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Abstract

Optical applications of plasmonic nanoparticles depend critically on particle properties such as relative
proximity, composition, crystallinity, and shape. The most common nanoparticle fabrication techniques,
colloidal synthesis and electron beam lithography, allow the tailoring of some of these parameters, yet do
not provide control over all of them. Scanning probe block-copolymer lithography (SPBCL), a technique
that grows nanoparticles on substrates from precisely deposited precursor droplets, merges the advantages
of colloidal synthesis and electron beam lithography, and offers high-throughput, precise particle
positioning, and composition control. A few challenges with the SBCL method remain: fabrication of
optically relevant particle sizes on optically transparent supports, and detailed correlation of their optical
and morphological properties. Here, we adapt SPBCL to fabricate large arrays of gold nanoparticles on
glass supports. The resulting nanoparticles have varying shapes, and at ~100 nm in diameter, they support
strong plasmon resonances. In order to fully exploit the high-throughput fabrication method, we designed
an automated dark-field microscope and correlated the optical behavior to the mechanical properties as
determined through electron and pump-probe microscopy. We find that the SPBCL-synthesized
nanoparticles are highly crystalline, supporting both plasmon oscillations and mechanical vibrations with
lifetimes comparable to colloidal nanospheres. Our work highlights SPBCL as a promising and versatile
synthesis approach for plasmonic nanoparticles, leading the way toward extensive screening capabilities

for optical properties and hence improved potential applications.



Introduction

The design of efficient optical applications based on plasmonic nanoparticles demands excellent
control of particle shape and positioning as well as the ability to produce particles of high crystallinity.'*
Additionally, the commercial utilization of plasmonic nanoparticles requires their availability en masse
and at low cost. Both physical particle properties as well as affordability are determined by the particle
fabrication, and various fabrication techniques have been developed to meet the aforementioned
demands.”” Among the most commonly employed nanoparticle fabrication techniques are chemical
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particle growth (colloidal synthesis) and electron beam lithography (EBL), which have been used to

fabricate plasmonic nanoparticles for applications in sensing, medicine, catalysis, and photovoltaics.'*'¢

However, neither colloidal synthesis nor EBL offer full control over the physical particle
properties while maintaining affordability to fabricate particles with high-throughput. Colloidal synthesis
grants access to a wide range of particle shapes with typically highly crystalline structures, but lacks the
ability to arrange nanoparticles in defined positions, which has led to much interest in the self-assembly
of these particles.'”'® On the other hand, EBL allows the fabrication of nanoparticles with arbitrary
shapes at precisely controlled positions, but leads to polycrystalline nanostructures with lower optical and
mechanical quality (Q) factors compared to colloidal nanoparticles.'*! While colloidal synthesis is more
affordable and can produce nanoparticles in bulk, EBL is more expensive and has lower throughput
because it requires the use of electron beam irradiation to pattern individual particle shapes. These
fabrication tradeoffs lead to a lack in methods that allow one to both affordably produce highly crystalline
nanoparticles with high-throughput while also enabling control of particle size and position. Other
techniques have been developed to address this issue but each face limitations in terms of size and
position control.**%

Polymer-pen-lithography (PPL) represents a fusion of colloidal synthesis and EBL and has the
potential to fill the gap in the nanoparticle fabrication library. Scanning probe block-copolymer
lithography (SPBCL), a technique based on PPL, uses polymer pyramids as pens to deposit small droplets
of metal precursor solutions onto substrates. These droplets are subsequently grown into nanoparticles
through a thermal annealing procedure.’®*' The utilization of large arrays that contain thousands of pens
allows SPBCL to apply different metal precursors at the same time or employ precursor mixtures for
multi-component particles.’> With these advantages, SPBCL has been used to fabricate extensive
nanoparticle libraries with multi-metallic particles containing up to five different metals, forming alloys
or separate metal phases, depending on their miscibility.* However, so far, studies have focused on
smaller nanoparticles, predominantly for applications in catalysis, with diameters not exceeding ~60

nm.*¢ In addition, mostly conductive and non-transparent substrates or thin membranes that are ideal for

electron microscopy have been utilized, also because of their low surface roughness.***” However, these



substrates are either incompatible or disadvantageous for optical studies, while small nanoparticles do not
scatter efficiently enough to be observed by single-particle spectroscopy so that effects of sample
inhomogeneities can be deciphered. Consequently, there is a need to extend SPBCL to fabricate larger
metal nanoparticles with significant optical scattering cross sections on transparent substrates for the
detailed analysis of their optical properties.

Here, we used SPBCL to fabricate gold nanoparticles (AuNPs) with diameters ranging from 50 to
200 nm on glass substrates and characterized their optical and mechanical properties. We employed dark-
field scattering spectroscopy to investigate their plasmonic properties and in particular determined
plasmon damping to understand the quality of the resonance in comparison to colloidal AuNPs of similar
diameter. The dimensions of the SPBCL AuNPs were obtained by scanning electron microscopy (SEM)
to yield the diameter and atomic force microscopy (AFM) to give the thickness, while transmission
electron microscopy (TEM) revealed their crystalline nature. We further characterized the AuNP shapes
through Wulff construction theory and evaluated the computed shapes using the agreement of their
simulated optical spectra based on discrete dipole approximation (DDA) simulations with experimental
data. Lastly, we employed ultrafast transient transmission microscopy to study the acoustic vibrations of
SPBCL AuNPs. The experimentally obtained acoustic frequencies were compared to simulations based
on the finite element method (FEM) to assign the observed acoustic modes. Our results demonstrate
plasmon lifetimes and acoustic Q factors that are comparable to those of colloidal gold nanospheres
(AuNSs) and larger than those of comparable AuNPs fabricated using EBL, confirming that SPBCL
produces highly crystalline AuNPs with promising optical applications.

