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Summary of the research activities performed between 2014 - 2018 
 
We note that within the reorganization of the academic institutional network, MFA has joined the 
Centre for Natural Sciences of the HAS in 2012, but later has been relocated and from 2015 MFA 
joined the Centre for Energy Research of the HAS. In the period 2014-2015 several projects including 
this one were recontracted and due to the delay – despite that this proposal has officially started in 
2014 – the first annual report has been submitted to NKFIH in 2016. 
 
Participants of the project: 
 
-Zsolt Zolnai (PI), senior participant 
-Gábor Battistig, senior participant 
-Attila Lajos Tóth, senior participant 
-András Deák, participant 
-Norbert Nagy, participant 
-Dániel Zámbó, participant, PhD student 
-Eszter Gergely-Fülöp, participant (until 2015.03.31.), PhD student 
-Szilárd Pothorszky, participant (from 2015.04.01.), PhD student 
 
The list of project participants is in accordance with the list of members given in the project proposal 
submitted in 2014. Only one modification has been initiated, Eszter Gergely-Fülöp completed her PhD 
work in 2015 and left the institute. Instead, Szilárd Pothorszky PhD student joined the project from the 
spring of 2015 until 2018. We applied for the substitution that has been permitted by the NKFIH 
Office. 
 
Outcomes of the project 
 
-The laboratory platform at MTA EK MFA for preparation of samples comprising colloidal 
nanoparticulate monolayers on different substrate surfaces has been developed further. Also, the 
measurement infrastructure for single particle optical scattering spectroscopy has been introduced and 
significantly improved. 
 
-The project provided knowledge transfer in the field of preparation and nanoscele manipulation of 
plasmonic nanoparticulate systems. We widened our activity in the optical and structural 



characterization of single nanoparticles and their ensembles. We aimed to study the effect of the 
controlled local environment on the optical properties of the nanoparticles. Also, research was targeted 
to find the role of precise placement of the particles with respect to their spatially varying 
surroundings in the modification of the near-field effects and far-field optical scattering behaviour. 
Such research is indispensable for the development of nanosensors and nanoscale manipulation 
techniques. 
 
-The project resulted in 32 publication: 20 journal papers and 12 conference presentations. The 
cumulative impact factor for the papers is 71.6. 
 
-Research activities related to the project helped the three participating PhD students in getting 
experience for their professional work. All of the students: Eszter Gergely-Fülöp, Dániel Zámbó, and 
Szilárd Pothorszky defended their PhD thesis during the project period. 
 
In the following we summarize the main objectives and results of the project. 
 
Ion beam-induced modification of silica nanoparticles 
 

According to the work plan, in a first step, the 40 keV Ar+ ion irradiation-induced 
reorganization of Langmuir–Blodgett (LB) monolayers of colloidal silica nanoparticles (NPs) 
deposited on silicon substrate was investigated in a wide range of ion fluences. The cluster formation, 
average cluster size, the role of ion beam-induced charging and discharging, heating effects, the ion 
beam-induced viscous flow and the swelling of the underlying Si substrate have been analyzed. We 
found that at low ion fluences particle charging and Coulomb repulsion forces govern the 
reorganization process, while at high ion fluences ion beam-induced viscous flow and hydrodynamic 
forces between the particles and the underlying substrate play major role. Two different types of 
patterns: small compact clusters of few particles and long chain-like clusters of dozens of particles 
were observed by SEM analysis. The dynamics of the reorganization process was treated analogous to 
the Tanaka–Araki model, with or without considering hydrodynamic interaction between the particles. 
This work was accomplished in cooperation with the Rudjer Boskovic Institute, Zagreb, and the 
results were published in [1]. These experiments help to understand the different processes taking 
place when ion beam lithography patterning is applied through colloidal nanoparticulate masks. 
 
Local probe analytical techniques for the characterization of nanoparticulate systems  
 

The above experiments focused on NPs in the 200-500 nm size range. In this case, different 
analytical tools: field emission scanning electron microscopy (FESEM), atomic force microscopy 
(AFM), and Rutherfod backscattering spectrometry (RBS) are powerful characterization techniques at 
the nanoscale. Such techniques are accessible long at and nearby our institute. However, especially in 
plasmonic applications the NP size is typically in the 10-100 nm range. In this case, the introduction of 
further powerful techniques with spatial resolution in the nm-range are essential to study the geometry, 
composition, and optical properties (especially the surface plasmon resonance, SPR) of individual NPs 
and find correlation between these features.  

Following our research plan, a measurement platform aiming single-particle optical scattering 
spectroscopy was developed with the partial support of this project. Optical elements and a ceramic 
sample holder with a XYZ piezo controller were installed to the optical microscope (Olympus BX51) 
combined with an aberration corrected imaging spectrometer (IsoPlane SCT 320 equipped with a 



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

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

Note, for the correct interpretation of MEIS spectra it was necessary to take into account dual 
scattering events for the analysing He+ ions besides single scattering events. So far this problem has 
not been widely discussed in the literature for the energy range applied in MEIS. We performed 
Monte-Carlo simulations and, also, introduced an analytical model to estimate the effect of dual 
scattering in the MEIS spectra. Measured and calculated DS spectra show good agreement for thin Au 
layers and Au nanospheres. The results were presented as a talk at the IBA23 Conference in Shanghai, 
China, in 2017 [3], and as a poster at the HRDP9 conference in Uppsala, Sweden, in 2018 [4]. 
 
