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Summary of the research activities performed betwee2014 - 2018

We note that within the reorganization of the acaideinstitutional network, MFA has joined the
Centre for Natural Sciences of the HAS in 2012, lateér has been relocated and from 2015 MFA
joined the Centre for Energy Research of the HAShé period 2014-2015 several projects including
this one were recontracted and due to the delagspitd that this proposal has officially started in
2014 — the first annual report has been submitiddktFIH in 2016.

Participants of the project:

-Zsolt Zolnai (PI), senior participant

-Gabor Battistig, senior participant

-Attila Lajos Toth, senior participant

-Andras Dedk, participant

-Norbert Nagy, participant

-Daniel Zambd, participant, PhD student

-Eszter Gergely-Fulop, participant (until 2015.a3)3PhD student
-Szilard Pothorszky, participant (from 2015.04.0PAD student

The list of project participants is in accordandehvthe list of members given in the project pragdos
submitted in 2014. Only one modification has bewgtieited, Eszter Gergely-Filop completed her PhD
work in 2015 and left the institute. Instead, SzilRothorszky PhD student joined the project from t
spring of 2015 until 2018. We applied for the sitbg8bn that has been permitted by the NKFIH
Office.

Outcomes of the project

-The laboratory platform at MTA EK MFA for prepai@t of samples comprising colloidal
nanoparticulate monolayers on different substratdases has been developed further. Also, the
measurement infrastructure for single particleagtscattering spectroscopy has been introduced and
significantly improved.

-The project provided knowledge transfer in theddfief preparation and nanoscele manipulation of
plasmonic nanoparticulate systems. We widened autivitg in the optical and structural



characterization of single nanoparticles and tlegisembles. We aimed to study the effect of the
controlled local environment on the optical projgeriof the nanopatrticles. Also, research was tadget
to find the role of precise placement of the p#&ticwith respect to their spatially varying
surroundings in the modification of the near-figlfiects and far-field optical scattering behaviour.
Such research is indispensable for the developroémanosensors and nanoscale manipulation
techniques.

-The project resulted in 32 publication: 20 jourmepers and 12 conference presentations. The
cumulative impact factor for the papers is 71.6.

-Research activities related to the project helpes three participating PhD students in getting
experience for their professional work. All of theidents: Eszter Gergely-Fulop, Daniel Zambé, and
Szilard Pothorszky defended their PhD thesis dutegproject period.

In the following we summarize the main objectives aesults of the project.
lon beam-induced modification of silica nanoparticés

According to the work plan, in a first step, the 48V Ar" ion irradiation-induced
reorganization of Langmuir—Blodgett (LB) monolayeo$ colloidal silica nanoparticles (NPs)
deposited on silicon substrate was investigatedwide range of ion fluences. The cluster formation
average cluster size, the role of ion beam-indwtetging and discharging, heating effects, the ion
beam-induced viscous flow and the swelling of theearlying Si substrate have been analyzed. We
found that at low ion fluences particle chargingd a@oulomb repulsion forces govern the
reorganization process, while at high ion fluenicesbeam-induced viscous flow and hydrodynamic
forces between the particles and the underlyingstsate play major role. Two different types of
patterns: small compact clusters of few particled Bng chain-like clusters of dozens of particles
were observed by SEM analysis. The dynamics ofébeganization process was treated analogous to
the Tanaka—Araki model, with or without considermglrodynamic interaction between the particles.
This work was accomplished in cooperation with fdjer Boskovic Institute, Zagreb, and the
results were published in [1]. These experimentp b understand the different processes taking
place when ion beam lithography patterning is &gpihrough colloidal nanoparticulate masks.

Local probe analytical techniques for the charactdration of nanoparticulate systems

The above experiments focused on NPs in the 2003808ize range. In this case, different
analytical tools: field emission scanning electmitroscopy (FESEM), atomic force microscopy
(AFM), and Rutherfod backscattering spectrometrig$iRare powerful characterization techniques at
the nanoscale. Such techniques are accessibletangl nearby our institute. However, especially in
plasmonic applications the NP size is typicallytia 10-100 nm range. In this case, the introduation
further powerful techniques with spatial resolutiorthe nm-range are essential to study the gegmetr
composition, and optical properties (especiallyshdace plasmon resonance, SPR) of individual NPs
and find correlation between these features.

Following our research plan, a measurement plat@mng single-particle optical scattering
spectroscopy was developed with the partial supgiothis project. Optical elements and a ceramic
sample holder with a XYZ piezo controller were allgd to the optical microscope (Olympus BX51)
combined with an aberration corrected imaging spewtter (IsoPlane SCT 320 equipped with a



PIXIS 400BRX cooled CCD camera, Princeton InstrutslenThus single particle optical scattering
measurements become available.

From 2015, through collaboration with the Interaaél Institute of Accelerator Applications
(IAA), University of Huddersfield, UK, we perfornde medium energy ion scattering (MEIS)
experiments with 100 keV Heons. MEIS allows quantitative 3D analysis of tieape, size, and
atomic composition of NPs of 10-100 nm size, widpith resolution of about 0.5 nm at the surface.
The MEIS spectra were compared to RBS-MAST [L1]udations performed on artificial 3D model
cells. The reliability of our RBS-MAST simulatiorode in the analysis of nano-patterned surfaces has
been proven via an intercomparison with other 28 2b codes: CORTEO, STRUCTNRA, and F95-
Rough. This work was cooperation with the Max Plahtstitute in Garching, the Nuclear Physics
Institute of the Czech Academy of Sciences and with RQMP in Montreal, Canada. The results
were published in [2].

Note, for the correct interpretation of MEIS spadtrwas necessary to take into account dual
scattering events for the analysing He+ ions besgilegle scattering events. So far this problem has
not been widely discussed in the literature for émergy range applied in MEIS. We performed
Monte-Carlo simulations and, also, introduced amhdital model to estimate the effect of dual
scattering in the MEIS spectra. Measured and catiedIDS spectra show good agreement for thin Au
layers and Au nanospheres. The results were pezsasta talk at the IBA23 Conference in Shanghai,
China, in 2017 [3], and as a poster at the HRDP®erence in Uppsala, Sweden, in 2018 [4].

lon beam-induced modification of gold-silica core4dsell nanoparticles

From the second year of the project the ion irtaahainduced modification of Au-silica core-
shell (CS) nanospheres (NS) and nanorods (NR) wadied with MEIS, single particle optical
scattering spectroscopy, and FESEM analysis.