Methods
Scanning Probe Block Copolymer Lithography

Gold nanoparticles (AuNPs) were synthesized through SPBCL, a method based on polymer pen
lithography.*!-*” Polymer pen arrays of ~500 x 500 polydimethylsiloxane pyramids with inter-pen
distances of 100 um were purchased from TERA-print. The block-copolymer poly(2-vinyl pyridine)-b-
poly(ethylene oxide) with molecular weight of M,, (x10°) = 1.5-b-2.8 g/mol was purchased from Polymer
Source. The precursor Au (III) chloride trihydrate (HAuCl, - 3 H,O) was purchased from Sigma Aldrich.
Millipore water was used to make precursor solutions with concentrations of 14.1 mg/ml. Similarly,
polymer solutions with a concentration of 5 mg/ml were made. Au and polymer solutions were combined
in a ratio of approximately 1:4 to generate a combined solution, referred to as ink, with a ratio of 1:2
between Au ions and pyridine groups. The ink was stirred overnight for at least 8 hours to allow for the
association of metal ions with the 2-vinyl pyridine groups and formation of nanoscale micelles due to the

low water solubility of the pyridine groups.’' The more water soluble ethylene oxide groups then



facilitated the ink transfer.’' Before usage, the polymer pen array was cleaned in oxygen plasma (Harrick
Plasma, PDC-32G) for two minutes on medium, and a volume of 0.25 ml ink was spincoated (Laurell,
WS-650MZ-23NPPB) onto the array with rates of 250 rpm (30 seconds) and 2500 rpm (1 minute) before
leaving it to dry for 15 minutes. For the substrates, glass coverslips were cleaned in Millipore water, a
solution of Liquinox soap, acetone, isopropanol, and again Millipore water under sonication for 10
minutes each and dried under a nitrogen stream. Using a home-built mask, a Au frame was then
evaporated onto the glass substrates (Corning, CB-0102, alkaline earth boro-aluminosilicate) to enable
substrate alignment before ink deposition. The substrates were then stored for at least 8 hours in a
desiccator with a vial containing a 1:3 mixture of hexamethyldisilazane (HMDS) and hexane to make the
surface hydrophobic. A commercial M-series Teraprint instrument was used to deposit small droplets of
the ink via the pyramids on the prepared substrates. After initial alignment, the pen array was incubated
for 60 minutes under 90% humidity. Arrays of 10x10 ink droplets with distances of 5 um were
accomplished by bringing polymer pens and substrate into contact in a manually defined pattern. At each
contact we applied a force of ~1500 mN for a contact time of 5 s with approach and retract velocities of
100 and 150 pm/s, respectively. Following deposition, these substrates were then annealed in a tube
furnace (Thermcraft, XST-3-0-24-3V2-F01-C-D-H-P) under nitrogen atmosphere at 150° C for 12 hours,
above the glass transition temperature of the employed polymer to allow for metal ion diffusion and
aggregation. Subsequently, the temperature was raised to 500° C for 4 hours to decompose the polymer
and reduce the metal ions before cooling down to room temperature.’” The ramping time between each
step was 1 hour. SEM images of fabricated nanoparticles initially indicated carbon residues, which were
however easily removed using oxygen plasma (Harrick-Plasma PDC-32G, 1 min, medium) or under
irradiation with ultrafast laser pulses (4.75 x 10* to 1.59 x 10* W/cm?). Commercial gold nanospheres
(AuNSs) were purchased from nanoComposix with diameters of 50 nm, 70 nm, 80 nm, and 100 nm
according to the manufacturer.
Single-Particle Scattering Spectroscopy

Single-particle scattering spectra were measured in a dark-field geometry using a Zeiss microscope
(Axio Observer.D1). Light from a halogen lamp (Zeiss, HAL 100) was focused onto the sample using an
oil-immersion condenser (Zeiss, achromatic-aplanatic NA 1.4) in dark-field mode. The scattered light was
collected through a refractive air objective (Zeiss, EC Epiplan-NEOFLUAR, 50x, NA 0.8) and directed
through a slit towards a spectrometer (Andor Shamrock) that was equipped with a charge-coupled device
(CCD) camera (Andor, iDus DU420A-BEX2-DD). Initial dark-field scattering images were taken to
identify single AuNP locations by switching the grating to its zero-order diffraction mode and fully
opening the slit in front of the spectrometer. The slit was then set to 150 pm to limit the light that reached

the camera and a piezo scanning stage was used to move identified AuNPs into the slit aperture to record



single-particle spectra with the grating set to the first-order diffraction at a center wavelength of 600 nm.
The employed grating had a groove density of 300 grooves per millimeter and a blaze wavelength of 500
nm. To take advantage of the large and ordered AuNP arrays obtained through SPBCL, we automated the
measurement process using LabVIEW and our single-particle tracking algorithm TROIKA *®* In this
process we identified and labeled large numbers of AuNP positions at once, and systematically measured
single-particle spectra using the piezo stage in a stepwise scanning procedure. Additionally, we accounted
for drift due to the prolonged measurement times. In this drift correction step, we employed the piezo
stage to scan the area around each AuNP position in XY and subsequently Z to determine the location of
largest total scattering intensity. We chose a total of 16 scanning steps for each AuNP at an exposure time
of 0.2 seconds and then measured the drift-corrected spectrum with an exposure time of 2 seconds. This
procedure allowed us to measure 100 drift-corrected single-particle spectra in approximately 20 minutes.
No change in the optical properties was observed before and after the removal of carbon residue.
Single-Particle Ultrafast Transient Transmission Microscopy

Transient transmission microscopy was performed using a homebuilt setup that combined an
ultrafast pump-probe scheme with a single-particle microscope (Zeiss, Axio Observer.D1m). The light
source was a Ti:Sapphire oscillator (KMLabs, Griffin-10) that was pumped by a 532 nm laser (Coherent,
Verdi G10) and produced sub-100 fs light pulses at a frequency of 86 MHz and a center wavelength of
800 nm. The average output power of the oscillator was 1.05 W, of which ~25% was used for the pump
beams, either at the fundamental of the oscillator or at 400 nm after second harmonic generation in a beta
barium borate crystal (Altos, BBO-1004H). Another ~25% of the laser output were directed into a non-
linear photonic crystal fiber (NKT Photonics, FemtoWHITE 800) to generate a white light continuum
with a wavelength range of 500-1000 nm for the probe. From the continuum, spectral slices of 25 nm
were selected with bandpass filters. In this study, 400 nm was used as the pump to excite Au interband
transitions. We utilized a probe wavelength of 800 nm because as the fundamental oscillator output it
granted optimum power stability. An optical delay stage (Newport, UTS150CC) in the probe beam path
controlled the temporal overlap of the pump and probe pulses, and the pump was modulated with an
optical chopper (Newport, Model 3502) at 8 kHz. A dichroic mirror recombined pump and probe beams
and an oil immersion objective (Zeiss, Plan-Apochromat, 63x, 1.4 NA) focused the beams on the sample.
The light was collected by a receiving objective (Zeiss, LD Achroplan, 40x, 0.6 NA) in a transmission
geometry. The energy densities of the pump and probe beams at the sample were approximately 4.75 x
10* and 1.59 x 10* W/cm? with beam sizes of 500 and 600 nm, respectively. Optical filters were
subsequently utilized to remove the pump beam, while the probe beam was detected by a photodiode
(Femto, DHPCA-100-F). The detected transmitted signal T was directed to a lock-in amplifier (EG&G