Ion beam-induced modification of gold-silica core-shell nanoparticles 
 

From the second year of the project the ion irradiation-induced modification of Au-silica core-
shell (CS) nanospheres (NS) and nanorods (NR) was studied with MEIS, single particle optical 
scattering spectroscopy, and FESEM analysis.  
The core/shell diameter was 25 nm/40 nm for the NSs and the core/shell diameter×length was 14 
nm×46 nm/40 nm×66 nm for the NRs. The nanoparticles (NPs) were deposited on Si substrate by LB 
technique, and then exposed to ion bombardment as a nanofabrication tool. In general, ion-solid 
interactions on the nanoscale are of special interest, and so far the radiation resistance of the SPR 
properties of metal NPs has been scarcely studied. In this project ion irradiation was performed under 
largely different conditions, by 30 keV Ar+, and 2.8 MeV N+ ions to cover a wide range of ion-
nanoparticle interactions. Ion beam-induced mixing, sputtering, clustering, charging and heating may 
induce geometrical and structural changes of individual NPs and their clusters. Accordingly, the SPR 
excitation of Au-silica NPs can be modified as the excitation strongly depends on the shape (aspect 
ratio) of NPs, inter-particle distance, the thickness of the particle shell and the dielectric properties of 
the substrate. Especially, the longitudinal SPR (LSPR) of gold nanorods can be strongly affected by 
the particle shape and the environment.  
 

From MEIS and FESEM the thickness of the silica shell and the diameter of the Au cores were 
determined. As a result, low energy Ar+ irradiation causes the removal of the forepart of the silica shell 
through sputtering. The Au core is still present but it gets closer to the surface of the nanoparticle 
within 1 nm. Interestingly we found quite similar effect for high energy N+ and low energy Ar+ 
bombardment, despite the big difference in the irradiation parameters (sputtering yield, nuclear and 
electronic energy loss). For spheres at the highest ion fluences we observed the decrease of the 
transverse particle diameter by about 8 nm and 9 nm for N+ and Ar+, respectively, mainly due to the 
reduction of the silica shell. For nanorods the transverse diameter is reduced by 5 and 11 nm for N+ 
and Ar+, respectively. 
 



Optical reflection measurements under normal incidence conditions and dark field single 
particle microspectroscopy measurements with large angle of incidence were performed on the 
irradiated and unirradiated samples in the visible range to correlate the geometry changes with the Au 
optical excitation spectra. For NSs slight blueshift of the SPR peak maximum and reduction of the 
scattered intensity at higher wavelengths (around 700 nm) has been observed for most of the irradiated 
samples. This effect can be due to the reduction of the silica shell on top of the Au NPs that is 
accompanied by the decrease of the refractive index of the environment. 
For the NRs the LSPR peak shows significant blueshift for the Ar+ irradiated samples because the 
length of the Au rods decreases. On the other hand, no such effect can be observed for N+ irradiation. 
In summary, the geometrical changes can be well correlated with the optical properties. In addition, 
the NPs show considerable radiation resistance against the bombardment of energetic ions. 

The above described results were presented on posters at the High Resolution Depth Profiling 
conference (HRDP8) in London, Canada, in 2016 [5], and at the IBA23 Conference in Shanghai, 
China, in 2017 [6, 7].  
 

As charging was found to take place in ion irradiation-induced rearrangement of NPs we 
performed experiments to monitor surface potential buildup and the behaviour of the NPs in the 
presence of high electric fields. The RBS technique combined with a tunable electron source was 
appropriate to generate, control, and characterize strong surface potentials on insulating glass targets 
covered with Au NPs. 
On a uniquely produced silica target glass doped with Er, Te, and Zn in the subsurface region [8, 9] we 
showed that the presence of the positive surface potential splits the RBS spectra for the He+ and He2+ 
charge states. From the split the surface potential can be determined, independently for each target 
atomic component. We used the same concept for Au NPs deposited on glass and in presence of high 
electric fields found reduction and strong distortion of Au NPs uncovered with silica shell. However, 
no such changes were observed for Au-silica core-shell NPs thus showing the protective nature of the 
dielectric shell. The results were presented at the Advanced Nanomaterials conference (ANM2016) in 
Aveiro, Portugal, in 2016 [10]. 

We performed He+ RBS/channeling angular scans on (100)Si substrates covered with Au NPs 
to monitor the low angle scattering (dechanneling) effect of the NPs during sample charging. Using 
the electron flood gun, substrate Si charging was or was not allowed during the angular scans. We 
found that Au NPs cannot hold higher potential than 1-10 V, even for high Si surface potential buildup 
of several kilovolts. 

The results were presented on a poster at the 22nd International Conference on Ion Beam 
Analysis (IBA22), Opatija, Croatia, in 2015 [11]. 
 