The core/shell diameter was 25 nm/40 nm for the BIS$ the core/shell diameterxlength was 14
nmx46 nm/40 nmx66 nm for the NRs. The nanoparti@i#as) were deposited on Si substrate by LB
technique, and then exposed to ion bombardment @aanafabrication tool. In general, ion-solid
interactions on the nanoscale are of special istesnd so far the radiation resistance of the SPR
properties of metal NPs has been scarcely stutfigtlis project ion irradiation was performed under
largely different conditions, by 30 keV Arand 2.8 MeV N ions to cover a wide range of ion-
nanoparticle interactions. lon beam-induced mixsmyttering, clustering, charging and heating may
induce geometrical and structural changes of iddai NPs and their clusters. Accordingly, the SPR
excitation of Au-silica NPs can be modified as éxeitation strongly depends on the shape (aspect
ratio) of NPs, inter-particle distance, the thickmef the particle shell and the dielectric prdperof

the substrate. Especially, the longitudinal SPRRRBof gold nanorods can be strongly affected by
the particle shape and the environment.

From MEIS and FESEM the thickness of the silicdlsdred the diameter of the Au cores were
determined. As a result, low energy Aradiation causes the removal of the forepathefsilica shell
through sputtering. The Au core is still present ibugets closer to the surface of the nanoparticle
within 1 nm. Interestingly we found quite similaffezt for high energy Nand low energy Ar
bombardment, despite the big difference in thediation parameters (sputtering yield, nuclear and
electronic energy loss). For spheres at the higloestfluences we observed the decrease of the
transverse particle diameter by about 8 nm and 9anrN+ and Ar+, respectively, mainly due to the
reduction of the silica shell. For nanorods thedkerse diameter is reduced by 5 and 11 nm for N+
and Ar+, respectively.



Optical reflection measurements under normal imaideconditions and dark field single

particle microspectroscopy measurements with laaggle of incidence were performed on the
irradiated and unirradiated samples in the visiblgge to correlate the geometry changes with the Au
optical excitation spectra. For NSs slight blugsbffthe SPR peak maximum and reduction of the
scattered intensity at higher wavelengths (arorim) has been observed for most of the irradiated
samples. This effect can be due to the reductiothefsilica shell on top of the Au NPs that is
accompanied by the decrease of the refractive infléxe environment.
For the NRs the LSPR peak shows significant bldesti the Ar+ irradiated samples because the
length of the Au rods decreases. On the other hamduch effect can be observed for N+ irradiation.
In summary, the geometrical changes can be welklated with the optical properties. In addition,
the NPs show considerable radiation resistancensigdie bombardment of energetic ions.

The above described results were presented onrp@dtthe High Resolution Depth Profiling
conference (HRDP8) in London, Canada, in 2016 §bid at the IBA23 Conference in Shanghai,
China, in 2017 [6, 7].

As charging was found to take place in ion irradiainduced rearrangement of NPs we
performed experiments to monitor surface potertizildup and the behaviour of the NPs in the
presence of high electric fields. The RBS technigambined with a tunable electron source was
appropriate to generate, control, and charactetizmg surface potentials on insulating glass targe
covered with Au NPs.

On a uniquely produced silica target glass dopel &, Te, and Zn in the subsurface region [8, 8] w
showed that the presence of the positive surfatenfial splits the RBS spectra for the Hsd Hé"
charge states. From the split the surface potecéialbe determined, independently for each target
atomic component. We used the same concept for Paid¢posited on glass and in presence of high
electric fields found reduction and strong distumtof Au NPs uncovered with silica shell. However,
no such changes were observed for Au-silica coedl-8tPs thus showing the protective nature of the
dielectric shell. The results were presented atieanced Nanomaterials conference (ANM2016) in
Aveiro, Portugal, in 2016 [10].

We performed HeRBS/channeling angular scans on (100)Si substcatesred with Au NPs
to monitor the low angle scattering (dechannelieff@¢ct of the NPs during sample charging. Using
the electron flood gun, substrate Si charging wawas not allowed during the angular scane
found that Au NPs cannot hold higher potential th&k0 V, even for high Si surface potential buildup
of several kilovolts.

The results were presented on a poster at the Rftachational Conference on lon Beam
Analysis (IBA22), Opatija, Croatia, in 2015 [11].

Optical scattering spectroscopy on individual nanogrticles, assembled nanoparticles, and
asymmetric nanoparticles

As single particle optical scattering measureméetsome available, efforts have been made
aiming to relate the visible light excitation spacdf different Au nanoparticle clusters to thelr @r
3D structure. Changes of the interparticle distazare have a significant impact on the frequency of
the coupled modes in the plasmon excitation speétraumber of different configurations were
checked, e.g., optical simulations were carried lputboundary element method (BEM) for linear
chains of Au NPs, and for 2D and 3D hexagonal cluseked structures with varying interparticle
distances [12]. Region-selectively surface modifgald nanorods assembled with spherical gold
particles of different sizes [13, 14], and compelasters prepared from PEG-coated and amino-PEG



covered gold NPs were also studied [15, 16]. Allse,preparation and characterization of 2D metallic
NP and void films derived from a colloidal templéager has been performed [17].

We reported the formation of single chain Au NPgsinas a special configuration of
individual NPs. The parallel nanoparticle assemidg carried out by means of capillary lithographic
experiments over a silicon substrate supported spolyne microparticle Langmuir—Blodgett
monolayer, using high purity aqueous solution oGBted gold NPs. [18]. During dewetting on the
high purity surface of Si unwanted deposition @& gold NPs is minimized and precise placement of
the gold NPs can be achieved. The use of gold ratioljgs as tracer objects can be generally udilize
in experiments where wetting—dewetting propertiesugd be investigated on structures with small
dimensions. On the other hand, these structurefitnsigow advantageous properties compared to
single particles or other ringlike structures reedrearlier, due to strong coupling between the
individual particles, allowing them to be used gotential SERS substrate.

The above works confirm that by using optical spesttopy, the cluster formation related
spectral changes due to plasmon couplings can b@ored in solution or on solid substrate surfaces.
Consequently, interparticle distances can be e&thfaom the spectral response.