Instruments, Model 5302) that was referenced to the pump modulation frequency to read out changes in



the pump-induced transmitted signal AT. AT was digitized with a data acquisition board (National
Instruments, USB-6229) and collected with a custom LabVIEW program. Using an oscilloscope
(Tektronix TDS 2024C) to determine T from the photodiode, the differential transient transmission AT/T
was obtained. Transient transmission images were acquired by focusing the spatially and temporally
overlapped pump and probe beams onto the sample, which was raster-scanned with a piezo stage (Physik
Instrumente, P-517.3CL). Time transients of AT/T were measured by positioning a single AuNP in the
focus of the overlapped beams and changing pump-probe delay times. All transients were repeated at least
two times and averaged to increase the signal-to-noise ratio, to confirm the setup stability, and to exclude
thermal reshaping of the AuNPs due to laser heating. Because the employed laser pulses removed any
carbon residue, its effect on the acoustic properties of nanoparticles was eliminated in these
measurements.
Wulff Construction

AuNP shapes were generated through the published Wulff construction software WulffDDSCAT.*
The experimentally observed hexagonal and truncated triangular AuNPs were reproduced using the AuNP
diameters from electron microscopy images and under the assumption of a twin plane. The applied
settings for each case are summarized in Table S1. The chosen parameters were adapted and modified
from previous literature, where instructions and definitions of each parameter are provided.*’
Discrete Dipole Approximation (DDA) Simulations

Using the above-mentioned Wulff construction software WulffDDSCAT, the generated AuNP
shapes were translated into arrays of dipoles. For all simulations, inter-dipole distances were chosen so
that shapes were comprised of more than 200,000 dipoles. The free DDA software DDSCAT was
employed to calculate scattering spectra with a spectral range from 400 to 900 nm.*® Assuming that each
AuNP laid flat on the substrate, we used the generated shapes to approximate the fraction of total surface
area that was in contact with the substrate. This way, we determined an effective refractive index of 1.1
corresponding to a refractive index between air (refractive index = 1) and glass (refractive index = 1.5).*!
The AuNP was illuminated with light that travelled perpendicularly to the horizontal AuNP plane to
excite the in-plane plasmon resonance. The simulation was repeated light with polarization shifted by 90°.
Averaging these orthogonal polarizations was used to mimic the unpolarized light in the experiment.
Finite Element Method (FEM) Simulations

The structural mechanics module of the commercial software COMSOL was used to simulate the
acoustic vibrations of SPBCL AuNPs. The free 3D visualization software Blender was utilized to
approximate the AuNP shapes that were generated through Wulff construction, and the resulting images
were imported into COMSOL. Because of the absence of adhesion layers between AuNPs and substrate,

we considered the substrate to have minimum effect on the acoustic modes of the AuNPs apart from



being a damping source, corresponding to the weak binding regime.*” We thus performed simulations for
the limiting case of free AuNPs without a substrate.** Note that no Q factors were calculated in this case,
because energy loss into the environment was ignored and FEM does not consider intrinsic damping
sources such as defects. Acoustic vibrations were simulated by calculating the AuNP response to uniform
pressure at all boundaries, recreating the uniform heating of a single AuNP in the experiment. A
frequency domain study was performed to obtain the acoustic response to uniform pressures applied with
frequencies between 0 and 50 GHz. Efficiently excited acoustic modes were then identified through
maxima in the stored acoustic energy spectra. The experiment probed acoustic modes through changes in
the in-plane plasmon resonance. We therefore followed examples in the literature,® and calculated the
change in AuNP dimension by integrating the displacement in order to determine modes that lead to the
largest changes in the plasmon resonance and are likely to be observed experimentally. By correlating
efficiently excited modes with efficiently probed modes, we identified acoustic vibrations that were most
probably observed in the experiment. The ‘Extra fine’ mesh settings were applied so that the mesh size
was not larger than one tenth of the AuNP thickness.”’ It is important to note that the acoustic frequencies
and mode profiles are extremely sensitive to changes in particle shape and dimension,” as directly
evident from the different simulated profiles for the structurally comparable truncated triangular and
hexagonal AuNPs. We chose truncated triangular and hexagonal morphologies in our simulations due to
their high abundance in our samples, and because we analyzed them by Wulff construction theory too
(Figure 2b). However, not all AuNPs included in Figure 4b were of truncated triangular or hexagonal
shape, as illustrated in Figure S13. Discrepancies in simulated and experimental frequencies were
therefore likely due to shape differences.

Scanning Electron Microscopy (SEM)

AuNP images were taken on A FEI Quanta 400 ESEM FEG. Due to the nonconductive nature of
glass substrates, all images were measured under environmental conditions in a water atmosphere at
~4x10* Torr. Images were recorded with a dwell time of 10 us and a voltage of 15 kV. SEM images were
used to determine AuNP diameters through the software ImageJ, defined as the average of the maximum
and minimum Feret.

Transmission Electron Microscopy (TEM)

TEM micrographs were taken on a JEOL 2100 Field Emission Gun TEM. AuNPs were sonicated off
the transparent supports and transferred to TEM grids (Electron Microscopy Sciences, 300 copper mesh)
to allow high-resolution micrographs to be captured. The diffraction pattern in the inset of Figure 2d was
obtained through fast Fourier transform (FFT) of the image shown in Figure 2d. The diffraction patters in
the insets of Figures 2e and 2f were acquired similarly from the crystalline regions above and below the

twin plane.