Optical scattering spectroscopy on individual nanoparticles, assembled nanoparticles, and 
asymmetric nanoparticles 
 

As single particle optical scattering measurements become available, efforts have been made 
aiming to relate the visible light excitation spectra of different Au nanoparticle clusters to their 2D or 
3D structure. Changes of the interparticle distance can have a significant impact on the frequency of 
the coupled modes in the plasmon excitation spectra. A number of different configurations were 
checked, e.g., optical simulations were carried out by boundary element method (BEM) for linear 
chains of Au NPs, and for 2D and 3D hexagonal close packed structures with varying interparticle 
distances [12]. Region-selectively surface modified gold nanorods assembled with spherical gold 
particles of different sizes [13, 14], and compact clusters prepared from PEG-coated and amino-PEG 



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

We reported the formation of single chain Au NP rings, as a special configuration of 
individual NPs. The parallel nanoparticle assembly was carried out by means of capillary lithographic 
experiments over a silicon substrate supported polystyrene microparticle Langmuir−Blodgett 
monolayer, using high purity aqueous solution of PEGylated gold NPs. [18]. During dewetting on the 
high purity surface of Si unwanted deposition of the gold NPs is minimized and precise placement of 
the gold NPs can be achieved. The use of gold nanoparticles as tracer objects can be generally utilized 
in experiments where wetting−dewetting properties should be investigated on structures with small 
dimensions. On the other hand, these structures might show advantageous properties compared to 
single particles or other ringlike structures reported earlier, due to strong coupling between the 
individual particles, allowing them to be used as a potential SERS substrate. 

The above works confirm that by using optical spectroscopy, the cluster formation related 
spectral changes due to plasmon couplings can be monitored in solution or on solid substrate surfaces. 
Consequently, interparticle distances can be estimated from the spectral response. 
 

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

In another work it was shown that scanning-probe (AFM) and optical measurements 
performed on individual Au NPs provide direct experimental evidence on the inhomogeneous ligand 
distribution of tip-selectively cysteamine-modified gold nanorods. At higher cysteamine 
concentration, a well-defined patch is formed at the tips of the NRs. In accordance with this, the blue 
shift of the LSPR can be observed due to the lower effective dielectric value in the near-field at the rod 
tip. The results show that the modification of the local environment around the rod tip can be well 
detected via the LSPR signal. The results were presented in [20-23].  
 
Deposition and optical characterization of individual nanoparticles on nanopatterned surfaces 
 

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



The ITO substrates were modified by the combination of nanosphere lithography and 120 keV Xe+ 
ion-bombardment to create nanopatterns with sharp boundaries between the irradiated and unirradiated 
(masked) regions. The nanopatterned surface has been analysed with SEM, AFM, and scanning 
tunnelling microscopy and spectroscopy (STM/STS). The refractive index of the unirradiated and 
irradiated ITO surfaces was determined by spectroscopic ellipsometry (SE). Our calculations for 
pattern formation has shown that the contour edges are as sharp as 20 nm, i.e., much shorter than the 
gold nanorod length (about 90 nm). The nanopattern appears in both the optical properties (refractive 
index as revealed by SE) and electrical properties (conductance as revealed by STM/STS) of the ITO 
layer. Therefore the utilized high-contrast surface patterning approach allows the modification of both 
the surface physical/chemical state and dielectric constant of ITO. These parameters determine the 
local environment of GNRs placed on the nanopatterned substrate. 

Using correlative SEM and single particle dark-field optical scattering spectroscopy, the single 
particle scattering spectra of GNRs distributed over the nanopatterned ITO surface are investigated in 
detail. With this method one can resolve substrate inhomogeneity related damping and intensity 
variations in the spectra of individual GNRs at a length scale shorter than the GNRs themselves. The 
increased damping measured on fully irradiated areas of ITO can be explained by an excess of the 
chemical interface damping term due to irradiation-induced surface defect states. It was found that the 
surface nanopattern has profound influence on the homogeneous line width of the LSPR, depending 
on the asymmetric (rods overlapping the boundary between the implanted and masked zones) or 
symmetric (that is by bridging between two masked regions over an irradiated region) position of the 
GNR over the pattern. In the asymmetric case, even if only one of the two tips is located on irradiated 
area (corresponding to approximately 1/3 of the total nanorod length) the damping is found to be the 
same as for a GNR fully located on irradiated ITO. For the symmetric case, on the contrary, a more 
continuous increase of damping with the bridge, i.e., gap width can be inferred. Comparing the 
damping variations with the related intensity changes indicates that substrate inhomogeneity at such 
length scales results in a different behaviour of the LSPR than predicted by the classical damped 
harmonic oscillator model applied for nanoparticles encapsulated or homogeneously surrounded by 
molecular coatings. 

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

The above results were summarized in a manuscript: „Gold Nanorod Plasmon Resonance 
Damping Effects on a Nanopatterned Substrate” and submitted to the Journal of Pysical Chemistry C, 
IF: 4.48 [24]. The reviewer report of this paper was positive recommending minor revision. Now the 
corrected manuscript is prepared and the paper is about re-submission. The submitted version of the 
manuscript is attached at the end of this report as Appendix. 
 
Further works related to ion irradiation-induced changes and surface nanopatterning 
 

Simulations with the TRIDYN code [L2] are underway to estimate the effect of ion beam-
induced mixing and sputtering as driving force for atomic transport processes during ion irradiation of 
Au-silica core-shell NPs. In a related work we reported the validity of the ballistic ion beam mixing 
model in nanoscale atomic transport at Si/C interfaces as model structures using TRIDYN [25, 26]. 

