vancso, G. J. Adv. Mater. 2001, 13, 1174-1178.
doi:10.1002/1521-4095(200108)13:15<1174::AID-ADMA1174>3.0.CO;
2-Q

14.Lopes, W. A.; Jaeger, H. M. Nature 2001, 414, 735-738.

doi:10.1038/414735a

15.Moon, H.-S.; Kim, J. Y.; Jin, H. M.; Lee, W. J.; Choi, H. J.; Mun, J. H.;

Kim, S. O. Adv. Funct. Mater. 2014, 24, 4343-4348.
doi:10.1002/adfm.201304248
16.Jeong, H.-H.; Mark, A. G.; Lee, T.-C.; Son, K.; Chen, W.;
Alarcén-Correa, M.; Kim, |.; Schiitz, G.; Fischer, P. Adv. Sci. 2015, 2,
1500016. doi:10.1002/advs.201500016

17.Purwaningsih, L.; Schoen, T.; Wolfram, T.; Pacholski, C.; Spatz, J. P.
Beilstein J. Nanotechnol. 2011, 2, 545-551. doi:10.3762/bjnano.2.58

18.Kundrat, F.; Baffou, G.; Polleux, J. Nanoscale 2015, 7, 15814-15821.

doi:10.1039/C5NR04751J

1984


https://doi.org/10.1021%2Fjp057170o
https://doi.org/10.1021%2Fjp026731y
https://doi.org/10.1021%2Fnl050928v
https://doi.org/10.1021%2Fja9090885
https://doi.org/10.1002%2Fjrs.2392
https://doi.org/10.1002%2Fadma.201200622
https://doi.org/10.1021%2Fja057254a
https://doi.org/10.1080%2F00107510902745611
https://doi.org/10.1002%2Fsmll.201300449
https://doi.org/10.1103%2FRevModPhys.57.783
https://doi.org/10.1088%2F0957-4484%2F14%2F10%2F314
https://doi.org/10.1021%2Facs.langmuir.5b02168
https://doi.org/10.1002%2F1521-4095%28200108%2913%3A15%3C1174%3A%3AAID-ADMA1174%3E3.0.CO%3B2-Q
https://doi.org/10.1002%2F1521-4095%28200108%2913%3A15%3C1174%3A%3AAID-ADMA1174%3E3.0.CO%3B2-Q
https://doi.org/10.1038%2F414735a
https://doi.org/10.1002%2Fadfm.201304248
https://doi.org/10.1002%2Fadvs.201500016
https://doi.org/10.3762%2Fbjnano.2.58
https://doi.org/10.1039%2FC5NR04751J

19.Lu, J. Q.; Yi, S. S. Langmuir 2006, 22, 3951-3954.
doi:10.1021/1a053377x

20.Hartling, T.; Seidenstlcker, A.; Olk, P.; Plettl, A.; Ziemann, P.;
Eng, L. M. Nanotechnology 2010, 21, 145309.
doi:10.1088/0957-4484/21/14/145309

21.Rong, Y.; Zhang, L.; Liu, Z.; Dai, L.; Huang, Y.; Chen, T.
J. Nanosci. Nanotechnol. 2016, 16, 5683—-5688.
doi:10.1166/jnn.2016.11723

22.Kinoshita, T.; Nguyen, D. Q.; Nishino, T.; Nakao, H.; Shiigi, H.;
Nagaoka, T. Anal. Sci. 2015, 31, 487-493. doi:10.2116/analsci.31.487

23.Haupt, M.; Miller, S.; Ladenburger, A.; Sauer, R.; Thonke, K.;
Spatz, J. P.; Riethmiiller, S.; Mdller, M.; Banhart, F. J. Appl. Phys.
2002, 91, 6057-6059. doi:10.1063/1.1465117

24.Kastle, G.; Boyen, H.-G.; Weig|, F.; Lengl, G.; Herzog, T.; Ziemann, P.;
Riethmdiller, S.; Mayer, O.; Hartmann, C.; Spatz, J. P.; Méller, M;
Ozawa, M.; Banhart, F.; Garnier, M. G.; Oelhafen, P.
Adv. Funct. Mater. 2003, 13, 853—-861. doi:10.1002/adfm.200304332

25. Spatz, J. P.; Méssmer, S.; Hartmann, C.; Mdller, M.; Herzog, T;
Krieger, M.; Kabius, B.; Boyen, H.-G.; Ziemann, P. Langmuir 2000, 16,
407-415. doi:10.1021/1a990070n

26.Kruss, S.; Srot, V.; van Aken, P. A.; Spatz, J. P. Langmuir 2012, 28,
1562—-1568. doi:10.1021/1a204395d

27.Nuzzo, R. G.; Allara, D. L. J. Am. Chem. Soc. 1983, 105, 4481-4483.
doi:10.1021/ja00351a063

28. Michota, A.; Bukowska, J. J. Raman Spectrosc. 2003, 34, 21-25.
doi:10.1002/jrs.928

29.Gunnarsson, L.; Bjerneld, E. J.; Xu, H.; Petronis, S.; Kasemo, B.;
Kall, M. Appl. Phys. Lett. 2001, 78, 802—-804. doi:10.1063/1.1344225

30.Le Ru, E. C.; Blackie, E.; Meyer, M.; Etchegoin, P. G. J. Phys. Chem. C
2007, 111, 13794—13803. doi:10.1021/jp0687908

31.Le Ru, E. C.; Etchegoin, P. G. MRS Bull. 2013, 38, 631-640.
doi:10.1557/mrs.2013.158

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which

permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(https://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.9.188

Beilstein J. Nanotechnol. 2018, 9, 1977-1985.

1985


https://doi.org/10.1021%2Fla053377x
https://doi.org/10.1088%2F0957-4484%2F21%2F14%2F145309
https://doi.org/10.1166%2Fjnn.2016.11723
https://doi.org/10.2116%2Fanalsci.31.487
https://doi.org/10.1063%2F1.1465117
https://doi.org/10.1002%2Fadfm.200304332
https://doi.org/10.1021%2Fla990070n
https://doi.org/10.1021%2Fla204395d
https://doi.org/10.1021%2Fja00351a063
https://doi.org/10.1002%2Fjrs.928
https://doi.org/10.1063%2F1.1344225
https://doi.org/10.1021%2Fjp0687908
https://doi.org/10.1557%2Fmrs.2013.158
http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjnano
https://doi.org/10.3762%2Fbjnano.9.188

( J BEILSTEIN JOURNAL OF NANOTECHNOLOGY

Dumbbell gold nanoparticle dimer antennas with advanced
optical properties

Janning F. Herrmann' and Christiane H('jppener*2

Full Research Paper

Address:

NanoBioPhotonics Group, Physikalisches Institut, Westfalische
Wilhelms-Universitat Minster, Wilhelm-Klemm-StraRe 10, 48149
Miinster, Germany and 2Leibniz Institut fiir Photonische
Technologien, Jena, Albert-Einsteinstrale 9, 07743 Jena, Germany

Beilstein J. Nanotechnol. 2018, 9, 2188-2197.
doi:10.3762/bjnano.9.205

Received: 01 May 2018
Accepted: 25 July 2018
Published: 17 August 2018
Email:
Christiane Héppener" - christiane.hoeppener@leibniz-ipht.de This article is part of the thematic issue "Optically and electrically driven
nanoantennas”.
* Corresponding author

Guest Editor: A. J. Meixner
Keywords:
atomistic plasmonics; dumbbell dimer antennas; electromagnetic field
enhancement; light confinement; nanolens; nanoscale morphology

© 2018 Herrmann and Hoppener; licensee Beilstein-Institut.
License and terms: see end of document.

Abstract

Plasmonic nanoantennas have found broad applications in the fields of photovoltaics, electroluminescence, non-linear optics and for
plasmon enhanced spectroscopy and microscopy. Of particular interest are fundamental limitations beyond the dipolar approxima-
tion limit. We introduce asymmetric gold nanoparticle antennas (AuNPs) with improved optical near-field properties based on the
formation of sub-nanometer size gaps, which are suitable for studying matter with high-resolution and single molecule sensitivity.
These dumbbell antennas are characterized in regard to their far-field and near-field properties and are compared to similar dimer
and trimer antennas with larger gap sizes. The tailoring of the gap size down to sub-nanometer length scales is based on the integra-
tion of rigid macrocyclic cucurbituril molecules. Stable dimer antennas are formed with an improved ratio of the electromagnetic
field enhancement and confinement. This ratio, taken as a measure of the performance of an antenna, can even exceed that exhib-
ited by trimer AuNP antennas composed of comparable building blocks with larger gap sizes. Fluctuations in the far-field and near-
field properties are observed, which are likely caused by distinct deviations of the gap geometry arising from the faceted structure
of the applied colloidal AuNPs.

Introduction

The introduction of the antenna concept to the field of optics
has opened up new routes to manipulate light on the nanometer
scale [1-5]. For more than a decade, optical antennas have
demonstrated a tremendous impact on a broad spectrum of ap-
plications [6-9]. A key function, in particular for sensing and

imaging applications, is the ability of optical antennas to

provide a high signal enhancement ratio and light confinement
across the UV—vis—NIR spectral range. The development of
new configurations has always come along with the question of
fundamental limitations in regard to the obtainable electromag-
netic field strength or the signal enhancement, and the achiev-

able confinement of the light in plasmonic nanostructures [10-
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14]. Furthermore, this stimulated the discussion of the onset of
non-classical phenomena, such as, screening effects, non-locali-
ties and charge transfer in coupled plasmonic systems [11,15-
20]. Phenomena governed by non-classical physical effects
have been observed already at early stages after the introduc-
tion of the concept [15,17,21], but only recently a fundamental
understanding of these effects became accessible based on
detailed experimental [18,19,22] and theoretical studies [23,24].
In addition to these fundamental limits, the importance of the
nanoscale morphology of antennas has been identified as a key
parameter affecting their far-field and near-field optical proper-
ties [25-30]. The simplest antenna geometries, whose optical
response is governed by plasmonic mode coupling, are symmet-
ric dimers formed of spherical nanoparticles. Often these struc-
tures are used as a model system to understand the impact of hot
spots in more complex systems [31,32]. However, the multi-
plicity of modes, and with that, the ability for tailoring the
plasmon resonances and the electromagnetic field distribution
in these structures, is much more versatile for asymmetric
(dumbbell) antennas [33-37]. Introducing a defined asymmetry
for these gap structures, e.g., converts dark anti-symmetric
modes into bright modes [38] and also influences non-linear
responses generated in these structures [39]. In addition, the
asymmetry induces a cascade of the electromagnetic field en-
hancement towards the pointed end of the structure such that
these structures are often discussed in terms of acting as a
nanolens [10,40-43]. Although the local electromagnetic field is
strongest in the gap, the electromagnetic field at the end point of
the smallest nanoparticle of these structures can be also in-
creased (see for Metallic Nanopaticle Boundary Element
Method (MNPBEM)-simulation of the electromagnetic field

Beilstein J. Nanotechnol. 2018, 9, 2188-2197.

distribution [44], Figure 1A). Usually, this end point of the
antenna is not considered in common SERS applications due to
the one to two orders of magnitude lower electromagnetic field
strength. As a consequence, the signal majorly stems from the
interparticle locations. However, for applications of such dimers
in TENOM or TERS, the optical response is primarily driven by
the field at the end point of the probe. Theoretical investiga-
tions of the electromagnetic field distribution of these dimers at
particular wavelengths demonstrate a tight connection of the
optical response associated with the two particular locations,
i.e., the gap and the end point [40]. Decreasing the interparticle
gap size, therefore, leads to stronger electromagnetic fields at
the gap and the end point locations. However, one has to keep
in mind, that the reduction of the gap size also is accompanied
by a shift of the plasmon resonance and the strongest electric
field enhancement is observed for red-shifted excitation wave-
lengths.

Fabrication strategies of optical antennas, and in particular gap
antennas with an optical response in the visible to NIR regime,
are versatile and are often correlated with the final application
schemes. Although top-down approaches, which rely on, e.g.,
electron-beam lithography, ion milling and other techniques, are
widely used, often tailoring gap structures explores common
limitations in regard to their obtainable resolution and non-inva-
siveness. In contrast, common bottom-up approaches often rely
on the specific interaction of linker molecules, which may be
used for a directed assembly of individual antenna parts.
Besides of the general discussion on methodologies, the effect
of the crystallinity of the employed noble metals has attracted
attention [45]. The versatility of colloidal chemistry provides

C

quartz

tuning fork

dye

“molécule ~

Figure 1: Tip-supported dumbbell antenna. (a) Calculated electromagnetic field distribution of a 80—40 nm AuNP dimer antenna with a gap size of

1 nm. (B) Schematic representation of a dimer antenna formed of spherical AuNPs attached to a sharply pointed glass tip. Inset: Magnification to the
gap region showing the aligned CBJ[n]s on the NP surfaces, which results in a sub-nanometer gap distance. (C) Macroscale picture of a glass tip at-

tached to a piezoelectric quartz tuning fork acting as a force sensor. Inset: SEM image of the CB[n] mediated dimer antenna attached to the pointed

end of the glass tip. Scale bar: 100 nm.
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nowadays a tool box of nanoparticles made of different materi-
als, shapes and sizes. In addition, the crystallinity of these struc-
tures leads to the formation of facets, edges and corners. Using
colloidal nanoparticles, their chemical assembly demands for
certain properties of the specific linker molecules [46]. In par-
ticular mastering the formation of sub-nanometer gap sizes
requires short, rigid molecules with high chemical selectivity. In
addition, these linker molecules should not affect the optical
response of the formed antenna. Although sub-nanometer gap
dimers can be also formed artificially by the placement of nano-
particles on a mirror substrate using defined spacer layers
[47,48], in general, this approach is non-transferrable to tip-sup-
ported antennas used, e.g., in TENOM and TERS. Another
frequently considered approach utilizes DNA as scaffold for the
alignment of the nanoparticles [41,49,50]. In particular, DNA
origami-structures provide a high versatility of the formed
structures, however, the gap sizes on the sub-nanometer scale
are difficult to control. Recently, we succeeded in the forma-
tion of dumbbell dimer antennas by means of the electrostatic
interaction of positively charged 40 nm AuNPs and negatively
charged 80 nm AuNPs [28]. Positively charged AuNPs were
formed through a ligand exchange reaction with cysteamin.
Incubation of a mixture of both AuNP solutions leads to the for-
mation of AuNP dimers with gap sizes on the order of 1.3 nm to
0.8 nm. Similarly, tip-supported AuNP dimer antennas were
assembled by adding a dithiol to the shell of an 80 nm AuNP,
which previously has been attached to the end of a sharply
pointed glass tip [10]. Due to the molecular size of
the dithiol, these dimer antennas exhibit relatively large gap
sizes. Commonly, the gap size is found to be on the order of
1.5-2.0 nm. Utilizing the capabilities of an AFM to manipulate
such structures with sub-nanometer precision in space enables
to add a smaller 40 nm AuNP to the larger one. Even though,
shorter linker thiol molecules could be used instead, in prin-
ciple, the high mobility of these linker molecules on the AuNP
surface limits its applicability [51,52].

Results and Discussion
Fabrication of dumbbell dimer antennas with

sub-nanometer gap size

In this study, we modify the previously established protocol of
the formation of tip-supported dimer and trimer antennas by
replacing the dithiol linker molecules with a rigid macrocyclic
molecule (scheme, Figure 1B). Cucurbiturils (CB[n]s) are
cyclic methylene-bridged glycoluril oligomers forming a barrel-
like structure with a hollow cavity. In particular due to their
sub-nanometer height of 0.9 nm [53], CBs can be considered
as ideal spacer molecules for the formation of dumbbell dimers.
Furthermore, carbonyl groups at the top and bottom face of this
barrel provide a high affinity to gold surfaces. Therefore, CBs

bind in a flat configuration to gold surfaces, which drives a
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dimer formation with well-defined gaps in terms of the gap size
(inset, Figure 1B). In comparison with other linker molecules,
such as dithiols, CB[n]-mediated dimer assembly enables to
reduce the interparticle gap sizes down to the sub-nanometer
regime. As a consequence, nanoparticle aggregates induced by
interactions with CB[#n]s have been shown to provide strong
interparticle hot-spots, and thus, to be well-suited as SERS sub-
strates [54,55]. The high reactivity of CB[n]s with Au surfaces
may lead to the uncontrolled formation nanoparticle aggregates
in solution, and often prevents a controlled self-assembly into
dimers or small oligomer structures. However, using guided
assembly by taking advantage of AFM manipulation methods,
CBJn] is ideally suited to mediate sub-nanometer gap forma-
tion. For this, a sharply pointed glass tip is glued to a piezoelec-
tric quartz tuning fork (Figure 1C), which enables to control the
tip position with respect to AuNPs deposited on a glass surface
with sub-nanometer precision in space. Briefly, the fabrication
of tip-supported nanoparticle antennas includes at first the
attachment of a single spherical AuNP to the pointed end of a
glass tip. For this, the glass surface is functionalized with
3-aminopropoyl-trimethoxy silane (APTMS) by means of vapor
deposition. Controlled interaction of the glass tip with loosely
adhered Au nanoparticles on a glass surface leads to an attach-
ment of the AuNP at the pointed end. This tip-supported AuNP
is sequentially functionalized with the corresponding linker
molecule, i.e., by dipping the tip-supported AuNP into an
aqueous 0.5 puM CBJ8] solution. After an incubation time of
5 min the tips are rinsed with milli-Q water (18 MQ) to prevent
an aggregation of CB[8] on the AuNP surface. The CB[8]
modified AuNP tips are then used to attach a smaller AuNP to
the tip by repeating the above described AFM-based manipula-

tion procedure.

Approximation of the electromagnetic field
enhancement by measuring the

fluorescence of high-QY emitters

Tip-supported AuNP monomers and dimers are characterized
for the provided electromagnetic field enhancement and light
confinement capabilities by probing the fluorescence enhance-
ment of quantum emitters with LSPR-matched absorption and
emission spectra and high intrinsic quantum yields. The latter
ensures that the probed fluorescence enhancement factor stems
largely from the provided electromagnetic field enhancement
[1,3,56]. Since the measurements are not carried out in the
regime of strong coupling, this approach only provides an
approximation of the electromagnetic field strength at the end
point of the dimer, since at the same time, quenching of the
fluorescence occurs. Despite of this, the method provides a
straight forward means to compare modifications of the electro-
magnetic field induced by alterations of geometrical properties
[10].
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Figure 2 summarizes measurements conducted with different
types of monomer and dimer antennas on a high QY emitter
excitable at a wavelength of A.x. = 633 nm and an excitation
power Py of 50 to 100 nW. The examples depicted in Figure 2
are typical in regard of the obtained signal strength and the
noise floor. Clearly, for all measurements individual dye mole-
cules are identified. However, the signal contrast strongly devi-
ates for each measurement. Apparently, the best signal-to-noise
level is achieved with the CB[8]-mediated dimer antenna. For
comparison Figure 2C shows a fluorescence image acquired
with an 80 nm monomer AuNP antenna [57,58]. The signal in-
tensity is clearly lower than for the dimer antennas. In order to
qualitatively access the light confinement and signal enhance-
ment capabilities of these different antennas, fluorescence inten-
sity cross-sections measured from individual spots, which can
be assigned to molecules with a longitudinal orientation of the
transition dipole, are comparatively displayed in Figure 2D. In
addition, data points are plotted from measurements acquired
with a 40 nm monomer AuNP antenna and a 80—-40-20 nm
trimer antenna. From these line-profiles it is obvious that the
provided light confinement is largely determined by the diame-
ter of the foremost AuNP of the antenna. Considering the radius
of curvature, the light confinement is slightly better than the di-
ameter of this AuNP, i.e., 15 nm for the 20-40-80 nm AuNP

0-80 nm AuNP thiol dimer
A ; 100 nWEE
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trimer antenna, ~25 nm for the 40-80 nm AuNP dimer antennas
and the 40 nm AuNP monomer antenna and 55 nm for the
80 nm AuNP monomer. Furthermore, the signal strength clearly
increases with the size and number of AuNP added to the
antenna structure. The latter is indicative for the expected
cascade of the electromagnetic field towards the intermediate
points of these gap structures. Figure 2D indicates that the
CBJ8] antenna provides similar light confinement capabilities
than the thiol trimer. Most strikingly, the electromagnetic field
enhancement of this dimer antenna reaches the same level as the
more complex trimer antenna. This can be ascribed to the de-
creased gap size of the CB[8] dimer, which results in a stronger
coupling efficiency across the gap, and thus, induces also a
stronger electromagnetic field at the smallest AuNP of the

dimer.

A quantitative evaluation of the fluorescence enhancement
factor can be also accomplished by measuring the fluorescence
emission of single dye molecule as a function of the anten-
na—sample separation. The corresponding approach curves
account for two mechanisms occurring when the antenna is
coupled to the dye molecule: 1.) the absorption enhancement
due to the interaction of the molecule with the evanescent elec-
tromagnetic field of the antenna and 2.) quenching of the

40-80 nm AuNP CBJ8] dimer
65 B .

'l 0.9 nm gap
25D . thjol
D 40 h
g ®
5 :
Q30
©
o
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[0]
(8]
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0 100 200 300 400 500
lateral displacement / nm

Figure 2: Antenna-enhanced fluorescence images of randomly distributed high-QY emitters on a glass surface imaged with dimer antennas with a
gap size of 1.5 nm (A) and 1 nm (B), and a monomer antenna (C). (D) Line profiles taken from individual monomer- (40 nm and 80 nm AuNP), dimer-
(40-80 nm thiol and CB[8] mediated) and trimer (20-40-80 nm thiol-mediated)-enhanced fluorescence spots normalized to the confocal background
signal for comparison of the provided fluorescence enhancement and light confinement (FWHM).
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excited state, i.e., the relaxation of the excited state by means of
radiationless energy transfer to the metallic interface of the
AuNP. Since the spontaneous emission rate equals the product
of these contributions for an excitation far from the saturation
limit, the corresponding approach curves exhibit a character-
istic profile. Typical approach curves acquired with a monomer
and a dimer antenna are displayed in Figure 3A. For anten-
na—sample distances larger than the corresponding diameter of
the foremost AuNP, the optical response of the excited mole-
cule corresponds to the pure confocal excitation, i.e., the
evanescent field of the antenna is entirely faded out and quench-
ing by the metallic interface of the antenna is negligible. For
smaller distances at first the excitation enhancement and by
reciprocity the emission enhancement are driven by the second-
ary field of the antenna. The exponential increase of the electro-
magnetic field strength with decreasing antenna—sample dis-
tance leads to a continuous increase of the emitted fluorescence
signal. However, with decreasing distance, the influence of the
electromagnetic field enhancement is counterbalanced by non-
radiative transitions to electronic states of the metallic interface
and sequential dissipation of the excited state energy. Therefore,
for small AuNP-dye distances the spontaneous emission starts
to decline. The onset for this decline differs clearly for the dif-
ferent antenna types, according to the relative distance depen-
dence and strength of the two contributing mechanisms.
Clearly, the maximum for the spontaneous emission rate medi-
ated by the CB[8]-AuNP dimer is reached for increased dis-
tances to the molecule. Compared to the monomer antenna the
onset is shifted by *2-2.5 nm. This offset is indicative for an in-
creased quenching rate due to the larger total size of the dimer
compared to the monomer. Despite of this increased quenching

rate, the maximum electromagnetic field enhancement provi-
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ded by a dimer antenna clearly exceeds the one of a simple
monomer antenna with equal NP diameters. The displayed ap-
proach curves can be ideally used for determining the corre-
sponding fluorescence enhancement factors. For this, the ap-
proach curves are corrected for the luminescence background of
the antenna and the maximum spontaneous emission rate and
the confocal background are evaluated. For the examples shown
in Figure 3A the enhancement factor of the monomer antenna is
11 and for the CB[8]-dimer with an expected gap size of 0.9 nm
the fluorescence enhancement factor yields a significantly in-
creased value of =#50. Taking into account that the fluorescence
enhancement primarily stems from the electromagnetic field en-
hancement and an enhancement of the radiative rate is negli-
gible, the decrease of the gap size clearly leads to a stronger
electromagnetic field enhancement at the foremost end of the
asymmetric dimer. In addition, the steep increase of the fluores-
cence rate within the sub-10 nm distance to the molecule
demonstrates the stronger spatial light confinement provided by
the dimer antenna. Taking into account this incline, it is obvious
that the light confinement capabilities are dominated by the
foremost, smallest AuNP of the antenna. However, a closer
inspection of both approach curves also shows that for antenna-
molecule separations beyond 10 nm the optical response stems
largely from the 80 nm AuNP antenna.

Plasmon resonance spectra of
CBJ8]-mediated dimers

Figure 3B summarizes the determined fluorescence enhance-
ment factors for several antennas of the same kind. On average,
the fluorescence enhancement factor of the 80 nm AuNP mono-
mer antenna is 10. Clearly, the spread in the obtained maximum

and minimum enhancement factors and the corresponding vari-

B 100

~
(6]
1

dimers

40-80 nm thiol

N
[6)]
1
80 nm Au NPs

40-80 nm CB[8] dimers

fluorescence enhancement
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o
1L
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L

Au NP antennas

Figure 3: Antenna enhanced fluorescence of high QY emitters. (A) Normalized fluorescence emission rates as a function of the antenna-molecule
distance for a CB[8]-mediated 40—-80 nm AuNP dimer and a spherical 80 nm AuNP monomer antenna. The red, dotted and the black, dashed line cor-
respond to the evaluation of the calculated electromagnetic field for these antennas. (B) Comparison of the absolute and averaged enhancement
factors obtained for multiple 80 nm monomer antennas, thiol- and CB[8]-mediated 40—80 nm AuNP dimers.The error bars display the standard devia-

tion.
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ance is relatively low, indicating a high reproducibility of these
antennas and a low influence of deviations from the sphere ge-
ometry on the enhancement factor. The enhancement factor is
further increased by utilizing the gap mode. In this case the av-
erage fluorescence enhancement factor for the thiol-mediated
gap antennas is determined to =22 whilst the CB[8]-mediated
dimers enhance the fluorescence signal of a single z-aligned dye
molecule on average by a factor ~48. Apparently the repro-
ducibility for the CB[8]-mediated dimers is lower than for the
thiol-mediated dimers, although a high rigidity is expected for
the CB[8]. The observed fluctuations in the fluorescence en-
hancement likely relate to variations in their far-field optical
properties. Therefore, differences in the LSPR positions, width
and the amplitude of the scattering-cross section may affect the
near-field optical response. Due to the small gap size of CB[8]-
mediated dumbbell dimers alterations in their far-field proper-
ties from the ideal dipolar model are expected to be more pro-
nounced than for similar thiol-mediated dimers, which possess
enlarged gap sizes. Entering the regime of sub-nanometer gaps
the onset of quantum effects, such as, e.g., charge screening, are
known to alter the plasmon coupling, and thus, the optical
response. Furthermore, antennas with sub-nanometer gaps are
more sensitive to deviations from the ideal sphere geometry,
gap size fluctuations and morphological changes [27].

Therefore, dark-field spectra are recorded of individual CBJ[8]-
mediated dimers, which are compared to the calculated scat-
tering spectrum of an idealized dimer with a gap size of 1.0 nm
(Figure 4). Clearly, the scattering spectrum calculated within
the dipolar approximation limit reveals the dipolar bonding
dimer plasmon (BDP) mode at 572 nm, and blue-shifted from
the BDP, also the dipolar anti-bonding dimer plasmon (ADP)
mode (Figure 4A), which is characteristic for the asymmetric
dimer geometry. The experimentally recorded dark-field spec-
tra displayed in Figure 4B—Figure 4H reflect this profile.
However, the BDP and ADP peak positions are red-shifted and
broadened in comparison to the calculated spectrum
(Figure 4A). This can be largely explained by the different envi-
ronmental conditions, i.e., the calculation does not account for

the thin carbon substrate used for the measurements.

In addition to the dipolar mode structure, multiple spectra are
characterized by a red-shift and a broadening of the BDP mode
or even exhibit an additional peak (CTP-charge transfer
plasmon mode) in the NIR region. The latter is indicative for
the onset of charge transfer mechanisms. The origin for these
deviations is not evident from the geometrical structure of the
investigated dimers. Both, the size and the shape of the dimer-
forming AuNPs appear relatively homogeneous from the addi-
tionally displayed SEM images (Figure 4). Furthermore, strong
size variations can be also excluded for the tip-supported dimers
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Figure 4: Far-field optical properties of individual CB[8]-mediated
dumbbell dimers. (A) Scattering spectrum of a 40-80 nm AuNP dimer
with a gap size of 1.0 nm calculated within the dipolar approximation
limit. (B—H) Dark-field transmission spectra of individual dimers assem-
bled in solution and deposited on a carbon-coated TEM grid. Insets:
SEM images of the corresponding dimers (Scale bar: 100 nm).

based on the height information collected during the attach-
ment process, the observed light confinement and the post-char-
acterization by means of scanning electron microscopy imaging
(SEM image, inset Figure 1C).

Since the spontaneous emission rate is taken as a measure for
the electromagnetic field enhancement, the influence of the ob-
served changes in the dark-field (DF) scattering spectra on the
emission rate has to be considered. As outlined before, the
spontaneous emission rate depends on the excitation/emission
rate Yexc/em ©nhancement and on the quenching rate y,ps.
Despite of the origin of the observed spectral fluctuations of the
individual dimers, these impose strong consequences on the

fluorescence enhancement capabilities of a dimer antenna, since
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the modification of the corresponding molecular transition rates
is obeyed by different spectral dependencies. This usually finds
evidence in the observation, that the fluorescence enhancement
is strongest red-shifted from the LSPR peak. Taking into
account the excitation wavelength of Agx. = 632.8 nm used for
the characterization of near-field optical properties of the
dimers, the excitation rate enhancement is strongest for the
dimers shown in Figure 4F—Figure 4H. For these dimers the
scattering amplitude at Ay is approximately twice as strong as
for the most regular spectra (Figure 4B and Figure 4C). Further-
more, these dimers possess also a strong scattering cross-section
across the spectral emission region. Finally, the spectral reso-
nance of the quenching rate has also to be taken into account
additionally, which is usually blue-shifted from the LSPR. As a
consequence of these dependencies, the effective local density
of states (LDOS) varies.

The observed spectral variations for geometrically similar
dimers are likely correlated to the spread in the fluorescence en-
hancement factor. In principle, these observed variations in the
far-field and near-field optical properties may have different
origins. Particularly, the particle size, particle geometry and gap
capacitor properties, such as, the gap size, the gap conductivity
and the gap morphology are the most intuitive parameters,
which have been shown to affect the LSPR position, width and
scattering cross-section [18,25,28,36,59,60]. As a first parame-
ter, variations in the gap size have to be considered. Figure SA
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and Figure 5B display TEM images of a typical dumbbell dimer
with a sub-nanometer gap size. In accordance with the used
CBJ[8] linker molecule a gap size of 0.85 nm is found (linepro-
file, Figure 5C). Overall, the observed gap sizes are in excellent
agreement with the known height of CB[8] and only minor de-

viations occur.

Nanoscale morphology of the gap region

Furthermore, taking into account size variations of the dimer-
forming AuNPs, these correlate well with the variations ob-
served for the thiol-mediated dimers, which provide a relatively
uniform enhancement factor. Therefore, minor geometric devia-
tions are likely to be ruled out as a source for the wide
spreading of enhancement factors found for the CB-mediated
dimers. Therefore, dimers with sub-nanometer gaps are in addi-
tion characterized for their nanoscale structure in the gap
region. High resolution TEM images of the formed dimers
immediately reveal the faceted surface of the AuNPs. There-
fore, these NPs do not match with the shape of a perfect sphere
used frequently for the simulations. Recently, it has been shown
that the uniformity and size of the facets has strong influence on
the homogeneity of their LSPR spectra [28,30,60]. From the
high-magnification TEM images of the gap region of the dimers
displayed in Figure 6, it is obvious that the facet-nature of the
AuNPs leads to multiple possible gap configurations. Large
planar gaps are formed in the case that the two AuNPs assemble
in a fashion that the gap-forming facets are aligned parallel to

intensity / arb.u.

00 04 08 12

16 20 24 28 3.2

36 40

distance / nm

Figure 5: Gap size of CB[8] mediated 40—-80 nm AuNP dimers. (A) TEM image of a dimer with sub-nanometer gap size. (B) High-magnification TEM
image of the gap region. (C) Line-profile drawn across the gap (red dotted line in B).
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Figure 6: Morphologies of dumbbell dimers with sub-nanometer gap sizes. (A) Dimer with a planar gap. (B) Dimer with a gap formed by a large facet
of the 80 nm AuNP and edge of the 40 nm AuNP. (C) Dimer with a pointed gap morphology formed by the interaction of the facet edges/corners of

both contributing AuNPs.

each other (Figure 6A). However, the gap formation can include
also facet edges (Figure 6B) or the corner of several facets
merging in this point (Figure 6C). In this case the gap morphol-
ogy changes from a larger planar gap into a smaller pointed gap,
which modifies the mode volume, and thus, can lead to a
stronger light concentration in the gap region, and thus, results
in a higher electromagnetic field strength [61]. The facet edges,
corners and atomic protrusion can be considered as points
where the electromagnetic field is strongly confined, i.e., they
can serve as hot spots of the electromagnetic field [14]. There-
fore, the gap morphology of sub-nanometer size gaps has at-
tracted high attention and recent investigations have shown a
strong influence on the far-field properties of such gap
antennas. For the CB[8]-mediated dimers with sub-nanometer
gap sizes it is likely that different gap morphologies can alter
the electromagnetic field confined to the end-point of the
smallest sphere, especially if onsetting quantum effects lead to a
redistribution of the electromagnetic near-field.

Conclusion

In conclusion, CB[8]-mediated dumbbell dimers formed of
40 nm and 80 nm AuNP dimers are shown to exhibit advanced
properties in regard to the signal enhancement ratio and light
confinement as compared to AuNP dimers with gap sizes of
twice that of CB[8]-dimers. In particular, it is demonstrated that
the enhancement of the electromagnetic field of the CB[8]-
dimers is comparable to that of a similar trimer antenna
composed of 20 nm, 40 nm and 80 nm AuNPs. In a few
instances, even higher enhancement factors have been observed.
Although the gap size reduction explains well the higher elec-
tromagnetic field strength at the end point of the dimer, the
broad variation of enhancement factors assigned to multiple
dumbbell dimers cannot be assigned to gap size fluctuations.
The rigidity of CB[8] compared to alkane thiol linker mole-
cules should lead to a high stability of the gap size. TEM

images reveal gap sizes of ~0.85 nm. In addition to fluctuations
in the electromagnetic field enhancement, strong variations in
their far-field response are observed, which influence the near-
field response in terms of the enhancement of the fluorescence
emission of a single quantum emitter. The deviations are likely
correlated to different gap configurations, which are easily iden-
tified in HR-TEM studies. The influence of the gap morpholo-
gy on the optical properties turns out to be non-negligible.
However, this effect becomes only significant for sub-nanome-
ter size gaps. As such, the observed deviations are likely also to

be governed by a modified onset of quantum size effects.

Methods

Fluorescence measurements

All optical measurements are acquired with an in-house built
microscope, which combines a confocal microscope with an
AFM setup for tip-enhanced fluorescence measurements. A
detailed description of the microscope can be found in [62].
Briefly, the system uses a linearly polarized 15 mW HeNe laser
(Aem = 632.8 nm) as an excitation source for the fluorescence
measurements. The laser beam is converted into a radially
polarized beam by means of a liquid crystal mode converter
(ArcOptics, Switzerland) which is coupled to an inverse micro-
scope (Ti-U, Nikon, Japan) and is tightly focussed with a high
NA objective (100x Plan APO, NA 1.49, Nikon, Japan) to the
tip—sample region. The emitted fluorescence signal is collected
with the same objective and is spectrally filtered for discrimina-
tion from the excitation light by means of a combination of
dichroic mirrors and bandpass filters. The signal is detected by
means of an Avalanche photodiode (SPCM-AQRH-TR,
Excelitas, Canada). Images are recorded by scanning the sam-
ple through the laser focus using a piezoelectric scanner (Nano-
H, Mad City Labs, USA). For each image pixel the emitted
fluorescence signal is integrated for 5-10 ms. For the antenna-

enhanced fluorescence emission, the antenna is precisely
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aligned in the laser focus and the antenna—sample distance is
maintained with sub-nanometer accuracy to 2—4 nm by means
of a force feedback loop regulating on the frequency shift of the
force sensor, which is excited at its resonance frequency. The
fluorescence emission rate as a function of the antenna—sample
distance is recorded with the feedback loop switched off, and
retracting the antenna by 50 nm from the surface. The high
quantum yield dyes Alexa633 and Alexa680 respectively, are
applied for these measurements, which provide suitable absorp-
tion and emission properties in regard to the LSPR of the
applied monomer and dimer AuNP antennas.

Dark-field spectroscopy

Dark-field spectra are acquired using a commercial dark-field
condensor (TI-DF-NA 1.45-1.2, Nikon, Japan) for white light
illumination. The scattered light is collected with a 100x objec-
tive with a variable numerical aperture, which is adjusted to
~0.6, and spectrally resolved by means of a spectrograph with
coupled CCD camera (Shamrock-303i-A/Newton EMCCD,
Andor, Ireland). The recorded spectra are corrected for the
backgroung and for the spectrally varying detection efficiency
of the CCD chip.

SEM/TEM investigations

SEM images are recorded with a Zeiss Gemini Crossbeam
FIB/SEM with an acceleration voltage of 5 kV and the TEM in-
vestigations are carried out with a a FEI Technai G220 with an
acceleration voltage of 200 kV, respectively, in brightfield
mode. In order to access the correct gap size of the asymmetric
dimers the TEM stage is tilted in 0.1° steps. TEM images with a
high magnification used for the determination of the gap size

are acquired for the tilt position providing the largest gap size.
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Abstract

Background: Dielectric nanoantennas have recently emerged as an alternative solution to plasmonics for nonlinear light manipula-
tion at the nanoscale, thanks to the magnetic and electric resonances, the strong nonlinearities, and the low ohmic losses character-
izing high refractive-index materials in the visible/near-infrared (NIR) region of the spectrum. In this frame, AlGaAs nanoantennas
demonstrated to be extremely efficient sources of second harmonic radiation. In particular, the nonlinear polarization of an optical
system pumped at the anapole mode can be potentially boosted, due to both the strong dip in the scattering spectrum and the near-
field enhancement, which are characteristic of this mode. Plasmonic nanostructures, on the other hand, remain the most promising
solution to achieve strong local field confinement, especially in the NIR, where metals such as gold display relatively low losses.

Results: We present a nonlinear hybrid antenna based on an AlGaAs nanopillar surrounded by a gold ring, which merges in a

single platform the strong field confinement typically produced by plasmonic antennas with the high nonlinearity and low loss char-

acteristics of dielectric nanoantennas. This platform allows enhancing the coupling of light to the nanopillar at coincidence with the
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anapole mode, hence boosting both second- and third-harmonic generation conversion efficiencies. More than one order of magni-

tude enhancement factors are measured for both processes with respect to the isolated structure.