Atomic Force Microscopy (AFM)

AFM images were recorded on a Park AFM NX20 microscope. Images were taken in tapping mode
with commercially fabricated cantilevers (NCHR-10 Nano World). AFM images were analyzed with XEI
software to extract AuNP thicknesses as displayed in Figure S8.

Plasmonic Damping Calculations

We consider the plasmon damping as ['rowl = ['Buk + I'rad + [surr + T'cp with bulk damping gy,
radiation damping I'ra4, electron-surface scattering I'sut, and chemical interface damping I'emp.**** Bulk
damping sy includes the Drude resistance yp as well as interband damping I'is. The Drude resistance ys
=73 meV describes electron scattering off other electrons,*® defects, or phonons, while interband
contributions account for plasmon decay into interband transitions, which have a threshold of 1.7-1.8 eV
for Au.*>**" Bulk damping is governed by the metal itself and is obtained from its frequency-dependent
dielectric function. Here, we used values for the dielectric function reported by Olmon et al.** T'cip
represents a loss mechanism due to modifications at the AuNP interfaces. For SPBCL AuNPs, we assume
Icip to be negligibly small as the final annealing temperature at 500°C in the fabrication procedure is
larger than the decomposition temperature of the utilized polymer (409°C), likely leading to the full

decomposition of any organic material.”’

I'rad considers the loss of energy through light radiation and
increases with the AuNP volume according to ['r.a = hkV/n. We used a radiation damping constant k =
3.34x 107 fs"' nm™,* while the volume V of each individual AuNP was determined by multiplying its
area, as obtained via the average diameter extracted from correlated SEM image, with its calculated
maximum thicknesses according to the results in Figure 1d and considering a thickness correction factor
of 0.75 described in Figure S8. ['s.r defines damping due to electron-surface scattering and is calculated
as Csut = AsurtVi/Letr.*® Here, vi=1.4 nm fs™! is the Fermi velocity,’® Leff is the effective mean free path of
electrons in the AuNPs, and A is a surface scattering parameter. Because we assume the SPBCL AuNPs
to be free of ligands as discussed above, we utilized a value of Aswr=0.12, as previously reported for

1.** While several expressions for Leg have been reported,” we found good

bare Au nanorods in ethano
agreement when using the relationship L= 2H which was derived for thin cylindrical particle
geometries with thickness H. The thickness correction factor was applied for this calculation of Lesr as
well. The thin cylindrical geometry is most similar to our AuNPs with thicknesses considerably less than
the respective diameters. However, Figure S9 also illustrates that comparable values for the residual
plasmon damping ['re.q Were obtained when calculating Less using the more general expression of L =

4V/S with S corresponding to the AuNP surface area.”’

Results and Discussion




SPBCL was employed to fabricate AuNPs on glass substrates (Figure 1a). Aqueous solutions of the
block-copolymer, poly(2-vinyl pyridine)-b-poly(ethylene oxide), and the gold (Au) precursor, Au (III)
tetrachloride trihydrate (HAuCls-3H,0), were loaded onto polymer pen arrays consisting of ~500 x 500
pens and deposited onto substrates by establishing contact between pens and substrate. A piezo stage was
programmed to create arrays of 10 x 10 droplets per pen. The droplets acted as nanoreactors that each
produced a single AuNP in a thermal annealing procedure under nitrogen atmosphere.’” Considering a
substrate area of about 1.5 cm?, approximately 2.25 million AuNPs with controlled positions were
generated in each synthesis. Further experimental details are described in the methods section.

The fabricated SPBCL AuNPs were arranged with high spatial precision, and exhibited different
shapes across all arrays and samples. Figure 1b on the left displays a cutout of a 3 x 3 AuNP sub-array as
an example of the symmetric arrangement within each array. From a total of ~1400 AuNPs from 22
arrays and four different samples, we identified a common prismatic base shape with different levels of
truncation and edge roundness. Using SEM images as presented on the right of Figure 1b, and following
previously introduced nomenclature,’ we categorized the AuNPs into groups of (I) truncated triangular,
(IT) hexagonal, and (III) circular shapes, with (IV) an additional group encompassing other derivatives of
the prismatic base shape. Truncated triangular AuNPs constituted 43% of all AuNPs, while hexagonal and
circular AuNPs represented 27% and 23%, respectively. Only 7% of all AuNPs could not be assigned to
these three shapes (Figure S1).

AuNP diameters between 50 and 200 nm were achieved by controlling the deposited ink volume
through pen-substrate contact force and time. The diameters were extracted from SEM images through
the software ImageJ and defined as the average of the minimum and maximum Feret. Figure 1c
demonstrates that small standard deviations down to +5 nm were achieved. While Figure 1c only
highlights the diameter distributions of three individual arrays containing 10 x 10 AuNPs, for
completeness and to avoid any bias in our representation, the diameter distributions of all additional
measured arrays are presented in Figure S2. Within each sample, we observed variations in the average
AuNP diameter between arrays, and ascribe them to dissimilarities in the height of individual pens,
leading to differences in the actual applied contact force for each pen. These diameter variations between
arrays were also observed by Mirkin and coworkers.** Furthermore, for a few arrays, the standard
deviation could reach almost 20% of the average diameter, caused by small subpopulations of larger
AuNPs (Figure S2, sample 4, purple). We observed that this effect occurred concurrently with instable
pen-substrate contact forces during the deposition process, and emphasize the importance of experimental

settings to reduce or eliminate large diameter distributions as well as unwanted synthesis products (Figure
S3).
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SPBCL AuNPs exhibited diameters approximately twice their thickness. In addition to the in-
plane diameter extracted from the SEM images, AFM was used to determine AuNP thicknesses from
randomly chosen arrays on multiple samples. Figure 1d displays linear fits to the dependence of
maximum AuNP thicknesses on their corresponding diameters for each sample, all showing a diameter-
to-thickness relationship of approximately 2:1, although with slightly varying offsets. To consider
uncertainties in both experimental and data analysis steps, we averaged the slopes and calculated the
individual AuNP thickness as 0.52x — 19.6 nm, with x being the AuNP diameter. Lastly, we did not