When individual plasmonic NPs are placed in anr@mnent that is inhomogeneous on the
nanoscale, like in the case of nanopatterned subsiurfaces, then changes in the SPR are expected,
due to the modified boundary conditions. Therefthie,effect of inhomogeneous environment around
individual Au nanoparticles on their optical scattg properties has been studied. An interfacial
templating preparation method was shown that esahle fabrication of “mushroom” shaped NPs,
where a gold particle is only partially covered the silica cap. From the measured and simulated
single particle spectra it was shown that the rifidshthe SPR peak is influenced by the extent of
coverage of the gold core by the silica cap. Tlfisceis similar but reverse of the ion irradiation
induced effect where the silica cap was removenhftioe top of Au NPs and slight blueshift of the
SPR peak was observed. The results on mushroomdiNgs were published in [19].

In another work it was shown that scanning-probd-MA and optical measurements
performed on individual Au NPs provide direct expwmtal evidence on the inhomogeneous ligand
distribution of tip-selectively cysteamine-modifiedjold nanorods. At higher cysteamine
concentration, a well-defined patch is formed attips of the NRs. In accordance with this, thesblu
shift of the LSPR can be observed due to the |@ffective dielectric value in the near-field at tioel
tip. The results show that the modification of theal environment around the rod tip can be well
detected via the LSPR signal. The results werespted in [20-23].

Deposition and optical characterization of individwal nanoparticles on nanopatterned surfaces

After the single-particle optical scattering spestoopy platform was developed and
experience and state of the art knowledge on tleetedf shape, composition, and local environment
changes on the SPR of individual gold NPs and thesembles has been gathered, in the third year,
according to the work plan, the optical scatterif8PR) properties of nanorods deposited on
nanopatterned surfaces has been studied. As aywidedt transparent conductive material to support
plasmonic nanoparticles, indium tin oxide (ITO) wasosen. Gold nanorods (GNR) with average
aspect ratio of 2.5 were used as good candidatggademonic sensors due to their narrow LSPR peak
and relatively low damping (accompanied with low HW). In this case the LSPR frequency is away
from interband transitions and therefore the guddittor and scattering intensity can be enhanced.



The ITO substrates were modified by the combinatibmanosphere lithography and 120 keV Xe+
ion-bombardment to create nanopatterns with shaupdaries between the irradiated and unirradiated
(masked) regions. The nanopatterned surface has &ealysed with SEM, AFM, and scanning
tunnelling microscopy and spectroscopy (STM/STS)e Tefractive index of the unirradiated and
irradiated ITO surfaces was determined by speabmscellipsometry (SE). Our calculations for
pattern formation has shown that the contour edgess sharp as 20 nm, i.e., much shorter than the
gold nanorod length (about 90 nm). The nanopatppears in both the optical properties (refractive
index as revealed by SE) and electrical prope(teaductance as revealed by STM/STS) of the ITO
layer. Therefore the utilized high-contrast surfpatterning approach allows the modification oftbot
the surface physical/chemical state and dielectiestant of ITO. These parameters determine the
local environment of GNRs placed on the nanopattésubstrate.

Using correlative SEM and single particle darkeieptical scattering spectroscopy, the single
particle scattering spectra of GNRs distributedrdlie nanopatterned ITO surface are investigated in
detail. With this method one can resolve substiat@mogeneity related damping and intensity
variations in the spectra of individual GNRs aendth scale shorter than the GNRs themselves. The
increased damping measured on fully irradiatedsacddTO can be explained by an excess of the
chemical interface damping term due to irradiafitahiced surface defect states. It was found theat th
surface nanopattern has profound influence on dmeolgeneous line width of the LSPR, depending
on the asymmetric (rods overlapping the boundatyéen the implanted and masked zones) or
symmetric (that is by bridging between two maskegions over an irradiated region) position of the
GNR over the pattern. In the asymmetric case, évemly one of the two tips is located on irradte
area (corresponding to approximately 1/3 of thaltoanorod length) the damping is found to be the
same as for a GNR fully located on irradiated I'FOr the symmetric case, on the contrary, a more
continuous increase of damping with the bridge, igap width can be inferred. Comparing the
damping variations with the related intensity chemgndicates that substrate inhomogeneity at such
length scales results in a different behaviourhef LSPR than predicted by the classical damped
harmonic oscillator model applied for nanopartiokesapsulated or homogeneously surrounded by
molecular coatings.

An individual GNR in this case can be regarded gdasmon ruler on the solid surface
providing local information about its precise plammnt on the varying surface pattern with spatial
sensitivity of few nanometres. The observed effestes the way toward monitoring environmental
changes on very short length scales.

The above results were summarized in a manuscaitld Nanorod Plasmon Resonance
Damping Effects on a Nanopatterned Substrate” abdchited to the Journal of Pysical Chemistry C,
IF: 4.48 [24]. The reviewer report of this paperswmsitive recommending minor revision. Now the
corrected manuscript is prepared and the papdrastae-submission. The submitted version of the
manuscript is attached at the end of this repofmmendix.

Further works related to ion irradiation-induced changes and surface nanopatterning

Simulations with the TRIDYN code [L2] are underwsy estimate the effect of ion beam-
induced mixing and sputtering as driving force dtwmic transport processes during ion irradiatibn o
Au-silica core-shell NPs. In a related work we mpo the validity of the ballistic ion beam mixing
model in nanoscale atomic transport at Si/C intes$eas model structures using TRIDYN [25, 26].

In related works, we have shown the potential & tlanosphere lithography technique to
prepare magnetic nanostructures with curved suréamk special magnetic properties [27] and to
introduce nanoscaled surface morphology and pdropldarrier network into mesoporous silica
coatings [28].
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ABSTRACT

Substrate properties might significantly influentiee scattering spectra of supported
plasmonic nanoparticles due to different dampinghmaisms. In this work ITO substrates
are modified by the combination of nanosphere gthphy and ion-bombardment to create a
nanopattern with sharp boundaries between theiatet and masked regions. The single
particle scattering spectra of gold nanorods disteéd over the nanopattern are investigated
in detail. For nanorods located purely on eitherrttasked or implanted areas, the spectra can
be adequately interpreted in terms of a classiaaiged harmonic oscillator model, taking the
chemical interface damping into account. When tlaetigdes overlap the masked and
irradiated areas, however, markedly different berais found depending on the actual
arrangement. For the rods experiencing a symmethomogeneity (that is by bridging
between two masked regions), damping varies smpothth the extent of substrate
inhomogeneity. For the asymmetric case (rods oppitey the boundary between the
implanted and masked zones) a sudden increaseedamping is found, which is rather
independent on the specific extent of substrat@rnrdgeneity. Comparing the damping
variations with the related intensity changes iaths that substrate inhomogeneity at such
length scales results in a different behavior thesdicted by the classical damped harmonic
oscillator model applied for nanoparticles encag®ad or homogeneously surrounded by
molecular coatings.