Conclusion: The present results reveal the possibility to achieve tuneable metamixers and higher resolution in nonlinear sensing

and spectroscopy, by means of improved both pump coupling and emission efficiency due to the excitation of the anapole mode en-

hanced by the plasmonic nanoantenna.

Introduction

Second-harmonic generation (SHG) in bulk materials, first
demonstrated by Franken and co-workers in 1961 [1], is nowa-
days successfully applied in a variety of disciplines. Besides its
extended application in laser science for the realization of
coherent light sources [2], SHG is a fundamental tool for the
analysis and characterization of the crystal structure of solid
materials [3-5]. The background-free character of SHG makes it
an attractive tool for imaging biological tissues [6] and investi-
gating structural and conformational properties of molecules at
liquid-liquid interfaces [7]. The ability to downscale nonlinear
optical processes, such as SHG, in extremely confined spatial
regions opens many fascinating opportunities in light manipula-
tion and multiplexing [8] as well as in optical sensing and spec-
troscopy [9,10]. Yet, to date, realizing nonlinear optical pro-
cesses at the nanoscale remains a challenging task since phase-
matching cannot be exploited as enhancement mechanism in
systems confined below the wavelength of light. Exploiting the
intense field enhancements stemming from plasmonic reso-
nances in metallic nanoantennas is instead one of the most suc-
cessful approaches to compensate for the lack of phase-
matching and long interaction lengths at the nanoscale [11].
However, metals display large material losses in the visible
range and limit the penetration depth of electric fields, thereby
hindering the beneficial effects induced by the field enhance-
ments. Moreover, centrosymmetry in metals results in
extremely small efficiencies for second-order processes, a limi-
tation that can be partly circumvented by designing individual
nano-antennas [12] and extended array arrangements [13,14]
featuring a lower degree of symmetry. Metal-less nanopho-
tonics based on dielectrics of high refractive index and semi-
conductors recently emerged as a promising alternative to plas-
monic nanostructures for linear and nonlinear nanophotonic ap-
plications due to the reduced losses at optical frequencies [15].
Since in high-index dielectric materials the electric field pene-
trates deeply into the volume [16], the exploitation of large bulk
nonlinearities also enables enhanced nonlinear light-matter
interactions at the nanoscale. Third-harmonic generation (THG)
was the first nonlinear effect observed in nanoscale semicon-
ductors with sizeable efficiency enhancement. First reported in
individual silicon-on-insulator nanodisks [17] and soon after in

a coupled nanodisk trimer configuration [18], the THG en-

hancement attained was up to 100 times higher than in a Si slab
of the same thickness thanks to the exploitation of Mie-type
resonances. Even higher THG efficiency enhancement has been
recently achieved in germanium nanodisks thanks to the excita-
tion of the so-called anapole mode (from the ancient Greek
“without any pole”) [19]. As the name suggests, the anapole
mode consists in the superposition of a toroidal dipole (TD) and
an electric dipole (ED) mode with a n-phase difference, which
results in transparency at the anapole wavelength and a high
energy stored inside the material [20,21]. The extremely
confined fields in the resonator along with the relative weak
coupling of the resonator to the external radiation allow for a
boost of the quality factors in these Mie resonators. This pecu-
liar feature holds great potential to further enhance light-matter
interaction. For this reason, these systems are currently the
subject of intense investigations and strategies to attain light
absorption enhancement [21], nonlinear amplification [22] and

enhanced Raman scattering [23] have been recently suggested.

In this framework, Al,Ga;_,As, a III-V semiconductor, has
become a popular material for nonlinear photonics thanks to its
non-centrosymmetric structure and other important key assets
including: i) a large band gap enabling TPA-free operation at
1.55 pum, ii) a high non-resonant quadratic susceptibility
(d14 = 100 pm/V for GaAs in the near infrared), and iii) a broad
spectral window of transparency in the mid-infrared (up to
17 um), which allows for the generation of intense second-order
nonlinear optical effects. Many results have already been
achieved in integrated nonlinear optics [24], including SHG in
quasi-phase-matched waveguides [25], efficient frequency-
comb generation [25], and optical parametric oscillation [26].
Only very recently, thanks to the dramatic improvement of
nanofabrication techniques, the integration of semiconducting
materials has been pushed even further with the realization of
nanoscale platforms featuring efficient second-order nonlinear
processes. Recently, a nanoscale system based on AlGaAs
nanodisks pumped in the telecom range (A = 1554 nm), at coin-
cidence with the magnetic dipolar resonance, was theoretically
proposed as an efficient system to enhance second-order non-
linear effects in nanoscale optics [27]. Soon after, three inde-

pendent experiments validated these theoretical predictions [28-
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30]. The conversion efficiencies reported were higher than 1072,
which is more than four orders of magnitude higher than in op-
timized plasmonic nanoantennas pumped at similar intensities
[12]. Concurrently, promising studies on enhanced SHG at the
nanoscale have also been performed on perovskite nanoparti-
cles [31,32].

Several strategies that involve coupled nanosystems have been
employed to enhance both second and third harmonic nonlinear-
ities. For example, we recently reported enhanced SHG by
closely coupling two AlGaAs nanopillars in a dimer configura-
tion and by tuning the pump fundamental frequency to the
anapole mode [33]. A further viable strategy involving coupled
nanosystems, consists in placing a metal nanostructure in the
proximity of the dielectric nanoantenna to manipulate the in-
and out-coupling of light [34,35]. This hybrid integration was
exploited to significantly boost the nonlinear conversion effi-
ciency of nanosystems [32,36,37]. In particular, Maier and
co-workers proposed a nanoantenna composed of a silicon disk
core surrounded by an annular plasmonic antenna, which
combines the energy-storage capabilities of the anapole mode
with the enhanced efficiency of light-coupling in metal-dielec-
tric systems. This allowed them to achieve a THG efficiency
enhancement up to three orders of magnitude with respect to the
bare disk [37]. In this work, we apply the same approach to
obtain SHG enhancement in AlGaAs nanostructures [27,28,33]
and investigate the properties of the emitted nonlinear optical
signal. We find that the SHG yield at the anapole mode in these
hybrid platforms is almost two orders of magnitude higher than
in isolated nanopillars. We also find sizeable THG with an
emission yield comparable to that of SHG, which is unexpected
since third-order nonlinear processes are commonly negligible
in these systems [28,38]. The polarization-dependent optical
properties of this platform together with the SHG angular emis-
sion characteristics indicate an improvement in both pump cou-
pling and emission efficiency. We hence obtain solid indica-
tions for the realization of a new class of nano-photonic plat-
forms for nonlinear light manipulation at the nanoscale.

Results and Discussion

Our plasmonic-dielectric hybrid nanostructures consist of
AlGaAs nanodisks surrounded by an Au ring (Figure 1). Indi-
vidual nanodisks (Figure 1b) and Au rings with the same
geometrical parameters are also fabricated as a reference. We
consider two distinct geometries: type 1 features a nanopillar
with nominal radius r; = 410 nm, height 2 = 200 nm and gap
size g1 ~ 100 nm as shown in Figure lc, while type 2 features a
nanopillar radius 7, = 380 nm with the same height and a gap
size gy = 200 nm (not shown). The geometrical parameters of
the Au ring in both cases are w =410 nm and /# = 80 nm. At the
fundamental wavelength the plasmonic ring produces a strong

Beilstein J. Nanotechnol. 2018, 9, 2306-2314.

electric field at its center. This allows for an improved coupling
to the toroidal dipole moment inside the disk, therefore provid-
ing a more efficient excitation of the anapole mode (i.e., ED and
TD moments of equal magnitude and in phase opposition) at the
fundamental wavelength (A = 1554 nm).

Figure 1: (a) Schematic of the investigated sample: plain AlIGaAs
nanopillar serving as a reference structure (left) and a hybrid structure
consisting of a nanopillar with the same geometrical parameters as the
reference but surrounded by an Au ring (right). (b) SEM image of a
reference nanopillar (r1 = 380 nm). (c) SEM image of a hybrid struc-
ture (r =410 nm, h =200 nm, g = 100 nm, w = 410 nm).

We investigated the scattering characteristics of this structure at
near-IR wavelengths by using finite element method (FEM)
simulations in COMSOL. The incident light is a plane wave
with a wave vector, k, parallel to the cylinder axis and the elec-
tric field, E¢, polarized along the y-axis with respect to the
reference system of Figure 2a. For the dispersion of the refrac-
tive index of Aly 1§Gag goAs we used the analytical model pro-
posed in [39]. In Figure 2b,c both the electric and magnetic
field enhancements are depicted, respectively, which help iden-
tifying the typical anapole configuration. We have compared
the linear behavior of the hybrid geometry against that of a bare
nanodisk with its anapole mode at correspondence with the
pump wavelength. To do so we focused on two key parameters:
the total scattered power, calculated as the surface integral of
the Poynting vector normal to an imaginary sphere enclosing
the entire structure, and the internal energy defined as the
volume integral of the squared electric field inside the cylinder.

To gain further insights into this behavior, in Figure 2d (2¢) we
show the contributions to the scattered power of the first five
radiating multipole moments in the bare nanodisk (hybrid
system) we computed the first five Cartesian multipole

moments inside the cylinder using the expressions summarized
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Figure 2: a) Electric field vector map at 1550 nm for the proposed structure. b) Electric and c) magnetic field distribution in the hybrid nanoantenna at
1550 nm. d) The full multipolar decomposition of the first five contributing multipole moments: electric dipole (Pe), magnetic dipole (Md), toroidal
dipole (Td), electric quadrupole (Qe), magnetic quadrupole (Qm) for and isolated pillar and e) in the hybrid structure. f) Phase difference between
Cartesian dipole moment Pe and toroidal moment Td of the induced current inside the cylinder in the hybrid structure.

in [40], where Pe, Md, Td, Qe and Qm indicate the electric
dipole, magnetic dipole, toroidal dipole, electric quadrupole and
magnetic quadrupole moments, respectively. The multipole de-
composition reveals that, while the electric dipole is dominant
in the bare nanodisk, both the electric and toroidal dipole com-
ponents are dominant inside the cylinder when the gold ring is
present. In particular, they have the same magnitude and a
phase difference close to —n (see Figure 2f) for A = 1550 nm.
Let us recall that, to get the exact anapole condition, the two
abovementioned dipoles must be in phase opposition and exhib-
it the same magnitude while all the other contributions are zero.
Unlike the ideal case, in our situation, there is a magnetic
quadrupole contribution that slightly perturbs the anapole
condition. Looking at the electric field inside the cylinder, it is
possible to observe the typical anapole field distribution (see
upper panel of Figure 2a) where almost the whole E-field
amplitude circulates in the plane of the disk and is confined
inside it. We also evaluated the electric field enhancement
inside the cylinder, defined as the ratio between the total field £
and the incident field E, as a figure of merit to assess the per-
formance of the ring-assisted antenna. The maximum field en-
hancement is about six times higher in the hybrid structure than

in the isolated cylinder, as shown by the comparison between
Figure 3a and Figure 3b. Figure 3¢ displays the wavelength-de-
pendent total scattered power and internal energy stored in the
structure, which confirm the anapole-like behavior at the pump
wavelength. By engineering the geometrical parameters of
dielectric nanoresonators working at the anapole mode, Wang
and Dal Negro [21] demonstrated that light absorption can be
enhanced. While this approach proved effective to finely tune
the anapole condition, the pump light absorption and, therefore,
the field enhancement inside the structure remains rather
limited. In this work, by exploiting the plasmonic ring, we
obtain a 20-fold increase in the field intensity enhancement
averaged over the whole structure volume, F, as compared to
the bare nanopillar (see Figure 3d), which is comparable to
what was already reported in [37].

In this experiment we fully characterized the nonlinear emis-
sion from individual nanostructures, by using the nonlinear
confocal setup described in the Experimental section (see also
[28,33,38]). In brief, each individual nanoantenna is addressed
with ultrashort pump pulses (140 fs) centered at 1554 nm and
focused down to the diffraction limit by a 0.85 NA objective.

2309



Beilstein J. Nanotechnol. 2018, 9, 2306-2314.

N N w
=) )] =]

Scattered Power [aW]

N
o

Internal Energy [aJ]

0.00

Field Enhancement |E|/|E,|

Figure of merit (F)

—Pillar
—Pillar+ring

1600 1700

Wavelength (nm)

1500 1800

Figure 3: a) Electric field enhancement at 1550 nm in the xy-plane for the isolated type 1 (r = 410 nm) nanocylinder and b) for its respective hybrid
structure. c) Total scattered power (blue curve) and internal energy stored (orange curve) by the anapole in the pillar as a function of the wavelength.
d) Normalized electric field intensity averaged within the cylinder, F, as a function of pump wavelength for the isolated AlGaAs cylinder (blue curve)

and for the hybrid nanoantenna (orange curve).

The pump peak intensity is kept below a few gigawatts per
square centimeter. We measured 10 x 10 arrays of individual
pillars, individual Au rings, and the hybrid structures, where the
former two are used as references. Figure 4a shows the SHG
maps recorded on portions of the arrays: from left to right are
shown pillar, rings and hybrid antennas. A statistic of the emis-
sion within each array leads to the histogram shown in
Figure 4b.

The type-1 configuration (g = 100 nm) yields a SHG enhance-
ment factor up to 30 with respect to the corresponding indi-
vidual pillar (» = 410 nm), while for the type-2 configuration
(g =200 nm) the signal enhancement is about one order of mag-
nitude. The contribution of the Au ring to the overall SH emis-
sion is negligible (Figure 4b), and thus the signal enhancement
is only the result of the better field confinement inside the
dielectric material brought about by the hybrid configuration, as
shown in Figure 3d. A log—log plot of the emission as a func-
tion of the power acquired from a type-2 platform using a
narrowband filter at 775 nm (25 nm bandwidth) shows the
quadratic behavior typical of two-photon processes (Figure 4c).
Figure 4d shows the emission spectra collected around the SHG
line from the different structures under study. It can be clearly
seen that the emission within our window of interest is pure
SHG and, along with Figure 3D, this set of measurements quan-
tifies the nonlinear emission enhancement effect due to the
hybrid-antenna configuration. Thus, compared to an all-dielec-
tric structure with the same geometrical parameters, the hybrid

configuration offers a sizeable nonlinear signal enhancement

when the anapole is excited at the fundamental wavelength. To
better address this outcome, we have thoroughly analyzed the
SHG dependence as a function of the incident polarization as
well as the SHG emission patterns for both the hybrid structure
and the reference isolated pillar.

Figure 5 shows the polar plots of the total collected SH intensi-
ty (i.e., without an analyzer in the collection path) as a function
of the incident light polarization for both the reference ele-
ments (Figure 5a) and for the hybrid antennas (Figure 5b). This
confirms that the gold ring improves the coupling of the pump
light into the crystal by inducing an electric dipole inside the
semiconductor that can be oriented parallel to the crystallo-
graphic axes for improved SHG. There is also an intensity
difference of one order of magnitude between the two sets of
polar plots, in agreement with the SHG enhancement factors
extrapolated from Figure 4. The emission pattern recorded at
the back focal plane for the reference elements (Figure 5c,e)
and for the hybrid antennas (Figure 5d,f) confirm an improved
collection efficiency for the hybrid configuration. Interestingly,
the emission pattern is also strongly modified, moving from an
isotropic emission in the reference structures to a dipole-like
strongly directional emission in the presence of the plasmonic

antenna element.

The highest conversion efficiency achieved by the type-2 hybrid
structures is about 5 x 107°, at a pump intensity of about
1.6 GW-cm™2. This value is comparable to that of nanopillars of

the same material excited at correspondence with the magnetic

2310



a)
e
200
) @
E2} )
2 ¢
e o
2 *
0
3.0
b) ® 10°] c)
2.4
é / 210"
w:? 1.8 g
) o)
(:F) 1.2 ‘% 108
0.6
X10 10*  Slope: 1.97
0.0—L . .
Rings Pillar Hybrid Pillar Hybrid 10 100 500
380nm 200nm 410nm 100nm Power In (uW)
69 —— Pillar 380 nm
——Pillar 410 nm
—— Hybrid 200 nm
57 —— Hybrid 100 nm
- Ring (X 100)
© 4+
2
£
S 37
&
£
w
0

T T T T T
740 760 780 800 820
Wavelength (nm)

Figure 4: (a) SH nonlinear maps collected from the hybrid antennas
and from the reference structures. From left to right: isolated pillars

(3 x 3 sub-array), rings (2 x 4 sub array) and hybrid structures

(2 x 2 sub-array). (b) Histogram showing the emission statistics for
each array. (c) Log—log plot of the emission as a function of the power
of structures with a gap of 200 nm, superimposed with a line of

slope = 1.97. (d) Nonlinear emission spectra from the different ele-
ments under investigation obtained using the same incident pump in-
tensity of 2 GW-cm™2.

dipole resonance at the fundamental wavelength, as measured in
our previous works [38,41]. This experimental outcome, which
is confirmed by our simulations, is the result of a trade-off situ-
ation. In fact, while the magnetic dipole resonance in the isolat-
ed dielectric nanostructures reported in our early work corre-
sponds to a strong scattering regime, the anapole mode is
weakly coupled to radiating modes, therefore it cannot be effi-
ciently excited by far-field illumination. This results in a low

Beilstein J. Nanotechnol. 2018, 9, 2306-2314.
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Figure 5: Polar plots of SHG emission from (a) the reference ele-
ments and (b) the hybrid antennas as a function of the incident polari-
zation. Experimental emission pattern of the type-1 (c) and type-2 (e)
isolated nanopillars used as reference and of their respective hybrid
antennas (d) and (f). The white arrow in (c) indicates the polarization
direction of the pump field for all the back focal plane maps.

field enhancement averaged inside the structure, F (blue line in
Figure 3d) and in a much higher SHG efficiency for the former
platform compared to the nanodisk operating at the anapole
condition. In this frame, opening a coupling channel for the
light via the gold nanoring helps improving the field enhance-
ment F inside the nanodisk, but it also weakens the anapole
condition and reduces the quality factor because of increased ra-
diation losses. As a result, while the F value in the hybrid
antenna is enhanced by more than two orders of magnitude, the
SHG yield is only increased by one order of magnitude (see
Figure 5d,f). Furthermore, in the hybrid configuration, SHG still
gets irradiated at high angles with respect to the antenna axis,
hence the overall collection efficiency it not improved substan-
tially. The development of optimized plasmonic nanoantennas
for better light coupling and nonlinear emission directionality

would allow one to further enhance this process.
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A noteworthy feature of these hybrid nanoantennas, featuring a
strong anapole mode-matching at the fundamental wavelength,
is also the strong emission yield obtained in THG, which is
unexpectedly high for this material, as confirmed by previous
investigations [28]. Figure 6 shows the spectra collected from
an individual type-2 pillar and its respective hybrid structure,
acquired in the whole visible range. While a sizeable THG is
already emitted by the reference pillar, the improved field
confinement produced by the Au ring in the structure allows
one to achieve more than one order of magnitude enhancement
in the THG. This corresponds to emission yields comparable
with SHG, when an average incident excitation power of about
1 mW is employed.
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Figure 6: Emission spectrum of a type-2 pillar and its relative hybrid
structure. The hybrid structure features more than one order of magni-
tude enhancement for the THG.

Conclusion

We thoroughly investigated a hybrid nanoantenna composed of
an individual AlGaAs nanopillar, featuring an anapole mode
resonant with the pump wavelength, surrounded by an Au ring
designed to improve light coupling to the nanostructure
anapole. This enables the improvement of both the second- and
third-order nonlinear efficiencies, with measured enhancement
factors of about 30 and 15 for the SHG and THG processes, re-
spectively. The analysis of both SHG emission as a function of
the pump polarization and angular emission of the SHG reveal
that the plasmonic ring increases the pump in-coupling as well
as the emission out-coupling. These results represent a step
forward in the optimization of nonlinear light manipulation in
dielectric nanostructures. The possibility to effectively enhance
SHG using the anapole mode field distribution boosted by a
plasmonic nanoantenna opens up new avenues for nonlinear
sensing, spectroscopy as well as frequency down-conversion

and nonlinear multiplexing at the nanoscale [8].
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Experimental
Sample fabrication

The samples are grown by molecular beam epitaxy from a
(100) non-intentionally doped GaAs substrate. At the end
of the process, 400 nm of Al ;gGap gpAs rest on a 1 um
Aly 9gGag gpAs sacrificial layer, which will be selectively
oxidized at a later stage to achieve a low-index AlO, substrate.
3 nm of SiO, are deposited on the surface via plasma-enhanced
chemical vapor deposition (PECVD) to later improve the adhe-
sion of the negative-tone HSQ resist on the I1I-V layer. A first
positive-tone lithography step with PMMA resist is performed
to realize the alignment structures, followed by electron beam
evaporation of 5 nm of Ti and 80 nm of Au. Finally, a standard
lift-off procedure reveals the gold alignment structures. The
choice of gold as a material at this stage is crucial to ensure the
highest possible contrast and precision in the successive litho-
graphy step. HSQ resist is then spun and nanoantenna patterns
are transferred on the resist with a second lithography step. Two
non-selective etching processes are then performed: a first
CHF3-mediated reactive ion etching (RIE) removes the 3 nm
SiO, layer which is no longer needed, while the second induc-
tively coupled plasma RIE with SiCly/Ar gas treatment trans-
fers the nanoantenna pattern on the Aly 13Gag grAs layer,
revealing the Al-rich layer. The latter is immediately selec-
tively oxidized at 390° for 30 min under a controlled water
vapor flow with NoH, carrier gas. Finally, a third positive-tone
lithography process analogous to the first one, followed by elec-
tron beam evaporation and lift-off, defines the gold nanorings.

Optical setup
The nonlinear optical microscope employed in our experiment
is depicted in Figure 7. The radiation from a 150 fs-laser

centered at 1554 nm is sent to the sample through a high-NA

sample

spectrometer

0.85 NA

BFP
lens

DM SPAD

pol. SP|

fI|p mlrrors

\ 1550 fs-laser
M

Figure 7: Sketch of the nonlinear setup employed for our measure-
ments. The setup allows for the acquisition of nonlinear maps, non-
linear spectra and nonlinear back-focal-plane images of the pillars.
DM, dichroic mirror; BFP lens, back focal plane lens; SPF, short-pass
filter; NBF, narrow-band filter; SPAD, single photon avalanche
detector.

N2
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(0.85) air objective, after setting the linear polarization direc-
tion with a half-wavelength plate. The nonlinear emission from
the antennas is collected in reflection geometry and filtered
before detection with a short-pass filter at 1000 nm and with a
narrow-band filter at 775 nm to eliminate the residual pump
signal and any TH and photoluminescence components.
SH maps of the antennas are obtained by raster scanning the
sample with a piezoelectric stage, and by recording the signal
with a single-photon detector. Once a desired structure has been
selected, instead, it is possible to image its SH radiation pattern
in the Fourier space on a cooled-CCD camera by inserting a
confocal lens focusing at the objective BFP. A flip-mirror can
also be inserted in the detection path to send the unfiltered

emission to a visible spectrometer for spectrum acquisition.
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We report on the low-energy, electrical generation of light beams in specific directions from planar elliptical microstructures. The

emission direction of the beam is determined by the microstructure eccentricity. A very simple, broadband, optical antenna design

is used, which consists of a single elliptical slit etched into a gold film. The light beam source is driven by an electrical nanosource

of surface plasmon polaritons (SPP) that is located at one focus of the ellipse. In this study, SPPs are generated through inelastic

electron tunneling between a gold surface and the tip of a scanning tunneling microscope.

Introduction

With the ever-growing demand for higher information capacity
and the diversification of applications, the integration of
nanophotonics with nanoelectronics in microdevices has never
been more relevant than now [1-9]. In this context, miniatur-
ized electrical light sources are needed for chip-to-chip commu-
nication and optical interactions with the surrounding environ-
ment (e.g., for remote control, external communication or
sensing applications). A number of electrically driven emitting

optical antennas have been described in the recent literature [10-

19], where the emission of light is activated using low voltage
(a few volts) and low current (nanoamperes to microamperes),
compatible with integrated electronics. These antennas were
based on plasmonic micro- or nanostructures of various geome-
tries (Yagi—Uda, bull’s-eye, nanoparticle dimer, or wire anten-
nas), coupled in the near field (or incorporating in their design)
an electrically driven nanosource of surface plasmon polaritons
(SPPs, light waves coupled to electron density oscillations at a

metal-dielectric interface). In particular, the electrical SPP
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nanosource can be a nanoscale tunnel junction where the emis-

sion process relies on inelastic electron tunneling effects [20].

A central issue for miniaturized electrical light sources is the
control of their emission direction, especially given that SPP ex-
citation with electrons results in a broad power spectrum [21-
24]. When based on a single plasmonic nanoparticle, these
sources exhibit angularly broad emission patterns resembling
that of an electric dipole, possibly with additional higher-order
multipolar contributions [25-27]. Antenna designs based on the
arrangement of several plasmonic nanoparticles (e.g., Yagi—Uda
antennas [28]) yield more directional emission [29]. However,
the light is most often emitted at the critical angle of the sub-
strate—superstrate interface [30] or in directions that strongly
vary depending on the optical frequency [31]. Light beams with
an angular spread of only a few degrees [32,33] may be ob-
tained from periodic microstructures (e.g., bull’s-eye antennas
[34,35]), yet again with a strong dependence on frequency.
Foremost, planar antennas with cylindrical symmetry, such as
bull’s-eye [36] and patch antennas [37,38], invariably emit light
in a beam or cone the axis of which is orthogonal to the surface
plane. Thus, for all applications where light is emitted from
electrically driven optical antennas and specific directions of
emission are desired, a different antenna design has to be found
[39].

Recently, we have demonstrated that the electrical excitation of
SPPs in the center of a plasmonic lens consisting of a single cir-
cular slit etched in a gold film results in the emission of a spec-
trally broad cylindrical vector beam of light [40,41]. The result-
ing emission direction, which is invariably orthogonal to the
surface plane on average, does not depend on the frequency and
the angular spread of the resulting beam is determined by the
ratio of the lens diameter to the emission wavelength. In addi-
tion, previous experiments carried out using a scanning elec-
tron microscope in vacuum have shown that oblique light
beams may be produced from elliptical corrals etched in a
single crystal of gold. In order to produce the oblique beam of
light, the high-energy (30 keV) electron beam is focussed onto
one of the two focal points of the structure [42]. The emission
direction is determined by the eccentricity of the corral and
could, in principle, be tailored by design. Inspired by this work,
we investigate in the present paper the low-energy (below 3 eV)
electrical excitation and the resulting light beams from single
elliptical antennas consisting of an elliptical slit etched in a gold
film. We theoretically and experimentally show that when the
excitation takes place at one of the two focii, these elliptical
slits act as highly directional antennas that convert electrically
excited SPPs into light beams that are emitted in specific direc-
tions as determined by the ellipse eccentricity and the refractive
index of the surrounding medium. The angular spread of the
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emitted beam is inversely proportional to the length of the

ellipse axes.

Results and Discussion

Figure 1 shows schematics of the experiment performed in this
study. All experiments are carried out in air and at room tem-
perature using a scanning tunneling microscope (STM) head
mounted on top of an inverted optical microscope. The setup is
described in detail in the Experimental section. Circular or ellip-
tical slits are etched in an optically thick (200 nm) gold film
deposited on a glass coverslip. The inelastic effects of the
tunnel current between the STM tip and the surface of the gold
film generate circular waves of surface plasmon polaritons,

(a)
W tip (grounded)
Au film (biased)

air

circular slit

glass n

emitted
light beam

elliptical slit

Figure 1: Schematics of the experiment. A single (a) circular or

(b) elliptical slit etched in a 200 nm gold film on glass is used as an
electrical light beam microsource. Inelastic electron tunneling from the
tungsten tip of an STM excites SPPs at the air-gold interface. These
SPPs propagate isotropically away from the tip to the slit where they
scatter into light. Excitation at (a) the center of the circle or (b) at a
focus of the ellipse yields (a) radially polarized cylindrical vector beams
orthogonal to the plane or (b) oblique light beams in a specific direc-
tion as determined by the eccentricity of the ellipse.
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which propagate isotropically away from the tip along the
air—gold interface [23]. The SPPs are scattered at the slit into
photons in air (not shown) and in the glass. Only the light
emitted in the glass is collected using a high numerical aperture
(NA) microscope objective. The angular distribution of the
emitted light is acquired from Fourier-space images [24,25].

The angular emission pattern results from the far-field interfer-
ence of the light scattered from all along the slit. When the
STM tip is positioned in the center of the disc formed by a cir-
cular slit (see Figure 1a), all points along the perimeter of the
slit are equidistant from the SPP source. Thus, light is emitted
in phase from all along the slit. As a result, a light beam is
emitted in the direction orthogonal to the surface plane. Due to
the cylindrical symmetry of the system, the emitted beam is a
cylindrical vector beam with radial polarization [40].

When the tip is off-center, the emission from different posi-
tions along the circular slit is out-of-phase. As previously re-
ported in [40], light beams tilted by up to 10° may be obtained
in this way while maintaining a comparatively low angular
spread. However, beyond this limit more intricate emission
patterns are obtained. A lateral shift of the excitation source is
not equivalent to an angular tilt of the emitted beam. Different
geometries must be found in order to produce light beams in

specific directions.

The working principle of an elliptical slit

antenna

Figure 2 shows a planar surface illuminated by a plane wave
light beam. If the incidence angle is 8 = 0, the optical field at
the surface is in phase for the entire illuminated area. Other-
wise, if 0# 0 and the incidence plane is the xz-plane, the phase ¢
of the optical field at the surface varies with position, i.e.,
@(x) = kxsin 0 + @, where k is the wavevector modulus of the
incident light and @ is a constant. In order to emit a beam of
light in a specific direction, a light source at a planar surface
must reproduce this spatial phase distribution. In the specific
case of a slit that scatters surface waves (emitted from a point-
like source) into light, the phase is the delay due to the propaga-
tion of the surface waves from the source to the slit. Thus, the
distance d traveled must vary along the slit such that the phase
of the scattered light is

(p(x):/cxsin6+(p0. )

We assume that the propagation and scattering of these surface
waves may be treated within the scalar approximation as in
the case of plane waves in free space. This approximation has
been shown to be correct for the case of SPPs [43]. Within this
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Figure 2: Working principle of an elliptical slit antenna: control of the
phase. At a planar surface, the phase of the electric field of an inci-
dent light beam in (a,c) orthogonal or (b,d) oblique incidence is
spatially (a,c) independent or (b,d) dependent, respectively. If this
spatial phase distribution is reproduced on a planar surface, an ex-
tended planar light source can emit a beam of light in a particular
direction out of the plane. (e) Such a light source is obtained when an
elliptical slit antenna is fed by circular surface waves at one of its focii.
The scattered light from the slit has the same spatial phase distribu-
tion at the surface as a light beam arriving at oblique incidence. The
eccentricity of the ellipse determines the emission angle of the beam.

approximation, Equation 1 reads xd = kxsin 0 + ¢¢, where « is
the wavevector modulus of the surface waves.

The only geometry that meets this condition is an ellipse with
the surface wave source located at one of the focii. An ellipse
is the ensemble of points P(x,y) that satisfies the equation
&3)/(a®) + ()/(b*) = 1, where a and b are the semiaxes of the
ellipse. If @ > b and the ellipse is centered at (0,0), the focii are
at F(—c,0) and F'(c,0), where ¢2 = a> — b%. The eccentricity of
the ellipse is e = c/a. The distance from F' to P(x,y) is r = ex + a.
As aresult, when the source is at F,, wave propagation to the slit
introduces a phase shift of k(ex + ). Thus, a light beam emitted
at an angle 0 is expected where 0 satisfies the equation

Ke = ksin 6. )

In this way the emission angle may be tailored by varying the
eccentricity of the ellipse. The available angular range is from
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0 =0 to 8 = arcsin (ke)/k, with e chosen between 0 (i.e., a circle)
and up to but not including 1 (e = 1 yields a parabola).

Figure 3a shows that the intersection of a cylinder with a plane

yields an ellipse the eccentricity of which is precisely e = sin 0,
where 0 defines the tilt of the cylinder axis with respect to the

S o )
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n,>n; % iez

Figure 3: Working principle of an elliptical slit antenna: shape of the
emitted beams. (a) The intersection of a cylinder and a plane is an
ellipse. However, elliptical slit antennas do not necessarily emit cylin-
drical beams. (b) This is in analogy to a cylindrical beam with a circu-
lar section that becomes elliptical after refraction at the interface be-
tween two media with different refractive indices. (c) Similarly, due to
different propagation speeds of light in the superstrate, of light in the
substrate and of the surface waves at the interface, elliptical slit anten-
nas emit non-cylindrical light beams at angles that depend on the
refractive indices of the upper and lower media.
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normal of the plane. Based on the similarity with Equation 2,
one may expect that cylindrical beams can be emitted from
elliptical slit antennas fed with surface wave sources at their
focii. However, Equation 2 shows that this is only true if light
and surface waves propagate at the same speed, i.e., K = k.
Figure 3b shows that the refraction of a cylindrical beam at a
planar interface between two media does not yield a cylindrical
beam if the two media do not have same index of refractive,
since the shape of the beam changes as a result of the change in
emission angle. In the case of reflection, since the medium and
thus the emission angle remain the same, the beam remains

cylindrical.

In order to have a beam of light, the phase due to the optical
path difference of light in the medium (i.e., kgn 3!y or kony8l,)
must equal the phase due to the difference in propagation length
from the source at a focus to the slit (i.e., 2kc). k( is the
wavevector modulus of photons in vacuum. In other words,
2(x/kg)c = n18l; = npdl,. Air and glass have refractive indexes
ny and ny of about 1 and 1.5, respectively, and the SPPs at the
air—gold interface have an effective index close to 1. Our ellip-
tical slit antennas are thus expected to emit quasi cylindrical
beams on the air side, since the speed of photons in air, and of
SPPs on an air—gold interface are similar. In contrast, the light
beam emitted in glass must have an elliptical section. This is not
directly visible in the Fourier-space images since they reveal the
angular, and not the spatial distribution of the emitted light.
Note that the model of a cylinder intersecting a plane intro-
duced above yields similar results as the virtual parabola model
proposed in [42] for the beaming of an elliptical cavity and
provides a simple framework to describe the shape of the

emitted beams.

We can produce beams of light emitting in the angular range
from 0° to arcsin(kspp/nikg), with i =1 in air and i = 2 in glass.
In principle, our elliptical slit antennas can thus emit light
beams at all polar angles in air (i.e., 0° to about 90°) and from
0° to about 43° in glass (at Ay = 700 nm). Interestingly, light
beams at virtually all polar angles in glass (i.e., up to 90°) could
be obtained if the SPP nanosource were located at the
glass—gold interface or if it excited a gold film sandwiched be-
tween two media of the same refractive index (e.g., a suspended
gold membrane in air). The latter geometry (i.e., a prototypical
insulator—metal—insulator waveguide) has the additional advan-
tage that it supports long-range SPPs that have lower propaga-
tion losses [44].

Angular emission pattern
Figure 4 provides the experimental demonstration that light
beams may be emitted in chosen directions from electrically

driven elliptical slit antennas. The emission angle is determined
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Figure 4: Control of the emission direction: effect of the eccentricity.
(a—c) Transmission optical images under white light illumination,

(d—f) experimental and (g—i) theoretical Fourier-space images of the
light emitted upon electrical excitation of structures 1, 4 and 6, respec-
tively (see Table 1). The STM tip is located in the center of structure 1,
and at the focus F(—c,0) of structures 4 and 6. (j) Intensity profiles
taken from theoretical Fourier-space images along k, as well as the
measured experimental emission angle (in red) and the calculated the-
oretical emission angle (in black) are shown. The calculated emission
angle is determined from Equation 2. The intensity profiles are normal-
ized and vertically offset for clarity. (k) Polar plot of the angular emis-
sion pattern retrieved from an experimental Fourier-space image of the
light emitted upon electrical excitation of structure 8 (see Table 1) at
the focus F(-c,0). Further experimental and theoretical Fourier-space
images are provided in the Supporting Information File 1.

by the eccentricity of the ellipse. Three different slits are used,
i.e., structures 1, 4 and 6 in Table 1 (see also Figure 4a—c). They
have eccentricities of 0 (circular slit), 0.51 and 0.77 (elliptical
slits), respectively. The Fourier-space images recorded upon ex-
citation with the tunnel electrons from the STM tip at one of the

focii are shown in Figure 4d—f. Good agreement is found be-
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tween the experimental data and the simulated images shown in
Figure 4g—i. These simulated images are obtained using a
model based on an ensemble of in-plane oscillating electric
dipoles located along the slit and oriented orthogonally to the
ellipse in the plane of the sample [45,46]. The same model
was used to calculate the emission pattern from circular slits in
[40]. Figure 4j shows the intensity profiles from the simulated
Fourier-space images and the average emission angles retrieved
from the experimental data for the eight elliptical slits the
eccentricities of which are given in Table 1. The chosen eccen-
tricity values are those corresponding to the intersection of a
cylinder with a plane at angles of 0°, 10°...70°. On the same
graph the theoretical value of the emission angle as obtained
from Equation 2 is plotted, which reads

[ K
0 = arcsin| X ¢ ,

where (kspp/kg) = 1.037 at Ay = 700 nm and n, = 1.518. In addi-
tion, Figure 4k shows a polar plot of the angular emission
pattern retrieved from an experimental Fourier-space image of
the light emitted upon electrical excitation of structure 8 (see
Table 1) at the focus F(—c,0).

Table 1: Parameters of the elliptical slit antennas. The major axis 2a
and the eccentricity e are given (the minor axis is always 2b = 3 pym).

structure 1 2 3 4 5 6 7 8

2a (um) 3 3.05 320 3.46 3.92 467 6 8.77
e (um) 0 0.18 0.35 0.51 0.64 0.77 0.87 0.94
arcsin e 0° 10° 20° 30° 40° 50° 60° 70°

Figure 5 shows the effect of the SPP source location on the far-
field emission pattern. The emission of light from an elliptical
slit (structure 8 in Table 1) is obtained using the STM
nanosource at different positions along the major axis of the
ellipse, namely: on the focii F(—c¢,0) and F"(c,0), in the center
0(0,0), and at intermediate positions, (—c/2,0) and (¢/2,0). The
corresponding experimental and theoretical Fourier-space
images are shown in Figure 5. Intricated interference patterns,
covering broad polar and azimuthal angular ranges, are pro-
duced when the SPP source is not located at one of the ellipse
focii. Only when the excitation is located at a focus does the
elliptical slit antenna yield angularly narrow light beams. As
expected, the emission patterns upon excitation at ' and F"
are perfect mirror symmetries of each other with respect to the
(yz)-plane.