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

Substrate properties might significantly influence the scattering spectra of supported 
plasmonic nanoparticles due to different damping mechanisms. In this work ITO substrates 
are modified by the combination of nanosphere lithography and ion-bombardment to create a 
nanopattern with sharp boundaries between the irradiated and masked regions. The single 
particle scattering spectra of gold nanorods distributed over the nanopattern are investigated 
in detail. For nanorods located purely on either the masked or implanted areas, the spectra can 
be adequately interpreted in terms of a classical damped harmonic oscillator model, taking the 
chemical interface damping into account. When the particles overlap the masked and 
irradiated areas, however, markedly different behavior is found depending on the actual 
arrangement. For the rods experiencing a symmetric inhomogeneity (that is by bridging 
between two masked regions), damping varies smoothly with the extent of substrate 
inhomogeneity. For the asymmetric case (rods overlapping the boundary between the 
implanted and masked zones) a sudden increase of the damping is found, which is rather 
independent on the specific extent of substrate inhomogeneity. Comparing the damping 
variations with the related intensity changes indicates that substrate inhomogeneity at such 
length scales results in a different behavior than predicted by the classical damped harmonic 
oscillator model applied for nanoparticles encapsulated or homogeneously surrounded by 
molecular coatings. 

INTRODUCTION 
When an electromagnetic wave is impinging on a metal nanoparticle, it can induce localized 

surface plasmon resonances (SPR) related to the collective coherent oscillations of conduction 
electrons. The spectral position of the SPR shows strong dependence on nanoparticle size, 
shape, gap between neighboring particles, composition, and dielectric environment.1–4 This 



variability offers a wide range of applications such as imaging, sensing, local heating, 
enhanced Raman scattering, or nanoscale manipulation of light.5–7 In addition to the spectral 
position of the SPR, another key feature for applications is the SPR width, Γ, that is the 
damping parameter. When the SPR frequency is away from the interband transitions, as in 
silver nanospheres and in gold nanorods for the longitudinal SPR (LSPR), it is much 
narrower, a situation especially interesting for applications.8,9 In this case the quality factor Q, 
that sets the enhancement of the optical response and of the local field in and around the 
particle, is enhanced. This is because Q = ΩR/Γ (ΩR is the plasmon resonance frequency), and 
Γ is decreased. Previous studies resulted in the following expression for the plasmon line 
width Γ in the absence of interband electron-hole pair excitations:10,11 

 
Γ = Γ� + Γ��� + Γ� 	         (1) 
 
The first term is the bulk nonradiative damping which describes the scattering of electrons 

with thermal phonons, electrons, impurities, defects, etc., and converts the absorbed light into 
heat.12–14 It is assumed that Γb in the GNRs is the same as in the bulk material, and Γb = 72 
meV.11,15 The second term describes radiation damping, i.e., plasmon decay by secondary 
light emission.12,13 The third term is the combined surface scattering and chemical interface 
damping (CID) term, and can be calculated as: 

 

Γ� =
	
�
�
��

	           (2) 

 
Here vF is the Fermi velocity, A is the combined surface scattering and CID parameter, and 

Leff is the effective path length of electrons to the surface, respectively. Electron surface 
scattering takes into account scattering of electrons at the surface of the GNR while CID 
considers an additional damping by changing the chemical interface of the GNR.16–18 As it 
was shown, CID depends on Leff in the same way as electron-surface scattering.19 Previously 
the proportionality constant A has been determined for different chemical environments that 
fully surround the GNRs and values of A = 0.3, A = 0.46, and A = 0.95 has been found for 
CTAB (cetyltrimethylammonium bromide), DDT (dodecanethiol) coated GNRs and SiO2 
encapsulated GNRs, respectively, considering an Leff parameter of ���� = �√��, where D is 
the rod diameter.10,11,15 Because of the different plasmon damping mechanisms, Γ depends on 
the nanoparticle shape, size, material, and the surrounding environment. The overall linewidth 
Γ measured in ensemble nanoparticle studies is broadened because of size and shape 
distributions of the Au particles in the ensemble. Consequently, single particle spectroscopy 
studies are especially well suited to relate the line widths to different plasmon damping 
processes.  

The main advantage of using nanorods in single-particle scattering studies is that their 
LSPR is away from the interband transitions, hence the longitudinal plasmon resonance 
oscillation shows up as an almost-Lorentzian line in the energy domain. The scattering cross-
section σsca and the LSPR peak can be described by three independent parameters: the central 
frequency ΩR, the full width at half-maximum Γ, and the area Ξ, which can be obtained from 
Lorentzian fit in a straightforward manner: 

 

������� = Ξ
Γ ��⁄

���Ω �!"�Γ �⁄ �!
        (3) 

 
Plasmon-based devices and future optoelectronic integration require the attachment of metal 

nanocrystals onto various substrates, which generally breaks the symmetry of the dielectric 



environment surrounding the nanoparticles.20,21 Here the understanding of surface damping 
and chemical interface damping processes as well as quality factor change for the supported 
nanoparticles becomes especially important, for instance, fabrication of nanostructures made 
of noble metals using electron beam lithography requires an adhesion layer.22 Due to chemical 
interface damping strong spectral broadening and reduced field enhancement can be observed 
in linear relation with the adhesion film thickness.23 

An approach to nanoscale manipulation is to break the lateral homogeneity of the substrate, 
e.g., by its patterning with charged particle – ion or electron – beams. Such technique allows 
guided assembly of single nanoparticles during their deposition to the substrate. As it was 
shown, ion irradiation leads to change of the physical-chemical properties of the substrate and 
either positive or negative deposition of gold particles to assigned regions can be achieved 
due to the modified interface between the substrate and the nanoparticle.24 Nevertheless, in 
that case SPR properties and surface modification-induced chemical interface damping effects 
on the plasmonic nanoparticles have not been studied.  