INTRODUCTION

When an electromagnetic wave is impinging on a hmataoparticle, it can induce localized
surface plasmon resonances (SPR) related to tleettoé coherent oscillations of conduction
electrons. The spectral position of the SPR shdveg dependence on nanoparticle size,
shape, gap between neighboring particles, compasitind dielectric environmeht' This



variability offers a wide range of applications Buas imaging, sensing, local heating,
enhanced Raman scattering, or nanoscale manipulatibght>~’ In addition to the spectral
position of the SPR, another key feature for applns is the SPR widtH,, that is the
damping parameter. When the SPR frequency is aveay the interband transitions, as in
silver nanospheres and in gold nanorods for theyitodinal SPR (LSPR), it is much
narrower, a situation especially interesting foplagations®? In this case the quality factor Q,
that sets the enhancement of the optical respamdeofithe local field in and around the
particle, is enhanced. This is because QA (Qris the plasmon resonance frequency), and
I is decreased. Previous studies resulted in tHewfmlg expression for the plasmon line

width I in the absence of interband electron-hole paiitatans®**

F = Fb + Fmd + FS (1)

The first term is the bulk nonradiative damping evhdescribes the scattering of electrons
with thermal phonons, electrons, impurities, defgetc., and converts the absorbed light into
heat’>* It is assumed thdt, in the GNRs is the same as in the bulk materiad, [ = 72
meV!® The second term describes radiation damping, plasmon decay by secondary
light emissiont?*® The third term is the combined surface scattedng chemical interface
damping (CID) term, and can be calculated as:

__ Avp

[ =
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Herevr is the Fermi velocityAis the combined surface scattering and CID paramatel
Lex IS the effective path length of electrons to theface, respectively. Electron surface
scattering takes into account scattering of elestrat the surface of the GNR while CID
considers an additional damping by changing thenite interface of the GNE 8 As it
was shown, CID depends &g in the same way as electron-surface scattéfifgeviously
the proportionality constat has been determined for different chemical envirents that
fully surround the GNRs and values Af= 0.3,A = 0.46, andA = 0.95 has been found for
CTAB (cetyltrimethylammonium bromide), DDT (dodee#imol) coated GNRs and SiO

encapsulated GNRs, respectively, consideringeamparameter of...r = DVAR, whereD is

the rod diametet®***°*Because of the different plasmon damping mechas)iErdepends on
the nanopatrticle shape, size, material, and thewsoding environment. The overall linewidth
I measured in ensemble nanoparticle studies is bnead because of size and shape
distributions of the Au patrticles in the ensemi@ensequently, single particle spectroscopy
studies are especially well suited to relate tme Widths to different plasmon damping
processes.

The main advantage of using nanorods in singldgbarscattering studies is that their
LSPR is away from the interband transitions, hetiee longitudinal plasmon resonance
oscillation shows up as an almost-Lorentzian Iméhe energy domain. The scattering cross-
sectionoscaand the LSPR peak can be described by three indepeparameters: the central
frequencyQg, the full width at half-maximuni, and the are&, which can be obtained from
Lorentzian fit in a straightforward manner:

_ = r/2m

Jsca(w) = ((U—QR)Z'F(F/Z)Z (3)
Plasmon-based devices and future optoelectroregiiation require the attachment of metal

nanocrystals onto various substrates, which gdgeoa¢aks the symmetry of the dielectric



environment surrounding the nanopartid®$. Here the understanding of surface damping
and chemical interface damping processes as wejuakty factor change for the supported
nanoparticles becomes especially important, falaimse, fabrication of nanostructures made
of noble metals using electron beam lithographyireg an adhesion lay& Due to chemical
interface damping strong spectral broadening addoed field enhancement can be observed
in linear relation with the adhesion film thicknéss

An approach to nanoscale manipulation is to breaKateral homogeneity of the substrate,
e.g., by its patterning with charged particle — arelectron — beams. Such technique allows
guided assembly of single nanoparticles duringrtbdeposition to the substrate. As it was
shown, ion irradiation leads to change of the ptalsthemical properties of the substrate and
either positive or negative deposition of gold jgées to assigned regions can be achieved
due to the modified interface between the substatethe nanoparticfé. Nevertheless, in
that case SPR properties and surface modificatidoged chemical interface damping effects
on the plasmonic nanoparticles have not been studie

In general, nanopatterning of a surface which supgdasmonic nanoparticles introduces
twofold asymmetry to their environment. The effetthe substrate on SPR can be taken into
account, e.g., by the mirror charge model basegaarization and charge accumulation in
the dielectric substrate under the nanoparfitle. the substrate plane, however, a periodic
nanopattern introduces asymmetry as a rapid chahgle local environment (substrate
surface termination, dielectric constant) in vigmof the nanoparticles. Depending on the
contrast mechanism of the patterning technique, di@racteristic length scale of local
environment change may be even bellow the NP siggecially for elongated NB%* To
date less attention was paid to the effect of natteming of a substrate on the LSPR of
elongated metallic nanoparticles deposited on ut, the damping and quality factor for
nanorods can be expected to change significantipheposition of the nanoparticle on the
nanopatterned substrate is varied.