From the experimental Fourier-space images we retrieve the
angular spread of the emitted light beams in the ky and ky recip-
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Figure 5: Angular emission pattern: effect of the excitation site. (a) Schematic of the experiment (inset: a transmission optical image under white light
illumination). (b—f) Experimental and (g—k) theoretical Fourier-space images of the light emitted upon electrical excitation of structure 8 (see Table
Table 1) at (from b to f) F'(c,0), (c¢/2,0), (0,0), (-¢/2,0) and F(-c,0), respectively.

rocal-space directions. Here we define the angular spread Ak as
the half width at half maximum (HWHM) of the light spot in
the Fourier space. The results obtained for structures 1-8 (see
Table 1) are plotted in Figure 6a as a function of the ellipse

eccentricity. We see that the lateral size of the antenna deter-
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Figure 6: Angular spread: effect of the eccentricity. (a) Half width at
half maximum (HWHM) of the angular distribution of the light emitted in
glass. This data is obtained from experimental Fourier-space images
along the ky and ky, axes for structures 1-8. Here the HWHM is plotted
as a function of the eccentricity of the ellipse. (b) Ratio of the minor
and major semi-axes (b/a) and of the angular spread along ky and ky,
as a function of the ellipse eccentricity.

mines the angular spread. The angular spread along ky
decreases as the eccentricity increases since the major axis 2a is
increased while keeping the minor axis 2b = 3 um constant. For
instance, angular spreads of 9° and of 4.5° along ky are
measured for structure 1 (2¢ = 3um) and 7 (2a = 6um), respec-
tively. No significant change occurs along ky where the angular
spread remains within a range of 9-10°.

Figure 6b compares the angular spread ratio (Ak,)/(Ak,) to the
minor-to-major axis ratio b/a of the ellipse. Close agreement is
found between the two ratios. Due to the properties of Fourier
transforms, the aspect ratio of the slit antenna in real space (a/b)
and its emission pattern in Fourier space (Aky)/(Ak)) are
inversely proportional to each other. When elliptical slit anten-
nas are fed at their focus, the angular spread of the emitted light
beam is determined by the ellipse semiradii and the emission
wavelength. It is worthy of note that despite higher SPP propa-
gation losses is some directions, increasing a does not result in a

broadening of the half width at half maximum along ky.

To further describe the emission from an elliptical slit antenna,
we now examine the “shape” of the emission lobes as calcu-
lated at the vacuum wavelength of Ay = 700 nm using the
method described in [47,48]. In Figure 7a—h, the flux of the
Poynting vector per unit solid angle is represented in real space
for structures 1-8 (see Table 1). Electrical excitation at F(—c,0)
is modeled as a monochromatic (Ag = 700 nm) z-oriented oscil-
lating dipole. Both the emission in the air (upward direction)
and in the glass (downward direction) is shown. The air—glass
interface is at z = 0 and the ellipse is centered at (x,y) = (0,0). In
general, Figure 7 confirms that light beams are emitted both
downward in the substrate and upward in the superstrate.
The light is emitted at larger angles in the medium of lower
refractive index (i.e., in air). Moreover, we see that a stronger
beaming effect occurs in glass as compared to air. The light

beam in glass has a lower angular spread and less intense side
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Figure 7: Lobe shapes. (a—h) Theoretical emission patterns from the elliptical slit antennas upon excitation by a z-oriented oscillating electric dipole
located at the focus F(—c,0) of the ellipse. These patterns are calculated at a vacuum wavelength of Ay = 700 nm for structures 1-8 (see Table 1).

lobes. Even though higher directivity is obtained in glass with
comparatively more light in the beaming direction than for the
case in air, more intensity on average is emitted upward than
downward. Figure 8 shows that the flux of the Poynting vector
integrated over the lower half space represents only 10-25% of
the total radiation (i.e., integrated over 4 sr).

0.3 ——

©

e

o

©

E

c

2

o

©

o

§ 0.1 3

x

> 4

o

0.0 —
0.0 0.5 1.0

Eccentricity

Figure 8: Where does the light go? Theoretical calculation of the
Poynting vector: ratio of the light flux emitted downward (in the glass)
to the total emitted flux (in air and glass) as calculated for structures
1-8 (see Table 1) from the diagrams shown in Figure 7. The data is
plotted as a function of the ellipse eccentricity. Structure numbers are
indicated next to the data points.

Field distribution in the slit

Finally, we calculate the theoretical spatial distribution of the
square modulus of the total electric field and its x- and y-com-
ponents in the slit, i.e., in the (xy) plane, using the method de-
scribed in [47,48]. Figure 9 shows the results for structures 1
(circular slit) and 7 (elliptical slit with a/b = 2, see Table 1).
When SPPs are isotropically excited in the center of a circular
slit antenna, the intensity of the scattered field inside the slit is
spatially homogeneous (see Figure 9a) since the source-to-slit
distance is the same for all points along the slit. The fact that the
SPP propagation is orthogonal to the slit for all positions on the
slit has two consequences: The SPP-to-light scattering effi-
ciency is the same all along the slit, and the polarization of the
scattered light is purely radial (see Figure 9b,c). This is in
contrast to the elliptical slit antenna where the distance between
the SPP source (located at one focus) and the slit depends on the
direction. Therefore, the SPP amplitude decay due to propaga-
tion losses is direction-dependent as well, and the SPP ampli-
tude at the slit depends on the location. Another effect that
makes the SPP flux at the slit inhomogeneous (see Figure 9d) is
the angle at which the SPP wavefront meets the slit. For the
case of an ellipse and excitation at a focus, this angle will vary
as a function of position on the slit. As a result, except along the
major axis, the SPP wave does not meet the slit orthogonally.
Consequently, the SPP-to-light scattering efficiency is likely to
vary as a function of position along the slit.
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Figure 9: Theoretical E-field maps in the slit. (a—f) Spatial distribution of the square modulus of the total electric field |E|2 = |E42 + |Ey|2 + |E,2 and of
its components |E,|? and |Ey|2 along the x- and y-axes, as calculated inside the slit of structures 1 (circular) and 7 (elliptical, see Table 1). The excita-
tion is modeled as a monochromatic (Ag = 700 nm) z-oriented oscillating electric dipole located at the center F(0,0) of the circular slit and at the “left
focus” F(—c,0) of the elliptical slit (here, ¢ = 2.60 uym). Both structures are centered at O(0,0). The dipole position is indicated with an asterisk.

In addition, the fact that the SPP propagation is not orthogonal
to the slit has an effect on the polarization of the scattered light.
SPP-to-light scattering at the slit essentially relies on the excita-
tion of surface plasmons that oscillate in the plane of the sam-
ple in the direction perpendicular to the slit [45]. If this direc-
tion coincides with the radial direction for all positions along
the slit (i.e., from the center of the structure to the slit), then the
polarization of the scattered light is purely radial. This is true in
the case of a circular slit; it is not true for an ellipse (see
Figure 9e,f), where the radius and the direction of propagation
only coincide along the major axis. Radial polarization yields a
zero of intensity at the center of the light spot in Fourier space
due to a polarization singularity along the propagation axis of
the resulting light beam [49]. This zero of intensity is indeed
observed in the experimental and theoretical data shown in
Figure 4d and Figure 4g for the circular antenna. The Fourier-
space images measured and calculated for the elliptical struc-
tures also exhibit a doughnut-shaped spot with a marked inten-
sity dip, which, however, does not fall completely to zero. This
confirms that the polarization is not purely radial and a combi-
nation of linear and radial polarization must occur with an in-
creasing linear contribution as the ellipse eccentricity increases.
Nevertheless, the radial component must dominate over the
linear component even at an eccentricity as high as 0.94, other-
wise no intensity dip would be seen. For symmetry reasons, the
linear contribution to the polarization of the light beam must be
oriented along the major axis of the ellipse (the off-center loca-
tion of the SPP nanosource along the x-axis breaks the mirror
symmetry of the system with respect to the yz-plane).

Conclusion
We have introduced the working principle of an electrically

driven elliptical slit antenna, which is a highly directive, low-

energy, electrical microsource of light beams emitting in con-
trolled directions. The emission direction is tailored by design
by controlling the eccentricity of the ellipse. The model of a
cylinder intersecting a plane may be used to describe the depen-
dence of the beam direction and geometry on the structure
eccentricity and the refractive index of the surrounding medi-
um in a simple way. We have shown that the angular spread of
the emitted beam depends on the length of the ellipse axes and
not on its eccentricity. In addition, light beaming is robust to
amplitude inhomogeneities of the scattered field from the slit
(which becomes more inhomogeneous as the eccentricity in-
creases) but is highly sensitive to its phase distribution (which
changes when moving the SPP source from the ellipse focus).
This is expected since light beaming from a slit is essentially a
far-field interference effect. From calculations of the field in the
slit, we infer that the polarization of the emitted beam is pre-
dominantly radial with a minor linear contribution (along the
major axis) that increases with eccentricity. Future improve-
ments of these optical antennas include the integration of the
electrical SPP nanosource in the design of the microstructure
(e.g., as an integrated metal-oxide—metal tunnel junction) and
the engineering of the refractive indices of substrate and super-
strate for greater control of the emission pattern, of the upward/
downward power distribution and of the propagation losses.
The principles of electrically driven elliptical slit antennas may
be extended to similar chiral slit structures, e.g., elliptical
spirals, in order to control the optical orbital angular moment of
the emitted light beams [50,51].

Experimental
Figure 10 shows a schematic representation of the experimental
setup. It consists of a commercial STM head (JPK Instruments,

NanoWizard 3) mounted on top of an inverted optical micro-
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scope (Nikon Instruments, Eclipse Ti-U) equipped with a
nanopositioning stage and an oil-immersion, high numerical
aperture (NA = 1.49), 100x objective lens (Nikon CFI Apoc-
hromat TIRF objective). The STM is operated in air under
ambient conditions [52]. STM tips are electrochemically etched
tungsten wires.

STM tip

gold film on
glass coverslip
L KN |

high-NA objective

back focal plane

lens
— lens
CCD
amera

Figure 10: Schematic of the experimental setup. An STM head is
mounted on top of an inverted optical microscope. The light emitted in
the substrate upon electrical excitation of the sample with tunnel elec-
trons from the tip is collected by the objective. The principle of Fourier-
space imaging is illustrated with red dotted lines: parallel light rays
emitted from the sample converge at the same point in the back focal
plane of the objective. Thus, the angular distribution of the emitted light
is retrieved from the image of the back focal plane on a CCD camera.

A set of achromatic doublet lenses (Thorlabs, AC254-200-B)
arranged in a 4f geometry is used to project an image of the
back focal plane of the objective on a cooled CCD camera
(Andor, IKON-M), to record the Fourier-space images (angular
distribution of the collected light). The Fourier-space images
shown in this paper are recorded under the following condi-
tions: acquisition time 300 s, sample bias 2.8 V, setpoint cur-
rent 1 nA.

The sample consists of a 200 nm thick gold film thermally
evaporated on a standard, 170 um thick, microscope glass
coverslip coated with a transparent, 100 nm thick, conducting
indium tin oxide (ITO) layer (purchased from SOLEMS,
Palaiseau, France). ITO is used to electrically connect the inner
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gold area delineated by the elliptical slit to the rest of the gold
film as is required for applying the tip—sample bias voltage for
the STM measurements. The elliptical slits are milled in the
gold film using a focused ion beam (FIB) at the NanoFab
facility (Institut Néel, Grenoble, France). A scanning electron
microscopy image of an elliptical slit is shown in Supporting
Information File 1.

Supporting Information

Additional experimental data, a scanning electron
microscopy image of an elliptical slit and a description of
the method to retrieve the angular spread from
Fourier-space images are all provided.

Supporting Information File 1

Additional experimental data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-9-221-S1.pdf]
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Abstract

We report a study of the infrared response by localized surface plasmon resonance (LSPR) modes in gold micro- and nanoantenna
arrays with various morphologies and surface-enhanced infrared absorption (SEIRA) by optical phonons of semiconductor nano-
crystals (NCs) deposited on the arrays. The arrays of nano- and microantennas fabricated with nano- and photolithography reveal
infrared-active LSPR modes of energy ranging from the mid to far-infrared that allow the IR response from very low concentra-
tions of organic and inorganic materials deposited onto the arrays to be analyzed. The Langmuir-Blodgett technology was used for
homogeneous deposition of CdSe, CdS, and PbS NC monolayers on the antenna arrays. The structural parameters of the arrays
were confirmed by scanning electron microscopy. 3D full-wave electromagnetic simulations of the electromagnetic field distribu-
tion around the micro- and nanoantennas were employed to realize the maximal SEIRA enhancement for structural parameters of
the arrays whereby the LSPR and the NC optical phonon energies coincide. The SEIRA experiments quantitatively confirmed the
computational results. The maximum SEIRA enhancement was observed for linear nanoantennas with optimized structural parame-
ters determined from the electromagnetic simulations. The frequency position of the feature’s absorption seen in the SEIRA

response evidences that the NC surface and transverse optical phonons are activated in the infrared spectra.
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Introduction

Surface-enhanced infrared absorption (SEIRA) by organic
species placed on metal surfaces proposed in [1] has been the
subject of intensive research over the past years [2-4]. Several
groups showed that the IR response by organic molecules can
be significantly enhanced in a variety of organic systems by
depositing the molecules on nanostructured surfaces of noble
metals (Ag, Au, Cu, etc.) [5-7]. The origin of the IR signal en-
hancement is the localized electromagnetic field of plasmons
excited near metallic surfaces. In the case of flat metal films, the
IR response from an organic molecule in the plasmon field can
be increased by a factor of 103 [8]. For island metal films, the
enhancement was found to depend on the island aspect ratio and
the size of the gap between nanoclusters [9,10]. It is worth
noting that SEIRA is maximized for elongated metal nanoclus-
ters (nanorods or nanoantennas) with a high aspect ratio
(length-to-width ratio) and a small gap between nanoclusters
[11]. However, stochastical distribution of metal nanoclusters in
terms of size, shape, and orientation reduces the IR enhance-
ment and impedes the study of SEIRA regularities. Further
progress was achieved with the development of nanolithogra-
phy techniques which made possible the fabrication of arrays of
metal nanoantennas with structural parameters that were well-
controlled at the nanometer scale [12,13]. The most common,
linear-shaped nanoantennas exhibit two LSPR modes polarized
parallel and perpendicular to the nanoantenna axis (herein,
referred to as the longitudinal and transverse modes, respective-
ly). The longitudinal mode has a LSPR energy in the IR
spectral range and is utilized for SEIRA experiments.
This energy can be gradually tuned from near- to far-infrared
(or terahertz) via increasing the nanoantenna length [14,15].
The transverse mode has a much shorter wavelength —
appearing in the visible spectral range and of interest for optical
spectroscopy [16].

It was shown that regular linear nanoantennas fabricated by
nanolithography demonstrate enhancement of the SEIRA signal
from vibrational modes in organic molecules such as octade-
canethiol (ODT) [17] and 4,4'-bis(N-carbazolyl)-1,1'-biphenyl
(CBP) by a factor of 103 [18]. The highest SEIRA response was
obtained by adjusting the LSPR energy of the nanoantennas to
the energy of the vibrational modes [17]. The high sensitivity of
SEIRA to vibrational modes allowed the detection of organic
and biological substances of extremely low concentrations. For
example, Adato et al. demonstrated the detection of a concen-
tration as low as 145 protein molecules per nanoantenna [19].
SEIRA has been extended to the far-IR spectral range for which
special nanoscale slot-antenna arrays were designed to deter-
mine glucose and fructose concentrations in solutions, includ-
ing market beverages [20] with concentrations as low as
10 mg/dL.

Beilstein J. Nanotechnol. 2018, 9, 2646—2656.

Despite the significant progress in SEIRA of organic molecules
at ultra-low concentrations, the plasmonic enhancement of IR
absorption by inorganic nanomaterials like nanocrystals (NCs)
has not been extensively examined to date. Recently, A. Toma
et al. [21] published the first report on SEIRA for detection of
an optical phonon mode (so-called Froehlich mode) from a
monolayer of CdSe NCs deposited on Au nanoantenna arrays.
The SEIRA enhancement induced by the nanoantennas was
estimated to be as high as 1 x 10°. In our earlier papers we
demonstrated SEIRA in the mid- and far-infrared for both
organic molecules and inorganic NCs deposited on Au linear
nanoantenna arrays fabricated on Si substrates by nanolithogra-
phy [22,23]. The influence of a thin SiO, layer (0—100 nm)
beneath the nanoantenna arrays on the LSPR energy, as well as
the LSP penetration depth into SiO, were established [12]. We
also showed that diffraction modes in linear Au nanoantenna
arrays propagating along the Si surface and perpendicular to the
nanoantennas [24] can be effectively employed for further en-
hancement of SEIRA by optical phonons in semiconductor NCs
[23]. The electromagnetic field distribution around the linear
antennas was calculated using three-dimensional electrody-
namics simulations, where the maximal SEIRA enhancement
was realized for an array period of about 15 pm when the
energy of a diffraction mode coincides with that of the LSPR
mode [23].

Besides linear nanoantennas, plasmonic structures with more
sophisticated geometries have been probed in SEIRA experi-
ments. These structures include fan-shaped nanoantennas [25],
H- and U-shaped nanoantennas [26], Jerusalem-cross-shaped
nanoapertures [27], nanorings [28], and nanoslits [29]. A
detailed description of various nanoantenna geometries can be

found in the comprehensive review [30].

In this paper, we report on a systematic study of the effect of
SEIRA by the phonon response from monolayers of CdSe, CdS,
and PbS NCs deposited on periodic arrays of Au nano- and
microantennas of linear and H-like shapes having the LSPR
energy close to the surface optical phonon energy of in the cor-
responding NCs. It should be mentioned that although the same
conceptual framework and methodological toolkit were used in
this paper as in [23] (including sample design, and analytical
and computational analysis approaches), we probe and compare
the plasmonic properties of nanoantennas with various sample
geometry as well as their SEIRA performance. We show that
even though SEIRA is evidenced for all plasmonic micro- and
nanostructures under investigation, the maximal local enhance-
ment of the NC phonon response is obtained for NCs deposited
on the linear nanoantennas with structural parameters opti-

mized via 3D full-wave electromagnetic simulations.

2647



Experimental

The uniform, periodic, linear, Au nanoantenna arrays with the
overall dimensions of 3 x 3 mm?, differing in nanoantenna
length and lateral periodicity, were fabricated on bare Si(001)
substrates and substrates covered with SiO, layers of different
(5-100 nm) thicknesses by direct electron beam writing (Raith-
150, Germany) as described earlier [23,31]. For H-shaped
nanoantennas, additional Au symmetric cross-arms were intro-

duced on the nanoantenna edges of the linear nanoantennas.

The microantenna arrays with the overall dimensions of
8 x 8 mm? were patterned on Si(001) substrates using a conven-
tional photolithography technique. The width (height) of
microantennas was chosen to be 4 pm (50 nm), while the
antenna length varied in the range of 7-31 pm. The optimal
values of the latter were determined numerically using 3D full-
wave simulations in the ANSYS Electromagnetics Suite R18
software [32] to adjust the plasmon resonance to a specific
wavelength in the far-infrared (terahertz) spectral region.

The monolayers (MLs) of CdS and PbS NCs fabricated and
MLs of commercially available colloidal CdSe NCs were ho-
mogeneously deposited on the prepared plasmonic substrates
using the Langmuir—Blodgett (LB) technique as described
earlier [23,33-35].

The size, shape, and areal density of NCs, as well as the struc-
tural parameters of nanoantennas (length, width, and lateral
periodicity) were measured by scanning electron microscopy
(SEM) using the same Raith-150 system at 10 kV acceleration

Beilstein J. Nanotechnol. 2018, 9, 2646—2656.

voltage, 30 um aperture, and 6 mm working distance. The struc-
tural parameters of the microantennas were controlled by
optical microscopy. The diameter of the CdS and PbS NCs
determined from SEM measurements was found to be
4.5+ 1.5 nm and 7 + 3 nm, respectively [23], while the diame-
ter of the colloidal CdSe NCs purchased from Lumidot was
5.0 £ 0.3 nm.

FTIR transmission measurements of Au nano- and microan-
tenna arrays were carried out in the spectral range of
30-5000 cm™! using a Bruker Vertex 80v Fourier transform
spectrometer. The IR spectra were recorded for different angles
of incidence (from 0 to 55°) and polarizations (TE and TM). For
further evaluation, the ratio of the IR transmission spectra corre-
sponding to the light polarization along the nanoantenna axis

and perpendicular to it was calculated and analyzed.

Results and Discussion
LSPR modes in nanoantennas with different
morphology

The typical SEM and optical images of nano- and microan-
tenna arrays used as substrates for the deposition of NCs are
shown in Figure 1. The length and transverse period of the
nanoantennas in different arrays were changed, while the
nanoantenna width and the inter-antenna gap were fixed to be
about 100 nm.

In Figure 2a and 2b, the IR transmission spectra of the linear
nanoantenna arrays fabricated with different nanoantenna
lengths are presented. The spectra demonstrate distinct deep

d)

Figure 1: Representative SEM images of a) and b) linear and c¢) and d) H-shaped nanoantenna arrays with different resolution. e) and f) Optical

images of the bare microantenna arrays of different lengths.
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minima, the position of which corresponds to the LSPR energy.
The weaker minima, corresponding to higher-order LSPR
modes, are also observed at odd multiples (3rd and 5th) of the
fundamental LSPR wavenumber (Figure 2a), whereas the even
order LSPR modes remain inactive in the IR spectra recorded
under normal incidence.

As it can be clearly seen from Figure 2b, the experimentally de-
termined LSPR wavelength reveals a linear dependence on the
antenna length in the investigated spectral range. The linear
nanoantennas effectively couple to the incident electromagnetic
waves once their wavelength coincides with the doubled
antenna length [36]. This coupling also depends on the dielec-
tric function of the surrounding medium that causes an increase
in the LSPR energy when a thin SiO; layer (with a thickness of
0.5-100 nm) is introduced beneath the nanoantennas [12].

Similar to nanoantenna arrays, the LSPR wavelength of the Au

microantennas also undergoes a red shift with increasing the

antenna length. However, this shift exhibits a nonlinear behav-
ior owing to the fact that for short microantennas their length
becomes comparable to the antenna width. Due to the nonlinear
scaling, prior to fabricating the microantennas with the desired
LSPR energy, additional 3D full-wave simulations were carried
out.

The H-shaped nanoantennas possess two LSPR modes polar-
ized parallel and perpendicular to the nanoantenna axis with
frequencies located in the IR spectral region. It is worth noting
that for the LSPR mode polarized parallel to the H-shaped
nanoantennas, the enhancement of the electromagnetic field
averaged over the total surface of the nanoantenna arrays can

exceed that for linear nanoantenna arrays.

In this work, we propose the idea of using H-shaped nanoan-
tennas instead of the linear-shaped ones to further enhance the
averaged E-field intensity <EZ> in the vicinity of nanoantennas.

The H-shape is obtained by introducing symmetric cross-arms
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on the antenna edges as shown in Figure 3, thereby enabling
control of the LSPR frequency through two length parameters:
L and Ly. Note that the cross-arms increase the intra-antenna
capacitive coupling as compared to the linear nanoantennas.
This results in smaller values of the length L versus the cross-
arm-free case when fixing the LSPR frequency at a prescribed
value. Despite the fact that, with all other parameters being
equal, the linear antennas yield the highest peak magnitude of
the local field among all geometries (see Figure 4 below), the
smaller longitudinal unit cell size and quasi-uniform field distri-
bution between the cross-arms of adjacent H-shaped antennas
results in an increase of the <EZ> value volumetrically aver-
aged over the antenna height within the array unit cell. When
increasing Ly, such augmentation is to be manifested up to
some limit below which the electric field becomes too small and
incapable of compensating the unit cell size decrease. This
effect is illustrated in Figure 3 where the optimized nanoan-
tenna length L and the averaged electric field intensity <E2> are
plotted as a function of the cross-arm length Ly for the exam-
ple of H-shaped nanoantennas with the LSPR energy fixed at
190 cm™ L. Optimization was carried out in the ANSYS EM
Suite software; details of the electric field averaging procedure
are described in [23]. When choosing the transverse spacing be-
tween nanoantennas G, we exploited the condition of super-
posing the LSPR wavelength A; gpr and the 1st diffraction
harmonics excited in a Si wafer to maximize the E-field en-
hancement [23]: A spr/nsi = G, = 15380 nm, where ng; = 3.421
is the refractive index of silicon. The results presented in
Figure 3 prove: a) the existence of the optimal cross-arm length
Ly (1880 nm) and b) higher <E2> values attainable for the

Beilstein J. Nanotechnol. 2018, 9, 2646—2656.

H-shaped nanoantennas as compared to the linear ones. In the
current example, the H-shaped antennas exhibit a maximal gain

of 175% relative to that of the linear antennas.

Figure 4 illustrates the computed surface E-field distribution for
three different types of antenna arrays optimized for the LSPR
frequency of 190 cm™! and fabricated in this work to compare
their efficiency in terms of the field enhancement: linear
nanoantennas (a, a’), H-shaped nanoantennas (b, b’), and linear
microantennas (c). In all three cases the transverse period
G, = 15380 nm was chosen to coincide with the 1st diffraction
lobe onset point as explained above. The relative E-field peak
enhancement reaches 1500 for the linear nanonantennas, while
decreasing down to 600 and 60 for the H-shaped nanoantennas

and the linear microantennas, respectively.

Higher-order LSPR modes

It should be noted that the even higher-order LSPR modes are
not observed in the IR spectra of linear antennas under normal
illumination due to the vector symmetry of the surface currents
induced by the incident wave. Such an effect is known for
microwave frequency selective surfaces [14] for which the
LSPR mode can be interpreted as a standing wave excited on
the structure's unit cell. For even modes, different parts of the
standing wave tend to oscillate in antiphase such that the locally
induced dipole moment of the cell is minimized and thereby
prevents manifesting the LSPR features in the far field. Though
the even LSPR modes are considered to be “dipole forbidden”,
they can be activated by breaking the current’s symmetry. The
simplest way to the symmetry breakdown is to deform the
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Figure 3: Optimized nanoantenna length L vs the transverse crossarm length Ly for H-shaped nanoantennas with the LSPR energy fixed at 190 cm™!
(circles) and the dependence of the averaged electric field intensity <E2> on Ly (triangles). The transverse spacing between antennas is chosen to
coincide with the wavelength of the first 1st diffraction harmonics: G, = 15380 nm. The rightmost vertical scale represents <E2> normalized to that of

linear nanoantennas optimized for 190 cm™".
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Figure 4: Distribution of the normalized LSPR electric field magnitude on top of the Si surface underlying the antenna arrays optimized for the LSPR
energy of 190 cm™': (a), (a') linear nanoantennas, L = 8360 nm; (b), (b’) H-shaped nanoantennas, L = 3290 nm, Ly = 1880 nm; (c) linear microan-
tennas, L = 7.7 uym. The transverse period Gy, = 15380 nm coinciding with the 1st diffraction lobe onset point is chosen for all the cases. The E-field is
normalized to that when the antenna array is removed from Si surface, thereby displaying relative antenna-induced field amplification. The framed

numbers indicate the peak values. Normal excitation, Eg Il X.

nanoantenna shape. Such a defect-induced activation of the
2nd-order LSPR mode was observed for non-ideal nanoan-
tennas at normal incidence [37]. The second way to the
symmetry breakdown condition is off-normal illumination [38].
In our work this effect was experimentally studied both for
nano- and microantennas as shown in Figure 5a and 5b, respec-
tively. These graphs demonstrate the angle-induced excitation
of the 2nd-order LSPR modes, the intensity of which increases
when the angle of incidence augments. In this case, the even
LSPR modes appear due to a “retardation effect”, which implies
that the incident wavefront reaches different points of the
antenna at different times, thus inducing out-of-phase ohmic
currents in the antenna metal and yielding the non-compen-

sated dipole moment.

To quantitatively illustrate the “retardation effect” in terms of
the induced dipole moment under oblique illumination, in
Figure 6a we present the results of simulating the magnitude of
the second time derivative azd/ or? of the dipole moment d as a
function of frequency by the example of linear nanoantennas
with a length of 1800 nm. The results are obtained for three dif-
ferent angles of incidence 6 = 0, 25, and 50°. Since the longitu-
dinal LSPR mode can be excited either by TE- (Eq II X) or
TM-polarized (Hy II Y) waves, both geometries are considered

in the simulations. Note that switching to the second derivative
of d instead of the dipole moment itself is explained by the fact
that the far field radiation that is scattered (re-emitted) by the
nanoantenna array is summed from the dipole radiation of indi-
vidual antennas, where a specific intensity per unit solid angle
is governed by the classical formula [39]:

B

oI/oQ = (41tc3 )_1 ~H:82d/8t2 x n} ’

where c is the speed of light and n is the unit radius vector
directed from the nanoantenna to the observation point. The
simulations were accomplished with the help of ANSYS EM
Suite R18 software, wherein the regime of Floquet ports and
periodic boundary conditions was employed to model the
nanoantenna array as a uniform periodic structure, while a
Drude model with linear plasma and damping frequencies of
72,500 cm™! and 216 cm™!, respectively, was applied to
correctly describe the frequency response of gold [12]. To avoid
undesirable computational effects arising from wave interfer-
ence in the Si wafer of finite thickness, the Si medium support-
ing the nanoantenna array was assumed to fill semi-infinite
space. This was implemented in ANSYS EM Suite by allowing
the Si medium to touch one of the Floquet ports. In simulations,
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order.

the procedure of adaptive meshing was accomplished at the
highest frequency in the region of interest (3000 cm™!) that re-
quired taking into account 98 non-evanescent Floquet modes for
the Si-touching Floquet port and 14 ones for the vacuum-
touching port. When numerically computing the quantity of
‘62d/ at? x n‘, its value was determined with the ANSY'S built-in
field calculator via integrating the complex vector magnitude of
the ohmic current density j(t) over the nanoantenna volume ac-

cording to the formula:

o*afor” =o([i(x)dv) o =io-[i(r)dr
io-([ix(r)dv.[i, (r)dar.[i.(r)dv),

where o is the radiation angular frequency, i is the imaginary

unit.

The results presented in Figure 6 clearly show that LSPR modes
are present in the dipole moment spectra as peaks of decaying
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amplitudes. For TE polarization, the electric field of which is
parallel to the nanoantenna axis (Eg II X) at any 0, there is no
retardation effect and the even the LSPR mode remains dipole
inactive. For TM polarization, the situation is fundamentally
different: due to the appearance of the nonzero z-component of
the electric field under oblique illumination, different parts of
the antenna are excited at different times, thus inducing a non-
compensated dipole moment for the even order LSPR mode and

making it dipole active.

SEIRA by semiconductor NCs on Au

nanoantenna arrays

As it was shown in [21], the SEIRA spectra of 1 ML of CdSe
NCs deposited on Au nanoantenna arrays reveal the funda-
mental surface optical (SO) mode of CdSe NCs at 190 cm™!.
Hence, the optimal structural parameters of nano- and microan-
tennas were determined from the calculations to ensure LSPR
energies corresponding to SO phonons in CdSe (190 cm™) [40-
42], CdS (270 em™!) [43], and PbS (190 cm™!) [43,44] NCs,
and thereafter antenna arrays with the corresponding structural
parameters, and consequently with required LSPR energies,
were fabricated. Variants of the antenna arrays, including
linear-shaped nano- and microantennas and H-shaped nanoan-
tennas, were used for further SEIRA investigations. These
arrays with appropriate structural parameters were also used for
depositing CdSe, CdS, and PbS NCs in the Langmuir-Blodgett
experiments. As it is seen from representative SEM images in
Figure 7, a homogeneous monolayer of CdSe NCs is formed
near the gaps of linear and H-shaped nanoantennas where the
maximal field enhancement for the light polarization along the
nanoantennas is expected.

The IR transmission spectra of the samples with linear nanoan-
tenna arrays before and after deposition of CdSe and CdS NCs
with different ML quantities were recorded and are presented in
Figure 8a and Figure 8b, respectively. The IR spectra of the
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as-prepared nanoantennas reveal sharp minima near 190 or
265 cm™! in accordance with the LSPR energies predicted by

the simulations.

The deposition of 1 ML of CdSe and CdS NCs on linear
nanoantennas (Figure 8a and 8b) as well as of PbS and CdSe
NCs on the H-shaped nanoantennas (Figure 8c and 8d) induces
clearly resolved features in the SEIRA spectra near 190 and
250 cm™!, respectively, which are superimposed onto the LSPR
minima attributed to the SO modes of the NCs. With increasing
number of deposited NC monolayers, their intensity increase
entails a high frequency shift of the LSPR minima, which is
more pronounced for H-shaped nanoantennas (Figure 8c and
8d). This shift occurs due to the change in dielectric function of
the medium surrounding the nanoantennas. At a relatively thick
CdSe NC coating on H-shaped nanoantenna arrays, the SEIRA
response by NCs consists of at least two obvious components of
the SO mode: one at 191 cm™! and a weaker feature at
171 cm™!. Their frequencies were determined from the best fit
using two Lorentzian curves. The appearance of the latter fea-
ture is attributed to the absorption by TO phonon modes in
CdSe NCs normally active in IR spectra. As it was shown in our
earlier paper [23], the intensity of the SEIRA response of NCs
on a linear nanoantenna array can be maximized by a proper
choice of the array period when the energy of a diffraction
mode coincides with that of the LSPR mode. Note, however,
that the overall intensities of the phonon modes of NCs
deposited on the linear and H-shaped nanoantenna arrays are
comparable. Thus, the local SEIRA enhancement of linear
nanoantennas appears to be significantly larger than that of
H-shaped nanoantennas due to the lower values of the electro-
magnetic field localized between the cross-arms of H-shaped el-
ements. The comparable intensities of the phonon modes of
NCs deposited on the linear and H-shaped nanoantenna seen in
Figure 8a and 8d, respectively, are not consistent with the calcu-
lations predicting the higher gain (175%) for the H-shaped

Figure 7: SEM images of the nanoantenna edges for a) linear and b) H-shaped nanoantennas taken after deposition of 1 ML of CdSe NCs. Figure 7a
is reprinted with permission from [23], copyright 2017 American Chemical Society.
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tion (black circles) and after covering with different ML quantities for CdSe NCs. Figure 8a and 8b are reprinted with permission from [23], copyright

2017 American Chemical Society.

nanoantennas relative to that of the linear ones. The reason for
such a discrepancy between the theoretical expectations and ex-
perimental data is most likely explained by lower areal density
of the NC located in the gap between the cross-arms of the
H-shaped antennas that originates from the LB deposition

process.

Conclusion

We report on systematic experimental and theoretical investiga-
tions of mid- and far-infrared LSPRs in arrays of linear and
H-shaped Au nanoantennas and linear Au microantennas. We
demonstrate comparative SEIRA experiments with semiconduc-

tor NCs deposited on the antenna arrays with the optimal struc-

tural parameters. This ensures that the LSPR frequencies are
adjusted to the range of optical phonons in semiconductor NCs.
We show that although the overall IR response by NCs
deposited on Au antenna arrays with different morphologies is
comparable, the maximal SEIRA enhancement is achieved for
the linear geometry due to a highly localized electromagnetic

field between the nanoantenna edges.
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Active plasmonics is a key focus for the development of advanced plasmonic applications. By selectively exciting the localized sur-

face plasmon resonance sustained by the short or the long axis of silver nanorods, we demonstrate a polarization-dependent strong

coupling between the plasmonic resonance and the excited state of photochromic molecules. By varying the width and the length of

the nanorods independently, a clear Rabi splitting appears in the dispersion curves of both resonators.

Introduction

For decades, plasmonic systems have been extensively studied
for their potential applications in many research fields. Due to
their localized surface plasmon resonance (LSPR), metallic
nanoparticles have been used to enhance the sensitivity of bio-
or chemo-sensors [1], enhance and direct the light emitted by
quantum dots or molecules [2,3], and to kill cancer cells [4].
This resonance is directly linked to the intrinsic properties of
the metallic nanoparticles (depending on the geometry or the

nature of the metal), which makes it difficult to easily control its

spectral position. Many approaches have been explored to
actively control these plasmonic properties without changing
the topographic features of the nanoparticles themselves. Liquid
crystals [5], thermosensitive polymers [6], transition metal
dichalcogenides [7] and graphene [8] monolayers have been
used for this purpose. The change in the refractive index or the
doping ability of these materials allows the plasmonic system’s
environment to be actively changed and the plasmonic proper-
ties to be controlled. Another way to control LSPR is to use
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photochromic molecules. These molecules can switch their con-
formation from a transparent state to a colored state by
absorbing UV light and can return to their original state by a
heating process [9] or by absorbing visible light [10]. Indeed,
the photochromic transition is reversible and can undergo
several cycles [11]. Current applications of these molecules are
mainly found in macroscopic optical components, such as
lenses [12] or sunglasses [13]. From the plasmonic perspective,
the photochromic molecules can allow for the active control of
the plasmonic resonance. The coupling between molecular
exciton and plasmonic resonance can lead to weak [14] or
strong coupling [15]. The latter is always observed when the
plasmon or the molecular exciton presents a large oscillator
strength and leads to the splitting of the main resonance. We
previously demonstrated a reversible, strong coupling between
silver cylindrical nanoparticles and photochromic molecules,
both considered as largely damped oscillators [16]. It is of note
that the main dipolar plasmonic resonance sustained by a cylin-
drical nanoparticle is not dependent on the in-plane incident po-
larization due to the symmetry center of the nanoparticle. How-
ever, a polarization-dependent control of the optical properties
of a nanosource would be useful in nano-optics applications. As
an example, Zhou et al. were able to fabricate a two-color
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hybrid nanosource by trapping different emitters in the close
vicinity of a cylindrical nanoparticle [17]. The color emitted by
this nanosource then depends on the incident in-plane polariza-
tion. In this context, a polarization-dependent external control
of the plasmonic properties could be of prime interest for active
plasmonic devices. In this work, we make use of the same
protocol as in [16] and apply it to nanorods to demonstrate a po-
larization-dependent strong coupling between plasmonic reso-
nances and the excited state of photochromic molecules, as well
as the existence of a strong coupling regime when the plas-
monic resonance matches the wavelength of the molecular tran-
sition. Theoretical calculations confirm our experimental find-
ings.