observe a dependence of AuNP shape on diameter (Figure S4).
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Figure 1: SPBCL-synthesized AuNPs growth and characterization. a) Schematic of the AuNP
synthesis with SPBCL. b) Left: Example SEM image of a 3 x 3 cutout of a 10 x 10 AuNP array. Right:
Example SEM images of AuNP shape categories: (I) truncated triangular, (II) hexagonal, (III) circular,
and (IV) other derivatives of the prismatic base shape. c) Histograms of AuNP diameters for three
individual arrays on three different samples. d) AuNP thicknesses plotted against their correlated

diameters, with linear fits. e) Schematic and work-flow for automated dark-field microscope. (Step 1)
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Initial acquisition of dark-field images and labeling of positions. (Step 2) Drift correction. (Step 3)
Acquisition of drift-corrected spectrum and extraction of plasmon energy and damping. LS: Light Source;
C: Condenser; P: Piezo Stage; S: Sample; O: Objective; A: Aperture/Slit; G: Grating; D: Detector/CCD

camera. The tube lens and focusing lens between objective and aperture were omitted for clarity.

Automated dark-field spectroscopy facilitated the efficient characterization of the optical
scattering properties of SPBCL AuNPs (Figure le). We took advantage of the symmetric AuNP arrays
created by SPBCL, and developed an automated dark-field microscope that enabled us to measure
scattering spectra of 100 AuNPs in approximately 20 minutes. In this methodology, initial dark-field
images, recorded with the charge-coupled device (CCD) camera while the spectrometer slit was fully
open and the grating set to act as a mirror, were used to identify and label all AuNP positions within an
array, applying our previously published single-particle tracking algorithm.*® A piezo stage was then used
to sequentially move labeled positions into the field-of-view defined by the now only partially open slit of
a spectrometer to measure single-particle spectra. To account for any sample and focus drift during the
total measurement time for 100 AuNPs, we implemented a scanning algorithm that corrected for these
effects by identifying the maximum scattering intensity in the three-dimensional proximity of each
labeled position. This setup, in combination with the high-throughput of SPBCL, enabled us to acquire
drift-corrected optical scattering spectra with high throughput and can be readily adapted to record single-

particle extinction and photoluminescence spectra as well.
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Figure 2. SPBCL-synthesized AulNPs optical and crystalline properties. a) Single-particle scattering
spectra of the four AuNPs shown in Figure 1b for each shape category: truncated triangular (I, blue),
hexagonal (II, purple), circular (III, green), and other derivatives (IV, red), compared to a colloidally
grown AuNS (black, dotted line). Correlated SEM images are shown above the spectra. Scale bars
correspond to 100 nm. b) Left: Experimental scattering spectra of the truncated triangular and hexagonal
AuNPs presented in a), overlaid with DDA simulated scattering spectra based on AuNP shapes generated
through kinetic Wulff construction theory. Right Column: Truncated triangular and hexagonal AuNP
shapes generated through kinetic Wulff construction theory. c) TEM image of a single SPBCL AuNP.
The red square marks the magnified area displayed in d). The blue and yellow squares again mark
magnified areas shown in e) and f), respectively. The images detail high crystallinity even in proximity of
the twin plane where the crystal planes meet at an angle of ~130°. f) Zoomed-in high-resolution TEM
(HRTEM) image of the yellow square in d), again confirming the high crystallinity of SPBCL AuNPs.
Insets in d-f): Diffraction pattern obtained through fast Fourier transform (FFT) of the image shown in d)

and the crystalline regions above and below the defect, respectively.

SPBCL AuNPs exhibited scattering spectra that were comparable to those of colloidal AuNSs,
indicating high quality plasmon resonances. Figure 2a highlights spectra for truncated triangular (blue),
hexagonal (purple), and circular (green) AuNPs, all of which had diameters of approximately 100 nm. We
observed asymmetric spectral shapes similar to those of AuNSs,> leading us to determine plasmon

resonance energies and damping directly from the experimental spectra as indicated in the inset of Figure
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le, rather than through Lorentzian fits.*> Overall, we found statistically similar resonance energies (Eres)
for particles of similar size but different shape (Figure S5). However, slightly larger average E.s for
hexagonal and circular AuNPs compared to truncated triangles indicated that AuNPs with more rounded
edges and increased truncation have larger E... This observation is in agreement with previous reports
that have related larger E for truncated nanoprisms to more spread out charge distributions.’*>¢
Furthermore, when comparing the circular SPBCL AuNP spectrum (green) to the spectrum of a colloidal
AuNS with an alike diameter (black, dotted) we found excellent agreement. These AuNSs are known to
be highly crystalline,”’” and the similarity in spectra suggests that AuNPs fabricated by SPBCL have high
quality plasmon resonances. This conclusion will be further confirmed below on a large dataset of single-
particle spectra.

The experimentally observed SPBCL AuNP shapes are the result of kinetic particle growth
effects. We made use of Wulff construction theory to further evaluate the structural properties of SPBCL
AuNPs. Wulff construction theory comprises two variants, thermodynamic and kinetic, which consider
surface free energies or growth velocities to predict particle shapes, respectively.’® Here, we applied a
kinetic Wulff construction model that included growth enhancement at favorable nucleation sites such as
twin boundaries and allowed us to successfully reproduce the experimentally observed AuNP shapes.*®
Figure 2b (right) shows computed particle shapes resembling the observed truncated triangular and
hexagonal AuNPs. These shapes were obtained under the assumption of single-crystallinity with the
exception of a single planar twin plane, suggesting similar crystalline features for the SPBCL AuNPs.
Indeed, twin planes have been discussed for AuNPs with prismatic shapes comparable to the AuNPs
investigated here.’> We were not able to reproduce circularly shaped AuNPs or derivatives of the
prismatic shape. These shapes are likely the result of additional growth effects that are not included in the
here applied kinetic Wulff construction theory.