In this work, silica nanosphere lithography (NSbjrbined with Xé& ion irradiation is used
to create high-contrast patterns on ITO. When iomlmardment is performed through a
nanomask of ordered colloidal silica nanospheras the structural, physical, and chemical
properties of the substrate can be modified onntireoscale as we have shown eaffie?®
For the present ITO-gold nanorod system, irradmin@luced surface defect states may alter
the chemical interface and the local dielectricperties, hence changes in the plasmon
resonance properties of GNRs can be expected Wieepatrticles are located on unirradiated
or irradiated ITO surfaces. In this work, gold naods (GNRs) were distributed on the
patterned ITO surface. Two special cases are ilgatst in detail to account for the effect of
local substrate inhomogeneities on the optical @rdgs: when the particles connect two
masked areas (‘bridging’) or when the particles @rerlapping the boundary between the
masked and irradiated areas (‘overlapping’). Duethie high contrast of the surface
modification method, the effect of local environmh@hange in these special cases can be
studied on a shorter length scale than the GNRtheWge show that for GNRs the damping
parameterl() is very sensitive to the nature of short-rangale@nvironment change, and its
different behavior for the symmetric ‘bridging’ artde asymmetric ‘overlapping’ cases is
revealed.

EXPERIMENTAL SECTION

lon irradiation

The 100 nm ITO layer/20 nm buffer layer/1 mm glaasples of 20x20 mm area were
exposed to 120 keV Xdon bombardment at fluences of 1 x'46m? and 3 x 16 cm ™
One set of samples was irradiated through an LBksakcolloidal silica particles with D =
400 nm, while another set was implanted on its dudla, i.e., without using the silica mask.



Irradiation was performed at room temperature m Heavy lon Cascade Implanter at the
Institute for Particle and Nuclear Physics of theghér Research Centre for Physics in
Budapest. In both series of irradiation, an ionnbeeth typically millimeter dimensions was
x—y scanned across the full sample surface in otdeachieve good homogeneity of
irradiation within the exposed area. The curremtsttg for the scanning beam was kept low
two avoid beam heating effects.

AFM analysis

After removal of the silica nanoparticulate mashe tobtained ion irradiation-induced
surface morphology on ITO was analyzed with an AIST SmartSPM 1010 AFM setup
operated in tapping mode. The measured AFM data weovcessed using the Gwyddion
software (see http://gwyddion.net).

STM/STS analysis

Scanning tunneling microscopy (STM) and tunnelipgctroscopy (STS) measurements
were performed using a DI Nanoscope E operatingeunaimbient conditions with
mechanically-cut Pt/Ir (90/10%) tips. The STS measents were acquired at feedback
parameters of -1 V and 5 nA.

FESEM analysis

Field Emission Scanning Electron Microscopy (FESEMalysis of the silica hanomask,
the nanopatterned ITO surfaces, and the Au nanategdssited on it was carried out by a 5
keV energy electron beam perpendicular to the sanspkface with a LEO 1540 XB
microscope.

Dark-field optical scattering spectroscopy

Single particle spectra have been measured using@ght optical microscope (Olympus
BX51) combined with an aberration corrected imagspgectrometer (IsoPlane SCT 320
equipped with a PIXIS 400BRX cooled CCD cameranéion Instruments). The sample
was mounted on an XYZ piezo stage for precise samppsitioning (Physik Instrumente, P
545.3R8S). lllumination and scattered light coil@ctwere performed in epi-illumination
using a 100x dark-field objective (Olympus MPlanFINA=0.9).

Template particle synthesis and LB film deposition

Silica nanopatrticles with 400 nm in diameter wemetisesized by a slightly modified seed-
mediated synthesis protocdl60 mL ethanol absolute (99.97%, VWR Internatidrtdl) was
mixed with 1.56 mL ultrapure water (MilliQ, 18.2Micm) and 9.4 mL ammonium hydroxide
solution (28-30%, Reagent grade, Sigma-Aldrich)aidaboratory glass bottle and stirred
vigorously for 20 minutes. Seed silica nanoparsdleUDOX AS-40, 40wt% in suspension,
Sigma-Aldrich) were diluted 10.000-fold by ultrapwwvater and 25@L was injected to the
premixed solution and stirred continuously for 20numes. Afterwards, 1.8 mL silica
precursor (tetraethyl orthosilicate, 98%, Sigmarild) was added to the solution and the
reaction mixture was stirred gently for anotherltirs. The excess of ammonia was then
removed by boiling and stirring the sol until theé peached the value of 7. The particles were
centrifuged (3000 rcf, 5 minutes) and redispersedethanol.chloroform mixture in 1:2
volume ratio. This solution was spread onto theswair interface in a Wilhelmy film balance
(KSV2000), compressed until 27 mN/m surface presand allowed to relax for 1 hour. The
particles were deposited onto ITO-covered substr@®&0O GmbH., CEC020S) applying
withdrawal speed of 7 mm/min and the films wereedrand stored at room temperature. The
diameter of the template particles was determine®bS (441 + 5 nm) and SEM (406 + 4
nm).

Au nanorod synthesis and deposition

Cetyltrimethylammonium bromide (CTAB, 99%), sodilrarohydride (NaBhk, 99%), L-
ascorbic acid (AA, >99%), silver nitrate (AgNO>99%), sodium oleate (NaOE99%),
hydrochloric acid (37%), and tetrachloroauric atitiydrate (99.9%) were obtained from



Sigma-Aldrich. Gold nanorods with precisely tunegect ratio were synthesized by a binary
surfactant mixture-assisted seeded growth protfidalthe first step, a seed particle solution
was prepared by mixing 1 mL 0.2 M CTAB and 1 mL th& HAuCI, solution in a reaction
vial. Under vigorous stirring, 0.2 mL NaBHsolution (containing 0.12 mL 0.01 M ice-cold
NaBH, solution and 8QiL ultrapure water) was injected into the mixturtgryed for 2 minutes
and left undisturbed for 30 minutes. The growthusoh containing 0.9 g CTAB, 0.1543 g
NaOL and 25 mL ultrapure water was heated to 50af@ stirred until the components
dissolved. Afterwards, the solution was cooled ddwi30 °C and 1.8 mL 0.004 M AgNO
was injected and kept undisturbed for 15 minutdgni25 mL 1 mM HAuCI solution was
added and the system was stirred until 90 minutdsgher speed. 0.21 mL cc. HCIl was
added to the colorless solution and stirred at tospeed for 15 minutes. In the next step,
0.125 mL 0.064 M ascorbic acid solution was injgaed shaken for several tens of seconds.
Finally, 20 uL of seed-solution was added quickly, stirred fd@ 8econds and kept
undisturbed and stored at 28 °C water bath for d2rdr The nanorods were purified by
centrifuging (6000 rcf, 10 min) and redispersionuitrapure water. After the removal of
excess CTAB molecules, the particles were spinedasnto the substrates from a diluted
solution (5-fold) applying 1000 rpm for 30 secorf@hemat Technology KW-4A) and dried
under nitrogen flow.