Experimental

We used standard electron-beam lithography to fabricate large
arrays of silver nanorods on a glass substrate. The pitch of the
arrays has been varied to keep the filling factor approximately
equal to 10% and to avoid any lattice mode contribution in the
optical spectra. For three different nanorod widths (70, 90 and
110 nm), the nanorod length was varied from the width value to
the double width value. The height of the nanorods was fixed at
50 nm. Figure 1a shows a scanning electron microscope (SEM)
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Figure 1: (a) SEM image of silver nanorods. The 0° and 90° polarization orientations correspond to the nanorod long and short axes, respectively.
(b) Extinction spectra of silver nanorods in air. The width is 90 nm and the lengths vary from 90 to 180 nm. (c) Absorbance spectrum of a 60 nm thick
active layer before (SPY) and after (MC) the photochromic transition. (d) Variations of the refractive index real and imaginary parts of the organic layer

due to the photochromic transition, measured by ellipsometry.
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image of a nanorod array recorded after the fabrication process.
We used standard extinction spectroscopy to record the LSPR
on each array. A halogen lamp is used to illuminate the sample
from the glass side and the transmitted light is recorded through
a 20x bright-field objective. The signal is then sent to a spec-
trometer to record extinction spectra. The Figure 1b shows
typical extinction spectra recorded on five different nanorod
arrays, presenting the same width (90 nm) and different lengths.
In that case, the halogen lamp is not polarized and one can
observe two different peaks on each spectrum, corresponding to
the well-known dipolar LSPR excited on the short and the long
axes of the nanorods. The photochromic molecules we used are
1',3'-dihydro-8-methoxy-1',3",3'-trimethyl-6-nitrospiro[2 H-1-
benzopyran-2,2'-(2H)-indole] molecules (from Sigma-Aldrich).
They are able to switch from their transparent spiropyran
isomer (SPY) to their colored merocyanine isomer (MC) by
absorbing ultraviolet light. To achieve a polymer coating, we
diluted the sample in a poly(methyl methacrylate) (PMMA)
solution in toluene and spin-coated them onto the sample. The
phototransition is realized by illuminating the sample with a Xe
lamp filtered with a 400 nm low-pass filter. The excitation lasts
two minutes and the polymer film becomes violet. Indeed, the
MC isomer presents an absorption maximum at 570 nm
(Figure 1c). We characterized this film (without any metallic
nanoparticles) by ellipsometry measurements and verified that
the photochromic transition is accompanied by a high refrac-
tive index change. Figure 1d shows the variations of the refrac-
tive index real part (n) and imaginary part (k) due to the photo-
chromic transition. One can observe that Ak is maximum at
570 nm, corresponding to the absorption of the colored MC
isomer. Moreover, the photochromic transition leads to a nega-
tive variation of An for incident wavelengths below 520 nm and
a positive variation for incident wavelengths above 520 nm. It is
important to note that the reverse photochromic transition (from
MC to SPY) can be realized either by absorbing green light (in
the MC absorption band) or by heating the sample [18]. In our
case, the spectroscopic measurements performed on the sample
after the photochromic transition were sufficiently fast to avoid
this reverse photochromic transition, which was confirmed by
measuring the absorption of the MC layer before and after the

measurements.

The surface plasmon resonance of the coated Ag nanorods was
characterized by extinction spectroscopy before and after the
photochromic transition. The incident light was polarized either
along the long axis (0°) or along the short axis (90°) of the
nanorods, as represented on the Figure 1a. For each polariza-
tion, all the spectra obtained on the arrays were normalized by
the spectra measured nearby the nanorod arrays in order to
eliminate the contribution of the molecular absorption band of
the MC isomer.

Beilstein J. Nanotechnol. 2018, 9, 2657—-2664.

Results and Discussion

Figure 2 shows the extinction spectra for nanorod widths of
70 nm (a—c) and 90 nm (d—f). In each graph, the blue curves are
related to the short axis plasmonic resonances and the black
curves are related to the long axis plasmonic resonances. More-
over, a vertical dashed line represents the MC absorption band
at 570 nm. The influence of the photochromic transition on the
spectra can be studied by comparing on one side the dark blue
and the light blue curves, for the short axis resonance, and on
the other side the black and the grey curves, for the long axis
resonance. Firstly, one can observe in Figure 2a that before the
photochromic transition (in the SPY isomer), the 70 x 70 nm
nanorods display two different plasmonic resonances in the
short axis (dark blue curve) and in the long axis (black curve).
Indeed, the nanorod width is slightly shorter than the nanorod
length and the dipolar resonance for a 0° polarization is red-
shifted compared to the one for the 90° polarization. It is impor-
tant to note that both resonances are located at wavelengths
shorter than the MC absorption band maximum. After the pho-
tochromic transition in the MC isomer, both main resonances
are blue-shifted. Moreover, a small shoulder appears near
600 nm in both the light-blue and grey curves. The 8 nm blue-
shift measured for the main peak for both polarizations can be
related to the negative value of the real part of the refractive
index which takes place for wavelengths below 520 nm. The
small shoulder comes directly from the coupling between the
plasmonic resonance and the excited state of the MC molecule.
In order to explore this coupling in more detail, we present the
extinction spectra recorded on the nanorods in Figure 2b,
presenting a width of 70 nm and a length of 90 nm. In that case,
in the SPY form, the plasmonic resonance at 0° (black curve),
i.e., in the nanorod long axis, coincides with the MC absorption
band, whereas the plasmonic resonance at 90° (dark blue
curve), i.e., in the nanorod short axis, remains as before blue-
shifted compared to the MC absorption band. The photochro-
mic transition (from the black to the grey curve) leads to a de-
crease of the main peak amplitude and to a clear enlargement of
its spectral width. Our previous study with nanocylinders [16]
allowed us to identify this behavior as a strong coupling regime,
where the coincidence of the MC absorption band with the plas-
monic regime leads to the formation of two distinct peaks and a
so-called Rabi splitting [19]. The strong coupling regime is
usually observed on high quality resonators as atoms or cavities
[15]. As plasmonic resonances are low quality resonators, the
strong coupling regime has been mainly studied with molecular
J-aggregates, exhibiting very sharp excitonic peaks [20,21].
Even if some studies have also used rhodamine 6G and metallic
nanoparticles, which are both bad resonators, they used lattice
resonances and benefited from the sharp Fano-type resonance to
observe the strong coupling anti-crossing behavior [22]. In our

case, each resonator (the LSPR and the molecular exciton)

2659



0.20 T L T 5
a \ — SPY-0
: — SPY-90
: MC - 0
0.15 : Mc-90 | |
< :
K] '
46 L}
g o010 ' .
- ]
> '
w ]
0.05 i
0.00 k= 1
400 500 600 700 800
Wavelength (nm)
0.4 T F | T R
c
K]
=
[$]
£
S
>
w
400 500 600 700 800
Wavelength (nm)
T T L T T
< :
o :
=] :
Q '
£ '
- '
> ]
w ]

600
Wavelength (nm)

700

Beilstein J. Nanotechnol. 2018, 9, 2657—-2664.

c
K]
=
[$]
=
=]
x
w
c
K]
=
[$]
=
=]
x
w
400 500 600 700 800
Wavelength (nm)
U 1 H 1 1
c
o
=
Q
k=
=
x
w

600
Wavelength (nm)

700

800

Figure 2: Extinction spectra of the silver nanorod arrays covered with photochromic molecules before (in SPY) and after (in MC) the photochromic
transition. The 0° and 90° polarization orientations, corresponding to the excitation of the long and the short axis, are in black/grey and in dark/light
blue, respectively. (a), (b) and (c) are measurements on nanorods presenting a width of 70 nm and lengths of 70, 90 and 110 nm, respectively. (d), (e)
and (f) are measurements on nanorods presenting a width of 90 nm and lengths of 90, 110 and 130 nm, respectively.

presents a large full width at half maximum (FWHM). Indeed,
the black curve of the Figure 2b gives a FWHM of 75 nm, cor-
responding to 300 meV. Moreover, the FWHM of the MC
absorption (Figure 1c) is measured at about 130 nm, corre-
sponding to 500 meV. The Rabi splitting, originating in the
cross between the dispersion curves of the two resonant modes,
is usually observable if its energy is larger than the sum of their
line widths [19]. This condition implies that the Rabi oscilla-

tion period is shorter than the damping time of the plasmon and
of the organic exciton. In our case, the fitted decomposition of
the curves into two Lorentzian curves (inset of the Figure 2b)
leads to an energy splitting of 190 meV, far lower than the
400 meV (150 + 250 meV) necessary to its observation. Al-
though it can be attributed to a line narrowing due to the cou-
pling [23], we think that this peak analysis is not relevant in our

case as we measure the plasmonic resonance and the molecular
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excitons over a large number of metallic nanoparticles and mol-
ecules respectively. Indeed, the nanofabrication process does
not allow us to obtain identical geometries over this large num-
ber of particles, especially for this nanorod geometry where a
rounding of the corners occurs. The extinction measurements do
not reflect the quality of the strong coupling between one single
nanorod and the molecular exciton. Indeed, even if one single
nanorod couples strongly and coherently to an ensemble of mol-
ecules, it does not mean that this coupled system can coher-
ently couple to the neighbor coupled systems. This incoherent
sum of the contributions and the averaging of the extinction
signal over a large number of particles increases the resonance’s
FWHM. It is worth noting that our previous results on arrays of
nanocylinders allowed us to observe two distinct peaks, proba-
bly because of the geometry deviations that are minimized for
nanocylinders.

Finally, Figure 2¢ shows the extinction spectra recorded on
70 nm wide and 110 nm long nanorods. The short axis reso-
nance before and after the photochromic transition (blue curves)
are identical to Figure 2a and 2b, but in this case, the long axis
resonance in the SPY form (black curve) is located at a longer
wavelength compared to the MC absorption band. The photo-
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chromic transition leads here to a red-shift of the main reso-
nance of about 20 nm, corresponding to a positive An of 0.16.
Figure 2d—f corresponds to the extinction spectra recorded on
90 nm wide nanorods with varying lengths of 90, 110 and
130 nm, respectively. On each graph, the dark blue plasmonic
resonance coincides with the MC absorption band, and the
strong coupling regime can thus be observed on the transverse
axis of the nanorods in the MC isomer (light blue curves). In the
longitudinal plasmonic resonance in the SPY form, varying
from 550 nm (Figure 2d) to 700 nm (Figure 2f), the photochro-
mic transition leads to a strong coupling regime for the 90 nm
long nanorods and to a weak coupling regime for 130 nm long
nanorods.

This spectral analysis was performed for various nanorod
geometries and we plotted the position of the plasmonic peaks
as a function of the rod width and the rod length for a 110 nm
fixed length and a 70 nm fixed width, respectively (Figure 3a
and 3c). For each graph, the surface plasmon resonance in the
SPY isomer is given by the black line whereas the blue curves
show the evolution of the peaks after UV irradiation. The
dashed horizontal red lines represent the position of the MC
absorption band. Either for the transverse, or for the longitu-
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Figure 3: (a) Experimental spectral evolution of the transverse (90°) plasmonic peak as a function of the rod width for a fixed length of 110 nm.

(b) Calculated extinction cross-section map for the corresponding ellipsoids as a function of the wavelength and the ellipsoid width. (c) Experimental
spectral evolution of the longitudinal (0°) plasmonic peak as a function of the rod length for a fixed width of 70 nm. (d) Calculated extinction cross-
section map for the corresponding ellipsoids as a function of the wavelength and the ellipsoid length.
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dinal plasmonic resonances, one can observe a clear splitting of
the plasmonic mode, centered at the intersection of the MC
absorption band and the plasmonic resonance in the SPY
isomer. This anti-crossing behavior is a signature of a strong
coupling regime. To support these experimental results, analyti-
cal calculations were made. The polarizability of the silver
nanorod is calculated using a prolate spheroid in the dipole

approximation:

81 +82
oy | =3e,V R
L7727 3 +3L | (g1 +27) M

where || and L refer to the polarization of the incoming light,
V} is the volume of the particle, ¢ is silver permittivity, & is
the permittivity of the host medium, deduced by the ellipso-
metric measurements; while L and L, are geometrical factors
given by:

2
LH:I e —1+Lln1+e :
ez 2e 1-e

2
;oA
1 B .

Here e is the eccentricity calculated as e =+/1— pz, with p the
aspect ratio of the spheroid.

In order to account for the energy-shifting part of the retarda-
tion effect and the radiative loss, which are missing in the

Beilstein J. Nanotechnol. 2018, 9, 2657—-2664.

model, the equation was modified in a similar way as in [24]
which led to Equation 3.

Here 6 = 2nw/c, while Z = 1.4 is a phenomenological weighting
factor we introduced to obtain an optimal fit of the experimen-
tal results.

The results are presented in Figure 3b and 3d for ellipsoids
presenting a fixed 110 nm length and varying widths and for
ellipsoids presenting a fixed 70 nm width and varying lengths,
respectively. On each map, the dashed black curve represents
the spectral position of the maximum of the extinction cross-
section of the ellipsoids in the SPY medium (the corresponding
maps are not shown here) and the horizontal dashed white line
corresponds to the MC absorption band. On both maps, a clear
anti-crossing is then observed when the black dashed curves
cross the white dashed lines. Indeed, in Figure 3b, the anti-
crossing appears for a rod width of 95 nm and in Figure 3d, it
appears for a rod length of about 85 nm. These values are in
agreement with the experimental values, specially knowing that
the given geometrical parameters of the nanorods, mainly width
and length, correspond to the designed values. Indeed, only few
images have been recorded by electronic microscopy after the
nanofabrication process and small variations between the de-
signed and the real sizes can occur.

To confirm the observation of a strong coupling regime, we
compared the linewidths of the hybrid modes obtained experi-
mentally and theoretically for 70 nm wide and 90 nm long
nanorods in the MC isomer (Figure 4). The incident polariza-
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Figure 4: (a) Extinction spectrum (grey curve) recorded with a 70 nm wide and 90 nm long nanorod array covered with the MC isomer. The red
curves correspond to the Lorentzian fitted peaks. (b) Extinction cross-section and the fitted peak decomposition, calculated for an ellipsoid of the

same dimensions.
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tion has been chosen to be aligned to the nanorod long axis (0°).
Figure 4a shows the extinction spectrum (grey curve) recorded
experimentally and the corresponding Lorentzian fitted peaks
(red curves). The peaks are located at 551 and 602 nm and their
spectral width are equal to 129 and 50 nm, leading to linewidths
of 527 and 171 meV. Figure 4b shows the scattering cross-
section spectrum obtained with our analytical model for a single
ellipsoid in the MC isomer. The fitted peaks are located at 500
and 647 nm, indicating a Rabi splitting of 560 meV. This large
value allowed us to conclude the observation of a strong cou-
pling regime at the single nanorod level. Moreover, the spectral
widths of the theoretical peaks are equal to 132 and 235 nm,
leading to linewidths of 655 and 697 meV. This difference in
the hybrid mode linewidths has already been observed for a
gold nanogroove arrays coated with a J-aggregate dye film [25].
In this work, they observed different damping rates for the
hybrid modes attributed to the interplay between the coherent
dipole coupling between exciton and plasmon and the inco-
herent exchange of photon energy between both systems. This
can happen when the damping of both separate oscillators is dif-
ferent, which is our case with the plasmonic resonance and the
MC molecular exciton. The large linewidth difference we ex-
perimentally obtain for both hybrid modes is also probably due
to the geometry dispersion in the nanorod array.

Conclusion

In conclusion, we observed a polarization-dependent strong
coupling between silver nanorods and the excited state of pho-
tochromic molecules. By properly designing the nanorods, the
strong coupling can happen either with the longitudinal plas-
monic mode, or with the transverse plasmonic mode, or even
both. We also proved the existence of a strong coupling regime
when the plasmonic resonance coincides with the molecular
transition. Moreover, the calculations were in good agreement
with our observations. Thus, we proved that the incident polari-
zation allows for control of the plasmonic hybridization and the
spectral position of the nanorod plasmon modes. This plas-
monic hybridization is known to be reversible and can be en-
hanced by application of better resonators. As a perspective
future application, this polarization-dependent strong coupling
could be a prime interest for nanorods coupled to different emit-
ters such as those in [17]. Indeed, in the anti-crossing region,
the strong local field produced by the plasmonic resonance
could be optically switched on and off, resulting in the con-
trolled enhancement of the photoluminescence produced by the

emitter.
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The silencing of the second harmonic generation process from plasmonic nanostructures corresponds to the limited far-field second

harmonic radiation despite the huge fundamental electric field enhancement in the interstice between two plasmonic nanoparticles

forming a nanodimer. In this article, we report a comprehensive investigation of this effect using a surface integral equation

method. Various geometries are considered, including nanoantennas with cylindrical and rectangular arms as well as nanodimers

with surface defects. The existence of the silencing of the second harmonic generation from plasmonic nanogaps is first confirmed,

and the problem of the origin of the second harmonic light from these plasmonic nanostructures is addressed in detail. Our results

show that the distribution of the second harmonic sources, especially on the arm sides, plays a non-negligible role in the overall

second harmonic emission. This contribution is induced by retardation effects at the pump wavelength and results in a dipolar

second harmonic emission.

Introduction

Due to their high density of free electrons, plasmonic nanostruc-
tures offer the possibility to concentrate light into subwave-
length regions [1,2]. The collective oscillations of these elec-
trons in a given plasmonic nanostructure are called localized
surface plasmon resonances (LSPRs) [3-5]. The high electric
field enhancement associated with the optical excitation of such

a resonance has been proven to be an important, practical way
to control light—matter interaction down to the nanoscale [3-5].
To even further enhance this interaction, it was proposed to
couple two plasmonic nanostructures by bringing them close to
each other, resulting in a nanoantenna made of two arms sepa-

rated by a gap of a few nanometers [6]. Several methods have

2674


https://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:jeremy.butet@epfl.ch
https://doi.org/10.3762%2Fbjnano.9.250

been developed for the fabrication of these nanoantennas, in-
cluding both top-down and bottom-up approaches [7]. The chal-
lenge of loading the interstice between the two arms with differ-
ent materials, including single molecules [8], quantum dots [9],
and nonlinear nanocrystals [10-12], has been taken up, enabling
a strong control of light—matter interaction in these hybrid nano-
structures.

At the same time, it was proposed to use nanoantennas for the
observation of nonlinear optical processes at the nanoscale [13].
The basic idea in nonlinear plasmonics is to take advantage of
the huge field enhancement associated with the excitation of
LSPR in nanoantennas to obtain a high nonlinear conversation
rate, despite very small interaction volumes (much smaller than
um?>) [13]. This strategy has been proven to be very successful
for various nonlinear optical processes, such as multiphoton
photoluminescence [6], third harmonic generation [14,15], and
four-wave mixing [16,17]. However, the enhancement of the
nonlinear conversion rate for second harmonic generation
(SHG) was found to be surprisingly low [18,19]. This is in
contrast with the observations made for third order nonlinear
optical processes. In that context, Berthelot et al. reported for
the first time what they called the “silencing” of SHG from
nanogaps, which could explain the low SHG observed experi-
mentally [18]. These authors measured the SHG from the inter-
stice between two gold nanowires with various gap sizes. They
observed that the SHG does not increase as the gap between the
two nanowires decreases, despite an increase of the funda-
mental field enhancement. Their experimental observations
were supported by numerical results demonstrating that the
SHG from nanogaps is not efficiently radiated out. Indeed, due
to the specific selection rules of SHG [20], the second harmonic
sources standing on each side of the nanogap are out of phase,
i.e., point in opposite directions at a given time, and tend to
cancel out in the far-field. The problem of the “silencing” of the
SHG has also been addressed in the case of connected gold
nanodimers by comparing the evolution of the SHG with that of
the two-photon photoluminescence [21]. It was shown that, al-
though these two nonlinear optical processes involved two
fundamental photons, they did not have the same incident
polarization dependence, revealing distinct behaviors as the
fundamental near-field distribution changes. The role of
the antenna modes at the second harmonic wavelength in
the enhancement of the SHG has also been addressed for sym-
metric and asymmetric antennas, showing that the SHG is
strongly modified by a gap displacement with respect to the
antenna center [22]. In any case, the “silencing” of SHG from
gold nanoantennas has not been addressed in detail so far. For
example, the spatial origin of the second harmonic signal
collected from plasmonic nanoantennas has not been clearly
identified.

Beilstein J. Nanotechnol. 2018, 9, 2674—2683.

In this article, we report a comprehensive discussion of the
SHG from gold dimers focusing on the implications of the
silencing effect. The linear and second harmonic responses of
the dimers have been computed using a surface integral equa-
tions method. The first dimers considered in this article are
made of cylindrical nanorods with hemispherical extremities
and various gap distances. In order to unveil the role of the
silencing effect, computations of the SHG considering only the
surface second harmonic sources on specific parts of the dimers
are also presented. The meshes describing the dimers are then
slightly deformed to mimic the presence of defects on the
nanorod surfaces. Finally, gold dimers made of rectangular
arms are considered.

Numerical Methods

The linear optical response was calculated using a surface inte-
gral formulation [23,24]. All the nanostructures are embedded
in a homogeneous medium with refractive index n = 1.33, cor-
responding to water. The dielectric constants of gold are taken
from experimental data at both the fundamental and second
harmonic wavelengths [25]. For the SHG computations, the
linear surface currents are used for the evaluation of the funda-
mental electric fields just below the gold surfaces and then used
for the calculation of the surface SH polarization [26,27]. Only
the Ysurf,nnn cOmponent of the surface tensor (where n denotes
the component normal to the surface) is considered. Recent ex-
perimental results show that this term dominates the surface
response of metallic nanoparticles [28,29]. Note that other
contributions to the SH signal, namely the ¥gyrf1tn component of
the surface tensor (where ¢ denotes the component tangential to
the surface) and bulk contribution, are theoretically allowed but
these terms contribute only weakly to the total SH wave
[28,29]. The SH surface currents are obtained by solving the
surface integral equation formulation taking into account the
nonlinear polarization and enforcing the boundary conditions at
the nanostructure surfaces [30]. As the linear surface currents,
the SH surface currents are expanded on Rao—Wilton—Glisson
(RWQ) basis functions. The expansion coefficients are found
by applying the method of moments with Galerkin’s testing
[23,24]. A Poggio—Miller—Chang—Harrington—Wu-Tsai formu-
lation is used to ensure accurate solutions even at resonant
conditions [23,24]. The SH electric field is then deduced from
the SH surface currents [26,27].

Results and Discussion

Gold dimers made of cylindrical nanorods

We first consider the case of dimers made of gold nanorods, see
Figure la. The diameter of the nanorods is 40 nm and their
length is 85 nm. The smallest considered gap between the
nanorods is 5 nm. Such small gaps can easily be achieved using

capillary assembly with optimized templates, for example [7].
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The linear optical properties of gold dimers with gaps of 5 nm,
20 nm, and 60 nm are considered first. The scattered intensity is
shown as a function of the incident wavelength in Figure 1b.
For comparison, the scattering from a single nanorod is also
shown as a dashed line. In all the scattering spectra, one can
observe a peak corresponding to the excitation of a LSPR. This
LSPR corresponds to the bonding dipolar mode, resulting from
the in-phase coupling of the longitudinal dipolar modes sup-
ported by each nanorod. As expected, this mode redshifts as the
gap between the nanorods decreases, i.e., as the coupling in-
creases [2]. As a consequence of this coupling, the bonding
dipolar mode for a dimer always arises at a longer wavelength
than the longitudinal electric dipole mode of the corresponding
single nanorod. On the other hand, the scattering efficiency
from the single nanorod is lower than that of the considered
dimers, as shown in Figure 1b.

We now turn our attention to the SHG from the same gold
dimers and a single nanorod. Figure 2¢ shows the far-field
second harmonic intensity as a function of the fundamental
wavelength for gold dimers with gaps of 5 nm, 20 nm, and
60 nm and a single nanorod. For each nanostructure, a
maximum of the second harmonic scattering is observed when
the fundamental wavelength is close to the resonant wave-
length of the bonding dipolar mode. This effect is well-known
and has been reported in various publications — it has been
established, as a cornerstone of nonlinear plasmonics, that the
nonlinear optical responses of plasmonic nanostructures is
boosted by LSPRs [31,32]. Indeed, a strong near-field enhance-
ment is associated with the collective oscillations of the conduc-
tion electrons, resulting in an increased nonlinear polarization
and then in an increase of the nonlinear optical conversion for
example. It is however apparent in Figure 1c that the maximum
of SHG is not directly related to the gap size as one would
expect. To understand and explain this phenomenon, the near-
field intensity enhancement is now discussed.

The fundamental intensity enhancements for the gold dimers
have been evaluated at the dimer extremities, respectively in the
nanogap, and are shown in Figure 2 as a function of the funda-
mental wavelength, respectively in panels (a) and (b). In order
to track the SH sources at the surface of the different nanostruc-
tures, the intensity enhancement is always evaluated 2.5 nm
away from the nearest surface, i.e., not at the center of the gaps
for g =20 nm and 60 nm. In this context, it is worth noting that
the fundamental electric field used to compute the SH sources is
directly evaluated from the linear surface currents. Furthermore,
the boundary conditions of the electromagnetic field are linear
and a stronger fundamental electric field in the gap leads to
stronger SH sources in this area. At both the nanodimer extrem-

ities and the nanogap, the field enhancement increases as the
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Figure 1: (a) Example of one mesh used for the simulations. The
nanorod overall length and diameter are 85 nm and 40 nm, respective-
ly. In the present case, the gap g is 20 nm. (b) Scattering intensity as a
function of the wavelength for nanodimers with gaps g =5 nm, 20 nm,
and 60 nm as well as for a single nanorod. (c) Second harmonic inten-
sity as a function of the wavelength for nanodimers with gaps g =5
nm, 20 nm, and 60 nm as well as for a single nanorod.

gap between the nanorods decreases, although the evolution of
the intensity enhancement is more dramatic in the gap (note the
different scales in Figure 2a,b). Indeed, the intensity enhance-
ment in the gap increases from =300 for a gap of 60 nm to
~8000 for a gap g = 5 nm. From this last observation, one can
naively think that the SHG would be much higher for the
smallest gap, due to the strong near-field intensity. However,
this is not the behavior observed in Figure 1b. Indeed, the far-
field SH intensity tends to increase with the gap between the

nanorods. This effect is known as the “silencing” of the SHG,
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Figure 2: (a) Enhancement of the fundamental intensity evaluated at
the nanorod extremities (2.5 nm away from the surface) as a function
of the wavelength for nanodimers with gaps g = 5 nm, 20 nm, and

60 nm as well as for a single nanorod. (b) Enhancement of the funda-
mental intensity evaluated at the gap center as a function of the wave-
length for nanodimers with gaps g =5 nm, 20 nm, and 60 nm as well
as for a single nanorod. The field enhancement is evaluated at 2.5 nm
away from the nearest surface.

meaning that the far-field SH intensity decreases despite an

increase of the fundamental near-field intensity.

This particular behavior is explained by the specific symmetry
properties of SHG. The second harmonic sources standing at
each side of the nanogaps are out of phase, i.e., pointing
towards each other, resulting in a vanishing SHG in the electric
dipole approximation. As a consequence, the far-field SH radia-
tion decreases when the distance between the SH sources
shrinks. While this is the standard interpretation of the silencing
effect, there are several points that need to be clarified. The first
one is the role of the resonant wavelength of the bonding
dipolar mode. The SHG from centrosymmetric nanostructures is
induced by retardation effects, i.e., the field variation across the

structure both at the excitation and emission stage, which in-

Beilstein J. Nanotechnol. 2018, 9, 2674—2683.

creases as the fundamental and SH wavelengths decrease
[33,34]. For this reason, the redshift of the bonding dipolar
mode observed for small gaps between the nanorods is not
beneficial for a high SHG. Please note that for the range of SH
wavelengths considered in this study, the imaginary part of the
dielectric constant of gold is constant and does not modify the
losses at the SH wavelength. Figure 3 shows the maximal SHG
induced by the resonant excitation of the bonding dipolar mode
at the fundamental wavelength for gaps ranging from 5 nm to
400 nm. For the largest gaps, the bonding dipolar mode is spec-
trally close to the longitudinal mode of the single nanorod and
does not shift with gap size variations. Thus, in the large gap
case, the variation of the SHG is due to interference of the fields
radiated by each nanorod, which simply changes with the dis-
tance between the arms since the LSPR does not shift. Quite
surprisingly, the highest SHG is obtained for the largest gaps,
despite a weak enhancement of the fundamental intensity in the
gap between the nanorods. The far-field second harmonic inten-
sity is identical to that of the single nanorod for a gap of 130 nm
and is more than twice that of the single nanorod for gaps larger
than 220 nm, see Figure 3. Note that, if the local field enhance-
ment is negligible (equal to unity), then the highest possible
SHG from a dimer is 4 times that of the single nanorod, since
SHG is a coherent optical process. The slight modulation of the
second harmonic intensity observed for gaps larger than 220 nm
is attributed to the radiative coupling between the nanorods,
which slightly modifies the fundamental near-field enhance-
ment as the distance between the nanorods varies. Having dis-
cussed the role of the resonant wavelength with respect to the
silencing of the SHG, we now turn our attention to the second
important point: the position of the second harmonic sources

and their contribution to the overall far-field SH signal.
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Figure 3: Maximal second harmonic generation (SHG) as a function of
the gap between the nanorods. The maximal SHG has been extracted
from the second harmonic spectra, see Figure 1c for example. The SH
intensity from a single nanorod is shown as a dotted black line.

2677



Decomposition of the second harmonic

sources

In this section, the important question of the relationship be-
tween the location of the second harmonic sources and their
contributions to the overall far-field SH intensity is addressed.
Indeed, the second harmonic sources are distributed over the en-
tire gold nanodimer surface. It is clear that the second harmonic
sources, i.e., the second harmonic surface polarization, are the
strongest in the nanogaps, due to the huge fundamental field-en-
hancement in those locations. However, as discussed previ-
ously, these sources do not radiate efficiently into the far-field
due to the silencing of the SHG and the link between the SH
source locations and their contribution to the collected SH
signal is still an open question. To address this point, we
perform computations of the SHG from the gold dimers,
limiting the surface covered with second harmonic sources.
Note that the entire nanostructure is considered for the compu-
tations, meaning that the modal distribution is conserved at the
SH wavelength, and only portions of the nonlinear surface po-
larization are suppressed, see Figure 4. Thus, the partial non-
linear sources still induce nonlinear currents over the entire
structure, which can then scatter the SH field. Furthermore, to
preserve the symmetry of the problem, the nonlinear surface po-
larization is identically suppressed for both arms. The percent-
ages in Figure 4 indicate the length over which the nonlinear

surface polarization is maintained. Note that the central region

(@ 70
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(b) 70
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of the nanodimer always has a non-vanishing surface SH polari-
zation. The far-field SH intensity has been evaluated for various
partial surface nonlinear polarizations (25%, 50%, 75%, and
100%) for a gap of 5 nm, Figure 5a, and a gap of 20 nm,
Figure 5b. Removing the nonlinear polarization at the extremi-
ties of the nanorods increases slightly (g = 5 nm) or does not
change (g = 20 nm) the SH emission, meaning that these SH
sources do not really contribute to the far-field emission and can
even interfere destructively with other sources. Considering the
SH sources in the nanogap only (coverage of 25%), the far-field
SH intensity drops by a factor 7 for a gap g = 5 nm and by a
factor 10 for a gap g =20 nm in comparison with the entire non-
linear polarization, emphasizing again the weak emission from
this area, especially for small gaps. On the basis of these obser-
vations, one can conclude that the second harmonic sources on
the side of the nanorods give an important contribution to the
second harmonic radiation. At this point, it is worth reminding
that the SHG from centrosymmetric nanostructures is induced
by retardation effects. The phase variation of the incident wave
induces one channel for the second harmonic emission, which
corresponds to a second harmonic dipole along the propagation
direction of the pump wave.

Influence of surface defects on the SHG
SHG from centrosymmetric nanostructures is forbidden in the

electric dipole approximation and one can expect that SHG

0 Intensity 1

150

0 Intensity 1

150

Figure 4: Normalized near-field distributions of the second harmonic electric field intensity close to the gold nanodimer with a gap g = 5 nm evaluated
(a) for the entire surface nonlinear polarization and for (b—d) partial surface nonlinear polarizations. The percentages indicate the ratio between the
length over which the surface nonlinear polarization is maintained and the total length of the nanorod. For example, 50% indicates that only half of the
surface nonlinear polarization is considered as shown in panel (c). The same color scale is used for all the panels.
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Figure 5: Far-field second harmonic intensity for the entire surface
nonlinear polarization (100%) and for partial surface nonlinear polari-
zations. The percentages indicate the ratio between the length over
which the surface nonlinear polarization does not vanish and the
length of the nanorod, see Figure 4. The gap between the nanorods is
5 nm for the panel (a) and 20 nm for panel (b).

would be sensitive to any centrosymmetry breaking [35,36]. As
discussed in the previous sections, the centrosymmetry can be
indeed broken by the retardation of the incident field, resulting
in the excitation of a second harmonic dipole along the propaga-
tion direction of the incident planewave for example [33,34].
The second possibility is a centrosymmetry breaking induced by
the nanoparticle shape [35,36]. Indeed, although important
progress has been made in nanofabrication, it still impossible to
fabricate nanostructures of perfect shape and, for real experi-
ments, one must consider the influence of shape variations of
the nanostructures on SHG. This issue has been thoroughly
considered in the case of SHG from chemically synthetized
plasmonic nanospheres in solution, revealing an interesting
competition between the centrosymmetry breaking induced by
the field variation and the nanoparticle shape [35,37-39]. To in-
vestigate this issue [40], the meshes describing the nanodimers

Beilstein J. Nanotechnol. 2018, 9, 2674—2683.

have been modified as follows. A few points over the mesh are
first randomly selected. Each of these points and their nearest
neighbors are then smoothly moved towards the interior of the
structure, while the deformation is maximal at the selected point
and vanishes a few nanometers away. As expected, the far-field
second harmonic intensity increases due to the defects on the
nanorod surfaces, see Figure 6. However, the second harmonic
intensity increase is relatively modest, only 10%, meaning that
the SHG is mainly due to the retardation effects for this range of
nanorod sizes and deformations. This observation stands for the
overall second harmonic emission, integrated over a sphere.
Nonetheless, the centrosymmetry breaking induced by the
defects modifies the selection rules. As a consequence, the
second harmonic intensity does not vanish anymore in the
forward and backward directions. This is an important observa-

tion from a practical point of view, since the second harmonic
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Figure 6: (a) Mesh used for the dimers with defects. In this example,
the gap is 20 nm. Far-field second harmonic intensity for a dimer made
of perfect nanorods (solid lines) and with defects (dashed lines). The
gap between the nanorods is 5 nm for panel (b) and 20 nm for panel

(c).
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light is often collected in these two directions. Note that the
case of a single defect located in the gap has been considered in

a previous publication, showing the same behavior [36].

Gold dimers made of rectangular arms
In this last section, the case of gold dimers made of rectangular
arms is considered, Figure 7a. The purpose is to show that the
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Figure 7: (a) Example of one mesh used for the simulations for the
dimers with rectangular arms. The nanoparticle length is 85 nm and
the height and width are 40 nm. In the present case, the gap g is

20 nm. (b) Scattering as a function of the wavelength for nanodimers
with gaps g =5 nm, 20 nm, and 60 nm as well as for a single nanopar-
ticle. (c) Second harmonic intensity as a function of the wavelength for
nanodimers with gaps g =5 nm, 20 nm, and 60 nm as well as for a
single nanorod.
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observations made for cylindrical nanorods still stand for other
geometries. Both geometries can be obtained with specific
nanofabrication techniques. While cylindrical nanorods would
be the building blocks of plasmonic nanoantennas made by
capillary assembly, rectangular arms will be obtained with top-
down fabrication techniques, such as nanolithography for exam-
ple. The arm dimensions are similar to those of the cylindrical
nanorods discussed previously; the arm length is 85 nm and its
width and height are 40 nm. The scattering spectra for such gold
dimers with gaps of 5 nm, 20 nm, and 60 nm are shown in
Figure 7b, revealing a redshift of the LSPR as the gap between
the arms decreases as expected. This redshift of the LSPR
decreases the retardation effects, and then the maximal SHG, as
the gap between both arms decreases, Figure 7c. Contrary to the
cylindrical nanorods, the SHG continuously decreases while the
gap increases from 5 nm to 60 nm. This difference is probably
due to the gap geometry. Indeed, with rectangular arms, the
near-field coupling is much stronger since flat surfaces result in
higher charge interaction in the nanogap, and then in a larger
LSPR shift. For the same gap variation, i.e., from 5 nm to
60 nm, the shift of the LSPR for the rectangular arms is twice
that observed for cylindrical nanorods. Apart from the plasmon
shift amplitudes, the near-field behavior is similar for the
rectangular arms, i.e., a strong near-field enhancement is ob-
served in the gap for the smallest gaps (Figure 8), meaning that
the SHG from this kind of nanoantennas is also ruled by the
“silencing effect”. Finally, the original approach proposed in
this article is applied to the nanoantennas with rectangular arms.
Figure 9 shows the far-field second harmonic intensity consid-
ering all or some parts of the nonlinear surface polarization for
gaps of 5 nm and 20 nm. As for the cylindrical nanorods, the
results indicate that the second harmonic sources on the sides of
the arms play a non-negligible role in the total second harmonic
radiation. To summarize the results of this section, one can note
that the geometry of the arms does not play a significant role,
beyond the resonant wavelength, in the “silencing” of the SHG,
which is intrinsic to the geometry of nanogaps. Of course, the
“silencing” of the SHG can be reduced by designing non-
centrosymmetric gaps, as the one observed in T-shaped nano-
structures [41], V-shaped nanoantennas coupled to nanorods
[42], and nanorod—nanodisk systems [43].

Conclusion

In conclusion, this article reports a comprehensive study of the
“silencing” effect in the SHG from gold nanoantennas using a
surface integral equation method. To investigate this phenome-
non in detail, various geometries have been considered, includ-
ing nanoantennas with cylindrical and rectangular arms, as well
as surface defects. To quantify the “silencing” effect, a new nu-
merical approach, in which only specific parts of the nonlinear

surface polarization are considered, has been developed. The
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Figure 8: (a) Enhancement of the fundamental intensity evaluated at
the nanorod extremities (2.5 nm away from the surface) as a function
of the wavelength for nanodimers with gaps g = 5 nm, 20 nm, and

60 nm as well as for a single nanorod. (b) Enhancement of the funda-
mental intensity evaluated at the gap center as a function of the wave-
length for nanodimers with gaps g =5 nm, 20 nm, and 60 nm as well
as for a single nanorod. The field enhancement is evaluated at 2.5 nm
away from the nearest surface.

results show that only a small part of the overall SH emission
indeed comes from the nanogaps, as a consequence of the
“silencing” effect. The numerical results reported in this article
clearly demonstrate that the SH sources located away from the
gap, especially those on the arm sides, play a significant role in
the overall SH emission. This point had not yet been discussed
in the literature, probably because the “silencing” effect had
first been reported for nanogaps between long arms [18], the
properties of which are different from those of typical nanoan-
tennas, resulting in different SH source distributions. The
present discussion provides new directions for the design of
efficient nanosources of SH light and meta-atoms for the fabri-
cation of nonlinear metasurfaces [44-46], especially regarding

the role of the SH source distribution over nanostructure sur-
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Figure 9: Far-field second harmonic intensity for the entire surface
nonlinear polarization (100%) and for partial surface nonlinear polari-
zations as indicated in the legends. The percentages indicate the ratio
between the length over which the surface nonlinear polarization is
maintained and the length of the nanorod, as in Figure 4 for the
nanodimers with cylindrical sections. The gap between the nanorods is
5 nm for the panel (a) and 20 nm for panel (b).

faces. On the other hand, SHG was used to monitor the gap dis-
tance between gold nanoparticles and gold films [47]. The
present study underlines the fact that the relationship between
SHG and field enhancement in nanogaps is not straightforward
and nonlinear plasmonic nanorulers need to be carefully cali-
brated [48]. Finally, it would be interesting to extend the present
study to aluminum nanoantennas, since a significant bulk

quadrupolar SHG is expected in this case [49].
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Abstract

Tip-enhanced Raman spectroscopy (TERS) has become a well-applied technique for nanospectroscopy, allowing for single mole-
cule sensitivity with sub-nanometer spatial resolution. The demand for efficient, reproducible and cost-effective probes for TERS is
increasing. Here we report on a new electrochemical etching protocol to fabricate TERS tips starting from 125 pm diameter gold
wires in a reproducible way. The process is reliable (50% of the tips have radius of curvature <35 nm, 66% <80 nm), fast (less than
2 min) and 2.5 times cheaper than the etching of standard 250 um diameter wires. The TERS performance of the tips is tested on
dyes, pigments and biomolecules and enhancement factors higher than 103 are observed. TERS mapping with a spatial resolution of

5 nm is demonstrated.