The utilized block copolymer likely affects the shape of SPBCL AuNPs. Kinetic Wulff
construction theory has been employed to describe AuNPs that also exhibited prismatic shapes but were
fabricated by colloidal syntheses using polyvinylpyrrolidone (PVP) as surfactant.’® Interestingly, PVP has
comparable functional groups to the 2-vinylpyridine groups in the block-copolymer utilized here, and the
similar prismatic AuNP shapes suggest that the block-copolymer acts like a surfactant in SPBCL. Further
control over size and shape of larger plasmonic particles should therefore be possible by varying the
pyramid-substrate contact time, contact force, incubation time, and the employed polymer.

Excellent agreement between DDA simulations of scattering spectra using as input the AuNP
shapes generated from Wulff construction theory with experimental spectra further validated our shape
analysis. As presented in Figure 2b (right), Wulff construction shapes were computed with the measured

diameters and calculated thicknesses of the truncated triangular (blue) and hexagonal (purple) SPBCL
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AuNPs from Figure 2a. The obtained shapes were then applied in DDA simulations to compare to the
corresponding experimental spectra.’” > The excellent agreement of the simulated with the experimental
spectra without any adjustable parameters, displayed in Figure 2b (left), provided additional support for
our interpretation of these SPBCL AuNP shapes along with their highly crystalline structure. The DDA
simulations also yielded electric field distributions (Figure S6) that confirmed an in-plane plasmon mode
as the origin of the observed scattering resonances, as expected for excitation in our experimental setup
with unpolarized light emerging from a condenser and incident on the sample at an angle of 67°.

Finally, TEM images directly confirmed the so far inferred crystalline nature of the SPBCL
AuNPs. The TEM image of a single SPBCL AuNP in Figure 2¢c shows multiple regions inside the AuNP
and an outer oxide layer, which resulted from the removal of the AuNP off the glass substrate by
sonication into aqueous solutions to enable transfer onto a TEM substrate (Figure S7). The highlighted
area of the AuNP, magnified in Figure 2d, revealed a twin plane within the AuNP, separating two regions
of (111) Au crystal planes as confirmed by the same inter-lattice distance of 2.2 A. The FFT of the entire
image is given in the inset with distinct diffraction spots confirming the high degree of crystallinity.
Furthermore, HRTEM images in Figures 2e and 2f clearly show lattice planes, as confirmed by the FFTs
in the insets for the crystallites above (blue) and below (yellow) the twin plane. When combined, these
FFTs equaled the FFT from the entire image in Figure 2d. The observation of (111) Au crystal planes was
indicative of the flat top-side of Au nanoprisms, suggesting that the illustrated AuNP was positioned flat
on the support.'” 3 Therefore, the occurrence of non-horizontally aligned twin planes indicated that
additional twin planes can be present within some of the heterogeneous particle shapes. Overall, the
presented TEM images established high crystallinity for SPBCL fabricated, large AuNPs with diameters

on the order of 100 nm.
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Figure 3. The diameter-dependent plasmon damping for SPBCL-synthesized AuNPs and colloidal

AuNSs of comparable diameter and resonance energy E,., related to radiation damping and

surface scattering. (a) Er; (left, red) and plasmon damping (right, blue) of ~1400 single SPBCL AuNPs

as a function of their diameter, compared to values for colloidal AuNSs, given by overlaid black stars and

triangles, respectively. (b) Radiation damping (blue) and surface scattering (green) calculated for each

SPBCL AuNP with its corresponding diameter and thickness. ¢) Total measured plasmon damping I'rota

for each SPBCL AuNP (blue) and residual plasmon damping ['req after subtraction of radiation damping

and surface scattering vs. Ers (red to yellow indicating increasing diameter). The black line and error bars

represent the binned and averaged values of ['req With bin widths of 0.025 eV.
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SPBCL AuNPs support plasmon resonances that are of similar or higher quality compared to
colloidal AuNSs. The quality of the SPBCL AuNP plasmon resonance was evaluated by analyzing the
homogeneous single-particle linewidth, revealing that plasmon damping of SPBCL AuNPs was overall
smaller than for colloidal AuNSs of similar diameter and comparable E.. Figure 3a summarizes the
resonance energies Ers (red) and plasmon damping (blue), as obtained from the linewidth, for ~1400
AuNPs as a function of their diameters. E.s of SPBCL AuNPs increased with decreasing AuNP diameter
down to ~70 nm, where E started to converge for smaller diameters to a value of ~2.3 eV. We accredit
the observation that resonance energies and linewidths varied up to ~200 meV for some AuNP diameters
to both the heterogeneity of the SPBCL AuNPs from 22 different arrays as well as the diameter being a
simplified parameter describing the more complex actual AuNP shapes discussed above. Figure 3a also
shows for comparison the resonances energies and linewidths of colloidal AuNSs with varying diameters,
as indicated by the black stars and triangles, respectively. Apart from a small blueshift, which is likely

caused by the above mentioned increased roundness of AuNSs,> 3

the resonance energies agreed well
between the SPBCL AuNPs and colloidal AuNSs, following the same trend of decreasing Ers with
increasing diameter because of phase retardation.® On the other hand, the linewidths were generally
larger for the AuNSs, especially for diameters around 100 nm, where plasmon damping reached a
minimum of ~300 meV for the SPBCL AuNPs.

The plasmonic damping in SPBCL AuNPs is dominated mostly by radiation damping with some
contribution from electron-surface scattering. With the homogeneous single-particle linewidth and
correlated structural information we isolated different contributions to plasmon damping of SPBCL
AuNPs. A detailed understanding of different damping mechanisms is important for various applications,
which typically seek reduced damping as longer plasmon lifetimes are generally advantageous.*’ The
plasmon linewidth as a measure of damping in metal nanoparticles has been described as I'rotal = ['uik +
I'Rad + ['swt + [cip, comprising bulk damping ['suik, radiation damping I'ra4, electron-surface scattering
[suf, and chemical interface damping I'cip.**** Assuming I'eip to be negligible (see Supporting
Information that provides a detailed discussion of all damping contributions and their calculation), we
suggest that the trends in plasmon damping of SPBCL AuNPs in Figure 3a can be attributed to increased
['rag for large AuNPs above 100 nm in diameter and increased ['sur as well as I'puik, for smaller AuNPs. To
test this assignment, we computed ['raq and [surusing the individually determined volumes and
thicknesses, as illustrated in Figure 3b for each SPBCL AuNP in blue and green, respectively. Because its
scaling with the particle volume, ['rad remained smaller than ~100 meV for AuNPs below 100 nm in
diameter. ['q. started to rise significantly for diameters below ~60 nm. Considering that the respective