RESULTS AND DISCUSSION

The 100 nm thick polycrystalline ITO layers suppdrby glass substrate were irradiated by
120 keV Xé ions through a monolayer consisting of 400 nm ditem silica spheres to
produce surface nanopatterns over a large areapdttern of the nanomask is formed on the
surface (see Figure S1) becausé ¥as can penetrate only in the holes formed betvike
masking silica nanospheres and cannot reach theslifface underneath the masked areas, as
we have shown earliér*’ As full-cascade Monte-Carlo simulation of the imradiation
process for the given system shows, point defeetdoamed at the surface and in the deeper
regions of ITO, due to displacement cascades feitidy the heavy Xeions (Figure S2).
Therefore, atomic rearrangement and surface defattshe implanted areas of the ITO
surface are expected to play a role when get iotdact with GNRs. To check the effect of
ion irradiation of ITO on the plasmon resonanceppries of GNRs, two reference samples
have been prepared and investigated: optical scEftspectra were measured on single
nanorods located on a native ITO substrate andnptanted ITO samples, in the latter case
maskless irradiation of the whole surface has hmsformed with 120 keV Xeions to a
fluence of 3x1&/cn?.

Figure S4 shows the distribution of the aspectosaiAR) determined from FESEM
analysis for a representative set of GNRs. Theagesize of the nanorods is 91 nm x 36 nm.
Figure 1 shows$ values as a function of LSPR resonance wavelerigthadividual GNRs
on the native and implanted ITO surface. Thesempaters were determined from Lorentz fits
of the measured spectra. The obtained differentelse LSPR peak positions are primarily
due to the slightly different AR values of the GNR® significant dependence bfon the
LSPR wavelength is found for both cases, whichinisagreement with previous studies
obtained for Au nanorods (AR >2) on glass substiie to the plasmon resonance energy is
away from the interband transition andis not affected by interband electron-hole pair
excitations’ Nevertheless] is significantly higher for the implanted ITO saepy 33 meV
in average, aB = 9945 meV for the native arid= 132+4.5 meV for the implanted reference
sample. This readily indicates that plasmon dampinthe longitudinal resonance increases
as a result of substrate implantation. Since balknping, radiation damping, and electron
surface-scattering contributions ffocan be assumed to be the same, it can be infératd
irradiation-induced surface defect states generdtgdthe energetic Xeions make a



difference to the chemical interface of the ITO-GMigstem, leading to an increased
proportionality constanf in Eq. 2. Sincd.¢; is not affected by the surrounding of the NRs,
the change of the combined surface scattering diddeZm, 4A, can be expressed as:

AT = F 4
eff

With AI' = 33 meV this results idlA = 0.29 upon ion irradiation-induced modification of
ITO. This is comparable with the values obtained@dAB and DDT coated GNRE;* and
is relatively high when considering that the molacwoatings cover the full surface of the
GNR, while in the present case the contact betwkenmodified ITO surface and the Au
particle is much more limited.
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Figure 1. values as a function of resonance wavelength mi@ted from Lorentz fits of
single-particle dark-field optical scattering spacbf Au nanorods deposited on native
(unirradiated) ITO surface and on a maskless IT@asa implanted on its full area with 120
keV Xe' ions to a fluence of 3x1¥cn?.

After analysis of the reference and full-area gt ITO samples, the nanopatterned ITO
surface and the optical properties of Au nanopadiceposited on it have been analyzed.
Figure 2 shows AFM images of the native, and threlieam-nanopatterned ITO surface. In
panel (a) the polycrystalline structure of the veatiTO layer can be observed. After the ion
irradiation process the pattern of the silica naaskncan be clearly seen in Figure 2b. Here
the circular areas represent the unirradiated (edjstegions while the surrounding regions
are the irradiated zones. The height differencevéen the two areas can be attributed to the
ion beam-induced sputtering effect. As full-casc&&M (www.srim.org) simulations show,
for 120 keV Xé& irradiation into ITO 17 atoms/ion are sputtered fsam the target when
displacement cascades reach the surface atoms€Fsg). This results in about 6 nm ITO
sputtered out from the irradiated areas and thiseves in good agreement with the AFM
pattern.
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Figure 2. Atomic Force Microscopy (AFM) image of) (@nirradiated (native) and (b) ion
beam-irradiated ITO surface. lon bombardment has Iperformed with 120 keV Xdons to

a fluence of 3x18/cn? through a nanomask of ordered silica particle$ dismeter of 400
nm. For the unirradiated surface the polycrystallstructure of the ITO layer can be
observed. After the ion irradiation process theagpatof the silica hanomask can be clearly
seen on the surface. Higher circular areas représerunirradiated (masked) regions while
the surrounding lower regions are the irradiatateso

05
1.0
1.5 st
2.0 [
257p
3.0 [

=
35 s

4.0

ITO is a wide band gap material willy = 3.5-4 eV that exhibits the special property of a
high optical transmittance in the visible region tbe spectrum combined with a high
electrical conductivity®**?As it was previously shown, ion irradiation leadsiegradation of
the optical transparency and electrical condugtigif polycrystalline ITO layerd—* lon
irradiation-induced changes in the optical progsris the refractive indem, and extinction
coefficient, k, have been followed by spectroscopic ellipsomé8i#) measurements. As
Figure S5 shows, the refractive index at aroundpthemon resonance wavelength of GNRs
(ca. 790 nm) increased from= 1.55 ton = 1.8, anch = 1.85 for fluences of 1 x ¥bcm™
and 3 x 1&° cm? after the ion irradiation process. The extinctimefficient increased about
one order of magnitude, however, still giving a Bmalue ofk = 0.1. Then andk lateral
patterns are expected to follow the nanomask patterd TO with transition zones of about 20
nm width, considering ion beam proximity effectdla masking silica particle edges, see the
schematics in the Supporting Information (Figurg. Sherefore, then andk values in the
vicinity of GNRs can vary on a much shorter scabntthe GNR length. We estimate similar



changes in lateral direction for the amount ofdration-induced defects at the ITO surface,
considering the SRIM trajectory patterns traced loyitthe bombarding ions and recoiled
target atoms in the collision cascades.