In general, nanopatterning of a surface which supports plasmonic nanoparticles introduces 
twofold asymmetry to their environment. The effect of the substrate on SPR can be taken into 
account, e.g., by the mirror charge model based on polarization and charge accumulation in 
the dielectric substrate under the nanoparticle.20 In the substrate plane, however, a periodic 
nanopattern introduces asymmetry as a rapid change of the local environment (substrate 
surface termination, dielectric constant) in vicinity of the nanoparticles. Depending on the 
contrast mechanism of the patterning technique, the characteristic length scale of local 
environment change may be even bellow the NP size, especially for elongated NPs.24,25 To 
date less attention was paid to the effect of nanopatterning of a substrate on the LSPR of 
elongated metallic nanoparticles deposited on it, but the damping and quality factor for 
nanorods can be expected to change significantly as the position of the nanoparticle on the 
nanopatterned substrate is varied. 

In this work, silica nanosphere lithography (NSL) combined with Xe+ ion irradiation is used 
to create high-contrast patterns on ITO. When ion bombardment is performed through a 
nanomask of ordered colloidal silica nanospheres than the structural, physical, and chemical 
properties of the substrate can be modified on the nanoscale as we have shown earlier.25–28 
For the present ITO-gold nanorod system, irradiation-induced surface defect states may alter 
the chemical interface and the local dielectric properties, hence changes in the plasmon 
resonance properties of GNRs can be expected when the particles are located on unirradiated 
or irradiated ITO surfaces. In this work, gold nanorods (GNRs) were distributed on the 
patterned ITO surface. Two special cases are investigated in detail to account for the effect of 
local substrate inhomogeneities on the optical properties: when the particles connect two 
masked areas (’bridging’) or when the particles are overlapping the boundary between the 
masked and irradiated areas (’overlapping’). Due to the high contrast of the surface 
modification method, the effect of local environment change in these special cases can be 
studied on a shorter length scale than the GNR length. We show that for GNRs the damping 
parameter (Γ) is very sensitive to the nature of short-range local environment change, and its 
different behavior for the symmetric ‘bridging’ and the asymmetric ‘overlapping’ cases is 
revealed. 

 
EXPERIMENTAL SECTION 
Ion irradiation  
The 100 nm ITO layer/20 nm buffer layer/1 mm glass samples of 20×20 mm area were 

exposed to 120 keV Xe+ ion bombardment at fluences of 1 × 1016 cm−2 and 3 × 1016 cm−2. 
One set of samples was irradiated through an LB masks of colloidal silica particles with D = 
400 nm, while another set was implanted on its full area, i.e., without using the silica mask. 



Irradiation was performed at room temperature in the Heavy Ion Cascade Implanter at the 
Institute for Particle and Nuclear Physics of the Wigner Research Centre for Physics in 
Budapest. In both series of irradiation, an ion beam with typically millimeter dimensions was 
x–y scanned across the full sample surface in order to achieve good homogeneity of 
irradiation within the exposed area. The current density for the scanning beam was kept low 
two avoid beam heating effects. 

AFM analysis  
After removal of the silica nanoparticulate mask, the obtained ion irradiation-induced 

surface morphology on ITO was analyzed with an AIST–NT SmartSPM 1010 AFM setup 
operated in tapping mode. The measured AFM data were processed using the Gwyddion 
software (see http://gwyddion.net). 

STM/STS analysis  
Scanning tunneling microscopy (STM) and tunneling spectroscopy (STS) measurements 

were performed using a DI Nanoscope E operating under ambient conditions with 
mechanically-cut Pt/Ir (90/10%) tips. The STS measurements were acquired at feedback 
parameters of -1 V and 5 nA. 

FESEM analysis  
Field Emission Scanning Electron Microscopy (FESEM) analysis of the silica nanomask, 

the nanopatterned ITO surfaces, and the Au nanorods deposited on it was carried out by a 5 
keV energy electron beam perpendicular to the sample surface with a LEO 1540 XB 
microscope. 

Dark-field optical scattering spectroscopy  
Single particle spectra have been measured using an upright optical microscope (Olympus 

BX51) combined with an aberration corrected imaging spectrometer (IsoPlane SCT 320 
equipped with a PIXIS 400BRX cooled CCD camera, Princeton Instruments). The sample 
was mounted on an XYZ piezo stage for precise sample positioning (Physik Instrumente, P 
545.3R8S). Illumination and scattered light collection were performed in epi-illumination 
using a 100× dark-field objective (Olympus MPlanFLN, NA=0.9). 