Introduction
Tip-enhanced Raman spectroscopy (TERS) combines the chem-  tips and the high spatial resolution mapping offered by scan-
ical and structural information of Raman spectroscopy with the ning probe microscopy [1-5]. In TERS, sharp metallic (or

large signal gain provided by plasmonic resonances in metal — metallized) tips act as optical nanoantennas [6,7]. The tips effi-
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ciently enhance and confine the electromagnetic field at the
nanoscale [8,9] or even at sub-nanometer levels [10]. TERS has
a sensitivity that can reach the single molecule level [11,12].
TERS setups based on atomic force microscopy (AFM) [1,13],
scanning tunneling microscopy (STM) [14] and shear-force
microscopy (ShFM) [15] allow for chemical imaging of nano-
structured materials, surfaces and (bio)molecular layers with a
spatial resolution of 4-10 nm in ambient conditions [15,16], and
can even reach atomic-level sensitivity in ultrahigh vacuum
(UHV) [17-19]. Excellent reviews on the applications of TERS
can be found in [20-25]. TERS features unique advantages as
compared with scanning electron microscopy (SEM), scanning
near-field Raman microscopy (Raman-SNOM) [26] and far-
field nanoscopy [27,28]: (i) it is a label-free technique, i.e., it
does not require sample pretreatment, (ii) it can be operated in
ambient conditions, liquid environments, as well as in UHV and
at low temperatures, (iii) it combines the surface morphology
information with the chemical information, (iv) optical excita-
tion powers are virtually unlimited, and (v) it can attain atomic-
level resolution. The presence of commercial setups on
the market has further increased the application of
TERS outside of the traditional chemistry and physics laborato-
ries, suggesting TERS could be used as a future routine charac-
terization tool like AFM, UV-vis, Raman or FTIR spectrosco-
pies.

The tip is the key element in TERS. Its field enhancement and
confinement capabilities determine the signal amplification, the
spatial resolution and the reproducibility of the results. The ma-
terial, morphology, aspect ratio and size of the tip apex are ex-
pected to determine the optical properties of the tip [29,30].
TERS tips are nowadays produced by the chemical/electro-
chemical etching of metal wires [31-35], metal coatings of
AFM tips [36-38], electroless deposition, [39] galvanic dis-
placement [40] or by advanced nanostructuration techniques
such as electron beam induced deposition (EBID) and focused
ion beam (FIB) milling [41-43] (see [30,44] for reviews). Fabri-
cation methods capable of guaranteeing high reproducibility,
cost-effectiveness and scalability to industrial production are,
however, still not available at present. Metal vapor deposition
on AFM tips is intrinsically scalable and tips of any kind of ma-
terial can be used, but the reproducibility is low and the field
enhancement is not excellent. Nanofabrication methods guar-
antee optimal control of the dimensions and reproducibility, but
they are serial techniques, i.e., slow, and fabrication costs are
high. In addition, all the above-cited methods require very
expensive lab equipment and skilled operators. Electrochemical
etching, although suffering from surface roughness issues
(mainly for silver), reproducibility issues and lack of tip dimen-
sion control, is a technique that is easy to implement, acces-

sible to every laboratory, and requires low-cost equipment and
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minimum training of the personnel. When applied to gold, elec-
trochemical etching yields tips with good surface quality and a
small radius of curvature in minutes, at reasonable costs, that
can be safely stored for months [31,45,46]. Smooth tips with a
radius of curvature smaller than 50 nm are reliably obtained
with >80% success rate by etching 250 um gold wires at low
voltages (=2.4 VDC, in order to avoid bubbling in the etching
solution) by controlling the current [31], or monitoring the
etching time [46].

Decreasing the diameter of the gold wire is a way to reduce the
costs. The price of a tip can be calculated as the sum of the
price of the gold wire plus that of the chemicals needed for the
etching. We do not consider the cost of the labor here, since it
can be highly variable depending on whether the operator is a
diploma student or a technician/researcher. At the current
market prices, a stock (5 m) of gold wire with 250 pm diameter
costs 820-910 €, compared to 350-410 € for the same length of
125 pm diameter wire (Advent/Goodfellow). The average cost
per tip (typically 1.0-1.5 cm long) ranges between 1.7-2.4 €/tip
using 250 um wires, and 0.7-1.1 €/tip using 125 um wires. The
cost of the chemicals is also different. In our experience, with
30 mL of HCl/ethanol solution, we can prepare up to five tips
by etching 250 um wires, whereas 10 mL are enough for
125 pm wires, corresponding to 0.45 €/tip and 0.15 €/tip, re-
spectively. The final average cost per tip is thus 2.50 €/tip for
250 pm wires, against 1.05 €/tip for 125 um wires.

In this article we report on a new protocol to produce TERS tips
by electrochemical etching of 125 pm gold wires. The protocol
tailors a two-step procedure [46] in which the first step is
carried out at high voltage to quickly shrink the wire diameter
and the second one is carried out at low voltage, in smooth,
bubble-free conditions. Smooth TERS-effective tips are ob-
tained in 80% of the cases. Tips with a radius of curvature of
35 nm are obtained with a 50% success rate, with etching times
of approximately 2 min. The tips can be easily manipulated and
safely mounted, by gluing or clamping them into STM- or ShF-
based TERS setups. The good performance of the tips is high-
lighted by TERS spectra of dyes, pigments and biomolecules.
The enhancement factor in the range of 10°~10° was found.
Finally, a spatial resolution of =5 nm is shown on TERS maps
of rhodamine 6G (R6G) sub-monolayers absorbed onto gold

monocrystals.

Experimental

Gold wires (125 um diameter, Advent AU517311, high purity
99.99%, temper hard) are etched in a 10 mL solution 1:1 v/v of
fuming hydrochloric acid (>37 wt %) and absolute ethanol
(>99.5 wt %). All the reagents used are of analytical grade. The

experimental setup is shown in Figure 1.
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Figure 1: (a) Experimental setup. (b) Details of the tip immersion zone, highlighting the geometry and position of the electrodes. (c) Photograph of the

electrodes. (d) Photograph of the overall setup.

The setup includes (Figure 1a) an adjustable DC voltage gener-
ator connected to (Figure 1b) the gold wire to be etched (the
anode) and to a platinum wire (500 pm diameter, Advent
PT5408, temper hard) shaped to form a ring of 10 mm diameter,
acting as the cathode. A micrometric translator is used to
manipulate the gold wire during the immersion and extraction
from the solution. The gold wire is placed at the center of the
ring-shaped cathode (Figure 1¢) and oriented orthogonal to the
liquid surface. Both electrodes are dipped 5 mm below the
air—liquid interface (Figure 1b). The etching process is
inspected with a stereo microscope (Figure 1d) mounted with a
CCD camera (Thorlabs). The etching is carried out in two steps
as depicted in Figure la—c and shown in Supporting Informa-
tion File 2. When we immerse the gold wire in the ethanol-HCI

quick

meniscus

solution we observe the formation of a meniscus at the
metal-air-liquid interface, due to capillary forces (Figure 2a)
[47].

A pre-etching step of the gold wire is performed at a voltage
Vi =5 Vpc for a time #; = 15-20 s (Figure 2b) and permits
quick reduction of the wire diameter and, consequently, almost
halves the overall tip production time. During this step the wire
diameter at the meniscus is thinned at a rate 3d/6¢ = 3.5-4 um/s
and intense bubbling is observed. As a rule of thumb, the pre-
etching should be limited to 20 s in order to prevent a reduction
of the diameter below 40—50 pm, which would make it too
fragile and subject to bending or early detachment. Bubbling, in
fact, intensely shakes the wire portion protruding into the solu-

slow
meniscus
fall

Liquid

s meniscus diameter wire %i
formation reduction detachment

Volt. 5V : GAN o

Time 0" 20” 1°50”

Figure 2: Temporal evolution of the two step electrochemical etching process. (a) A meniscus is formed at the air-liquid interface when the wire is
immersed in the solution. (b) The meniscus height decreases rapidly during the high-voltage etching (5 Vp¢) due to the wire thinning. This phase is
accompanied by intense bubbling. (c) The process slows down when the voltage is lowered to 2.1 Vp¢ and the etching proceeds without bubbles. The
process self-terminates with the detachment of the immersed portion of the wire that leaves a sharp gold tip at the end. (d) Optical image of a typical

gold tip, shaped from a gold wire of 125 pm diameter.
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tion (red arrow in Figure 1b). Any bending or early detachment
of this wire part would yield a crooked or blunt tip. The second
etching step is carried out by lowering the DC voltage in the
2.1-2.3 V range (Figure 2c). No bubbling occurs under these
conditions. The tip slowly forms at the air-liquid interface, with
an etching rate 8d/d¢ ~ 0.5-1.5 pm/s depending on the exact
voltage applied (the higher the voltage, the higher the etching
rate). The process self-terminates when the portion of the wire
immersed in the solution detaches (Figure 2¢), which typically
occurs after #,,; = 60—150 s. A wire with a double taper and a
sharp tip at the end is thus obtained (Figure 2d). The voltage is
turned off immediately after the precipitation of the immersed
wire portion in order to avoid over-etching, which would blunt
the tip. Stop-voltage circuits have been developed [48,49] to
automatize this task. The tips are finally washed by shaking in
the etching solution and, subsequently, by pouring a few drops
of HCI and rinsing in ethanol and water. This eliminates
residual impurities from the surface.

Scanning electron microscopy (SEM) inspection of the pro-
duced tips is carried out to characterize the tip apex using a
Zeiss Merlin field emission electron microscope, equipped with

a Gemini II column.

The analysis of the tips’ TERS performance is carried out in
gap-mode [14], using a commercial setup that couples a micro-
Raman spectrometer (XploRA Plus, Horiba) with an AFM/STM
(Smart SPM-1000, AIST-NT). The setup, shown in Supporting
Information File 1, works in a side-illumination configuration
with a 638 nm laser beam, p-polarized, focused onto the tip axis
through a 100% long working distance objective (Mitutoyo, WD
6.0 mm, NA 0.7), oriented at 60° with respect to the vertical
axis. The backscattered TERS signal is collected by the same
objective. The signal is dispersed by a grating featuring
1200 gr/mm and sent to a Peltier cooled CCD camera
(Syncerity, Horiba Jobin Yvon). The laser spot is positioned on
the tip apex with the aid of a piezoelectric x—y—z table that scans
the objective position. The x—y scan plane is orthogonal to the

optical axis (z) of the objective.

Results and Discussion

Gold etching and tip formation mechanism
The gold electrochemical corrosion is driven by a well-known
redox process in acidic environment [31], whose main reac-

tions are:

Au(solid)+4CI™ — 3¢~ + AuCly (precipitate), EY =1.00V (1)

Au (solid) +2C1™ — le” + AuCl; (precipitate), E® =1.15V (2)
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2H" +2¢” — H; (gas), E'=0V 3)

Here the superficial gold atoms are oxidized, transforming into
either Au(I) or Au(Ill). The chlorine ions combine with Au(I) or
Au(IIl) (reactions 1 and 2), yielding a yellow precipitate. At the
same time, H' ions are reduced at the platinum wire surface,
leading to H, gas formation (reaction 3). The H,, together with
O, and Cl, present in the solution, can cause intense bubbling
when the reaction is fast enough, as for example at 5 Vpc (first
step of the process). At lower voltages (2.1-2.2 Vp(), as in the
second step of the process, the reaction proceeds much more
slowly. The ethanol acts effectively as a quencher, hindering
any production of bubbles. The tip formation is ruled by the
meniscus lowering consequent to the wire thinning under elec-
trochemical attack [46,50]. The etching process is not homoge-
neous along the wire profile immersed in solution. The etching
at the meniscus is ~1.5 times faster than in the bulk. As can be
seen in Supporting Information File 2, at the beginning of the
low voltage step the wire diameter at the meniscus is thinner
than the portion immersed in the liquid. This difference is likely
due to the anisotropic distribution of the reaction products
(AuCl*™ and AuCI?") along the wire surface that hinders the
renewal of fresh etchant. The reaction products generated at the
meniscus fall due to gravity, covering the surface of the wire
still immersed in the bulk solution, affecting the concentration
distribution of the chlorine ions along the wire. A higher local
concentration of Cl1™ ions at the meniscus with respect to the
bulk can justify the observed anisotropic etching rate.

Morphological analysis
The tip morphology was characterized using SEM. Figure 3a
(details shown in (b, c)) show a typical pilum-shaped tip ob-
tained after the two-step etching process, ending with a radius
of curvature of r, = 12 nm (d).

A double taper, =350 um long (Figure 4a) tip is observed, re-
sulting from the two etching steps. The overall tip length is a
factor of two shorter with respect to that observed on 250 pm
diameter Au wires. The lower taper (=180 um) features an
apical angle of ~24° and ends with a sharp tip. The lower taper
is also characterized by a wavy profile, which smooths towards
the apex region (Figure 3c). This is a consequence of the burst-
like behavior observed during the etching process. The tip
length and its aspect ratio are determined by the meniscus
height /1 (Equation 4), where 4 depends on the wire diameter, d,
and contact angle, 0. according to [46]

4a
:I_YE )

h=(d/2)cos log{W
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Figure 3: (a) SEM images of a pilum-shaped tip with details shown in (b), (c) and (d) on the apical part, showing a radius of curvature rijp = 12 nm and

an apical angle of =24° (t{ =20's, V4 =5 Vpg, L, =90s, V2 =2.1 Vpg).

250}
200}

E 150

=

< 100}

507

125 um b

36 4'5 BID 7'5 9'0
B (deg)

Figure 4: (a) SEM image of a tip highlighting the dimensions of the tapered zones. The dashed lines are a contour of the upper taper that would have
been obtained in a single step etching. (b) Plot of the expected meniscus height as a function of the contact angle assuming a wire diameter of

125 pm (blue line, upper taper) and of 77 pm (orange line, lower taper).

where yp ~ 0.577 is Euler’s constant, g = 981 cm/s? is the gravi-
tational constant and a =./y/pg is the capillary constant,
where y ~ 30 dyn/cm and p = 0.98 g/cm? are the surface tension
and the density of the HCl/ethanol solution, respectively. In
Figure 4b we plot the predicted values of the meniscus exten-
sion / as a function of the contact angle for a starting diameter
of 125 um (blue line) and 77 um (orange line), corresponding to
the initial wire size and to the wire diameter at the beginning of
the second etching step. The meniscus height /4, predicted for
the second etching step assuming very small contact angles

(8. = 0, Figure 4b, orange line) matches very well with the taper
length (4 = 182 um, Figure 4a). The overall tip length found in
the experiments (=360 pm) is, however, longer than meniscus
height #; = 260 um predicted for a wire diameter of 125 pm,
even for 0, = 0 (Figure 4b, blue line). The value of 4, however,
matches remarkably well the length of the tip expected if we
had completed the etching at high voltage (261 pum, Figure 4a,
dotted line). This observation suggests that the length discrep-
ancy can be attributed to the bubbling phenomenon. As visible
in Supporting Information File 2, bubbles originating from
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the wire immersed in the solution reach the surface and
explode. The effect is particularly intense in proximity of the
liquid—air—metal interface. As a consequence, the motion of the
bubbles results in a force that raises the meniscus contact point
with the metal wire with respect to the equilibrium conditions
described by Equation 4. We believe that this phenomenon is at
the origin of the 100 pm meniscus upshift and overall tip
length increase.

The intrinsic morphology of the metal wires plays a key role in
determining the final tip characteristics [30]. We find that when
randomly etching different sections of the gold wire supplied by
the producer, we end up with very rough tips (Figure 5), even in
the presence of “fresh” solutions. Rough surfaces have been ex-
plained [46] with the presence of dislocations and grains in the
100-500 nm scale (consequence of the wire production
process), in which the etching occurs through the detachment of
large pieces of gold, instead of in a smooth atom-by-atom
fashion. Sharp protrusions are occasionally observed at the apex
of rough tips. At present it is not possible to predict and control
such phenomenon. A statistical analysis on ten tips shows that
80% of the tips are TERS-active, while 50% of the tips have a
radius of curvature smaller than 35 nm.

Light emission from the tip apex

Tightly coupled plasmonic metals, such as nanorods dimers
[51], nanocubes on surfaces [52], or TERS tips in contact with
surfaces [53,54], emit light over a broad continuum, even if
excited at energies below the sp/d interband transition. En-
hanced inelastic electron tunneling through the gap seems to be
the origin of photon emission [52,55], leading to electronic
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Raman scattering (ERS) of the laser photons [53] which is at
the origin of the background observed in TERS and SERS [54-
56]. The spectral features of such a light continuum bring infor-
mation on the plasmonic modes of the nanoantenna system. For
processes concerning single tips, i.e., withdrawn from the sub-
strates, the origin of the light emission has not yet been unam-
biguously ascertained. Calculations on nanocube monomers
[53] predict a 100-fold smaller light emission with respect to the
nanocube-on-surface configuration, and the origin of the signal
is attributed to photoluminescence rather than to ERS. Sanders
et al. [57], working on Au-coated spherical AFM tips, have
shown a remarkable correlation between the dark-field scat-
tering peak, attributed to plasmon excitations, and the position
of the maximum integrated SERS background of the tip,
confirming that the background is enhanced by the localized
plasmon resonance in the apical region. On sharp Au tips, the
same authors report an almost flat scattering (from the visible to
the NIR), associated with a less intense background in the
600-700 nm region. In any case, it is a matter of evidence that a
stronger background is typically associated to a more intense
SERS/TERS emission [54,57], suggesting the presence of a
more effective substrate/tip near-field coupling.

For our purposes, mapping the light emission from the tip is im-
portant for two reasons. Firstly, we have empirically verified
that optimal tips for TERS are those that show some degree of
light emission from their apex, Secondly, the process allows us
to precisely focus the laser spot on the tip apex, maximizing the
overall TERS signal. Measurements were carried out by scan-
ning the laser spot with a piezoelectric stage attached to the

objective (Figure 6a).

Figure 5: (a) SEM image of an etched tip (t1 =20's, V4 =5 Vpg, t, =75 s, Vo = 2.1 Vp¢) and details on its apex (b), showing the roughness of the
gold surface. Sharp protrusions (r = 15 nm) can occur at the apex of such blunt tips (red square).
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Figure 6: (a) Sketch of the scanning configuration for the mapping of the light emitted by the tip. The tip is in sample reference frame (}S,}?S,is). The
laser spot is scanned through a 3D piezo actuator that moves the objective in the (;(obju‘;oijiobj) reference frame, allowing us to carry out scans in
both the ()?obj,ﬁobj) and in the ()?obj,iobj) planes. (b) x—y fluorescence map of a gold tip (2.5 x 2.5 um?, step size 125 nm). The dotted lines highlight
the shape of the tip. (c) x-z fluorescence map of the gold tip (1.9 x 2.4 ym?2, step size 100 nm). The pictograms illustrate the different focusing condi-
tions. Each pixel represents the integrated intensity from 300 to 2000 cm™". (d) Spectra acquired at the apex of the tip (blue line) and on the shaft (red
line) correspond to the positions highlighted with the blue and red crosses in (b). Laser power P = 1 mW, integration time per pixel = 0.5 s.

Two maps are acquired: one to localize the tip apex position
(Figure 6b) in which we scan the laser spot in the (fcobj,)‘/obj)
plane that, given the large incidence angle, is almost coincident
with the tip plane (%, Z,); the second one is to optimize the laser
focus on the tip apex (Figure 6c¢), and is carried out by scanning
the laser beam in the (X, Zop;) plane, i.e., moving the beam or-
thogonally to the tip axis while changing the focusing condi-
tions. In each map we report the intensity of the background
signal (Figure 6d) integrated in the 300-2000 cm™! range. Spec-
tra acquired inside (blue cross) and outside (red cross) the apical
region show the presence of a continuum background
(Figure 6d, blue line) at the apex, compared to a flat signal on
the shaft (red line). Typical laser powers are 1.0-2.5 mW and
integration times are 0.5-1.0 s per pixel.

TERS spectra of dyes, pigments and biomol-
ecules

The tips have been applied to evaluate the spectra of analyze

standard dye molecules such as rhodamine 6G (R6Q), crystal

violet (CV), methylene blue (MB), pigments of cultural heritage
interest (alizarin-s, AZ-s) [58] and highly toxic protein
oligomers [59]. Tests are carried out in gap-mode, absorbing the
probe molecules on gold films with side-illumination at an exci-
tation wavelength of 638 nm. Molecular solutions at different
concentrations are prepared in deionized water. Target mole-
cules are absorbed on Au(111) flat films that have undergone
standard flame annealing in order to obtain crystalline terraces
of about 100 nm in size. The gold film substrates are immersed
for 2 h and 30 min and subsequently rinsed in deionized water
in order to remove the molecules excess. Finally, they are dried
under a nitrogen flux. Figure 7 shows the TERS spectra
acquired on R6G at 1074 M (a), CV at 107> M (b), MB at 1073
M (c) and AZ-s at 1073 M (d).

The TERS spectra highlight a high contrast with respect to the
signal acquired when the tip is removed from the near-field
region of the sample, just excluding the feedback loop of the
STM system. Vibrational bands of all molecules agree with the
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Figure 7: TERS spectra (colored lines) of different molecules acquired with the tip in contact with the surface: (a) R6G (P =1 mW, t=5s), (b) CV
(P=1mW, t=3s), (c) MB (P=0.1 mW, t=1s), (d) AZ-s (P=1 mW, t = 5 s). Black lines represent signal intensity acquired in the same conditions

when the tip is far from the sample.

literature [60-63]. We finally apply our tips to obtain TERS
spectra from the N-terminal domain of the Escherichia coli pro-
tein HypF (HypF-N). This a small stably folded o/p protein with
91-residues (10 kDa) [64] that is capable of forming amyloid
species like those associated with neurological diseases such as
Alzheimer’s and Parkinson’s [65], and have recently been the
subject of TERS investigations [66-68]. In particular, we focus
on the detection of toxic HypF-N oligomers that precede the
formation of mature amyloid fibrils [69,70]. HypF-N oligomers
(48 pM) are obtained by controlled aggregation (4 h, 25 °C,
pH 5.5) of the HypF-N monomer in 50 mM acetate buffer, 12%
(v/v) trifluoroethanol and 2 mM dithiothreitol [66]. The gold
films are then immersed overnight in the oligomer solution, fol-
lowed by rinsing in water to remove the excess of protein and
then drying in air. TERS spectra are acquired with a tip
featuring a tip radius 7, = 15 nm. Figure 8 (red line) shows evi-
dence of a strong TERS effect on oligomers, with the appear-
ance of some of typical vibrational bands of protein samples
such as the phenylalanine (Phe) ring breathing mode at
1004 cm™! or the amide II band at 1550 cm™! due to the C-N
stretching mode and N-H bending mode of the atoms forming

the peptide chain.
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Figure 8: TERS signal of oligomers when the STM feedback loop is on
(red line) and when it is off (black line). Experimental conditions:
Aexc =638 nm, P=0.11mW, t=10s.

No signal is detected when the tip is not in contact with the sur-
face Figure 8 (black line). After each TERS measurement, the

tip is retracted from the sample and its emission is mapped in
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order to be sure the TERS signal does not come from mole-
cules adsorbed on the tip apex.

Evaluation of the enhancement factor

An estimation of the enhancement factor (EF) can be given by
comparing the TERS signal increase with respect to the Raman
signal measured when the tip is out of contact (far-field excita-
tion conditions), normalizing to the different areas probed in

each case [71]:

£ = INF ~TeF SRaman
Iep StERS

, 5)

where Iyf is the near-field TERS signal, /g is the far-field
Raman signal, Stggrg is the area probed when the tip is in con-
tact and Sgaman 18 the area probed in far-field excitation condi-
tions. STgrs is calculated as the surface of the circle Stgrg =
nrztip underneath the tip radius ry,. For the Raman signal, the
probed area is calculated as the area of the elliptical intersec-
tion between the point spread function (PSF) of the objective

28.5 -

nm
900
cts
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(inclined by 05, = 60° with respect to the vertical) and the hori-
zontal plane. Considering @ = b = A/2-NA and ¢ = 2/NA? the
semi-axes of the PSF, we find Spaman = m'a-c’, where @’ = a =
450 nm and ¢'=ac/ \/czcoszeinc
tion 5 provides meaningful results if /gg # 0. When no signal is

+ azsinzeinc =~ 870 nm. Equa-

detected in far-field conditions, we can still use the signal noise
level (RMS) as a reference to estimate a lower bound of the EF.
Measurements on HypF-N oligomers carried out with a tip
whose radius of curvature has been observed by SEM to be
= 15 nm show that indeed the EF is larger than 103, Assuming
the same tip radius for the other molecules we find EF > 8 x 10*
for R6G, EF = 1.6 x 10* for CV, EF > 2.4 x 10* for AZs, and
EF > 1.2 x 103 for MB. These values compare well with the
best results found in the literature [25,44].

Assessment of the spatial resolution in TERS
imaging

Nanoscale resolution is shown in simultaneous morphological
(STM) and chemical (TERS) mapping of R6G molecules
(107 M) absorbed on Au(111). Experiments are carried out in

-
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Figure 9: (a) STM image of Au(111) terraces on which R6G 10™* M is adsorbed (AV = 0.05 V — tip positive, current set point is 80 pA). The gray line
indicates the zone where the line profile plotted in (b) is drawn. (c) Simultaneous TERS image at 1524 cm™"! (P = 1.0 mW, t = 0.5 s). The gray line in-
dicates the zone where the line profile plotted in (d) is drawn. (e) TERS spectra acquired in correspondence with the circled areas in (c) taken at a dis-

tance of only one scanning step away from one another (10 nm).
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gap-mode, with excitation at 638 nm. Figure 9a shows the STM
topography acquired on a 300 x 300 nm? area with step size of
10 nm. It displays adjacent gold terraces separated by trenches.

The top diagonal trench has a depth of ~10 nm and width of
~50 nm at its largest point (line profile in Figure 9b). The
bottom trench is approximately two times deeper. The TERS
map in Figure 9c displays a strongly enhanced signal from the
two trenches. This could in principle be due to a higher concen-
tration of molecules in the channels, in combination with the
presence of enhanced electric fields [72], caused by molecular
diffusion into SERS-active sites [62]. Whatever the origin of the
signal, we are able to map this effect with a spatial resolution
equivalent to the scan step (10 nm). This is evident from the
line profile of Figure 9d (drawn along the gray line in c),
showing a full width at half maximum of 12 nm. The two spec-
tra in Figure 9e, acquired at just one pixel distance from each
other, corresponding to the circled areas in Figure 9c¢, highlight
the possibility to probe the presence of R6G (green) or its
absence (magenta) with 10 nm resolution. Furthermore, such a
strong signal variability between two adjacent pixels, just 10 nm
apart, suggests potential sub-pixel spatial resolution [72]. This
conclusion is supported by TERS mapping of a 150 x 150 nm?
area (30 x 30 points) with step size of 5 nm (Figure 10a) in a
different zone of the sample in which R6G absorbs in a patchy-
like fashion. Spectra acquired on adjacent points (Figure 10b)
show the capability to map the confinement of R6G molecules
in a region smaller or equal to 5 nm consisting indeed of just a
few molecules.

Conclusion

In summary, we demonstrate a fast and inexpensive protocol to
produce TERS tips by electrochemical etching of 125 pm diam-
eter gold wires. The tips are robust and easy to manipulate.
Their cost (1.05 €/tip) is 2.5 times cheaper than using standard

Intensity (cts)

b 500

Beilstein J. Nanotechnol. 2018, 9, 2718-2729.

250 pm diameter wires, whereas the etching time (less than
2 min) is more than halved. 80% of the tips are TERS active.
50% of the tips have radius of curvature smaller than 35 nm.
The tips have been tested on dyes, pigments and biomolecules
showing enhancement factors ~10° (lower bound) in gap-mode.
TERS maps of sub-monolayer films of R6G on Au(111) are
shown with optical resolution better than 5 nm. The procedure
can in principle be applied to thinner wires to further reduce
costs and production times, although issues related to the
fragility of the tip and difficulties in the manipulation and
mounting have to be solved when working with very thin wires
(e.g., 50 um). Our protocol can be extended to other materials
and requires minimal lab equipment and technical skills.

Supporting Information

Supporting Information File 1

Picture of the TERS experimental setup.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-9-254-S1.png]

Supporting Information File 2

A movie illustrating the electrochemical etching process.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-9-254-S2.mp4]
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The results of studies on the fabrication and characterization of silver nanoisland films (SNIFs) using pulsed laser deposition (PLD)

and the evaluation of these films as potential surface-enhanced Raman scattering (SERS) substrates are reported. The SNIFs with

thicknesses in a range of 4.7 + 0.2 nm to 143.2 + 0.2 nm were deposited under different conditions on silicon substrates. Size and

morphology of the fabricated silver nanoislands mainly depend on the substrate temperature, and number and energy of the laser

pulses. SERS properties of the fabricated films were evaluated by measuring SERS spectra of para-mercaptoaniline (pMA) mole-

cules adsorbed on them. SERS enhancement factors are shown to depend on the SNIF morphology, which is modified by changes

of the deposition conditions. The highest enhancement factor in the range of 10° was achieved for SNIFs that have oval and circu-

lar silver nanoislands with small distances between them.

Introduction

In recent years, SERS has been intensively investigated as a
sensing tool in many applications [1-3]. Of particular interest is
the use of SERS as a method for highly sensitive detection of
hazardous materials such as chemical and biological agents or
explosive materials [4,5]. However, despite many studies SERS
remains mainly a laboratory technique. To bring it closer to
real-life applications there is a need to develop cheap, reliable,
reproducible and efficient SERS substrates. The SERS effect is

generally assumed to mainly originate in the electromagnetic

field enhancement caused by a localized surface plasmon exci-
tation in nanostructures through the incident laser light. With
respect to the substrate. It depends on the size, shape, and
arrangements of nanostructures, the material they are made of
and the surrounding medium [6]. One of the easiest nanostruc-
tures to produce are metallic nanoparticles (NPs). Alone or in
composites with other materials, they find numerous applica-
tions in plasmonic photocatalysis [7-9], photovoltaics [10] or

optical sensing through localized surface plasmon resonance
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(LSPR) [11]. It is therefore not surprising that quite a number of
studies have been initiated and performed in order to design and
fabricate highly active SERS substrates based on metallic nano-
particles and nanoparticle films [12-14]. Metallic NPs of differ-
ent sizes and shapes are prepared in solution mainly by chemi-
cal synthesis using various reducing agents and conditions [13].
However, physical methods such as laser ablation are also often
used [15]. Other examples of nanoparticle fabrication using
physical methods include fabrication of nanostructured silver
films by electron-beam evaporation [16], gas aggregation [17]
and radio-frequency sputtering [18]. The advantages of certain
physical methods over chemical methods include that there is
no reagent contamination and that the monodispersity of fabri-
cated NPs can be controlled very well [13].

One of the less commonly used physical methods for the fabri-
cation of SERS active gold and silver nanoisland films is pulsed
laser deposition (PLD) [19-25]. In PLD, the materials are
deposited on a substrate through laser ablation from a target lo-
cated opposite to the substrate. Deposition is typically per-
formed in vacuum [20] or argon atmosphere [19] and by the
change of parameters such as laser wavelength, pulse duration
or laser fluence it is possible to modify the structure of the
fabricated nanoislands. Until now, gold and silver nanoisland
films have been fabricated by PLD using different lasers with
different wavelengths and parameters [19-25]. The most com-
monly used lasers are KrF excimer lasers with a wavelength of
248 nm [20-24], however other wavelengths from UV (193 nm,
266 nm, 308 nm, 355 nm), through vis (527 nm, 532 nm [19])
to IR (1064 nm) have also been used. Even though several
studies were reported on the PLD fabrication of plasmonic
metal films, there are only a few recent studies discussing an in-
fluence of a wider range of deposition process parameters on
the morphology and optical properties of the films [19]. There
are no studies that correlate a high number of PLD process pa-
rameters to the SERS properties of fabricated plasmonic metal
nanoislands films.

Beilstein J. Nanotechnol. 2019, 10, 882—893.

Herein, we report the results of studies on the influence of
several parameters of the fabrication of silver nanoisland films
(SNIFs) using PLD on their morphology, optical and SERS en-
hancement properties. We first describe the PLD fabrication
process and the influence of the deposition process parameters
on the morphology of the fabricated films determined by SEM
and AFM measurements. Then, we present the results of mea-
surements of the chemical composition of the fabricated SNIFs
by using X-ray photoelectron spectroscopy (XPS) and their
optical properties by using UV—vis spectroscopy. Finally, we
describe the SERS performance of SNIFs in the measurements
of para-mercaptoaniline (pMA) molecules.

Results and Discussion

Preparation of silver nanoisland films

We investigated ten samples with silver nanoisland films
deposited under different conditions, designated “A” to “I”. The
deposition processes were carried out using an ArF excimer
laser (wavelength 193 nm) at the same pressure and laser repeti-
tion rate but at different temperatures of the resistively heated
furnace on which the substrates were mounted (room tempera-
ture (RT), 190 £ 3 °C, 340 + 3 °C), different numbers of laser
pulses (1000, 2000, 4000, 8000, 16000) and with two laser
fluence values (5.56 + 0.37 J/cm? or 2.52 + 0.17 J/cm?)
(Table 1).

Temperature is the most important factor influencing the forma-
tion of SNIFs on the silicon substrates. An increase in the tem-
perature of the substrate increases the kinetic energy of the
silver atoms and results in a higher ordering of the structure,
while the applied amount of laser pulses allows for the control
of the dimensions of the obtained silver nanoislands.

In all experiments, the same laser repetition of 5 Hz was used.
Increase or decrease of the repetition rate of the laser has a simi-
lar effect on the morphology as changing the laser pulse energy.
The low laser repetition rate adopted in the experiment allowed

Table 1: The parameters used during the deposition of the SNIFs by PLD (repetition rate 5 Hz; pressure 4.6 x 10~ mbar).

sample laser fluence [J/cm?] number of laser pulses
A 5.56 + 0.37 1000

B 5.56 + 0.37 2000

C 5.56 + 0.37 4000

D 5.56 + 0.37 8000

E 5.56 + 0.37 16000

F 2.52+0.17 1000

G 2.52+017 2000

H 252017 1000

| 252 +0.17 2000

temperature [°C] calculated thickness of the layer [nm]

190+ 3 9.0+0.2
190+ 3 17.9+£0.2
190 £ 3 35.8+0.2
190+ 3 71.6+0.2
190+ 3 143.2+0.2
190+ 3 47+0.2
190+ 3 9.3+0.2
3403 4702
340+ 3 9.3+0.2

883



us to examine the influence of other deposition conditions on
the structure of SNIFs produced. The applied laser fluence and
the number of laser pulses affect the structural parameters of the
obtained SNIFs, such as the size and spacing of the silver
nanoislands.

Calculations of the growth rate of silver

nanoisland films per laser pulse
The thickness of the silver nanoisland films as a function of the
number of applied laser pulses is shown in Figure 1. The plot

140{ —— (5.56 + 0.37) Jicm® T
2
120 (2.52 £ 0.17) Jicm
—~100-
[
£
~ 801 -
[0} i
[0]
£ 60-
S
= 40 z
204 z
0 . . . .
0 4000 8000 12000 16000

Number of laser pulses

Figure 1: Thickness of the silver nanoisland films as a function of the
number of applied laser pulses. Results obtained based on the AFM
measurements of the reference samples prepared for laser fluences of
5.56 + 0.37 J/cm? and 2.52 + 0.17 J/cm?.

A
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1000 pulses

5.56 + 0.37 Jicm?
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was made based on AFM measurements of reference Si sam-
ples with silver films deposited at room temperature for both
fluences of laser radiation used (three samples for each fluence).
The reference silver films had different thicknesses depending
on the number of laser pulses used (4000, 8000, 16000 pulses).
The dependence of layer thickness from the number of laser
pulses was approximated by a linear function.

The growth rate of the silver films was calculated as the direc-
tional coefficient of the approximation function. In the case
when the fluence of the laser radiation was 5.56 + 0.37 J/cm?2,
the calculated layer growth rate was 9.0 £ 0.2nm per
1000 laser pulses. When the laser fluence was about half as
low, 2.52 + 0.17 J/cm?, the calculated growth rate was
4.7 £ 0.2 nm per 1000 laser pulses. The growth rates achieved
permit calculation of the approximate thickness of the silver
nanoisland films obtained (Table 1). Depending on the number
of laser pulses used, the estimated thickness of the deposited
layers ranges approximately from 4.7 + 0.2 nm to 142 + 0.2 nm
(Table 1).

Morphology and dimensions of silver

nanoisland films

SEM images of the deposited silver nanoisland films are shown
in Figure 2. In the case of silver deposition without heating the
substrate (Figure S1 in Supporting Information File 1), the
obtained silver film is continuous. In other cases, when
the substrates are heated to 190 = 3 °C and 340 + 3 °C, silver

340 +3°C 38
2,52 £ 047 Jfem? 52

5.56 + 037 Jicm? |
16000 pulses
] o

Average area (nm

I 1000 pulses
I 2000 pulses

190+£3°C
5.56 + 0.37 J/cm?

190+£3°C
2.52+0.17 Jicm?

340+3°C
2.52+0.17 Jicm?

Figure 2: SEM images of the nanostructured silver films deposited on Si substrates by the PLD method using different process parameters. A bar
graph showing the average surface of the silver nanoislands as a function of the deposition parameters for 1000 and 2000 laser pulses.
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nanoisland films are formed. This effect is related to the
Volmer—Weber island growth model [26]. The thermal energy
supplied to the silver atoms increases their kinetic energy and
thus enables their diffusion and ordering on the surface of the
substrate. The ordering of nanoislands, their shape and the
homogeneity, strongly depends on the temperature. In the case
when the temperature of the furnace is 190 + 3 °C and the num-
ber of pulses does not exceed 2000 the shape of the silver
nanoislands resembles the oval shape. At a temperature of
340 + 3 °C, the islands that are formed have a clearly cubic
shape (comparing Figure 2F to 2H and 2G to 2I) which is
related to different dynamics of the layer growth process and
translates into their higher crystallization.