The effect of ion irradiation on the electrical pesties of ITO was characterized by
Scanning tunneling microscopy (STM) and tunnelimgcroscopy (STS) measurements.
Figure 3a shows STM image of the nanopatterned $D@ace and Figure 3b depicts
tunneling conductance plots probed by STS measursnom the unirradiated and irradiated
regions of ITO. In the STM image the boundariesveen unirradiated and irradiated areas
can be clearly seen. The morphology and the helggniges agree well with the AFM results.
The polycrystalline structure is observed with etegher resolution. The red and black dots
represent the positions where the current (I)-galtdV) curves were recorded. The I-V
characteristics shown in Figure 3b are averageétbafonsecutive spectra taken at the same
position on the sample. A band gap of 3.5 eV isoked, with the conduction band minimum
around 0.5 eV. It is clear from the spectra in Feg8b that the tunneling conductance of the
native ITO regions (red curve) is larger than the of the bombarded regions (black curve)
at all energies. This is in agreement with the fhaat ion irradiation introduces defects which
decrease the conductance of the irradiated regans changes the physical/chemical
properties of the ITO surface due to atomic reareament and the formation of surface
defects. It has to be emphasized, that the iodiatimn induced pattern has an excellent
contrast at the interface.
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Figure 3 (a) Scanning tunneling microscopy (STMagm of the nanopatterned ITO surface
and (b) tunneling conductance plots probed by dogntunneling spectroscopy (STS)

measurements on the unirradiated (inside) andiated (outside) regions of ITO. In (a) red

and black dots represent the positions where |H¥esiwere measured. The color bar in (a)
shows the values in the dimension of nm.

Targeted search for two main rod/pattern orientai@onfigurations has been performed in
the FESEM to identify particles of interest (al&® Scheme 1)i) Bridging: the two tips of
the Au rod are located on two adjacent unirradieiezhs separated by an irradiated area



(narrow gap) under the rod center. The bridgindgiganation is considered to be symmetric,
l.e., the gap center coincides with the nanorodetcefi) Overlapping one tip of the Au rod

is located on unirradiated while the other tip msreighboring irradiated area. Additionally,
particles positioned entirely on masked or irragtlaareas have been identified, to serve as an
internal reference and are denominated as ‘insidd’‘outside’ arrangements, respectively.

BRIDGING OVERLAPPING

8<0 in 6<0 in
0<é<L bridging 0<6<L overlapping
L<é out L<é out

Scheme 1. Schematics of the ITO nanopattern-gaidnod (GNR) arrangement geometry for
symmetric bridging and asymmetric overlapping agufations. The distana®is measured
between the reference point of the GNR (red dot) #me perimeter of the circular
unirradiated area (dotted line). Negat¥evalues mean that the GNR is inside the circular
(masked) area.

Correlative FESEM and single particle optical saaty measurements allow to relate the
position of individual GNRs on the nanopatternedaxe with their optical scattering spectra
in a quantitative way. Figure 4 shows the singletigda scattering spectra of selected
nanorods that represent the above discussed casedermonstration, together with the
Lorentzian fits. The FESEM micrographs show thetiagbarrangement of the nanorods over
the implanted/non-implanted regions of the nancsiined substrate. The intensities are
normalized to the LSPR peaks for better compatgbikkor the nanopatterned ITO-GNR
system damping is increased on the irradiated,sidet area (averagé = 138 meV)
compared to the unirradiated ‘inside’ area (avefage 108 meV), which is consistent with
the results obtained on the maskless implanted di® native reference surface. The slight
deviation of these values compared to the referemadees (Figure 1) maybe due to the
different history of the samples, since the expental realization of the nanopatterns
involved several additional technological stepse TésultingAl' = 30 meV translates tdA =
0.26 for the combined surface scattering and Cliaipater.
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Figure 4. Normalized single-particle dark-field iopt scattering spectra of Au nanorods
located at different positions on an ion beam-nattepned ITO surface. Solid lines show
Lorentzian fits. Inset: FESEM micrographs of the #anorods corresponding to the optical
scattering spectra; the circular dashed lines shmwndaries between irradiated and
unirradiated areas, the scale bars represent 200 nm

In the following we show how the optical scatteripgpperties vary as a function of the
relative position of the nanorod with respect te ttanopattern for both the bridging and
overlapping cases. The spatial arrangements ofirtdvidual nanoparticles have been
guantified based on the schematics shown in Sché&merhis approach allows to
guantitatively account for the symmetric bridgingdaasymmetric overlapping configurations
based on the distance between the center or thef tjpe GNR (red dot) and the border
between the implanted/masked regions (dashed kiBésides damping, the intensity of the
resonance related to the quality factor Qg#flT (plasmon resonance energy divided by the
damping) can be also obtained, since the interssifes with ® for a damped harmonic
oscillator:®

Figure 5 shows the change Bfand G (related to single particle optical scattering
intensity) as a function of the gap width for syntneebridging configuration. Clearly,
changes i can be resolved as the substrate inhomogeneiigsvar a spatial extent smaller
that the nanorod length itself. Upon increasinggape from zero to the rod length, the gradual
increase of from about 112 meV to 146 meV can be observed theapproximate range of
0-100 nm gap size. On the other hanBid@ps abruptly already for a 25 nm gap. This abrup
drop suggests the sudden change of the environde¢etmining the strength of the plasmon
resonance oscillation as the gap opens. This enwieotal change might have two main
contributions. First, the variation in the physicebmical state of the underlying ITO
interface that occurs along the long axis of theigda since the particle bridges unirradiated-
irradiated-unirradiated areas (Figure 3 inset).08d¢cthe dielectric function of the ITO layer
(down to ca. 70 nm in depth) increases upon iadiation (Figure S5), hence a refractive
index change along the patrticle long axis can kecipated. Proximity effects during ion
irradiation for a 20 nm gap can reduce the effecfluence by 20% (Figure S3) in the gap
region, but SE measurements indicate that even Wieefiuence is decreased by the factor of
3, there is no significant change in the dieleduiaction of irradiated ITO. Hence, the extent
of refractive index change in the gap-region dugramiation can be regarded as identical for
all gap sizes. Consequently, the effective refvacindex at the substrate side along the
nanorod increases with the gap width.