AuNP thicknesses corresponded to at most half the diameter, this finding was in good agreement with the
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electron mean free path of ~40 nm for Au,”' and in quite good agreement with reports of significant
electron-surface scattering contributing to plasmon damping for nanorods with widths below 20 nm.*
Subtracting the calculated ['raq and I'surs from the measured linewidths yielded residual plasmon damping
values (Figure 3c) that on average followed the frequency-dependent ['suxk (binned black data points),
increasing for larger resonance energies due to stronger interband transitions, as demonstrated by the gray
shaded area. As already apparent from the magnitudes of the damping contributions given in Figure 3b,
Figure S9 (top panel) illustrates that the linewidth was mainly broadened by I'raq, although the smaller
[surr term was nevertheless needed to completely describe plasmon damping in these SPBCL AuNPs.
Despite the good agreement found for the decomposition of the measured single-particle
linewidths of SPBCL AuNPs into the different plasmon damping contributions in Figure 3c, there was
also a large spread in values for each resonance energy. The same was the case for the diameter as well
(Figure 3a), which was chosen as the relevant size parameter to display because it was determined for
every AuNP from SEM images. Thicknesses on the other hand were only inferred from AFM
measurements of a subset of AuNPs (Figure 1d) and furthermore needed to be corrected to calculate more
realistic values for V and L. (Figure S8). The uncertainty especially in AuNP thicknesses as well as
approximating the in-plane dimensions of the different, mostly non-circular AuNP shapes by an average
diameter ignored the actual AuNP shapes, leading to over- as well as under-estimation of size dependent
damping contributions like ['ra¢ and Tgyr. In particular, a simple scaling relationship between diameter and
maximum thickness and the use of a single correction factor for an adjusted effective thickness (see
Supporting information) were too simple to accurately account for the AuNP shape heterogeneity, but
AFM measurements on ~1,400 SPBCL. AuNPs was not feasible. Furthermore, experimental uncertainties
in determining the AuNP diameters from a lower resolution environmental SEM, which had to be used
because of the non-conductive nature of the glass substrate, could have further enhanced the spread in
plasmon linewidths especially for the smaller SPBCL AuNPs. Lastly, while we assumed SPBCL AuNPs
to be ligand-free, carbon residues of the decomposed polymer could have affected the surface scattering
contribution. We therefore attribute the spread in resonance energies and linewidths collectively to these
limitations. Similarly, note that the direct determination of A for s+ following previous literature
procedures was not successful as the data spread hindered this analysis.** Nevertheless, the almost
quantitative agreement of our analysis with especially the binned data points (black line and error bars in

Figure 3c¢) is actually quite remarkable.
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The high quality plasmon resonances of SPBCL AuNPs imply a high degree of crystallinity. The
absence of additional linewidth broadening that could not be accounted for by radiation damping and
electron-surface damping is consistent with the high crystallinity shown above through Wulff
construction theory and TEM analyses. The previously mentioned reduced plasmon damping in
comparison to colloidal AuNSs of similar diameters makes even the larger plasmonic AuNPs prepared by
SPBCL AuNPs attractive for potential applications. While high particle crystallinity likely contributed to
their small plasmonic damping, the SPBCL AuNPs mainly profited from their smaller thicknesses
compared to their base diameters and hence reduced volumes compared to AuNSs of equal diameter
(Figure S10). The smaller volumes resulted in diminished radiation damping and hence smaller total
damping considering that electron-surface scattering was found to play only a minor role, especially for
SPBCL AuNPs with diameters larger than 60 nm. That the plasmon linewidth of the AuNSs was mainly

dominated by radiation damping can be seen by the rise in plasmon damping as the AuNS diameter

increased.
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modes. The blue and red lines represent fits of damped cosine functions to the experimental data (black)
to determine acoustic frequencies and Q factors. Note that only the oscillatory part of the transient
transmission is displayed (see Figure S11 for the entire ultrafast response). Inset: FFT of the experimental
data to isolate the main frequency components. For each illustrated AuNP two acoustic modes were
identified, and the determined Q factors are shown next to the respective frequency component in the
FFT. (b) Measured acoustic Q factors plotted against their frequency. From 55 truncated triangular,
hexagonal, and circular AuNPs, we identified four modes based on differences in their acoustic
frequencies. For comparison, acoustic Q factors for the in-plane breathing mode of EBL fabricated Au
nanodisks (AuNDs) with diameters of 78 to 160 nm and hence comparable frequencies are displayed in

black stars. The data for AuNDs was adapted from our previous work.*?

Because of their anisotropy, SPBCL AuNPs exhibit various acoustic modes. We characterized the
mechanical properties of SPBCL AuNPs by evaluating their coherent acoustic breathing modes excited
by ultrafast laser pulses in a single-particle pump-probe microscope. 400 nm pump pulses generated hot
carriers that through electron-phonon coupling impulsively heated the lattice, launching acoustic
vibrations that modulated the transmitted probe pulses at 800 nm as the plasmon is sensitive to the AuNP
volume. Figure 4a displays example time-resolved transient transmission traces for a truncated triangular
(blue) and a hexagonal (red) AuNP, ignoring the initial 30 ps response (Figure S11) and only focusing on
the coherent oscillations. These oscillations were fit to a sum of damped cosine functions to extract
acoustic frequencies v and damping times 7 that together yield the Q factors, Q= nvr, following a
previously reported methodology™® that is summarized in the Supporting Information. We found that
SPBCL AuNPs supported several acoustic modes between 0 and 40 GHz, likely due to their anisotropic
structures. Despite the AuNP heterogeneity, we observed similarities in the acoustic modes of 55
measured AuNPs that had comparable maximum diameters between 125 and 150 nm and belonged to the
first three shape categories. Based on the measured acoustic frequencies and Q factors, we identified 4
different modes with acoustic frequencies around 5 GHz, 10 GHz, 15 GHz, and 30 GHz. These modes
repeatedly occurred throughout the set of measured AuNPs with varying intensities in the FFTs as shown
in the insets of Figure 4a and Figure S12. While almost no AuNP exhibited all 4 modes, we assume that
this observation was due to experimental challenges in identifying modes that were either weakly excited
or did not sufficiently change the plasmon resonance to be detected.