The dimensions of the silver nanoislands are determined by the
number of laser pulses used during deposition. Island dimen-
sions increase from about 40 nm for sample A (Figure 2A) to
300 nm for sample C (Figure 2C). In the case of 4000 laser
pulses for sample C, the coalescence of neighboring islands into
larger structures with elongated shape (Figure 2C) is also
visible. After 8000 laser pulses, the embedded silver islands are
already that large that almost all of them are connected and a
semicontinuous layer with an irregular structure is formed
(Figure 2D). After 16000 laser pulses the nucleation and growth
of silver nanoislands occurs on the semicontinuous silver layer
formed earlier (Figure 2E). The change of laser fluence from
5.56 + 0.37 J/cm? to 2.52 + 0.17 J/cm? does not cause notice-
able changes in the shape of the silver islands (comparing
Figure 2A to Figure 2F and Figure 2B to Figure 2G), but it
affects the size of the islands. The smaller fluence leads to
smaller increase in layer thickness. Hence, the islands obtained
have a slightly smaller size (comparing Figure 2B to
Figure 2G).

The distributions of the surface areas of the fabricated silver
nanoislands were determined based on the SEM images. For
silver layers deposited with 1000 and 2000 laser pulses, the av-
erage surfaces area values of silver nanoislands were calculated.
The analysis was not carried out for samples D and E because
they can be characterized as continuous or semicontinuous
films. The results are shown on Figure 2 together with error
bars of one standard deviation from the average value of the
silver nanoislands surface. The calculated average area of the
silver nanoislands is 1448 + 701 nm2, 2324 + 1141 nm? and
1126 + 674 nm? for samples A, F and H, respectively, prepared
using 1000 laser pulses (green bars) and 2717 + 1268 m?2,
2375 + 1169 nm? and 2132 £ 1155 nm? for the samples B, G
and I, respectively, prepared using 2000 laser pulses (red bars).
As can be seen from the presented data, both fluence and tem-
perature of the resistively heated furnace have a large impact on

the average surface area of the obtained silver nanoislands.

Beilstein J. Nanotechnol. 2019, 10, 882—893.

After the reduction of the laser fluence by almost one half,
which results in a proportional reduction of the growth rate of
the layers, the average area of the silver islands is greater than
one would expect. The lower fluence of laser radiation while
maintaining the same temperature of the substrate (190 £+ 3 °C)
favors the growth of silver nanoislands with a larger area. In ad-
dition, the average area of silver islands for 1000 and 2000 laser
pulses are also very similar. The process of silver nanoisland
growth is even different when the furnace temperature rises to
340 + 3 °C. Under these conditions, the average area of silver
islands obtained for 2000 laser pulses is almost twice as high as
for 1000 laser pulses. In addition, the average surface area of
the obtained silver islands with the same number of laser pulses
is smaller compared to the case of layer growth at a lower tem-

perature.

A detailed analysis of surface distribution of silver nanoislands
for samples A, B, F, G, H and I are shown in Figure 3 in the
form of histograms. The calculated areas of silver nanoislands
were grouped in compartments with a width of 100 nm?2. The
distribution of the surface of the silver islands varies from 0 to
6050 nm?. The dominant area of the silver nanoislands taken as
the maximum of the histogram is about 1050, 2150, 1850, 1950,
850 and 1450 nm? respectively for samples A, B, F, G, H and 1.
The narrowest distributions of the surface area of the silver
nanoislands were obtained for samples A and H with SNIFs
deposited using the smallest number of laser pulses. Comparing
the histogram obtained for sample H with samples F or A, it is

190+3°C 301B
5.56 + 0.37 J/cm? 25
1000 pulses

190+3°C
5.56 + 0.37 Jicm?
2000 pulses

Counts
Counts

0
0 1000 2000 3000 4000 5000 6000 0

1000 2000 3000 4000 5000 6000

Area (nm°) Area (nm”)
401F 190+3 °C 001G 190£3°C
35 2.52 +0.17 Jlcm? 35 2.52 +0.17 Jlcm?
1000 pulses 2000 pulses

Counts

0 0
0 1000 2000 3000 42000 5000 6000 0 1000 2000 3000 42000 5000 6000

Area (nm°®) Area (nm®)
120{H 340+3°C 4011 340+3°C
2.52 +0.17 Jlcm? 35 2.51+0.17 Jicm?

1000 pulses 2000 pulses

0 0
0 1000 2000 3000 4000 5000 6000 0
Area (nm?)

1000 2000 3000 4000 5000 6000
Area (nm?)

Figure 3: Histograms of the silver nanoisland surface areas made on
the basis of SEM images.
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also apparent that the deposition of silver layers on substrates
with a higher temperature leads to the formation of more homo-

geneous and smaller silver nanoislands.

We also assume that the deposition conditions of the SNIFs de-
termine the distances between the Ag nanoislands and the for-
mation of so called hot spots. These areas are created in places
where the distances between neighboring particles are equal to
2-5 nm. The results of the SERS measurement discussed in
further sections of this article suggest that the distances be-
tween the silver nanoislands are increasing as the temperature
of the substrate increases. This conclusion is consistent with the
observed reduction of the enhancement factor (EF) achieved for

the Raman signal when the substrate temperature rises.

Chemical composition of the silver

nanoisland films

The chemical composition of the PLD-deposited silver nanois-
land films was investigated by using XPS spectroscopy. The
results of XPS measurements are shown in Figure 4. The XPS
spectrum registered over a wide range of binding energy indi-
cates that in addition to silver there are small amounts of car-
bon and oxygen impurities. These impurities may be located on
the silicon substrates used. The position, shape and half-width
of peaks registered for the Ag 3d band are typical for silver
in metallic form: Ag 3d3, — 374.16 eV, FWHM 0.97 eV;
Ag 3ds; —368.16 eV, FWHM 0.96 eV. This is also confirmed
by the spectra of the Auger band, which is typical for metallic
silver [27]. The metallic form of silver has also been confirmed
by comparing the recorded spectra of the sample with the spec-
tra recorded for Ag foil with 99.95% purity. XPS studies there-

16 Ag3d5/2
604 12 Ag3d3/2
50 AgMNN j M
5040 0
30 378 376 374 372 370 368 366
e~ Ag3d
‘o 40420 9
Z 1145 1140 1135 1130 1125
2]
£ 30 AgMNN
>
o
© 20
Ag3p
104 Ag3s
O1s
C1s
0 T T T T T
1200 1000 800 600 400 200 0

Binding Energy (eV)

Figure 4: XPS spectra of silver nanoisland films deposited on the Si
substrate by laser ablation (PLD) registered in a wide range of binding
energy, and Ag 3d and Ag-MNN Auger band registered in a narrow
range of energy (insert).
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fore confirm that silver deposited by the PLD method does not

oxidize during deposition under vacuum conditions.

Optical properties of fabricated Ag

nanoisland films

The UV-vis spectra of fabricated silver nanoisland films are
shown in Figure 5. In the case of a continuous layer of silver
(4000 pulses, RT), the monotonically increase of the reflec-
tance is visible as the wavelength increases. Samples D and E,
with the thickest layers of Ag, show similar shapes of the
UV-vis spectra. These samples, however, have a lower reflec-
tance in the range of 350 to 850 nm and local minima at around
540 nm and 370 nm,respectively.
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Figure 5: Reflectance spectra of fabricated Ag nanoisland films:

a) for samples with the layers deposited at a laser fluence of

5.56 + 0.37J/cm?2, b) for samples with the layers deposited at a laser
fluence of 2.52 + 0.37J/cmZ.

The samples with the smallest dimensions of silver nanoislands
(samples A, B, F, G, H, and I) have completely different shapes
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of spectra. These samples have a much lower reflectance in the
range of 350 to 850 nm with one characteristic minimum be-
tween 400 and 430 nm, which corresponds to plasmon reso-
nance of Ag NPs. The small shift of the plasmon resonance
peak may be related to rather small variations of the size of par-
ticles between samples obtained using various deposition
process parameters. Then reflectance increases and reaches a
maximum in the range of 450 to 520 nm and decreases again
towards the infrared region. The reflectance above 500 nm
depends on the number of laser pulses and the temperature of
the substrate and increases with the increase in the number of
pulses and the temperature of the substrates. This is because of
the growing size of the silver nanoislands and the strong cou-
pling between them. The strange behavior of samples B, G and
I at lower wavelengths (270-280 nm) may be associated with
the optical properties of the silicon substrate. Because silicon
has the maximum of reflectance in this area, its effect is visible
in the spectra of the thinnest silver films.

SERS activity of fabricated silver nanoisland

films

All fabricated Ag films were tested to determine their suit-
ability for SERS measurements using pMA as a test analyte. An
example of averaged SERS spectra for sample B is presented in
Figure 6. The black line represents the average spectrum and
the red shade represents the standard deviation around the aver-
age spectrum. This spectrum was obtained as a result of aver-
aging the SERS spectra from 351 measurement points.

For registered maps composed of 351 measurement points a
statistical analysis was made determining the average intensity
of the peak at 1080 cm™! and the standard deviation of the peak
intensity. Then based on the standard deviation of the
1080 cm™! peak intensity, for each measurement, the relative
intensity deviation was calculated. The evaluation of the aver-

Beilstein J. Nanotechnol. 2019, 10, 882—893.
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Figure 6: SERS spectrum recorded for sample B (black line — the av-
erage SERS spectrum; red area — the standard deviation of the signal.

age intensity of the 1080 cm™! peak and its relative intensity de-
viation allows us to determine which samples have the highest
EF of the Raman signal and the highest EF repeatability.
Results of the statistical analysis of the SERS spectra obtained
are presented in Table 2.

As we can see from Table 2, the average peak intensity and
relative intensity deviation depend on the size of the silver
nanoislands obtained. In the case of samples deposited with a
laser fluence of 5.56 + 0.37 J/cm? and a substrate temperature
of 190 + 3 °C, with an excitation wavelength of 532 nm the av-
erage intensity of the peak increases from 996 for sample A to
2086 for sample D and then slightly decreases to 1446 for sam-
ple E. When we compare this data with the SEM images
(Figure 2), an increase in the average peak intensity is corre-
lated with the increase in the size of the silver nanostructures,
until the connection of silver nanoislands into one structure
occurs. With the increase in the size of the silver nanoislands,
the relative intensity deviation of the peak increases also. As a
result, sample A has the smallest relative intensity deviation

Table 2: Parameters of nanostructured silver layers determined based on SERS measurements.

sample excitation wavelength 532 nm
(measurement parameters: 75 yW, 1's)
average intensity of relative intensity EF
peak 1080 cm™ dev. (%) (x10%)
A 996 11 276.3
B 1455 19 403.7
C 1886 18 523.4
D 2086 68 578.8
E 1446 29 401.4
F 843 12 233.8
G 2440 17 677.2
H 474 6 131.5
| 757 7 210.1

Excitation wavelength 633 nm
(measurement parameters: 27 yW, 5 s)

average intensity of relative intensity EF
peak 1080 cm™ dev. (%) (x10%)
2141 21 25.3
3098 17 36.6
2637 52 31.1
1375 67 16.2
1840 51 21.7
1427 20 16.9
4673 20 55.2
611 6 7.2
1000 6 11.8
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value of 11%, whereas for sample D this parameter reaches the
highest value of 68%. In the case of sample E having a smaller
average intensity of the peak at 1080 cm™!, the relative intensi-
ty deviation also decreases to 29%. This means that the layers
with the smallest size of the silver nanoislands have the highest
EF reproducibility, but at the same time they have a smaller EF
of the Raman signal. A similar trend in changes in the intensity
of the peak at 1080 cm ™! is visible for 633 nm excitation. In this
case, however, sample B has the highest intensity of the peak at
1080 cm™! and then it decreases when the dimensions of the
silver nanoislands increase. Also, the relative intensity devia-
tion values obtained for 633 nm excitation are very similar to
the values obtained for 532 nm excitation.

In the case of a lower fluence of the laser radiation 2.52 + 0.17
J/em? and the two temperatures of the substrate 190 £ 3 °C and
340 + 3 °C, the situation is more complicated. For both excita-
tion wavelengths, the highest 1080 cm™! peak intensity was ob-
tained for sample G (2440 and 4673 for excitation wavelengths
of 533 and 633 nm, respectively). These values are also the
largest in the group of all examined samples. It is important to
note that reducing the rate of deposition of silver layers also
leads to a reduction of the relative intensity deviation. The rela-
tive intensity deviation ranges, for both excitation wavelengths,
from 12% to 20%, which means that the layers obtained are
characterized by a greater uniformity of the enhancement factor
of the Raman signal. In turn, the use of a substrate temperature
of 340 + 3 °C, resulting in a high crystallization of silver
nanoislands, leads to a very large decrease in the intensity of the
recorded peak for both excitation wavelengths. In this case,
however, the obtained relative intensity deviation is the lowest

of all samples and ranges from 6 to 7%.

The usefulness of the prepared SNIFs as SERS substrates
depends on the enhancement factor achieved for the Raman
signal. Several ways to calculate the EF have been reported in
the literature [23,28,29]. In the simplest case, the EF is deter-
mined as the intensity ratio of the selected peak for the tested
compound in the form of a monolayer on the SERS substrates
and in the bulk form [23]. This method, however, is very inac-
curate because of the different number of measured molecules
of the tested substance contained in a monolayer and in the
volume of the material. To obtain better results, the EF was
calculated based on the Raman spectrum registered for a pMA
monolayer adsorbed on the surface of a platinum foil with
99.998% purity. According to literature reports, a pMA mono-
layer can be made on the surface of platinum, as well as on the
surface of silver and gold, a pMA monolayer can be made
[30,31]. EF values were calculated according to the procedure
described in Supporting Information File 1. In our EF calcula-

tions we have assumed that the intensity of the Raman pMA
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signal on Pt increased due to the chemical factor of 102 and
corrected the obtained EF values by this number [32,33].

The values of the EF of the Raman signal for SNIFs were deter-
mined based on the intensity of the peak located at 1080 cm ™!,
which in the pMA molecule corresponds to vibrations of the
C-S bond [34]. The calculated average values of EF of the

Raman signal are presented in Table 2.

As mentioned above, the average EF of the Raman signal
depends on the wavelength of the excitation radiation. In the
case of 633 nm excitation, the calculated average EF changes
from 7.2 x 103 to 55.2 x 103 and sample G exhibits the highest
EF of 55.2 x 103. The average EF obtained for 532 nm excita-
tion is 11-times to 36-times higher than that of the 633 nm exci-
tation and takes values from 131.5 x 103 to 677.2 x 103. For
this excitation wavelength, sample G also shows the largest av-
erage EF.

Samples C and D with the largest Ag nanoislands or semicon-
tinuous Ag layers also show high EF values in the range of
532.4 x 103 to 578.8 x 103. Considering also the relative inten-
sity deviation it can be concluded that deposited SNIFs differ
from each other in the number of active SERS sites and their
EF. The average SERS activity of a sample with a large num-
ber of SERS active sites but with low EF can be lower than the
one of a sample with few active sites but with high EF. This
may be the reason for the increase of EF and its relative intensi-
ty deviation in the case of samples A to F. With the increase in
the number of laser pulses silver nanoislands get larger and their
mutual distance decreases, which leads to the formation of gaps
where the EF can reach higher values. If the deposition goes on,
Ag islands start to coalesce and the number of gaps decreases.
However, the smaller dimensions of the gaps can lead to higher
EF values. At the same time, the SERS active sites are charac-
terized by an increasing spread of EF. Thus the highest EF and
relative intensity deviation of sample D can be due to the for-
mation of highly SERS active sites (in the gaps) but with a non-
homogenous spatial distribution. The SERS activity of samples
F, G and H, I behaves similar to that of samples A-E as the
number of laser pulses increases. However, the use of a lower
laser fluence during the deposition changes the kinetics of Ag
nanoisland growth, which gives a higher average EF value
while maintaining the relative intensity deviation at 17%. In
contrast, an increase in the temperature of the furnace to the
340 = 3 °C (samples H and I) leads to a reduction of EF to less
than half the value of the layers deposited at the same number
of laser pulses but at a lower substrate temperature. A similar
dependence of the EF change on the silver layer deposition
conditions was observed for the 633 nm excitation. In this case,

however, the EF of samples C and D is lower than the values
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expected from the results obtained with excitation at 532 nm. In
summary, it should be noted that the EF calculation confirms
the possibility of using silver nanoisland films deposited by the
PLD method on silicon wafers as a SERS substrate.

The SERS spectra of materials adsorbed on the surface of SERS
substrates are usually different from Raman spectra of the bulk
materials. In our research the SERS spectra of pMA adsorbed
on the surface of the SNIFs have a different shape, number of
peaks, peak position and intensity than Raman spectra of bulk
PMA. A detailed analysis of this phenomenon was made based
on Raman and SERS spectra recorded for sample C using three
excitation wavelengths of 532, 633 and 785 nm (Figure 7 and

Figure 8).
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Figure 7: Comparison of the Raman spectra of the bulk pMA re-
corded using three excitation wavelengths of 532, 633 and 785 nm.

In the Raman spectrum of bulk pMA, recorded in a range of
950 to 1700 cm™!, there are two main peaks with the highest in-
tensities at 1086 and 1593 cm™! and four peaks with low inten-
sities (at 1007, 1178, 1291 and 1494 cm™!) (Figure 7). The re-
corded Raman spectra are very similar regardless of the excita-
tion wavelength. As shown in Table 3, the peak intensity ratios
vary in a small range when the excitation wavelength is
changed. For example, the intensity ratio for peaks 1086 and
1007 cm™! is 9.66, 9.79 and 7.17 for 532, 633 and 785 nm exci-
tation respectively. The spread of the intensity ratio of the peak
at 1086 cm™! relative to the other peaks is also very similar for
all excitation wavelengths.

In the case of monolayers of pMA in sample C, large changes in

the shape of the recorded SERS spectra were observed
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Figure 8: Comparison of the SERS spectra of the pMA monolayer
formed on the silver nanoislands film (sample C) recorded using three
excitation wavelengths of 532, 633 and 785 nm.

(Figure 8). First, in a range of 950 to 1700 cm™!, the number of
peaks increased. In Figure 8 three additional high-intensity
peaks appear at 1142, 1390 and 1432 cm™'. All observed peaks
also slightly change their position relative to bulk pMA. Most
striking, however, is the strong increase in the half-width of the
registered peaks and their change of intensity relative to the
1080 cm ™! peak. The intensity of the peaks and the ratio of their
intensities depend more on the wavelength of the excitation ra-
diation (Table 3). The biggest changes are visible in the case of
532 nm excitation in which the main peak located at 1080 cm ™
has a lower intensity than the remaining peaks in the spectrum.
This relationship is inverse compared to the other excitation
wavelengths. The spectra obtained at 633 nm and 785 nm exci-
tation, however, are very similar to each other [35]. A similar
effect was reported by Jian Ye and co-authors for 4-ATP
(4-aminothiophenol) and 4-MOTP (4-methoxy-thiophenol)
[36]. The authors suggested that because of the change in the
wavelength of the excitation laser and the use of the shorter
wavelengths an extra non-electromagnetic enhancement effect
occurs. This effect is visible during excitation with 633 nm, but
the enhancement becomes even more pronounced when the ex-
citation wavelength shifts to 532 nm. As it is known, the total
enhancement of the Raman scattering signal in the SERS phe-
nomenon depends on the EM (electromagnetic) and CT (charge
transfer) effect. In the CT mechanism the charge transfer be-
tween the molecules of the analyte and metallic nanostructures
is excited, which leads to a resonant increase in the total EF.
When the laser energy matches the energy gap between the
HOMO and LUMO of molecules, a direct resonant Raman scat-
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Table 3: Comparison of the intensity ratio of selected peaks in the Raman spectrum of bulk pMA and SERS spectrum of pMA monolayer on the sur-

face of sample C.

pMA monolayer on the surface of sample C

intensity ratio excitation wavelength 532 nm

excitation wavelength 633 nm

excitation wavelength 785 nm

11080/11007 8.1 6.6 6.4

l1080/11142 0.6 1.6 2.1

1108011179 1.9 4.3 5.8

11080/11432 0.4 2.3 5.1

11080/11489 15.9 9.1 15.0

11080/11593 1.4 2.1 3.6
bulk pMA

intensity ratio excitation wavelength 532 nm

l1086/11007 9.7 9.8
l1os6/11178 7.9 8.9
I10s6/l4sa 8.4 10.2
l1086/11593 2.8 34

tering can be excited in the general CT mechanism. On the
other hand a “resonance Raman-like” process can appear as
result of an indirect coupling by CT through the metal [37,38].
The authors of the publication [36] attributed the effect of
changing the shape of the band in the SERS spectra for the CT
effect, the contribution of which to the total enhancement can
be different for different Raman bands and depends also on the
excitation wavelength as well as the structure of the molecule.
However, other publications also suggest the formation of new
intense peaks and a shape change of the bands is a result of
photo-induced chemical transformation or plasmon-assisted (or
“‘hot electrons’’) catalytic reaction of molecules [39,40].

Conclusion

In this work, we have shown that pulsed laser deposition (PLD)
with simultaneous heating of the substrate permits the con-
trolled fabrication of silver nanoisland films with good SERS
properties. Dimensions and shapes of silver nanoislands can be
controlled by varying the temperature of the substrate and the
fluence of the laser radiation, while the thickness of the
deposited layers is determined by the number of laser pulses.
This method allows for the production of silver nanoislands
with good homogeneity in shape and size in different areas of
the films, with very sharp edges on the borders of nanoislands
and small distances between them. The results of the XPS mea-
surements confirm that the silver PLD-deposited occurs only in
metallic form. Acquisition of Raman spectra of pMA mole-
cules adsorbed on the fabricated silver nanoisland films showed
that these nanostructures strongly amplify the Raman signal
from adsorbed molecules. The best SERS performance (the
highest enhancement factor) was observed for SNIFs deposited

excitation wavelength 633 nm

excitation wavelength 785 nm

7.2
52
9.9
34

at a temperature of 190 + 3 °C, laser fluence 2.52 + 0.17 J/cm?
and 2000 laser pulses. The average EF of the Raman signal for
the substrate prepared under these conditions was 677.2 x 103
for 532 nm excitation and 55.2 x 103 for 633 nm excitation. The
highest homogeneity of SNIFs was obtained by using lower
laser fluences, smaller numbers of laser pulses and a substrate
temperature of 340 + 3 °C.

Experimental

Deposition of nanostructured layers of silver
Silver nanoisland films were fabricated on an n-type doped
silicon substrate with orientation <100> and dimension
10.0 x 10.0 x 0.5 mm. The SNIFs were prepared by using pulse
laser deposition (PLD) with an ArF excimer laser (LPX 305i,
Lambda Physik Company). The laser used in the experiment
is characterized by the following parameters: A = 193 nm,
E =700 mJ, T = 15-20 ns.

Deposition was performed in a vacuum chamber at a pressure of
around 4.6 + 0.65 x 107 mbar and with different temperatures
of the resistively heated furnace in which the substrates were
mounted (room temperature (RT), 190 + 3 °C, 340 + 3 °C)
(Table 1).

A rotating silver target with a purity of 99.95% was used. The
laser beam was focused on the target at an incident angle of 45°
and the distance between the target and the substrate was con-
stant and equal to 65.0 £ 0.5 mm. The measured area of the
laser spot on the surface of the target was 6.12 + 0.17 mm?.
Laser fluence on the target surface, calculated based on the

area of the laser focus and energy of the laser pulse, was
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5.56 + 0.37 J/em? or 2.52 + 0.17 J/em? (Table 1). Change in
fluence of the laser pulse leads to a change in the mass of silver
deposited per laser pulse. This, in turn, affects the rate of
growth of the layer and the size and shape of the formed silver

nanoislands.

Characterization of nanostructured silver

layers

The morphology of the deposited silver layers was visualized
using a scanning electron microscope (SEM, Quanta 3D FEG,
FEI Company). SEM images were also used for the surface
analysis of the obtained silver islands. The analysis was carried
out in the Gwyddion software dedicated to the processing and

visualization of scanning probe microscopy images.

The thickness of the deposited reference silver layers was
measured with an atomic force microscope (AFM, NT-MDT
Company) in non-contact mode. To perform AFM measure-
ments, the silver layers were removed in random places on the
sample by scratching its surface with a sharp needle. A very
sharp edge for height (layer thickness) measurements was ob-
tained in this way due to the low adhesion of the silver films to
the Si substrate. AFM measurements were carried out in three
different areas on the surface of each sample. Then for each
sample ten AFM cross sections from different scanning areas
were made and averaged. As a result, the average layer thick-
ness and the standard deviation of thickness were determined
for each sample. The determined thicknesses of reference silver
films were then used to prepare the graph shown in Figure 1.

To determine the chemical composition of the deposited silver
layers X-ray photoelectron spectroscopy (XPS) was used (XPS
spectrometer, Prevac Company). The measurements were made
using an X-ray source equipped with an Al anode emitting
X-ray radiation with photon energy of 1486.6 e¢V. The analysis
of registered XPS spectra was performed in the CasaXPS soft-
ware.

UV-vis reflectance spectra were measured at room temperature
using a Lambda 650 UV-vis spectrophotometer (Perkin Elmer),
equipped with a 150 mm integrating sphere, in the 250-900 nm
spectral range with increment of 2 nm. Due to the lack of trans-
mission through the applied substrates, measurements were
carried out on the samples placed behind the integrating sphere.
In this configuration the reflectance spectrum was recorded for
each sample.

Raman and SERS measurements

Both Raman and SERS measurements were carried out using
Renishaw InVia Raman microscope equipped with an EMCCD
(1600 x 200 pixels) detector. The Raman signal was acquired
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using laser radiation with a wavelength of 532, 633 and/or
785 nm. The laser excitation power on the sample depended on
the type of measurement and the laser wavelength used. The
laser beam was directed to the sample through a 100x
(NA = 0.85) objective lens. For the lens used, the diameter of
the measuring point from which the Raman signal is recorded
was approximately 1 um. The wavelength of the instrument was
calibrated using an internal silicon wafer, and the spectrum was
centered at 520.5 cm ™.

Raman spectra of bulk pMA were measured first to compare
them with the SERS spectra obtained on SNIFs substrates. For
PMA bulk, measurements were made on excitation lengths of
532, 633 and 785 nm. The laser beam power measured on the
surface of the pMA bulk was 151 £ 5 uW, 269 + 11 uW and
464 + 32 puW for the excitation with 532, 633 and 785 nm, re-
spectively. The acquisition time and the number of acquisitions
for all excitation wavelengths were set to 10 s and 5 s, respec-
tively.

For SERS measurements, the pMA monolayers were deposited
on the fabricated silver nanoislands. For this purpose, samples
with deposited SNIFs were placed in Petri dishes and 2 mL of
0.01 M pMA solution in ethanol was added to the dish. The
samples were left in solution for about 60 min. After removing
the samples from the solution, they were rinsed twice with pure

ethanol and then allowed to dry.

SERS spectra of all samples A—I were recorded using two lasers
with wavelengths of 532 and 633 nm. Additionally, for sample
C SERS spectra were also recorded at 785 nm excitation. The
laser beam power measured on the surface of the samples was
75 £ 3 pW for 532 nm, 27 £ 1 pW for 633 nm excitation, and
464 + 32 uW for 785 nm excitation (sample C). The acquisi-
tion times for a single point were 1 s, 5 s and 0.5 s for 532 nm,
633 nm, and 785 nm excitation wavelengths, respectively. The
measurement parameters were adjusted to different nominal
output power values of the lasers to obtain a good signal-to-
noise ratio for a single measuring point. SERS measurements
were made for maps consisting of 351 points per sample. Based
on them the average spectrum was obtained and the standard
deviation of the signal was determined, which is an indicator of
the homogeneity of the deposited layers and Raman signal
amplification obtained. Statistical analysis of the intensity of the
recorded spectra and their standard deviation were made for the
1080 cm ™! peak. The average intensity of the peak calculated
based on 351 measurement points and the standard deviation of
the intensity allow us to determine which samples have the
highest Raman signal amplification and highest homogeneity of
the silver nanoisland films. To facilitate the evaluation of the

reproducibility of Raman amplification, a calculation of the
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relative intensity deviation was also made. These parameters
were counted as a ratio of standard deviation intensity and aver-

age intensity of the 1080 cm ™! peak.

To determine the EF of the Raman signal, the Raman measure-
ments of the pMA adsorbed on the surface of the platinum film
were also done. Compared to SERS substrates, obtaining a
spectrum with the appropriate signal-to-noise ratio required in-
creasing the laser power and extended measurement time. For
the 532 nm excitation, a laser power of 755 + 26 uW was used
and the measurement time for one point was 100 s. In contrast,
for the 633 nm excitation, a laser power of ca. 54 + 2 uW was
used and the measurement time for one point was 100 s. In both
cases, measurements were taken at several points and the aver-
age spectrum was taken as a result. The EF values for the SERS
substrate were calculated taking into account coefficients of
proportionality arising from different laser power and different
measurement times. All spectra were background-corrected
before EF calculation.

Supporting Information

Supporting Information File 1

SEM image of continuous Ag film, description of
procedure of the determination of the enhancement factor
(EF) and Raman spectrum of pMA on platinum foil.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-89-S1.pdf]
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Abstract

The use of plasmonic nanotags based on the surface-enhanced Raman scattering (SERS) effect is highly promising for several ap-
plications in analytical chemistry, biotechnological assays and nanomedicine. To this end, a crucial parameter is the minimum num-
ber of SERS tags that allows for the collection of intense Raman signals under real operating conditions. Here, SERS Au nanotags
(AuNTSs) based on clustered gold nanoparticles are deposited on a substrate and analyzed in the same region using Raman spectros-
copy and transmission electron microscopy. In this way, the Raman spectra and the surface density of the SERS tags are correlated
directly, showing that 1 tag/um? is enough to generate an intense signal above the noise level at 633 nm with an excitation power of
only 0.65 mW and an acquisition time of just 1 s with a 50x objective. The AuNT density can be even lower than 1 tag/um? when
the acquisition time is extended to 10 s, but must be increased to 3 tags/um? when a 20x objective is employed under the same ex-
citation conditions. In addition, in order to observe a linear response, it was found that 10 SERS AuNTs inside the probed area are
required. These findings indicate that a better signal-to-noise ratio requires high-magnification optics, while linearity versus tag
number can be improved by using low-magnification optics or a high tag density. In general the suitability of plasmonic SERS

labels for ultrasensitive analytical and biomedical applications is evident.

Introduction

In surface-enhanced Raman scattering (SERS), the Raman scat-  hancement factor can reach values as high as 10'2, which can be
tering cross-section of molecules adsorbed on the surface of attributed to two phenomena, the local electric field enhance-
plasmonic nanostructures is enormously increased compared to  ment due to the surface plasmon resonance of the metal nano-

the same isolated molecules [1-5]. In particular, the SERS en-  structure (electromagnetic enhancement) and the charge transfer
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between the molecule and the metal substrate (chemical en-
hancement) [6-8]. In addition, given the generally low Raman
scattering cross-section of molecules, Raman signals are excep-
tionally intense when the SERS effect occurs simultaneously
with the electronic resonance of the molecule at the excitation
wavelength used for Raman spectroscopy, a condition called
surface-enhanced resonant Raman scattering [9-12]. Resonant
SERS allows the generation of Raman scattering signals as
intense as that of fluorescent compounds and, in fact, can be
exploited for Raman labelling [13-17]. A SERS tag is typically
composed of a plasmonic nanostructure capable of large elec-
tromagnetic field enhancement, coated with organic molecules
(Raman reporters) resonant at the probe wavelength, where the
entire structure is embedded in a stabilizing matrix [13,16-19].
When selectivity is required, the surface of the Raman tag
should expose a targeting function for binding the analyte
[13,16,17]. When the analytes can be concentrated on a surface
or in a well-defined volume, SERS tags allow for the collection
of an intense Raman signal revealing the presence of the
targeted molecule. Analyte accumulation on a surface may
happen, for instance, through a sandwich configuration as in the
well-established enzyme-linked immunosorbent assay (ELISA)
tests, but the analyte may also be naturally immobilized on a
surface, such as an antigen overexpressed in cancerous cell
membrane [20-22]. SERS labels are also useful to probe the

uptake of nanomaterial inside living cells [23-26].

There are many advantages connected to the use of Raman tags,
mostly related to the intensity and narrow bandwidth of their
Raman peaks. SERS labels can be even brighter than semicon-
ductor quantum dots; for example, the high intensity allows for
detection using only a single nanotag with an ordinary Raman
spectrometer [27,28]. The narrowness of the Raman bands
allows multiplexing analysis by associating Raman reporters
with different, non-overlapping peaks, which serve as a spec-
troscopic fingerprint that can be associated with different
analytes [18,29,30]. Additional favorable features of SERS tags
are their photostability, namely the absence of blinking or
bleaching, and the possibility to excite in the red or near infra-
red spectral range, where most matrixes and substrates have low
fluorescence background [13,17].

Therefore, due to the increasing demand for ultrasensitive iden-
tification and quantification of specific analytes or substrates
such as cancerous tissues, SERS tags are the subject of intense
investigation and continuous performance improvement in ana-
lytical chemistry, nano-biotechnology and nanomedicine
[13,15,21,31]. For all of these applications, the crucial parame-
ter is the minimum number of SERS tags required for the detec-
tion of an intense signal in real operating conditions

[13,18,32,33], which often employ an ordinary micro-Raman
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spectroscopy set up [34] or portable Raman spectrometer [35-
37]. In recent years, this has fostered a number of studies aimed
at quantifying SERS performance from plasmonic nanoparti-
cles dispersed on a substrate [38], inside microcavities [39], or
even while monitoring electrochemical reactions [40].

This work reports on the study of SERS tags obtained by laser
ablation synthesis in liquid solution (LASiS) of gold (Au) nano-
particles, their coating with three different Raman reporters that
are resonant at 633 nm, and their stabilization with a biocom-
patible and hydrophilic coating. Their performance was tested
by correlating the Raman signal to the density of Au nanotags
(AuNTs) per unit area, as obtained by transmission electron
microscopy (TEM) analysis of the same area probed by Raman
spectroscopy. In this way, the minimum number of AuNTs re-
quired to generate a detectable signal under ordinary experi-
mental conditions can be identified. In addition, a threshold or
minimum number of AuNTs within the probed area that can
produce a linear response is identified, which can be obtained
more easily with low-magnification optics when the surface
density of the SERS tags is as low as a few units per microme-
ter square. These results contribute to the optimization of the
experimental conditions for the use of SERS tags in analytical
and biomedical analysis with high sensitivity.

Experimental

Synthesis of Au nanotags

AuNPs with an average diameter of 10 + 5 nm and log-normal
size distribution (see Figure S1 in Supporting Information
File 1) were obtained by LASiS using an Nd:YAG laser
(1064 nm, 9 ns, 50 Hz) focused to 8 J/cm? with a 10 cm focus
lens on a 99.9% pure gold plate placed at the bottom of a cell
containing a 10™* M NaCl solution in double distilled water
[18,19,41]. Dye solutions of either hexacyanin 3 (HITC, per-
chlorate, Exciton), malachite green (MG, oxalate salt, Sigma-
Aldrich) or malachite green isothiocyanate (MGITC, Invit-
rogen) were added to a 2 nM AuNP solution at a 1:100 volume
ratio. After 30 min under mild stirring, an aqueous solution of
thiolated polyethylene glycol (PEG, MW 5000, Sigma-Aldrich)
was added to the AuNPs with a final concentration of 30 uM.
After stirring for 14 h at room temperature, the mixtures were
washed with deionized water four times by centrifugation at
3000 rcf for 10 min and finally filtered with hydrophilic
0.45 pum cellulose filters. The reproducibility of the procedure
was successfully verified on two distinct batches of
MGe-labelled AuNTs dispersed in water (Figure S2 in Support-
ing Information File 1).

The samples for TEM analysis were obtained by mixing the

AuNT solution (0.2 mg/mL in Au) 1:5 with a 10 mg/mL
aqueous solution of polyvinyl alcohol (PVA, 200,000 M, on
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average, from Fluka) and depositing one drop on a copper grid
coated with a holey carbon film, according to a well-estab-
lished procedure which serves to prevent particle agglomera-
tion after drying the drop [42].

Characterization

UV-visible spectroscopy was performed with a Varian Cary 5
spectrometer in 2 mm optical path length quartz cells. The
AuNP concentration was estimated from UV—visible spectra
and the application of Mie theory, as previously reported [43].
Transmission electron microscopy (TEM) was performed on an
FEI Tecnai G2 12 instrument operating at 100 kV and equipped
with a TVIPS CCD camera. The micro-Raman measurements
were recorded with a 20x (NA 0.40, 64% coverage) or a 50%
(NA 0.75, 100% coverage) Olympus objective on the micro-
Raman instrument (CCD detector with 100 mm slits) on the
TEM grids containing the AuNTs and using the 633 nm line of
a He—Ne laser. The laser power at the entrance pupil of the
microscope objective was 0.85 mW, corresponding to 0.65 mW
at the output of the microscope objective (measured with a
Scientec Vector calorimeter). The Raman signal was collected
on an internal silicon chip which could account for small (less
than 5%) intensity fluctuations of the Raman spectrometer and
allowed for quantification of the noise intensity in the two mea-
surement conditions. The acquisition time was fixed at 100 s.

(A) (B)

AuNT

MGITC

PEG
shell

Raman—
reporters

50 nm
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Numerical calculations

The local field, £y, was calculated with the discrete dipole
approximation (DDA) method using the software DDSCAT 7.1
and the related DDFIELD code [44-46]. A nanoaggregate of Au
nanoparticles was created with same structure taken from a rep-
resentative TEM picture of a real AuNT, and two different po-
larization directions were considered, namely parallel and per-
pendicular to the main axis of the nanoaggregate. For metal par-
ticles in the 2-200 nm size range, an error smaller than 10% is
achieved using a number of dipoles at least of the order of 10%
and using an interdipole spacing much smaller than the wave-
length of interest [44,45,47]. Therefore, in the present case,
4 x 103 dipoles were used for the target, corresponding to an

interdipole spacing of less than 0.5 nm.