In agreement with earlier results, the increasedpiiag is accompanied by the drop of the
plasmon resonance intensity (i.e?) @nd it was also shown that the increase of tfragtve
index of the surrounding medium increases the estadf intensity for Au nanorod§. A
scattering intensity increase of about 4% was teporhen a single nanorod (27x81 nm) was
covered with a monolayer of DDT molecules, causargincrease of about 8% in the
refractive index. In the present work almost 20%rease of the refractive index of ITO was
found by SE after ion irradiation. It can be amgated that in the present case the interplay
between the Au/ITO interface damping induced deseand the refractive index induced
increase gives the overall intensity change. Faoallsgaps the domination of the damping
contribution can be inferred, while for wider gate refractive index change seems to
compensate the effect of increased damping.
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Figure 5. Top: FESEM micrographs of the Au nanorbddging two non-implanted areas
over an implanted one, corresponding to the dat@ptabelled 1-5; scale bars represent 200
nm. Bottom:I" and @ (scattering intensity) values as a function of ga@ width, that is, the
width of the irradiated area under the rods. Dadined are guidelines.

For GNRs in overlapping configuration a somewhéedént behavior of and G vs. the
particle position can be observed (Figure 6). Heeemore abrupt increase bfis followed
by a gradual decrease of &s the rod leaves the masked area of the ITOrsifasAs one of
the tips of the rod leaves the unirradiated toitfagliated zone by about 30 nm (ca. one third
of the rod length)[” abruptly increases from about 112 meV to 146 med/does not change
significantly for further movement of the GNR. Thbérupt change of compared to the
bridging-arrangement supports that the locationall@nvironment) of the nanorod tip has a
profound influence on damping, since at the wawgtenof the longitudinal plasmon
resonance the high-intensity near field regionoiscentrated at the tips of the nanorod. It has
to be emphasized, that already if one of the nahbps is located on irradiated ITO,shows
the value characteristic for the outside configoratin contrast to the bridging case, for
overlapping particles £xhanges gradually as a functiondafonnecting smoothly the ‘inside’
and ‘outside’ configuration points with’Qalues of about 230 and 130, respectively. This
means the drop of the quality factor from 15.3 1051 The decrease of°@an already be
observed before the jump in the dampingccurs.
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Figure 6. Top: FESEM micrographs of Au nanorods awerlapping configuration,
corresponding to the data points labelled 1-5;estars represent 200 nm. Bottomand
scattering intensity values vs. the distance ofonaoh tip from the perimeter of the circular



unirradiated areas for Au nanorods located in asgtnmmoverlapping configuration on the
nanopatterned ITO surface. Dashed lines are goekeli

In summary, the change bfand @ (scattering intensity) are not completely simultue
when the nanorod position is varied over the nattepaon a length scale smaller than the
nanorod length. For both the bridging and overlagmiase, the change of §ems to outrun
the ' change. On the other hand, an abrupt change ohteesity is accompanied by the
gradual change df and vice versa, for the bridging and overlappiogfigurationsI is very
sensitive on the nature of the surface undernéatmanorod tip: it changes abruptly for the
overlapping case (despite only one of the tipsosated on an implanted area), while a
smoother transition is observed as a function efgap for the bridging-configuration, where
both tips are located on unirradiated areas.

Usually, if the change of the surrounding environimie homogeneous over the nanorod
length, e.g., when nanorods are encapsulated lgrdovered by molecular coatings, as well
as in slowly varying environments, abrupt changethe parameters determining the plasmon
resonance and optical scattering properties withénnanorod dimensions do not octii:*

In the present case the ‘inside’ and ‘outside’ ognftion represent homogeneous
environment under the nanorods. However, for GNRs bridging and overlapping
arrangement the underlying substrate changes almmganorod long axis, thus giving a
longitudinal inhomogeneity of the environment wisiharp boundaries. Considering the
dielectric and surface properties of the substrdte, main difference between the two
arrangements is related to symmetry: the bridgiogfiguration is symmetric with two
transition zones, while the overlapping configwatis asymmetric with only one transition
zone upon crossing the unirradiated-irradiated zdoeder. Such markedly different
conditions may impact the oscillation propertiestté# conduction electrons along the GNR
long axis. For instance, asymmetric mirror chargiced coupling to the substrate can be
considered for the overlapping configuration, doghte different dielectric and conductance
properties of the irradiated and unirradiated sestiof ITO* As Figures 5 and 6 show,
abrupt changes ih and the intensity occur at the transition zone lagi@ the two quantities
are not so strongly correlated as it is predictgdhHe damped harmonic oscillator model
which describes LSPR for GNRs with homogeneousosuading environment. Detailed
optical simulation of the electric field and chardensity distribution accounting for the
substrate inhomogeneities is however needed to bigawusly identify the origin of the
observed dependence of the damping parameter agxirapintensity obtained for the
different geometrical arrangements on the nanastred substrate.

CONCLUSION

The utilized high-contrast surface patterning apphoallows the modification of both the
surface physical/chemical state and refractivexmafdTO. With this method one can resolve
substrate inhomogeneity related damping and inttemariations in the spectra of individual
gold nanorods at a length scale shorter than thernds themselves. The increased damping
measured on irradiated areas can be explained byaass of the chemical interface damping
term due to irradiation-induced surface defeciestalt was found that the surface nanopattern
has profound influence on the homogeneous line hvait the LSPR, depending on the
asymmetric or symmetric position of the GNR over gattern. In the asymmetric case, even
if only one of the two tips is located on irradd&@rea (corresponding to approximately 1/3 of
the total nanorod length) the damping is foundeéahe same as for a GNR fully located on
irradiated ITO. For the symmetric case, on the r@wypt a more continuous increase of
damping with the extend of inhomogeneity can bermed. With the appearance of substrate



inhomogeneity, the intensity variation follows tleepected trend, but its change is not
completely simultaneous with the change of dampirtgs behavior is different than found

for GNRs homogeneously surrounded by molecularimgst where the intensity and line

width change in a strongly coupled manner as prediby the classical damped harmonic
oscillator model.
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