Template particle synthesis and LB film deposition  
Silica nanoparticles with 400 nm in diameter were synthesized by a slightly modified seed-

mediated synthesis protocol.29 60 mL ethanol absolute (99.97%, VWR International Ltd.) was 
mixed with 1.56 mL ultrapure water (MilliQ, 18.2 MΩ∙cm) and 9.4 mL ammonium hydroxide 
solution (28-30%, Reagent grade, Sigma-Aldrich) in a laboratory glass bottle and stirred 
vigorously for 20 minutes. Seed silica nanoparticles (LUDOX AS-40, 40wt% in suspension, 
Sigma-Aldrich) were diluted 10.000-fold by ultrapure water and 256 µL was injected to the 
premixed solution and stirred continuously for 20 minutes. Afterwards, 1.8 mL silica 
precursor (tetraethyl orthosilicate, 98%, Sigma-Aldrich) was added to the solution and the 
reaction mixture was stirred gently for another 24 hours. The excess of ammonia was then 
removed by boiling and stirring the sol until the pH reached the value of 7. The particles were 
centrifuged (3000 rcf, 5 minutes) and redispersed in ethanol:chloroform mixture in 1:2 
volume ratio. This solution was spread onto the water/air interface in a Wilhelmy film balance 
(KSV2000), compressed until 27 mN/m surface pressure and allowed to relax for 1 hour. The 
particles were deposited onto ITO-covered substrates (PGO GmbH., CEC020S) applying 
withdrawal speed of 7 mm/min and the films were dried and stored at room temperature. The 
diameter of the template particles was determined by DLS (441 ± 5 nm) and SEM (406 ± 4 
nm).  

Au nanorod synthesis and deposition  
Cetyltrimethylammonium bromide (CTAB, 99%), sodium borohydride (NaBH4, 99%), L-

ascorbic acid (AA, >99%), silver nitrate (AgNO3, >99%), sodium oleate (NaOL, ≥99%), 
hydrochloric acid (37%), and tetrachloroauric acid trihydrate (99.9%) were obtained from 



Sigma-Aldrich. Gold nanorods with precisely tuned aspect ratio were synthesized by a binary 
surfactant mixture-assisted seeded growth protocol.30 In the first step, a seed particle solution 
was prepared by mixing 1 mL 0.2 M CTAB and 1 mL 0.5 mM HAuCl4 solution in a reaction 
vial. Under vigorous stirring, 0.2 mL NaBH4 solution (containing 0.12 mL 0.01 M ice-cold 
NaBH4 solution and 80 µL ultrapure water) was injected into the mixture, stirred for 2 minutes 
and left undisturbed for 30 minutes. The growth solution containing 0.9 g CTAB, 0.1543 g 
NaOL and 25 mL ultrapure water was heated to 50 °C and stirred until the components 
dissolved. Afterwards, the solution was cooled down to 30 °C and 1.8 mL 0.004 M AgNO3 
was injected and kept undisturbed for 15 minutes. Then 25 mL 1 mM HAuCl4 solution was 
added and the system was stirred until 90 minutes at higher speed. 0.21 mL cc. HCl was 
added to the colorless solution and stirred at lower speed for 15 minutes. In the next step, 
0.125 mL 0.064 M ascorbic acid solution was injected and shaken for several tens of seconds. 
Finally, 20 µL of seed-solution was added quickly, stirred for 30 seconds and kept 
undisturbed and stored at 28 °C water bath for 12 hours. The nanorods were purified by 
centrifuging (6000 rcf, 10 min) and redispersion in ultrapure water. After the removal of 
excess CTAB molecules, the particles were spin-casted onto the substrates from a diluted 
solution (5-fold) applying 1000 rpm for 30 seconds (Chemat Technology KW-4A) and dried 
under nitrogen flow. 

 
RESULTS AND DISCUSSION 
The 100 nm thick polycrystalline ITO layers supported by glass substrate were irradiated by 

120 keV Xe+ ions through a monolayer consisting of 400 nm diameter silica spheres to 
produce surface nanopatterns over a large area. The pattern of the nanomask is formed on the 
surface (see Figure S1) because Xe+ ions can penetrate only in the holes formed between the 
masking silica nanospheres and cannot reach the ITO surface underneath the masked areas, as 
we have shown earlier.25,27 As full-cascade Monte-Carlo simulation of the ion irradiation 
process for the given system shows, point defects are formed at the surface and in the deeper 
regions of ITO, due to displacement cascades initiated by the heavy Xe+ ions (Figure S2). 
Therefore, atomic rearrangement and surface defects on the implanted areas of the ITO 
surface are expected to play a role when get into contact with GNRs. To check the effect of 
ion irradiation of ITO on the plasmon resonance properties of GNRs, two reference samples 
have been prepared and investigated: optical scattering spectra were measured on single 
nanorods located on a native ITO substrate and on implanted ITO samples, in the latter case 
maskless irradiation of the whole surface has been performed with 120 keV Xe+ ions to a 
fluence of 3×1015/cm2.  