Results and Discussion

In this study, AuNTs consist of a cluster of Au nanoparticles
aggregated in the presence of Raman active molecules, all
coated with thiolated PEG (Figure 1A). The AuNTs assemble
spontaneously because laser-generated Au nanoparticles are
negatively charged and the selected Raman reporters are
cationic molecules [19,48]. AuNTs containing MG, MGITC
and HITC, examples of which are shown in Figure 1B, have a
hierarchical structure with one or more large Au nanoparticles
surrounded by smaller particles, all grouped in a nanoaggregate

MG

HITC

S0 nm

(C) 05 ; i

(D) 120

Relative Frequency

100 150

0 50
AuNTs size (nm)

GSERS
1E6

SE4

5E3

100

Figure 1: (A) Pictorial representation of the Au nanotag (AuNT), consisting of Au nanoparticles (NPs) aggregated by electrostatic interaction with
cationic Raman reporters (either MG, MGITC or HITC), all coated with thiolated PEG. (B) Representative TEM images of MGITC, MG and HITC
AuNTs. (C) Size histograms of HITC (green), MG (black) and MGITC (red) AuNTs, each one composed by several Au NPs. (D) Gsgrs bidimensional
map for a AUNT embedded in PVA under excitation at 633 nm with light polarized along the y-axis. (E) Gsgrs bidimensional map for the same AuNT

but with light polarized along the x-axis.
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with size of the order of tens of nanometers. In particular, the
size distribution of the nanoaggregates is similar among the
three samples, as shown in Figure 1C, resulting in a compa-
rable mean size of 63 = 21 nm for HITC, 62 + 25 nm for MG
and 70 £ 22 nm for MGITC.

Importantly, the AuNTs show several junctions between plas-
monic nanoparticles, which are well known sites of electromag-
netic enhancement, as required for SERS [49-54]. This corre-
sponds to a constellation of electromagnetic hot spots inside
each nanoaggregate, where the local field enhancement is
achieved in order to amplify the Raman signal of the adsorbed
molecules by several orders of magnitude. This is further
substantiated by numerical calculations of local field enhance-
ment in a AuNT with structure reproducing the aggregate in
Figure 1B. In particular, the SERS enhancement factor (Gsgrs)
was obtained from the 4th power of the ratio between the local
electric field, Ejyc, in the proximity to the surface of the metal
nanostructure and the incident electric field, £y, from linearly
polarized 633 nm electromagnetic radiation propagating in a
medium with refractive index of PVA (n = 1.526) [6,55]. As
shown in Figure 1D, Ggprg can reach values as high as 10° and
consistently between 105-10°, depending on the hot spot
considered.

Importantly, by changing the direction of polarization of inci-
dent light, the AuNTs always have several active hot spots,
which reduces the number of “dark” tags in real operating
conditions using polarized laser light sources, such as in

(B)}

A)

‘ * ‘
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(10 mg/mL)
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i
i
i
i
i
i
i
!
¥
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ordinary Raman spectrometers [56]. This is demonstrated in
Figure 1E, were the bidimensional map of Gggrgs in the
AuNT was calculated for a different polarization direction:
Gggrs values span the same range as in Figure 1D, but the hot
spots are mostly located at different points within the nanoag-
gregate.

To quantify the Raman scattering intensity versus concentra-
tion of nanoparticles, the three aqueous dispersions of AuNTs
were mixed with a PVA solution and deposited on a TEM grid
(Figure 2A). In this way, after evaporation of the liquid, the
AuNTs remained dispersed in a PVA film with nanometric
thickness (Figure 2B), according to a well-established proce-
dure [42]. After sampling several points of each grid by Raman
spectroscopy (see for instance Figure 2B,C), TEM images were
collected in the same area (Figure 2D) in order to relate the sur-
face density of AuNTs to their signal intensity.

The Raman spectra collected on the grids showed sharp signals
clearly ascribable to the fingerprints of the three Raman
reporters. The spectrum of HITC shows a rich progression of
vibrational bands over the whole range from 700 to 1700 cm™!,
with the most intense band located at 1410 cm™! (Figure 2C).
For MG, distinctive vibrational peaks are present at about 1200,
1400 and 1600 cm™!, the most intense of which is peaked at
1614 cm™! (Figure 2E). MGITC, being the isothiocyanate de-
rivative of MG, has a very similar vibrational fingerprint
with the most prominent band also centered at 1614 cm™!

(Figure 2F).

0] HITC
8 1000
:
so0 |
o’ 10w Dor 1400

Raman shift

0] MG MGITC
3000
8000
z a
s S 2000
g o g
3 =
4000 -
1000
2000
0 T T T o T T T
1200 1400 1600 1200 1400 1600
Raman shift Raman shift

Figure 2: (A) Sketch of sample preparation for combined Raman and TEM analysis: 20 L of an aqueous dispersion of AuNTs (0.2 mg/mL in Au) is
mixed with 100 pL of an aqueous solution of PVA (10 mg/mL); after homogenization by ultrasonication, one drop of the mixture is deposited on a TEM
grid coated with an holey carbon film. (B) 20x and 50x optical microscope images of the TEM grid coated with the PVA film embedding HITC-AuNTs.
Some points of the grid are analyzed by Raman spectroscopy to collect the Raman spectra (C) and imaged with TEM (D) to obtain the surface densi-
ty of the AuNTs. (E,F) Representative Raman spectra of MG and MGITC AuNTs collected with the same procedure.
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Figure 3: Results for Raman analysis with the 50x% objective: (A) Counts per second versus AuNT surface density for MG (black circles), MGITC (red
diamonds) and HITC (green triangles) labels. Each point in the graph corresponds to a different point on the TEM grid. (B) Mean value of the counts
per second for single AuNT. Error bars represent the standard deviation. Dashed lines represent twice the noise level in the experimental conditions

used and for various acquisition times.

In Figure 3A the results of Raman measurements performed
with the 50x objective are reported. A clear signal is detectable
above the noise level corresponding to only 1 s of acquisition
time, even for a density of 2-3 AuNTs/um2 in the MG and
HITC labels and of less than 1 AuNT/um? in the MGITC case.
For less than 1 AuNT/um?, the signal intensity becomes gener-
ally comparable to the noise level at 1 s acquisition, but in most
cases it is still higher than the noise level for 10 s of acquisition
(the noise level scales as the square of the acquisition time)
[57]. Considering the spot size of the laser beam on the sample,
it is possible to evaluate the mean value and relative standard
deviation of the counts per second from a single AuNT in the
experimental conditions used (reported in Figure 3B), which is
indicative of the average Raman scattering cross-section for a
single label.

The signal from all of the three label types exceeds the noise
level for 1 s of acquisition, meaning that, on average, one AuNT
is enough to generate a well detectable signal even for such a
short measurement time. From Figure 3B, it is also evident that
the three labels exhibit comparable Raman intensity within the
tolerance indicated by the error bars.

On the other hand, linearity is not observed in the plot of
Figure 3A. Considering the random distribution of AuNTs on
the TEM grids, this is attributable to the low surface density of
nanolabels in combination with the small area probed with the
50x objective, which makes it highly probable that the effec-
tive number of labels probed with the laser spot changes by
some units from one measurement to the other. Therefore, a
higher AuNT density and/or larger spot size for Raman analy-
sis is required to observe a linear correlation between counts per
second and label density.

This hypothesis can be verified from the results of the Raman
measurements performed with a 20 objective and the same ex-
citation power, wavelength and exposure time as with the 50x
objective, as reported in Figure 4A. In particular, in the case of
the MG dataset, which includes a sufficiently large number of
points, an appreciable correlation between AuNT density and
counts per second is found. The MGITC and HITC points are
not far from the MG ones, in agreement with the generally
comparable brightness exhibited by the three types of AuNTs.
The trend of the MGITC and HITC AuNTs also contributes to
evidencing the expected growth of Raman signal with label
density. This is noticeable since the AuNT preparation method,
though simple and economic, does not allow high repro-
ducibility of SERS response among all the single tags, as shown
in Figure 3A.

The focused laser spot with the 20x objective is one order of
magnitude larger than with the 50%, which corresponds to a
lower laser intensity at a given input power, but also to a
proportionally larger number of AuNTs inside the sampled area
at a given of surface density. However, the numerical aperture
and, thus, the solid angle of collection with the 20x objective is
smaller than with the 50x objective, resulting in a signal de-
crease of more than one order of magnitude in our experimen-
tal conditions. Despite this, a density of 2-3 AuNTs/um? is still
enough to obtain a well detectable signal with an acquisition
time of only 1 s. However, the lower laser intensity and collec-
tion efficiency of the 20x objective is transformed into a lower
mean value of counts per second from the single AuNT, that is
now within the noise range for acquisition times of 100 and
1000 s (Figure 4B). This clearly indicates that objectives with a
large numerical aperture provide a better response when the

number of AuNTSs per unit area is as low as 1 tag per pm?. It is
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Figure 4: Results for Raman analysis with the 20x objective: (A) Counts per second versus AuNT surface density for MG (black circles), MGITC (red
diamonds) and HITC (green triangles) labels. Each point in the graph corresponds to a different point on the TEM grid. (B) Mean value of the counts
per second for a single AuNT. Error bars represent the standard deviation. Dashed lines represent twice the noise level in the experimental condi-

tions used and for various acquisition times.

worth stressing that acquisition times of hundreds of seconds
are compatible with the AuNTs, which showed good photo and
thermal stability also after laser exposure up to 1000 s with a
50x% objective and 0.65 mW (see Figure S3 in Supporting Infor-
mation File 1). However, it should be noted that a density of
few SERS tags per micrometer square is much lower than that
typically pursued in practical cases for both analytical and bio-
medical purposes [13,16-22].

The good performance of AuNTs is confirmed by the fact that
no Raman signal was detected from the pure dyes without
AuNTSs under the same experimental conditions. Moreover, it is
well known from literature that the utilization of Au NPs of the
same size is associated with higher SERS enhancement factors
[18], therefore suggesting that the performance of the AuNTs
can be further improved by employing size-selected nano-
spheres.

Conclusion

In this study, the performance of SERS labels based on Au NPs
and organic dyes resonant at 633 nm was investigated by a
combination of Raman and TEM analysis. The AuNTs were de-
signed in order to support multiple electromagnetic hot spots for
any polarization direction of the excitation beam.

The results highlight the appreciable intensity of the AuNTs,
which allows a clear detection of the Raman signal above the
noise threshold with a surface density of only 1 tag/um? when
using an excitation power of only 0.65 mW at 633 nm with a
50x objective and acquisition times as short as 1 s. The tag den-

sity can be lowered even below 1 tag/um? if the acquisition

time can be extended to 10 s, but it should be increased to
3 tags/um? with a 20x objective under the same excitation
conditions. In case of an ultra-low AuNT density, a threshold of
the total number of SERS tags inside the probed area is re-
quired to obtain a linear response, that is, on the order of
10 tags. Overall, these results suggest that a better signal-to-
noise ratio requires optics with a high numerical aperture, while
linearity versus tags number is improved by using low-magnifi-
cation optics. However, it should be noted that the power densi-
ty and tag density in this study are much lower than that typical-
ly achieved in real applications, further emphasizing the appre-
ciable intensity of these AuNTs. Therefore, these results are
useful for and contribute to the exploitation of AuNTs as ultra-
bright Raman tags in analytical chemistry, biotechnological
assays and nanomedicine.

Supporting Information
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Size distribution of Au nanoparticles, UV—visible spectra of
Au nanotags, Mie theory fit results, MG-AuNT
reproducibility, and MG-AuNT photostability.
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Surface-enhanced Raman spectroscopy (SERS) is a very promising analytical technique for the detection and identification of trace

amounts of analytes. Among the many substrates used in SERS of great interest are nanostructures fabricated using physical

methods, such as semicontinuous metal films obtained via electron beam physical vapor deposition. In these studies, we investigate

the influence of morphology of semicontinuous silver films on their SERS properties. The morphologies studied ranged from isolat-

ed particles through percolated films to almost continuous films. We found that films below the percolation threshold (transition

from dielectric-like to metal-like) made of isolated silver structures provided the largest SERS enhancement of 4-aminothiophenol

(4-ATP) analyte signals. The substrate closest to the percolation threshold has the SERS signal about four times lower than the

highest signal sample.

Introduction

Noble metal nanostructures exhibit exceptional optical proper-
ties. They can efficiently absorb and/or scatter visible and near
infrared electromagnetic radiation [1]. The origin of the above
phenomena lies in localized surface plasmon resonances
(LSPR). LSPRs are light induced oscillations of free electrons
in metallic nanostructures. The spectral position of an LSPR

depends on the dielectric constant of the metal, surrounding

dielectric, shape and size of the nanostructure, and its orienta-
tion with respect to the electric component of the electromag-
netic field [1,2]. At resonance, the electric field near the surface
of metallic nanostructures can be greatly enhanced and local-
ized in nanoscale regions called “hot spots” [3]. These “hot
spots” can be utilized in surface-enhanced Raman spectroscopy

(SERS) [4], allowing for the detection of trace amounts of
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chemicals and biological materials, down to the single mole-

cule or cell level [5].

SERS was discovered in the 1970s [6-8] and a considerable
amount of research has been devoted to this topic. However,
there is still a need for further development of reproducible and
inexpensive SERS substrates [9]. SERS substrates can be fabri-
cated by a multitude of techniques. These techniques can be
divided into chemical and physical methods. Chemical methods
allow for fabrication, in solution or on surfaces, of nanostruc-
tures of various shapes including: nanospheres [S], spheres
coated with a thin dielectric shell [10], dielectric core-metallic
shell particles [11,12], nanostars [13], microflowers [14] and
aggregates [15], just to mention a few examples. Gold and
silver nanostructured surfaces on substrates can be fabricated by
self-assembly of colloidal particles into monolayers [16], in the
form of island films by seeding with nanoparticles followed by
a reduction of metal salt [17,18], or in the form of other high
surface area structures [19,20]. Chemical fabrication methods
are powerful in terms of the vast variety of attainable structure
types, possible enhancement factors, and low cost of fabrica-
tion. However, reproducibility of SERS substrates can be an
issue and the chemical compounds used for fabrication or stabi-
lization of nanostructures can be a source of additional SERS
signals [15], which may complicate SERS analysis with their
use.

Various physical methods may be used to fabricate SERS sub-
strates. Usually in these techniques silver or gold is deposited
by physical vapor deposition (PVD) techniques. Nanostructures
are obtained via various structuring methods. Electron beam li-
thography allows fabrication of planar [21] and 3D metallic
structures [22]. Nanosphere lithography can be used to obtain
nanotriangles [23] and nanocones [24]. Much attention has been
also given to the deposition of metal onto nano- and micro-
structured surfaces made of glass [25,26], GaN [27-29], Si [30],
TiO; [31], Al,O3 [32], Ti [33], polymers [34], or planar sur-
faces coated with nano/microspheres resulting in metal film on
nanospheres MFON [35,36], and Au nanocrescents on a mono-
layer of polystyrene nanospheres [37]. Additionally glancing-
angle deposition (GLAD) has been explored for the fabrication
of vertical nanorods on planar substrates [38].

A special class of nanostructured surfaces are semicontinuous
silver films (SSFs) [39,40] also known as metal island films
[41], which are comprised of random fractal-type structures.
SSFs can be fabricated on large area planar substrates using
electron beam (or thermal) PVD techniques, and thus are simple
to prepare and rather inexpensive. Island type structures can be
also fabricated using pulsed laser deposition [42]. The SSFs
form when 5-10 nm (mass thickness corresponding to hypothet-

Beilstein J. Nanotechnol. 2019, 10, 1048-1055.

ical continuous film) of silver is e-beam deposited on a proper
adhesion layer (for example silicon dioxide) [43,44]. The results
of simulations and experimental studies show that the hot spots
exist in SSFs [2,44-47], and hence they have been extensively
studied as SERS substrates [40,41,48-55]. However, transmit-
tance, reflectance and absorption are rarely reported in these
studies, and it is difficult to link the optical properties of these
nanostructures with their SERS performance. In our earlier
initial study we investigated SSFs as SERS substrates [55],
however the set of samples was limited to only four (with mass
thickness from 3 nm to 10 nm) and they were characterized
with a limited number of techniques.

The aim of this work is to revisit SSFs for their applications in
SERS and perform a systematic study allowing for the correla-
tion of the optical properties of silver film structures, with their
SERS properties. We have investigated SERS enhancement of
4-aminothiophenol on nine SSFs with metal structures ranging
from isolated particles, through percolated, to almost continu-
ous film. We found that the largest SERS enhancement is ob-
served for SSFs below the percolation threshold. The sample
closest to the threshold has a SERS signal about four times
lower than for the highest signal case.

Experimental

Materials

Silver deposition material (99.99%) and BK7 glass substrates
were purchased from Umicore. For glass substrates cleaning
process, we used sulfuric acid (97%; Fluka), hydrogen peroxide
(30%; Chempur), ethanol (96%; Chempur) and deionized water.
SERS analyte 4-aminothiophenol (97%) was purchased from
Sigma-Aldrich.

Fabrication of semicontinuous silver films

SSFs were fabricated on BK7 glass substrates using the elec-
tron beam PVD technique. The substrates were first cleaned
with piranha solution (H,SO4/H70; 3:1) for 30 minutes, then
rinsed with deionized water, followed by multiple rinses with
ethanol. The substrates were then placed in an electron beam
vacuum evaporation chamber. The base pressure of the chamber
was about 2 x 107® mbar. Deposition was performed at room
temperature. Glass substrates were first coated with 10 nm thick
layer of silicon dioxide (Si0O,). Next, without breaking vacuum,
silver was deposited on the substrates. Two depositions were
performed and in each of them several substrates were located
at a different distance from the evaporation source to fabricate
films with different thicknesses. In such way in two depositions
a total of nine samples were fabricated. In order to ensure
uniform thickness of SiO,, the substrates were rotated during
the deposition process. The thickness of deposited films was

monitored with quartz crystal microbalance.
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Characterization of semicontinuous silver

films

Optical properties of SSFs were characterized using
UV-vis—NIR Perkin Elmer Lambda 900 spectrometer. Trans-
mittance was measured using a standard detector, while reflec-
tance was measured with an integrating sphere module. Absorp-
tion was calculated assuming the sum of transmittance, reflec-
tance, and absorption is 100%. The morphology of the fabri-
cated structures was measured using a Quanta 3D FEG Dual
Beam scanning electron microscope (SEM) and an atomic force
microscope (AFM). The SEM images of SSFs were converted
to black and white and metal coverage was calculated. The
AFM maps were collected using an NTEGRA atomic force
microscope from NT-MDT company. The surface topography
measurements were made in semi-contact mode. We used
HA NC ETALON (NT-MDT) probe with 140 kHz + 10% reso-
nant frequency, force constant of 3.5 N/m = 20% and standard
tip curvature radius less than 10 nm. The thickness of SSFs was
measured on the edge (step) formed through removing of a part

of the silver film from the substrate (using a blade).

SERS measurements

The 4-aminothiophenol was used as a SERS analyte. In order to
form a monolayer of 4-ATP on the silver nanostructures we
immersed the SSF substrates into 10 mM ethanol solution of
4-ATP for 1 hour. Longer incubation times did not result in
SERS signal increase. The excess 4-ATP molecules were re-
moved by rinsing the SSF samples with ethanol. The solvent
was allowed to evaporate slowly.

The SERS measurements of 4-ATP analyte on SSFs samples
were carried out using a Renishaw inVia Raman microscope.
The Raman signal was acquired in the spectral range of
250-2000 cm™! using laser radiation with a wavelength of
785 nm. The laser excitation power was 75 uW on the sample.
The laser beam was directed to the sample through a 50x
(N.A. = 0.75) objective lens. We used a 10 second integration
time. On each SSF sample we measured the Raman signal in
three locations and averaged. The wavelength of the instrument
was calibrated using an internal silicon wafer, the spectrum was
centered at 520.5 cm™!.

Results and Discussion

We fabricated a series of nine (named A—I) SSF samples with
different silver thickness (Figure 1 and Figure 2). The SSFs
were prepared on glass substrates using electron-beam PVD
(see Experimental section for details). We used transparent sub-
strates in order to be able to measure transmittance and reflec-
tance. We performed two depositions. Each deposition was
concurrently performed on several substrates located at differ-

ent distances from the evaporation source to get different silver
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film thicknesses. In such way in two depositions a total of nine
SSF samples with different film thicknesses were fabricated.
SEM images of the A—I SSFs are presented in Figure 1. They
are arranged in a way that metal coverage (presented in Table 1)
increases from A to I. Changes of the metal film thicknesses
resulted in different SSFs morphologies. Sample A is comprised
of small isolated particles. As the thickness increases the nano-
particles grow and their total number (per surface area)
decreases (samples B-D). Next, the particles connect forming
irregular fractal type shapes (samples E, F). As the amount of
deposited metal further increases the metal coverage increases
and the film reaches the percolation threshold — the transition
from dielectric-like to metal-like (sample G is already above
percolation threshold), where a metallic path forms across the
sample. Finally, silver covers almost the entire surface of the
substrate (sample I). The percolation point can be deducted
from SEM images. One has to determine silver coverage or
thickness for which a Ag path across the image/sample is
formed. This can be performed through for example image anal-
ysis techniques. In the set of our nine samples we do not have a
sample “at percolation”. The percolation would happen for a
hypothetical sample between sample F and G (as for sample F
we do not observe continuous silver path and for sample G
several paths across the SEM image exist).

In order to determine the physical thickness of the SSFs we
carried out AFM studies (data presented in Table 1). For each of
the SSFs a part of the silver film was removed to form a step
like structure with two distinct areas (glass with silicon dioxide
and glass with silicon dioxide and silver film) of different
height. A several micrometer square AFM scan (not presented)
of such step-like structures provides an estimate of the SSF
height but does not show the fine structure of the SSF. In order
to visualize the height and morphology of silver nanostructures
we performed AFM scans of relatively small areas of SSFs
(Figure 2). The AFM data in Figure 2 corresponds well with the
SEM images presented in Figure 1. The size of particles in-
creases for samples from A to I. Also, the measured height

range increases.

The morphologies of SSFs strongly influence their optical prop-
erties. The measured transmittance, reflectance, and absorption
of fabricated SSFs are presented in Figure 3. Film A has an
absorption peak centered at about 435 nm. This peak corre-
sponds to LSPR of isolated silver nanoparticles. With increased
silver coverage the absorption peak broadens and shifts to
longer wavelengths (samples B-E). Sample F has almost wave-
length independent absorption (as well as transmittance and re-
flectance). Such behavior is known for metal films close to
percolation [56]. This is because almost percolated films are

comprised of nanostructures with different particle sizes and
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Figure 1: (A-I1) SEM images of SSFs with different Ag thickness.

shapes, which results in absorption of electromagnetic energy
across a broad wavelength range extending from the visible to
the far infrared. For samples above percolation G-I reflectance
increases (as the film is more metallic) and both absorption and

transmittance decrease.

SERS properties of fabricated SSFs were examined using
4-ATP. We used 785 nm excitation wavelength. The 4-ATP
SERS spectra measured on all SSFs are presented in Figure 4.
In the spectra there are three prominent peaks at 389, 1080 and
1595 cm™!. The first two can be assigned to the C—S stretching
mode and the third to C—C stretching mode. Four relatively
weak peaks at 1180, 1392, 1437 and 1490 cm™! can be assigned
to the same C—H bending and a combination of C—C stretching
and C—H bending. The characteristic peaks observed in 4-ATP
spectra are in agreement with peaks reported in the literature
[57].

At the excitation wavelength of 785 nm the SSFs have different
absorption (Figure 3), from 0% for sample A, increasing to
about 34% for sample F and decreasing to 11% for sample I
(Figure 3). Despite low absorption at the excitation wavelength,
a weak SERS signal was detected on sample A. This is in an
agreement with previous reports of good quality SERS spectra
obtained on substrates with a LSPR far away from the excita-
tion laser wavelength [58]. We did not observe SERS signal for
the sample I with the highest metal coverage. The highest SERS
signal was obtained for samples C, D and E. These samples
have different absorption at excitation wavelength, but they
have similar morphology. These three samples are below perco-
lation (SEM images in Figure 1) and have similar metal cover-
age (0.51-0.55; Table 1). Since each of the nine SSF samples
has a different metal coverage there is a different surface area
available for 4-ATP binding, thus different number of mole-
cules per unit area. In order to exclude this effect, we normal-
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Figure 2: (A— I) AFM maps of SSFs with different Ag thickness. Samples A, C and D have a different scan area than the other samples.

Table 1: The AFM-determined thicknesses of semicontinuous Ag films

and estimated values of metal filling factors.

Sample AFM-determined  Ag filling factor
Ag thickness [nm]
A 8.75 0.428 + 0.029
B 13.24 0.430 £ 0.022
Cc 13.37 0.513 £0.012
D 12.27 0.522 + 0.001
E 20.46 0.549 + 0.009
F 24.51 0.572 £ 0.008
G 23.88 0.641 £ 0.024
H 25.42 0.768 + 0.021
| 22.35 0.937 £ 0.009

ized the measured SERS signals by the metal coverage
(presented in Table 1). The measured and metal coverage
corrected signals of the 1080 cm™! peak for A—I SSFs are
presented in Figure 5. For both measured and normalized case
the samples C—E show high SERS signal with the D sample
having the highest signal. The 4-ATP SERS signal recorded on
SSFs above percolation (samples G and H) was at least an order
of magnitude lower than that for the case of the three samples
with highest SERS signal. For the case of SSFs fabricated using
our protocol it is possible to determine if the film is below
percolation from the transmittance and/or reflectance measure-
ments (transmittance increases, reflectance decreases for wave-
lengths in the range of about one micrometer) without the need

for expensive and time-consuming structural characterization.
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Figure 4: SERS spectra of 4-ATP molecules on A—l SSFs.

This could be used as a quick method for initial optimization of
SSF thickness for high SERS signal.

Calculation of the SERS enhancement factor of a SERS sub-
strate is extremely difficult since a proper reference sample is
needed and there is an ongoing debate in the community
regarding the appropriate procedures [59]. We decided to esti-
mate the lower limit of the enhancement factor by adopting an
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Figure 5: SERS signal of 1080 cm™" band measured on SSFs A-I
(Raw) and normalized by their metal coverage (Normalized).

approach similar to one used in the reference [20]. We com-
pared the metal coverage normalized SERS signal of the D sam-
ple with the signal of the almost continuous I sample. As no
SERS signal was observed on the sample I, we assumed that the
upper limit of the signal is the peak-to-peak noise measurement
[20]. By dividing the silver coverage corrected signal of the
Raman band at 1080 cm™! by the peak-to-peak noise of the
measurement on the sample I we obtained a lower limit of the
enhancement factor of about 630.

Conclusion

We have fabricated semicontinuous silver films with various
morphologies, ranging from isolated particles, through perco-
lated to almost continuous film, and investigated their perfor-
mance as SERS substrates. The SERS activity of studied sub-
strates was explained with relation to their morphologies and
optical properties. SERS tests using 4-ATP as an analyte con-
firmed that the Raman signal enhancement is strongly depend-
ent on the morphology and optical properties of the substrate,
and particularly absorption of the film. We found that films
below the percolation threshold, composed of isolated silver
structures, provide the highest SERS signal. For the sample
closest to the percolation threshold the SERS signal is about
four times lower than in the highest signal case. The semicon-
tinuous silver films above percolation threshold produced
4-ATP SERS signal at least an order of magnitude lower than
the best film.
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Abstract

Nonlinear nanoplasmonics is a largely unexplored research area that paves the way for many exciting applications, such as
nanolasers, nanoantennas, and nanomodulators. In the field of nonlinear nanoplasmonics, it is highly desirable to characterize the
nonlinearity of the optical absorption and scattering of single nanostructures. Currently, the common method to quantify optical
nonlinearity is the z-scan technique, which yields real and imaginary parts of the permittivity by moving a thin sample with a laser
beam. However, z-scan typically works with thin films, and thus acquires nonlinear responses from ensembles of nanostructures,
not from single ones. In this work, we present an x-scan technique that is based on a confocal laser scanning microscope equipped
with forward and backward detectors. The two-channel detection offers the simultaneous quantification for the nonlinear behavior
of scattering, absorption and total attenuation by a single nanostructure. At low excitation intensities, both scattering and absorp-
tion responses are linear, thus confirming the linearity of the detection system. At high excitation intensities, we found that the non-
linear response can be derived directly from the point spread function of the x-scan images. Exceptionally large nonlinearities of
both scattering and absorption are unraveled simultaneously for the first time. The present study not only provides a novel method

for characterizing nonlinearity of a single nanostructure, but also reports surprisingly large plasmonic nonlinearities.

Introduction

It is well known that the optical properties of plasmonic nano-  example, the color, or more precisely the scattering and absorp-
structures differ significantly from those of the corresponding tion spectra, of metallic nanostructures can be completely dif-
bulk materials, mainly because of two reasons, i.e., the en- ferent from their bulk counterparts. Plasmonic nanostructures,
hancement in the surface-to-volume ratio and the appearance of  in general, are characterized by strong scattering, great photo-

resonance effects such as surface plasmon resonance (SPR). For  stability, high brightness and exceptional localization precision.
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In addition, SPR increases the local electric fields, and thus
optical nonlinear interactions are significantly enhanced in
metallic nanostructures [1-3]. Nonlinear nanoplasmonics is an
emerging field that deals with the nanoscale-confined enhance-
ment of optical fields as well as with the giant nonlinearity pro-
vided by plasmonic nanostructures [4-6].

The potential applications of nonlinear nanoplasmonics include
nanolasers [7], nanoantennas [8], surface plasmon polariton
(SPP)-based waveguides [9], nanostructure-based optical
limiters [10], nanoscopy instruments [11,12], and nanoelec-
tronics as integrated optical circuits or transistors for informa-
tion processing and storage [13]. For the evaluation of plas-
monic nonlinear nanophotonics, a technique capable of charac-
terizing the nonlinearity of a single plasmonic nanostructure is
highly desirable. Currently, various characterization techniques
allow for measurements of nonlinear optical constants such as
the absorption coefficient (f) or the refractive index (n5). These
techniques include the z-scan method (both B and n,) [14],
degenerate four-wave mixing (only n;) [15], nearly degenerate
three-wave mixing (only n,) [16], optical Kerr gate and ellipse
rotation measurements (both B and n,) [17], self-phase modula-
tion (only 7n,) [18] and Mach—Zehnder interferometry (both f
and ny) [19]. However, please note that all these methods
measure nonlinearity in the bulk phase or in thin films [20].
Among them, z-scan is probably the most widely adopted tech-
nique because of its experimental feasibility and the capability
to determine both the nonlinear refractive index and the non-
linear absorption [21]. Below, we briefly address the principle
of z-scan and its limitations.

The z-scan technique is based on measurement of transmittance
as a thin sample moves along the propagation path (z-axis) of a
focused laser beam. The thickness of the sample should be
much smaller than the confocal parameter of the beam. Two
measurement methods are commonly used, namely open-aper-
ture and closed-aperture z-scan. In the open-aperture setup, the
transmitted light is completely collected by a large-area power
detector. If there is no nonlinearity, the transmittance will be
constant no matter where the sample is. However, when there is
nonlinear absorption, the transmittance changes as the sample is
in the vicinity of the focus, where the intensity is highest along
the beam path. Therefore, the open-aperture setup is sensitive to
nonlinear absorption and measures the imaginary part of the
nonlinear refractive index. In the closed-aperture setup, the
transmittance is measured through a small aperture in front of
the power detector, so the detected signal is sensitive to beam
divergence/convergence, which is determined by the real part of
the nonlinear refractive index in the thin sample. When there is
no nonlinearity, the transmittance is again constant no matter

where the thin sample is. When nonlinear refractive index

Beilstein J. Nanotechnol. 2019, 10, 2182-2191.

exists, the sample acts like a z-dependent lens that modifies the
transmission beam shape. In the closed-aperture method, the
power dependency in z-direction quantifies the real part of the

nonlinear refractive index [21].

In brief, in case of linear responses, the z-scan output will be a
horizontal line, i.e., constant versus z; while for nonlinear
responses, the z-scan result deviates from a horizontal line, pro-
viding a high-sensitivity detection scheme for nonlinearity.
However, z-scan measurements typically acquire nonlinear
responses from thin samples in which multiple nanostructures
are illuminated simultaneously, and collective behavior is moni-
tored. The z-scan technique has extensively been applied to
study the nonlinear absorption of thin plasmonic films [20], but

not that of a single plasmonic nanostructure.

In this study, we propose a different method named x-scan to
characterize the optical nonlinearity of a single nanostructure.
The method is based on laser scanning microscopy, where an
excitation beam spot moves in the lateral x-direction across a
single nanostructure. Similar to the requirements of z-scan, but
converted into the x-direction, the diameter of the nanostruc-
ture should be much smaller than the point spread function
(PSF) of the laser focus. At low excitation intensities, when
there is no nonlinear response, a Gaussian profile of the scanned
image due to convolution of the laser PSF and the nanostruc-
ture is expected. However, when nonlinearity arises in the nano-
structure at higher excitation intensities, the image profile is ex-
pected to deviate from the Gaussian profile, thus providing a
high-sensitivity detection method for nonlinearity, similar to the
z-scan technique.

In order to fully characterize the nonlinearity of a single nano-
structure, our x-scan setup is equipped with two optical detec-
tion paths in forward and backward direction, where the former
determines the attenuation signal and the latter measures the
backscattering signal. Similar to open- and closed-aperture
z-scan, our x-scan technique simultaneously quantifies absorp-
tion and scattering, relating to the imaginary and real parts of
the refractive index. Applying the novel two-path x-scan
method to a single gold nanostructure, we have unraveled
unprecedented large nonlinearities of both scattering and
absorption.

Results and Discussion
Microscopic measurement of a single

plasmonic nanostructure

The idea for characterizing the nonlinear absorption and scat-
tering of a single plasmonic nanostructure using a standard laser
scanning microscope is schematically shown in Figure 1a. An

inverted microscope is employed with the excitation laser beam
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in upward direction focused on a single plasmonic nanostruc-
ture using an objective with numerical aperture (NA) equal to
1.4. The backscattered light is collected by the same high-NA
objective, while the transmitted light is collected by a condenser
with an NA of 0.9. Usage of objectives with large NA in both
paths ensures efficient collection of the signal of dipole scat-
tering, which is the dominant scattering mode of a small nano-
structure [22], in the microscope system. The laser excitation
beam is raster scanned in the lateral x- and y-directions using a
pair of galvanometer mirrors, allowing for the observation of
the PSF in both the forward and backward detection paths [23].

Figure 1b is a representative linear transmission profile of a
single plasmonic nanostructure. The laser-scanning PSF is
given as an inset in Figure 1b, having a bright background and a
dark spot in the center where the nanostructure is located. The
transmitted background represents the total excitation intensity
(T,), which is equal to the sum of the nanoparticle-induced
attenuation (Anp) and the transmission through the nanoparticle
(Tnp), ie., T, = Anp + Tnp- Note that forward scattering is
included in the transmission signal Txp. Thus, the attenuation
signal Anp only contains absorption and backscattering. The
dark spot in the image, i.e., the Gaussian dip in the x-scan signal
profile, quantifies the magnitude of attenuation.

(@)

Forward path

XG= @ =P +X

Back-scatter

Backward path

Forward signal (a.u.)

Backscattering signal (a.u.)
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Figure 1c is a representative profile of linear backscattering
from a single plasmonic nanostructure at low excitation intensi-
ty, and the inset gives the laser-scanning PSF. A Gaussian peak
is typically observed, and the peak height quantifies the intensi-
ty of the backscattering signal (R). Importantly, a confocal aper-
ture in the backward detection path provides the capability of
optical sectioning, and the nanostructure is typically immersed
in oil to remove strong reflection signal from the glass slides

(see Experimental section).

From the backscattering and attenuation profiles, the absorp-
tion of a single plasmonic nanostructure can be quantified as
explained below. It is well known that the total attenuation
contains the total absorption and the total scattering (forward
and backward). Nevertheless, in our case, Axp = Ty — Tnps
where the transmission through the nanoparticle Typ already
includes the forward scattering; thus, here the nanoparticle-in-
duced attenuation Ayxp is comprised of the absorption and
"only" the backscattering R of the nanoparticle. As mentioned
above, attenuation and backscattering are monitored in the
forward and backward paths, respectively. By checking the
linearity of the excitation and detection systems and calibrating
the signal intensities with the aid of the glass reflections in the
backward and forward paths (Experimental section), the pure

b) % f
<0 A
T, v
T ., ®
NP =X X
0.0 0.5 1.0 1.5 2.0
Lateral distance (um)
€ 1T =&
R\ 2
0.0 0.5 1.0 1.5 2.0

Lateral distance (um)

Figure 1: (a) Schematic principle of the x-scan method, the excitation focus is scanned in x-direction. The back-scattering and transmission of a
single nanostructure are separately recorded in backward and forward direction. (b, c) Representative profiles corresponding to the two detection
paths. (b) The dip value of the transmission profile gives the attenuation Axp of the same single plasmonic nanostructure. To and Typ denote the
initial laser intensity (no interaction with the nanostructures) and the transmission measured through the gold nanostructure, respectively. The peak

value of (c) gives the backscattering intensity R.
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absorption signal is obtained by subtracting the backscattering

from the attenuation signal, i.e., Ayp — R.

In the following, we report how the attenuation and backscat-
tering signals of a single spherical gold nanostructure with in-
creasing excitation intensity develop from an initial linear
Gaussian shape to the nonlinear profiles.

Linear response: Gaussian PSF

Spherical gold nanostructures dispersed on a glass surface are
examined with the two-channel x-scan method. Figure 2 shows
the power-dependent scattering images and the corresponding
signal profiles in the low-power region, manifesting linear
responses. Figure 2a and Figure 2b are images acquired in the
backward and forward beam paths, respectively. The corre-
sponding excitation intensities are given in each panel.
Each image shows ten particles, most of which exhibit similar
signal intensities, indicating that the nanoparticles are uniform
in size.

Figure 2c and Figure 2d show the respective backscattering and

attenuation profiles of the randomly selected single gold nano-
structure marked by an arrow in Figure 2a,b. Whether a single
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nanoparticle has been measured can be examined by inspection
of the corresponding scattering spectrum and comparison of the
resonance peak with the prediction by Mie theory. The scat-
tering spectrum also helps to monitor changes of the particle
size/shape while heating, as we have demonstrated in Figure 2a
of [12]. Both the backscattering and the attenuation profiles
show a nice Gaussian shape, suggesting that the optical
responses are linear at low excitation intensities, as expected.
The peak value and dip value (relative to the background) for
each curve are given in the figures, showing that the backscat-
tering and attenuation signal intensities indeed increase in
proportion with the excitation intensity, further supporting the
linear behavior in this excitation intensity range.