SPBCL AuNPs are high quality acoustic oscillators. The acoustic Q factors of SPBCL AuNPs
reached up to ~70, consistent with their high crystallinity. Figure 4b summaries the Q factors that were
extracted from the analysis of the transient transmissions for 55 AuNPs. The average frequencies were

identified as 4.4 + 1.1 GHz, 10.7 = 3.3 GHz, 16.1 + 1.2 GHz, and 30.6 + 3.2 GHz for modes 1 through 4,
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respectively. The magnitudes of the Q factors depended strongly on the mode, with the smallest values of
4.2 £ 3.3 for mode 1, larger values of 15.3 £ 9.3 and 15 + 6.2 for modes 2 and 4, and the largest values of
31.4 £ 13.2 for mode 3. Importantly, for mode 3 the Q factor reached a maximum of 70.6. These Q

factors exceeded those previously reported for polycrystalline AuNPs,'4 2% 6% 63

and are comparable to
those of crystalline colloidal AuNSs and Au nanorods.*** Specifically, in Figure 4b we also compare
single-particle Q factors (mean value of 11.0 £ 2.5), previously determined for EBL fabricated AuNDs
with diameters of 78 to 160 nm. The distribution of frequencies for each mode can be explained by the
AuNP shape and size heterogeneity,*® while the distribution in Q was likely due to some variations in the
crystallinity within the AuNPs (twin planes) and to differences in the particle-substrate contact quality.®”
5% We also related each data point in Figure 4b to its corresponding AuNP shape (Figure S13) but found
no clear trend in terms of larger Q values or preferred modes for specific AuNP shapes.

Depending on their frequency, the experimentally observed acoustic modes correspond to distinct
displacement profiles. To understand the nature of the experimentally observed acoustic modes, we
performed FEM simulations of a truncated triangular and a hexagonal AuNP with similar dimensions to
the examples shown in Figure 4a to obtain spatially resolved displacement maps as illustrated in Figures
5a and 5b, respectively. Details of the FEM simulations are provided in the Supporting Information.
Simulated displacement profiles visualize the vibrations and help identify sources of energy loss such as
extrinsic damping into the environment or intrinsic damping in regions of defects. We identified 4
efficiently excited and detected acoustic modes at frequencies that reasonably matched with the
experiment. We found that the displacement profiles of the 4 identified modes rapidly increased in
complexity with increasing vibrational frequency, but also identified similarities between truncated
triangular and hexagonal AuNPs. For example, the low-frequency mode 1 exhibited the overall largest
and most-widespread displacement amplitudes for both shapes, albeit in predominantly the horizontal
direction for the truncated triangular AuNP and uniformly directed for the hexagonal AuNP. In contrast,
the modes with higher frequencies exhibited generally smaller displacement amplitudes with reduced

magnitudes at specific locations.
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Figure 5. FEM simulations for identifying experimental modes and mode-specific damping sources.
a) Simulated displacement profiles of the truncated triangular AuNP based on FEM calculations,
illustrating each mode profile. The top row offers a 3D perspective of the displacement across the AuNP,
while the second and third rows correspond to the side views of tXZ and YZ cross sections through the
AuNP center. The normalized displacements are color-coded with red being the largest displacement and

dark blue indicating no displacement. b) Similar to a) for a hexagonal AuNP.

Acoustic mode engineering for SPBCL AuNPs has the potential to achieve consistently large Q
factors that are desirable for applications in biosensing,” sensitive mass spectrometry, " and
optomechanical devices.”' Assuming generally high crystallinity for substrate-supported SPBCL AuNPs
and an air environment, the mode-dependent Q factor variations must be the result of distinct defects such
as the twin plane in the AuNP center or acoustic damping into the substrate. In line with this hypothesis,
mode 3 showed small displacements in the horizontal center plane of the truncated triangular AuNP as
illustrated in Figure 5a, or at the bottom of the hexagonal AuNP as shown in Figure 5b. We suggest that
these localizations of small displacement amplitudes at AuNP boundaries or defect sites such as the
substrate interface and twin planes lead to reduced acoustic damping and hence larger Q factors for modes
2 through 4 compared to mode 1. This argument is supported by average Q factors around 30 for mode 3.
We further suppose that the largest Q factors up to 70 were the result of especially crystalline AuNPs that
were in particularly weak contact with the substrate and experienced both reduced intrinsic and extrinsic
damping. Our findings indicate that it should be possible to design and fabricate highly efficient acoustic
modes in crystalline SPBCL AuNPs through improvements in controlling their shape.
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Conclusion

We studied the optical and mechanical properties of AuNPs that were fabricated by SPBCL and had
diameters centered around 100 nm. We found that such SPBCL AuNPs could be produced with narrow
diameter distributions but had heterogeneous morphologies that resembled different variations of a
prismatic base-shape. The SPBCL AuNPs supported plasmon resonances that were comparable to those
of nanospheres with similar diameters and offered improved plasmon damping. Both theoretical
considerations based on Wulff construction theory as well as TEM images indicated that the SPBCL
AuNPs were highly crystalline containing twin planes. High crystallinity was further confirmed by large
acoustic Q factors.

Our work demonstrates the high-throughput and precise positioning of, for the first time, larger
plasmonic nanoparticles on transparent substrates using SPBCL. With superior optical properties of these
crystalline AuNPs and the ability to create large area arrays, the combination of SPBCL and the
automated dark-field scattering acquisition developed here will allow for the detailed screening of
nanoparticle sizes, shapes, and importantly multi-metallic compositions for desired electro-optical and
opto-mechanic applications. Further optimization of the fabrication will undoubtedly improve on size and
shape homogeneities of SPBCL plasmonic nanoparticles, although, on the other hand, intentionally
creating gradients across the sample for different arrays coupled with high throughput optical

characterization is also desired.
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