Figure S4 shows the distribution of the aspect ratios (AR) determined from FESEM 
analysis for a representative set of GNRs. The average size of the nanorods is 91 nm × 36 nm. 
Figure 1 shows Γ values as a function of LSPR resonance wavelengths for individual GNRs 
on the native and implanted ITO surface. These parameters were determined from Lorentz fits 
of the measured spectra. The obtained differences in the LSPR peak positions are primarily 
due to the slightly different AR values of the GNRs. No significant dependence of Γ on the 
LSPR wavelength is found for both cases, which, is in agreement with previous studies 
obtained for Au nanorods (AR >2) on glass substrate, due to the plasmon resonance energy is 
away from the interband transition and Γ is not affected by interband electron-hole pair 
excitations.9 Nevertheless, Γ is significantly higher for the implanted ITO sample by 33 meV 
in average, as Γ = 99±5 meV for the native and Γ = 132±4.5 meV for the implanted reference 
sample. This readily indicates that plasmon damping at the longitudinal resonance increases 
as a result of substrate implantation. Since bulk damping, radiation damping, and electron 
surface-scattering contributions to Γ can be assumed to be the same, it can be inferred that 
irradiation-induced surface defect states generated by the energetic Xe+ ions make a 



difference to the chemical interface of the ITO-GNR system, leading to an increased 
proportionality constant A in Eq. 2. Since Leff is not affected by the surrounding of the NRs, 
the change of the combined surface scattering and CID term, ∆A, can be expressed as: 

 

∆Γ =
∆	
�
�
��

	           (4) 

 
With ∆Γ = 33 meV this results in ∆A = 0.29 upon ion irradiation-induced modification of 

ITO. This is comparable with the values obtained for CTAB and DDT coated GNRs,10,15 and 
is relatively high when considering that the molecular coatings cover the full surface of the 
GNR, while in the present case the contact between the modified ITO surface and the Au 
particle is much more limited.  

 

 
Figure 1. Γ values as a function of resonance wavelength determined from Lorentz fits of 
single-particle dark-field optical scattering spectra of Au nanorods deposited on native 
(unirradiated) ITO surface and on a maskless ITO surface implanted on its full area with 120 
keV Xe+ ions to a fluence of 3×1015/cm2. 

 
After analysis of the reference and full-area irradiated ITO samples, the nanopatterned ITO 

surface and the optical properties of Au nanoparticles deposited on it have been analyzed. 
Figure 2 shows AFM images of the native, and the ion beam-nanopatterned ITO surface. In 
panel (a) the polycrystalline structure of the native ITO layer can be observed. After the ion 
irradiation process the pattern of the silica nanomask can be clearly seen in Figure 2b. Here 
the circular areas represent the unirradiated (masked) regions while the surrounding regions 
are the irradiated zones. The height difference between the two areas can be attributed to the 
ion beam-induced sputtering effect. As full-cascade SRIM (www.srim.org) simulations show, 
for 120 keV Xe+ irradiation into ITO 17 atoms/ion are sputtered out from the target when 
displacement cascades reach the surface atoms (Figure S2). This results in about 6 nm ITO 
sputtered out from the irradiated areas and this value is in good agreement with the AFM 
pattern.  



 
Figure 2. Atomic Force Microscopy (AFM) image of (a) unirradiated (native) and (b) ion 
beam-irradiated ITO surface. Ion bombardment has been performed with 120 keV Xe+ ions to 
a fluence of 3×1015/cm2 through a nanomask of ordered silica particles with diameter of 400 
nm. For the unirradiated surface the polycrystalline structure of the ITO layer can be 
observed. After the ion irradiation process the pattern of the silica nanomask can be clearly 
seen on the surface. Higher circular areas represent the unirradiated (masked) regions while 
the surrounding lower regions are the irradiated zones. 

 
ITO is a wide band gap material with Eg = 3.5-4 eV that exhibits the special property of a 

high optical transmittance in the visible region of the spectrum combined with a high 
electrical conductivity. 31,32 As it was previously shown, ion irradiation leads to degradation of 
the optical transparency and electrical conductivity of polycrystalline ITO layers.31–34 Ion 
irradiation-induced changes in the optical properties as the refractive index, n, and extinction 
coefficient, k, have been followed by spectroscopic ellipsometry (SE) measurements. As 
Figure S5 shows, the refractive index at around the plasmon resonance wavelength of GNRs 
(ca. 790 nm) increased from n = 1.55 to n = 1.8, and n = 1.85 for fluences of 1 × 1016 cm−2 
and 3 × 1016 cm−2 after the ion irradiation process. The extinction coefficient increased about 
one order of magnitude, however, still giving a small value of k = 0.1. The n and k lateral 
patterns are expected to follow the nanomask pattern on ITO with transition zones of about 20 
nm width, considering ion beam proximity effects at the masking silica particle edges, see the 
schematics in the Supporting Information (Figure S3). Therefore, the n and k values in the 
vicinity of GNRs can vary on a much shorter scale than the GNR length. We estimate similar 



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

The effect of ion irradiation on the electrical properties of ITO was characterized by 
Scanning tunneling microscopy (STM) and tunneling spectroscopy (STS) measurements. 
Figure 3a shows STM image of the nanopatterned ITO surface and Figure 3b depicts 
tunneling conductance plots probed by STS measurements on the unirradiated and irradiated 
regions of ITO. In the STM image the boundaries between unirradiated and irradiated areas 
can be clearly seen. The morphology and the height changes agree well with the AFM results. 
The polycrystalline structure is observed with even higher resolution. The red and black dots 
represent the positions where the current (I)-voltage (V) curves were recorded. The I-V 
characteristics shown in Figure 3b are averages of 25 consecutive spectra taken at the same 
position on the sample. A band gap of 3.5 eV is observed, with the conduction band minimum 
around 0.5 eV. It is clear from the spectra in Figure 3b that the tunneling conductance of the 
native ITO regions (red curve) is larger than the one of the bombarded regions (black curve) 
at all energies. This is in agreement with the fact that ion irradiation introduces defects which 
decrease the conductance of the irradiated regions and changes the physical/chemical 
properties of the ITO surface due to atomic rearrangement and the formation of surface 
defects. It has to be emphasized, that the ion-irradiation induced pattern has an excellent 
contrast at the interface.  