Nonlinear response |: saturation of the PSF

When we increase the excitation intensity, interesting changes
in the shape of the PSF of the single spherical gold nanostruc-
tures are observed. Figure 3a and Figure 3b show the backward
path and forward path images recorded at increasing excitation
intensities. Figure 3¢ and Figure 3d give the corresponding scat-
tering and attenuation profiles, respectively. The enlarged
images of one randomly selected spherical nanostructure are
shown as insets of Figure 3c and Figure 3d. The asymmetry in

N
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Figure 2: (a) Backward path and (b) forward path images of spherical gold nanostructures in the linear excitation regime. The x-scan signal profiles of
the spherical gold nanostructure marked by an arrow in (a) and (b) are given in (c) and (d), showing the linear increase of the backscattering and the
attenuation signals as functions of the excitation intensity. The number on each peak represents the signal height at the center of the PSF (positive for

backscattering and negative for attenuation). The scale bar is 1 pm.
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Figure 3: (a) Backward path and (b) forward path images of the same ten spherical gold nanostructures shown in Figure 2 recorded at larger excita-
tion intensities. The x-scan signal profiles of the spherical gold nanostructure marked by arrows in (a) and (b) are given in (c) and (d), showing the
nonlinear responses of the backscattering and attenuation signals as functions of the excitation intensity. The number on each peak represents the
signal height at the center of the PSF (positive for backscattering and negative for attenuation). The scale bar is 1 pm.

the enlarged forward path image might be due to the slight
misalignment of the condenser in the forward collection path.
There are several interesting observations to be made in these
figures.

First, both the forward and the backward PSF profiles are no
longer of Gaussian shape, indicating the existence of nonlineari-
ties. At an excitation intensity of 4.5 x 10> W-cm™2 (red curves
in Figure 3c and Figure 3d), nearly flattop PSFs are observed in
both channels, manifesting the saturation behavior of both scat-

tering and attenuation.

Second, dips in the intensity peaks are observed in both chan-
nels as the excitation intensity increases to 6.5 x 10° W-cm™2
(blue curves in Figure 3c and Figure 3d), leading to doughnut-
like shapes, as shown in the insets. Since the excitation has a
Gaussian profile, the intensity of which is highest in the center
of the PSF, the doughnut-shaped responses indicate that the
amplitude of the scattering and attenuation decreases with in-
creasing excitation intensity. This is a counterintuitive result,
but the doughnut-shaped PSF can indeed be observed for most
of the particles shown in Figure 3a and Figure 3b. We will
discuss the mechanism of this unexpected nonlinear response

later.

Third, as obvious from the numbers on each peak in Figure 3¢
and Figure 3d, the backscattering signal decreases quickly while
the attenuation signal increases slowly. As mentioned earlier,
the attenuation intensity contains portions of absorption and
backscattering signals, and with a proper calibration, we are
able to quantify the percentage of absorption in the two-channel
measurement. We derive the absorption as the difference in the
scattering and attenuation signals. The results in Figure 3¢ and
3d indicate that the absorption nonlinearity might be different
from the backscattering nonlinearity.

Nonlinear response |l: reverse saturation of
the PSF

Upon increasing the excitation intensity above 10® W-cm™2,
further interesting changes in the PSFs of individual gold nano-
structures are observed in both detection paths. Figure 4a and
Figure 4b show the backward and forward images of the nano-
particles, and Figure 4c and Figure 4d give the corresponding
PSF profiles. Different from the saturation behavior described
in the previous section, at excitation intensities of more than ca.
10° W-cm™2, a new peak emerges at the center of the PSFs,
manifesting a reverse saturation behavior. The phenomenon is
more pronounced in the scattering curves depicted in Figure 4c

than in the attenuation curves shown in Figure 4d. Yet, the
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Figure 4: (a) Backward path and (b) forward path images of the same ten spherical gold nanostructures as in Figure 3 at excitation intensities above
108 W-cm™2. The x-scan signal profiles of the spherical gold nanostructure marked by arrows in (a) and (b) are given in (c) and (d), showing strong
nonlinear responses of the backscattering and the attenuation signals versus the excitation intensity. The number on each peak represents the signal
quantity at the center of the PSF (positive for backscattering and negative for attenuation). The scale bar is 1 um.

maximum signal values of each of the curves indicate that both
scattering and attenuation enter the reverse saturation regime.

2 anew

As the excitation intensity increases to 1.5 x 10 W.cm™
shape of the peaks emerges, which is most obvious in Figure 4c.
Apparently, the new peak shape has a much smaller FWHM
compared to the original diffraction-limited PSF (Figure 2). The
small FWHM of the reverse saturation peak implies that the
amplitude of the scattering and attenuation signals increases
faster than the excitation intensity. This means that the power
dependency in this region (slope of output versus input) exceeds
linearity. Moreover, we did not observe any melting of the
nanoparticles in the measurement range, thus, the x-scan
measurement is fully reversible and repeatable even at the
highest excitation intensity of 2 x 10® W-cm™2 employed in
the measurement (see below in Figure 5). However, once the
excitation intensity reaches 5 X 10° W-cm™2, the x-scan process
becomes nonreversible, possibly because the particles are
melted or damaged.

Summarizing the nonlinear behavior
Figures 2—4 depict the backward and forward signals of ten

plasmonic gold nanostructures at increasing excitation intensity.

Taking the maximum signal intensity values of the correspond-
ing PSF profiles of the backward and forward signals, the exci-
tation intensity dependent attenuation and scattering curves are
derived (blue and red dots in Figure 5a). As described in
Figure 1, the absorption ratio can be derived as Anp — R (green
dots in Figure 5a). It is very interesting to see that the intensity
dependence of the absorption differs strongly from that of the
scattering. The latter significantly shows characteristics of satu-
ration and reverse saturation, while the former shows signs of
saturation.

Before we compare the nonlinear responses of scattering and
absorption in more detail, first, we emphasize that the nonline-
arity does not arise from second harmonic generation (SHG) or
two-photon luminescence (TPL). Typically, laser intensities of
gigawatts per square centimeter are necessary to induce SHG or
TPL [24,25]. Yet, in our case, the excitation intensity is on the
order of megawatts per square centimeter, hence, three orders of
magnitude lower. In our earlier work, we suggested that the
physical origin of the observed nonlinearity lies within
photothermal plasmonic interactions [12]. Even though the
narrow central peak shown in Figure 4c has a large slope when

plotted on a double-logarithmic scale, as we have shown in
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[26], this behavior is different from conventional high-order

nonlinearity.

In Figure 5b, we plot the normalized percentage of the different
signals (total excitation intensity T}, transmission Tnp, attenua-
tion Ayp, absorption and backward scattering R). The different
signals have been defined in Figure 1, and the absorption is
given as Axp — R. Since Ty increases proportionally to the inci-
dent intensity, we normalized it to unity (black dots in
Figure 5). All other signals were normalized accordingly. These
normalized values can be viewed as the efficiency of the
gold nanostructure interacting with light, that should be propor-
tional to the corresponding cross sections. By definition
Tnp (purple dots) + Anp (blue dots) = Ty, which is true in the

linear and in the nonlinear regime (Figure 5b).

In the linear regime, we find that the backward scattering effi-
ciency is constant at a value of ca. 8% (red dots), which is about
half of the efficiency of absorption (14%, green dots). This ratio
is consistent with Mie theory, confirming the correctness of our
signal calibration. According to Mie theory, the forward scat-
tering ratio should be equal to the backward scattering ratio for
this nanostructure. In our measurement, the transmission Txp is
79% in the linear region, containing both forward scattering and
photons that do not interact with nanostructures. Therefore, the
true forward scattering contribution should be only ca. 8%, and
about 71% should be due to transmission (no interaction with
the nanoparticles). So, the derived ratios of scattering, absorp-
tion and transmission agree well with Mie theory.

In the nonlinear regime, i.e., at excitation intensities above
2 x 105 W-cm™2, both attenuation and backscattering efficien-

cies decrease, but interestingly at different rates. Apparently,

the particles become more transparent at high excitation intensi-
ties, since the attenuation is significantly reduced. The corre-
sponding absorption efficiency also decreases, which means

that a saturation of the absorption is observed.

It is remarkable to see that the trends observed for attenuation
and absorption in the nonlinear regime are quite different from
that observed for backscattering. In the saturation regime
(0.2-0.8 MW-cm™2), the efficiencies of both absorption and
backscattering are reduced by 7% (absorption 13.5% — 6.5%;
backscattering 8% — 1%). However, the former changes only
by a factor of two, while the latter by a factor of eight. Hence,
the backscattering decay is by cubic order larger than the

absorption decay.

One possible reason could be that scattering is proportional to
the square of the variation of the dielectric constant, while
absorption is linearly proportional to the dielectric constant.
Within the dipole approximation, the absorption and scattering
cross sections of a plasmonic nanosphere can be determined by

classical Mie theory as:

€, —¢€
Cabs = 4mtr Im| 22— (1)
&, +2e,
€, —¢€
Csca = gk 0| 2
&, +28p,

where, k is the wave vector, r is the radius of the particle, &p is

the dielectric constant of the particle and ¢, is the dielectric
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constant of the surrounding medium. Upon irradiation with
high-intensity laser light, the photothermal effect induces a
change of the particle permittivity leading to the nonlinearity.
However, this equation only explains a square-order difference
between scattering and absorption.

The above equation considers the total scattering cross section.
Nevertheless, in our experiment, only backscattering is moni-
tored. Therefore, another possible factor is asymmetric scat-
tering due to the interference of high-order multipoles, which
means that the efficiency of backscattering is no longer similar
to that of forward scattering. Recently, there were many reports
[27-29] on directional scattering effects due to multipole inter-
ferences in plasmonic nanostructures. However, most of them
refer to specially designed structures for which the magnetic
and the electric dipoles couple. More studies are necessary to
prove the possibility of directional scattering in heated plas-
monic nanostructures by simultaneously recording the effi-
ciency of forward and backward scattering.

In addition to the interference of multipoles, in the forward
direction, the light scattered in forward direction could also
interfere with the transmitted light, such that the angular distri-
bution might change. However, the forward scattered light is
collected using a condenser of NA 0.9, hence, the collection
angle is #64°. Thus, most of the scattered light should be regis-
tered regardless of whether such interference occurs or not.
Moreover, no interference patterns were observed in the
forward image, and we have confirmed in the linear regime that
the derived ratios of scattering, absorption and transmission
agree well with Mie theory. Therefore, even if interference may
occur in the forward direction, it does not influence the absorp-

tion efficiency in our case.

Another difference in the backscattering and absorption effi-
ciencies shown in Figure 5 is that only the former exhibits a
clear reverse saturation effect. This might be due to the addi-
tional thermal effect of the surrounding medium (immersion
oil). Once again, further studies will be necessary to investigate
the temperatures of the nanostructure and of the immersion me-
dium, to provide a better explanation for the complicated
photothermal nonlinearity.

Conclusion

In this report, we successfully demonstrate the simultaneous
measurement of nonlinear attenuation, absorption and scat-
tering in a single plasmonic nanostructure, for the first time
using the two-path x-scan method. In contrast to the z-scan tech-
nique, the x-scan method, which is based on a laser scanning
microscope, is capable to characterize and visualize the non-

linear responses from the PSF of a single nanostructure. With
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the simultaneous measurement of forward and backward scat-
tering, we could quantify the nonlinearity of absorption and
scattering, which show surprisingly different behaviors. This
may lead to the possibility of directional emission by a single
heated nanostructure.

Experimental

The experimental setup, which is based on a modified confocal
laser scanning microscope (IX71+FV300, Olympus, Japan) is
shown in Figure 6a. A CW laser beam of wavelength 561 nm
(Jive™ 561 nm, Cobolt, Sweden) was sent through a pair of
built-in galvanometer (galvo) mirrors and then focused on plas-
monic nanostructures by an objective (UPlanSApo 100x/
NA1.4, Olympus, Japan) to form a two-dimensional raster scan-
ning at its focal plane. The power of the excitation beam was
fine-tuned through neutral density (ND) filters. The backscat-
tered signals of the plasmonic nanostructures were collected
through the same objective, separated from the incident beam
with a 50/50 beam splitter, spatially filtered by a confocal aper-
ture and finally detected by a backward photomultiplier tube
(PMT) detector. On the other hand, the transmission signal was
collected by a condenser (U-LTD/NA 0.9, Olympus, Japan) and
was monitored by the forward PMT detector directly without
confocal aperture. Both forward path and backward path images
were formed on a computer by synchronizing the PMT signals
and the scanner. Due to the different collection paths and PMT
sensitivities in forward and backward directions, it is important
to calibrate the signals in order to determine the absorption
signal, as shown below.

Figure 6b shows the forward (transmission) and the backward
(reflection) signals of a cover glass when gradually increasing
the excitation intensity. Here, the backward signals came from
the air—glass interface reflection at the top of the cover glass,
while the transmitted photons make up the forward signal. The
perfect linear dependency of both signals verifies that no non-
linearity is induced by the optical excitation and detection
system. In addition, the air—glass reflection should be 4% and
the transmittance 96%. This way, we made sure that the
forward and backward signal were calibrated accurately
(Figure 6¢). The same calibration scheme was applied to yield
Figures 2—5 in the main text, and to derive the ratio of scat-
tering, absorption and transmission. Since the results agree well
with the prediction of Mie theory, the reflectivity estimation

should be reasonable.

Sample preparation

As samples, we used 80 nm diameter gold nanospheres com-
mercially available from BBI Solutions, UK. Before use, the
nanostructure solution was sonicated for 2 min to avoid

particle aggregation. Then, one drop of the solution was placed
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Figure 6: (a) Schematic of the experimental setup of the laser scanning system based on an inverted microscope. (b) Linearity test of the backward
and forward signals from the partial reflection and transmission of a cover glass. It is obvious that no nonlinearity is induced by the microscope
system. (c) The forward and backward signals are calibrated to correctly represent 4% reflection and 96% transmission from an air—glass interface.

The same calibration applies to all signal processing in the main text.

on polysine slides (Thermo Fisher Scientifics, MA) for 20 s,
which was subsequently gently rinsed with deionized water and
dried in a nitrogen stream. The sample was immersed in index-

matching oil to remove reflections by the glass.
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Abstract

Tip-enhanced Raman spectroscopy is combined with polarization angle-resolved spectroscopy to investigate the nanometer-scale
structural properties of core—shell silicon nanowires (crystalline Si core and amorphous Si shell), which were synthesized by plati-
num-catalyzed vapor-liquid—solid growth and silicon overcoating by thermal chemical vapor deposition. Local changes in the frac-
tion of crystallinity in these silicon nanowires are characterized at an optical resolution of about 300 nm. Furthermore, we are able
to resolve the variations in the intensity ratios of the Raman peaks of crystalline Si and amorphous Si by applying tip-enhanced
Raman spectroscopy, at sample positions being 8 nm apart. The local crystallinity revealed using confocal Raman spectroscopy and
tip-enhanced Raman spectroscopy agrees well with the high-resolution transmission electron microscopy images. Additionally, the
polarizations of Raman scattering and the photoluminescence signal from the tip—sample nanogap are explored by combining polar-
ization angle-resolved emission spectroscopy with tip-enhanced optical spectroscopy. Our work demonstrates the significant poten-
tial of resolving local structural properties of Si nanomaterials at the sub-10 nanometer scale using tip-enhanced Raman techniques.

Introduction
The properties of silicon are long standing topics of various in-  tromechanical systems, microelectronics, and photovoltaics
vestigations because silicon is still the most widely used semi- [1,2]. Silicon nanostructures, such as bottom-up-grown nano-

conductor material for a broad range of micro- and nano-elec-  wires [3], were also synthesized serving as multifunctional plat-
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forms for field-effect transistors [4-6], photovoltaic devices
[7-10] and miniaturized chemical sensors [5,11,12]. A key ele-
ment for many of those devices are high-quality nanometer-
scale semiconductor junctions, such as pn-junctions that ensure
the intended electronic functionality of such nanometer-scale
building blocks. A rational and well-established synthesis
strategy for the creation of complex silicon nanostructures is
metal-catalyzed vapor-liquid—solid (VLS) nanowire growth
[13]. VLS nanowire growth belongs to the gas-phase synthesis
procedures, similar to chemical vapor deposition (CVD), and
enables direct nanowire growth in a bottom-up manner. The
nanowire composition, in particular the doping concentration,
can be controlled by an adequate adjustment of the synthesis
gas mixture, e.g., by setting the SiH4/B,Hg ratio during the syn-
thesis of boron-doped silicon nanowires (SiNWs). A rational
strategy to obtain radial homo- and heterojunctions is to over-
coat the as-grown nanowires within the same reaction chamber
by implementing a conventional CVD process (e.g., thermal
SiH4-CVD) yielding core—shell nanowires [14]. Although ideal
epitaxial growth is frequently assumed, the crystallinity of the
shell is intimately linked to multiple process parameters and,
thus, subject to local variations at the nanometer scale [15].
Control and knowledge of the crystal state of core—shell nano-
wires are important to rationally design, understand and control
the optical and electronic behavior of nanowire building blocks.
Hence, there is an inherent need for non-destructive characteri-
zation techniques that are able to elucidate the local crys-

tallinity.

Raman spectroscopy is such a type of non-destructive character-
ization techniques and has become a popular method to investi-
gate structural properties of silicon samples [16,17]. Mizoguchi
et al. [18] and Hopkins et al. [19] utilized it to show the influ-
ence of stress on the crystal lattice orientation angles and to de-
termine the degree of surface roughness. Kolb et al. measured
the lattice orientational change due to laser-induced tempera-
ture variation [20]. Furthermore, crystalline (c-Si) and amor-
phous (a-Si) Si show different Raman peaks, which can be used
to determine the fraction of crystallinity and bond-angle distor-
tion [21,22]. For example, Nikolenko et al. [23] investigated the
local structure and phases of silicon by measuring its Raman
peaks along a silicon wire prepared under high pressure. They
found a shift of the transverse optical (TO) phonon peak along
the wire, which could be attributed to a non-uniform growth of
the nanowire and different crystalline phases. Agbo et al.
showed that polarized excitation Raman spectroscopy is useful
to distinguish hydrogenated nano-crystalline silicon films (nc-
Si) from a-Si and c-Si areas [24].

Although, Raman spectroscopy is an overall powerful tool to

characterize the material properties of Si, this technique requires
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still an improvement regarding the sensitivity and the diffrac-
tion-limited optical resolution. Thus, a high-resolution tech-
nique that reveals both, the structural and the optical properties
at the nanometer scale is needed to study the fraction of crys-
talline phases and defects within the SiNWs. Tip-enhanced
Raman spectroscopy (TERS) has distinguished itself as a pow-
erful characterization technique, which allows to obtain both the
morphology and the so-called chemical “finger print” informa-
tion simultaneously with a resolution of a few nanometers. The
key element of this technique is a sharp tip resembling a nano-
meter-scale antenna. This nanoantenna is typically made by
chemical etching of a thin Ag or Au wire or by evaporating a
Ag or Au thin film on AFM tips. The tip works like an optical
antenna when it is brought as close as a few nanometers to the
sample surface and when it is illuminated with a tightly focused
laser beam. The near field localized at the tip apex enhances the
optical field in the tip—sample gap by several orders of magni-
tude and simultaneously directs the emitted photons from the
gap into the far field for detection. With recent demonstrations
of a spatial resolution even at the angstrom level [25], TERS

has made real chemical nanospectroscopy possible [26-28].

In this work, the structural properties of VLS-grown core—shell
SiNWs are investigated using both confocal Raman spectrosco-
py and TERS. Notably, the silicon core is single crystalline
while the shell should be amorphous to nanocrystalline,
depending on the synthesis parameters. Hence, these nanowires
resemble ideal objects to study local crystallinity variations at
the sub-10 nanometer scale using TERS. Furthermore, polariza-
tion angle-resolved spectroscopy is for the first time combined
with TERS, in order to reveal the different polarizations of
Raman scattering and the photoluminescence from the tip—sam-

ple nanogap.

Results and Discussion

Silicon nanowire core—shell morphology

In accordance with the VLS synthesis method (see Experimen-
tal section), the utilized Pt catalyst, or finally Pt,Siy, remains at
the tip of the nanowire during growth. However, it is worth
mentioning that other mechanisms of Pt-catalyzed growth of
nanowires were also previously observed [29]. The overall mor-
phology of the SiNWs was investigated by transmission elec-
tron microscopy (TEM). The high-resolution TEM investiga-
tion of the core area indicates that the SINWs are mainly single
crystalline. However, in some areas along the nanowire axis
defects are present as well (Figure 1a). The diffraction pattern
of this part of the SINW (Figure 1b) shows more than one
reflection, which indicates that the structure of the SINW
consists presumably of segments or grains with different orien-
tation. Furthermore, catalyst migration along the SiNW back-

bone was observed in some cases (Figure 1c¢). Although the
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Figure 1: a) High-resolution TEM image of a segment of a SINW obtained through Pt-catalyzed growth that exhibits several defects and differently
oriented crystalline grains. b) The fast Fourier transformation image of the indicated area in panel a. ¢) TEM image showing a migrated metal particle
on a SiNW. d) TEM image of a Pt-catalyzed core—shell SINW showing the morphology of the junction between SINW core and shell. e) Pt silicide
catalyst and the shell region. f) lllustration of the interface between the SINW core and the shell. Scale bars are for a) 5 nm, b) 5 nm=1, ¢) 100 nm,

d) 200 nm, e) 10 nm and f) 5 nm.

SiNWs grown by the VLS mechanism possess are crystalline,
the silicon shells deposited onto the nanowires by thermal CVD
(here using a temperature of 520 °C) can be amorphous [15].
Figure 1d illustrates such a core—shell SINW with a distinct
contrast in core—shell morphology. As it can be seen in
Figure 1le and Figure 1f, the core region of the nanowire appears
single crystalline and the crystal planes end abruptly at the
core—shell interface. The shell region of the nanowire exhibits
an amorphous morphology.

Confocal optical microscopy of silicon

nanowires

As the first step, core—shell SINWs grown with a platinum cata-
lyst [29] are characterized using a custom-built confocal optical
microscope. Figure 2a shows the representative geometry of
these SINWs, which were characterized using a helium ion
microscope. In Figure 2b a hyper-spectral image composed of
32 x 24 spectra taken from an area of 20 x 20 um? is shown, in
which bundles of SINWSs can be seen. In Figure 2¢ two spectra
taken from the positions marked with orange and blue points are
given. The light blue and orange lines show the raw spectra,
which are composed of a broad photoluminescence continuum
emitted from the underlying Au thin film and sharp Raman
peaks. For further analysis, these spectral features are fitted
using Lorentzian functions for the Raman peaks and a Gaussian
function for the photoluminescence peak. The first-order trans-
verse optical mode of ¢-Si (Fyg) leads to a sharp Raman peak at
520 cm_l; whilst a-Si is detected by a broad band centered at
495 cm™! [28]. A thin oxide layer that covers the SiNWs,
causes a broad Raman peak at 480 cm™! and significantly influ-

ences the shape of the Fy, peak leading to a broadening and a
stronger baseline of this peak [30,31]. In order to quantitatively
evaluate the local structural composition, the a-Si and c-Si
Raman peak intensities are therefore determined by integrating
the total Raman intensities in the spectral ranges of
460-500 cm™! for a-Si, and of 514-532 c¢cm™! for c-Si, after
subtracting the PL background. To calculate the crystalline frac-
tion (f) we use the model of Smit et al. [32] as shown in Equa-
tion 1. The areas of the Raman peaks of the c-Si and a-Si are
used as the corresponding intensities (/._gj and /,_gj) for the
calculation of crystalline fraction (f¢).

[ = Lesi o
" .
(Zesi +0.87,;)

For the spots marked orange and blue Figure 2b, the corre-
sponding spectra are shown in Figure 2c. Values of f, = 0.45
and f. = 0.57 were calculated, respectively. A further confirma-
tion of the lower crystallinity in the spot marked by the orange
dot comes from the full width at the half maximum (FWHM) of
the Raman peaks. Both a-Si and c-Si peaks are significantly
broader, 25% and 13%, respectively, at the location marked by
the orange dot. These results agree well with the morphology
revealed in the high-resolution TEM images (Figure 1c) since
the sample position with the orange dot is located at the
perimeter of the SINW, where the a-Si shell dominates.

In order to obtain a detailed map of the crystalline fraction (f.)
along a single SiNW, 16 x 16 spectra are collected from a
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Figure 2: a) Representative helium ion microscopy image of a SINW, which is supported on a Au-coated Si wafer. b) Hyperspectral image of the sam-
ple surface. 32 x 24 spectra are taken from a 20 x 20 pm? area. The color scale is based on the integrated intensity of each taken spectrum. c¢) Two
example spectra taken from the positions marked by the orange and the blue dot in panel b. The original data is plotted in light-blue and orange. The
Raman peaks of crystalline and amorphous silicon are fitted using Lorentzian functions, which are indicated by the black and the red line, respective-
ly. The total fit for both spectra is indicated by the dark-blue line. Furthermore, the spectral background is fitted (green line) using a Gaussian function.
The background results from photoluminescence of the Au film. Excitation source: 636.3 nm continuous-wave diode laser.

5 x 5 um? area, which is marked by the yellow frame in
Figure 3a. Each hyperspectral image consists of 16 X 16 spectra,
resulting in a step size of 312.5 nm with a diffraction-limited
laser focus of about 300 nm. In Figure 3b,c Raman spectra
taken along the white arrow are shown. In Figure 3c, the Raman
peaks of a-Si and c-Si were acquired with a better resolving
grating with 600 lines/mm in contrast to the 150 lines/mm
grating in panel b). The pink arrow in Figure 3c indicates the
spectrum taken close to the ring-shaped pattern within the
yellow frame in Figure 3a.

It can be clearly seen that the ratio between the intensities of
a-Si and c-Si Raman peaks varies along the SINW, mainly due
to a change in the c-Si Raman intensity. To quantify this ten-
dency, the 16 X 16 spectra are processed by peak fitting and in-

tegration as described above. The intensity distribution of the

a-Si Raman peak is plotted in Figure 3d and appears to be rather
constant along the silicon wire. It agrees with the TEM image in
Figure 1c, where a homogenous presence of the amorphous
component in the shell can be seen. In contrast, the intensity of
the c-Si peak (Figure 3e) shows a clear decrease at the lower
part of the SINW. This could originate from a defect, visible as
the ring-shaped pattern in Figure 3a, located at the bottom end
of the yellow square. This observation is in line with the high-
resolution TEM image in Figure 1c, where a migrated metal
particle from the catalyst is shown. Inserting the intensity infor-
mation from Figure 3d,e into Equation 1, a map of f. along the
SiNW is obtained. As shown in Figure 3f, the lowest crys-
talline fraction is about 0.45, and the highest is 0.70. Hence,
an overview of the crystallinity of a single SINW can be ob-
tained at the diffraction-limited optical resolution of about
300 nm.
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Figure 3: a) Confocal 20 x 20 um? image of two intersecting SiNWs on a gold substrate. The yellow square marks the region where a hyperspectral
image with16 x 16 spectra was recorded. b) Raman spectra with PL background were collected along the white arrow inside the yellow square in
panel a. ¢) The evolution in a-Si and c-Si peak intensity along the scan direction shown in panel a. Spectra are vertically shifted for clarity. d) Inte-
grated area of the a-Si peak. e) Integrated area of the c-Si peak. f) Calculated fraction of crystallinity. The drop in the fraction of crystallinity at the right
bottom corner, corresponds to the ring-shaped pattern inside the yellow square in panel a. Its corresponding spectrum and position are indicated with
a pink arrow in panels ¢ and f, respectively. The white scale bar in panel a indicates 5 pm, and the yellow scale bars are 1 pm in panels d—f.

Tip-enhanced Raman spectroscopy of silicon
nanowires

The evolution of c-Si and a-Si Raman peaks, and thus of the
fraction of crystallinity of a single SINW, is further studied
using TERS, and the emitted optical signals are analyzed using
polarization angle-resolved spectroscopy. Figure 4a shows a
SEM image of the tip used for the TERS measurements. Scan-

500nm

UNI_TUE 5.0kV

ning the tip across the laser focus gives an Airy disc-like pattern
(Figure 4b), which is due to the photoluminescence emitted
from the sharp tip apex. Irregularities can arise from the slight
asymmetry of the tip apex. Figure 4c shows the polarization
angle-resolved optical pattern of the photoluminescence of the
gold tip. We positioned a Glan—Taylor polarizer in the beam in
front of the entrance slit of the spectrometer and collected spec-

Area(a.u.)

Figure 4: a) SEM image of the tip used. b) Optical image of the tip in focus. c) Polarization angle-resolved luminescence of the tip in focus without a

sample; an almost perfectly circular emission pattern is observed.
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tra while rotating the polarizer. The Glan-Taylor prism only
transmits the optical signal along its fast axis. Therefore, the
angle-resolved polarization of the emitted signal can be ob-
tained by rotating the prism while collecting optical spectra.
The circle pattern is originating from the emission of the plas-
monic oscillation along the tip shaft. This is in good agreement
with the electric field distribution in the focus of a radially
polarized laser beam, where the dominant field component lays
out-of-plane (parallel to the tip shaft). Figure 4b,c demonstrates
that the tip apex can be easily excited, which is a precondition
for producing a localized near field at the tip apex.

Next, we approached the sample to the tip and recorded the to-
pography (size: 250 x 250 nm?) along the perimeter of a SINW.
The tip—sample distance is controlled by a shear-force feedback.
For this purpose, the tip is mounted on an oscillating tuning
fork, which experiences a phase shift of the oscillation upon ap-
proach. This phase shift is recorded with a lock-in amplifier and
fed to a feedback loop that maintains a constant distance to the
sample. The scanned SiNW perimeter is indicated in Figure 5a.
Along the white arrow, there is about 250 nm height difference
between the SINW and the underlying substrate. The white
square shown in the optical image in Figure 5b highlights the
SiNW measured using the shear-force scanning function of our
custom-built TERS setup. Eight TERS spectra were taken along
the white arrow in Figure 5a over a length of 64 nm. The dis-

c)
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tance between the two sequential spectra is 8 nm. The spectra
were acquired from bottom to top, with the black spectrum on
the SINW and the yellow-green one on the underlying substrate.
Notably, although a clear decrease in c-Si intensity is observed
across the perimeter of the SINW, the a-Si Raman peak intensi-
ty remains nearly constant and indicates the crystalline state of
the SINW shell. The Raman intensity evolutions of the c-Si and
a-Si are shown in Figure Sla (Supporting Information File 1).
We clearly show a decrease in the fraction of crystallinity from
the center to the perimeter of the SINW, which can be resolved
with the optical resolution of 8 nm. These observations agree
well with the morphology revealed by high-resolution TEM
images in Figure lc.

As a reference measurement, an equal number of far-field spec-
tra (normal Raman spectra) are taken from the same sample po-
sitions (Figure 5d). Even between the SINW and the underlying
substrate, the decrease in the c-Si Raman peak is barely visible.
This can be explained by the excitation area of the confocal
laser focus, which is at least one order of magnitude larger than
that in the TERS experiments. Therefore, only a marginal
difference between two spectra of 8 nm apart is visible, even
when the sampling point is not on the SINW anymore (“off
SiNW” spectrum, Figure 5d, and Figure S1b in Supporting
Information File 1). Beeman et al. [22] suggested to use the root

mean square bond-angle distortion A® to evaluate the crys-

d

400 3

E 360
£ —~ 360
-
£ S 320
$ P

£ 280

3 240

e

2 200
= 2
w
z § 160
€ £
3 120
Q
= 80
Z
e
g 40
£

300 450 600 750

Off SINW

o -
A

%_ _(S)irI:IW
aa

300 450 600 750
rel. Raman shift (cm™)

Figure 5: a) A shear-force scanning probe microscopy topography image (250 x 250 nm?) of a silicon wire edge. The white arrow indicates the range
and direction along which the Raman spectra in panels ¢ and d were recorded. b) Location of the wire indicated on the 50 x 50 pm? optical image by a
white square. ¢) TERS spectra recorded with a separation of 8 nm, vertically offset for clarity. A decreasing c-Si peak can be seeing when moving
away from the edge along the arrow. d) Confocal spectra taken at exactly the same spots as the TERS spectra; the intensity ratios between the c-Si
and a-Si show almost no variation. Both TERS and confocal spectra have been acquired with 170 uW excitation power and an integration time of 30 s

per spectrum.
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talline and amorphous fractions of Si, which can be calculated
using the full width half maximum (FWHM, in cm™1) of the
one-phonon Raman peak of Si at about 520 cm™! with the equa-

tion:

(15+6A0)
FWHM =-——. )

In c-Si with cubic diamond structure, A® has a value of 0°,
whereas in a-Si films A® was experimentally determined to be
in the range of 7.7° < A® < 10.5°. In our experiments we calcu-
lated A®yyg £ = 9.2° and A®yyg conf = 8.3° based on the near-
field and confocal spectra, respectively. The slightly higher
value of A® determined with TERS could be due to the nano-
meter-sized penetration depth of the near field excited at the tip
apex, in contrast to the far-field laser focus. Since the SINWs
contain a c-Si core and an a-Si shell (Figure 1), the shell can be
excited stronger by the evanescent electromagnetic near field at
the tip apex.

130

Height (nm)
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The highly improved optical resolution achieved with TERS
depends strongly on the tip—sample interaction. When the sam-
ple is positioned within close proximity of the excited tip apex,
the substrate material gains influence via the coupling between
the oscillation field in the excited tip and its mirror image in the
substrate. We have shown in a previous theoretical work that
the permittivity of the tip and the substrate influences the near-
field enhancement at the tip apex significantly [33]. In the next
set of experiments, we combined angle-resolved polarization
measurements with TERS to investigate the effects of tip—sam-
ple interactions on the optical signals. In Figure 6a the topogra-
phy of a SINW surface is shown. Along the dashed arrow,
32 spectra were recorded, and eight of them are plotted in
Figure 6b. Although all spectra are taken on the surface of one
SiNW, the intensity ratio differences between the c-Si and a-Si
Raman peaks are clearly visible (Figure S2, Supporting Infor-
mation File 1), which can be attributed to the variations of the
local crystallinity within the SINW. Furthermore, polarization
angle-resolved emission measurements are performed at two
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Figure 6: a) Topographical image of the top of a SINW. The dashed arrow shows the region in which the 32 Raman spectra were recorded. The blue
and the purple dot indicate the positions where the polarization angle-resolved measurements where performed. b) Eight of the collected Raman
spectra along the white arrow in panel a showing varying c-Si Raman peak intensities. A detailed analysis about the intensity evolution of the a-Si and
c-Si Raman peaks is shown in Figure S2 (Supporting Information File 1). c) Polarization angle-resolved Raman scattering of the c-Si Raman peak as
a function of the rotation angle of the Glan—Taylor polarizer. The triangles and circles are the original data, whilst the closed lines are to guide the
eyes. d) Polarization angle-resolved photoluminescence patterns collected from the same sample positions, indicated in panel a.
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adjacent positions 30 nm apart, marked by the blue and the
purple point in Figure 6a. The integrated area of the c-Si Raman
peak is plotted as a function of the rotation angle of the fast axis
of the Glan-Taylor polarizer. The measured polarization angle-
resolved emission patterns from the two sample positions are
rather similar, indicating similar polarization states of the
Raman scatterings. Interestingly, when plotting the photolumi-
nescence signal as a function of the rotation angle of the
Glan-Taylor polarizer, as shown in Figure 6d, the patterns are
distinctly different from those in Figure 6¢. Note that the
Raman intensity and the photoluminescence intensity used for
the plots in Figure 6¢ and Figure 6d are derived from the same
spectrum. Therefore, potential artefacts induced by any instru-
ment operation errors can be excluded. Furthermore, upon
approaching the gold tip to the SINW, the angle-resolved polari-
zation pattern changes from a circular pattern (Figure 4c) to a
more structured shape in Figure 6d. It is likely that the high
refractive index of the SINW has a certain impact on the polari-
zation of the photoluminescence emitted from the narrow gap
between the gold tip and the SINW. A more quantitative inves-
tigation of the polarization angle-resolved emission patterns in
Figure 6 will be further pursued. The results shown in Figure 4
and Figure 6 demonstrate that it is possible to combine the po-
larization angle-resolved experiments with a TERS setup, which
has been rarely pursued so far. The successful combination of
both techniques is promising for developing new strategies to
resolve the structural properties at the sub-10 nanometer scale,
based on the polarization properties of the optical signals,
demonstrated here for c-Si and a-Si using a core—shell SINW.

Conclusion

Local structural properties, such as changes in the fraction of
crystallinity of a c-Si/a-Si core—shell nanowire are character-
ized confocally at an optical resolution of about 300 nm.
Applying tip-enhanced Raman spectroscopy, we show that vari-
ations of the intensity ratio between the crystalline Si and amor-
phous Si Raman peaks at sample positions as close as eight
nanometers can be revealed. Furthermore, the polarizations of
Raman scattering and photoluminescence signals locally
emitted from a single SINW are explored by combining polari-
zation angle-resolved emission spectroscopy with tip-enhanced
optical spectroscopy. Our work demonstrates the high potential
of resolving local structural properties of nanomaterials, here
demonstrated for silicon, at the sub-10 nanometer scale using
tip-enhanced Raman techniques. TEM investigations are in line
with TERS results, which supports the idea that TERS can be

used as a micro/nano-structure characterization technique.

Experimental
Core—shell SINWs were synthesized in two steps. At first,
SiNWs were grown by utilizing the VLS growth mechanism

Beilstein J. Nanotechnol. 2020, 11, 1147-1156.

[13] using dewetted Pt thin films as the growth catalyst [29] at a
growth temperature of 720 °C, which yields a certain SINW di-
ameter distribution. VLS nanowire growth is carried out in a
quartz tube furnace with a precursor gas mixture of Hj
(270 sccm) and SiHy (30 sccm), at a pressure of 100 mbar.
Silicon shells are grown at a temperature of 520 °C with a gas
mixture of Hy (10 sccm) and SiHy4 (100 scem), at a pressure of
100 mbar. The silicon shell growth rate under these conditions
is in the range of 1 nm/min and yields a thickness of approxi-
mately 25 nm. To make confocal Raman and TERS investiga-
tions of individual nanowires, SINWs are released from their
original growth substrate by ultra-sonicating the growth sub-
strate in purified water. For Raman and TERS investigations,
nanowires are deposited on gold-coated silicon wafers as carrier
substrates. For transmission electron microscopy (TEM), nano-
wires are deposited on copper TEM grids with lacey carbon

meshes.

Using a custom-built setup with a parabolic mirror (NA: 0.998)
[34], we achieve a diffraction-limited confocal resolution by
illumination with a radially polarized laser beam [35]. With a
636.3 nm diode laser operating in continuous-wave mode we
obtain a focus diameter of roughly 300 nm [36]. To further
increase the resolution a chemically etched gold tip, attached to
a tuning fork, is brought into the focus [37-41]. A plasmonic
oscillation is generated at the tip apex by the excitation with a
radially polarized laser beam along the tip axis. Here, the local
field intensity is greatly increased leading to a strong local near
field confined at the tip apex. This gives rise to the enhanced
sensitivity of tip-enhanced Raman spectroscopy (TERS). TERS
combined with scanning probe microscopy (SPM) also allows
for the collection of correlated topography and optical images
[42,43]. For polarization angle-resolved emission measure-
ments, a Glan-Taylor prism as polarization filter is positioned
in front of the entrance slit of the spectrometer.

Supporting Information

Supporting Information File 1

Additional experimental data.

[https://www .beilstein-journals.org/bjnano/content/
supplementary/2190-4286-11-99-S1.pdf]
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