 

 
Figure 3 (a) Scanning tunneling microscopy (STM) image of the nanopatterned ITO surface 
and (b) tunneling conductance plots probed by scanning tunneling spectroscopy (STS) 
measurements on the unirradiated (inside) and irradiated (outside) regions of ITO. In (a) red 
and black dots represent the positions where I-V curves were measured. The color bar in (a) 
shows the values in the dimension of nm.  

 
Targeted search for two main rod/pattern orientational configurations has been performed in 

the FESEM to identify particles of interest (also see Scheme 1): (i) Bridging: the two tips of 
the Au rod are located on two adjacent unirradiated areas separated by an irradiated area 



(narrow gap) under the rod center. The bridging configuration is considered to be symmetric, 
i.e., the gap center coincides with the nanorod center. (ii)  Overlapping: one tip of the Au rod 
is located on unirradiated while the other tip is on neighboring irradiated area. Additionally, 
particles positioned entirely on masked or irradiated areas have been identified, to serve as an 
internal reference and are denominated as ‘inside’ and ‘outside’ arrangements, respectively. 

 

 
Scheme 1. Schematics of the ITO nanopattern-gold nanorod (GNR) arrangement geometry for 
symmetric bridging and asymmetric overlapping configurations. The distance δ is measured 
between the reference point of the GNR (red dot) and the perimeter of the circular 
unirradiated area (dotted line). Negative δ values mean that the GNR is inside the circular 
(masked) area.  

 
Correlative FESEM and single particle optical scattering measurements allow to relate the 

position of individual GNRs on the nanopatterned surface with their optical scattering spectra 
in a quantitative way. Figure 4 shows the single particle scattering spectra of selected 
nanorods that represent the above discussed cases for demonstration, together with the 
Lorentzian fits. The FESEM micrographs show the spatial arrangement of the nanorods over 
the implanted/non-implanted regions of the nanostructured substrate. The intensities are 
normalized to the LSPR peaks for better comparability. For the nanopatterned ITO-GNR 
system damping is increased on the irradiated, ‘outside’ area (average Γ = 138 meV) 
compared to the unirradiated ‘inside’ area (average Γ = 108 meV), which is consistent with 
the results obtained on the maskless implanted ITO and native reference surface. The slight 
deviation of these values compared to the reference values (Figure 1) maybe due to the 
different history of the samples, since the experimental realization of the nanopatterns 
involved several additional technological steps. The resulting ∆Γ = 30 meV translates to ∆A = 
0.26 for the combined surface scattering and CID parameter. 

 

 



Figure 4. Normalized single-particle dark-field optical scattering spectra of Au nanorods 
located at different positions on an ion beam-nanopatterned ITO surface. Solid lines show 
Lorentzian fits. Inset: FESEM micrographs of the Au nanorods corresponding to the optical 
scattering spectra; the circular dashed lines show boundaries between irradiated and 
unirradiated areas, the scale bars represent 200 nm. 

 
In the following we show how the optical scattering properties vary as a function of the 

relative position of the nanorod with respect to the nanopattern for both the bridging and 
overlapping cases. The spatial arrangements of the individual nanoparticles have been 
quantified based on the schematics shown in Scheme 1. This approach allows to 
quantitatively account for the symmetric bridging and asymmetric overlapping configurations 
based on the distance between the center or the tip of the GNR (red dot) and the border 
between the implanted/masked regions (dashed circle). Besides damping, the intensity of the 
resonance related to the quality factor Q = ΩR/Γ (plasmon resonance energy divided by the 
damping) can be also obtained, since the intensity scales with Q2 for a damped harmonic 
oscillator.10 

 Figure 5 shows the change of Γ and Q2 (related to single particle optical scattering 
intensity) as a function of the gap width for symmetric bridging configuration. Clearly, 
changes in Γ can be resolved as the substrate inhomogeneity varies at a spatial extent smaller 
that the nanorod length itself. Upon increasing the gap from zero to the rod length, the gradual 
increase of Γ from about 112 meV to 146 meV can be observed over the approximate range of 
0-100 nm gap size. On the other hand, Q2 drops abruptly already for a 25 nm gap. This abrupt 
drop suggests the sudden change of the environment determining the strength of the plasmon 
resonance oscillation as the gap opens. This environmental change might have two main 
contributions. First, the variation in the physical/chemical state of the underlying ITO 
interface that occurs along the long axis of the particle since the particle bridges unirradiated-
irradiated-unirradiated areas (Figure 3 inset). Second, the dielectric function of the ITO layer 
(down to ca. 70 nm in depth) increases upon ion-irradiation (Figure S5), hence a refractive 
index change along the particle long axis can be anticipated. Proximity effects during ion 
irradiation for a 20 nm gap can reduce the effective fluence by 20% (Figure S3) in the gap 
region, but SE measurements indicate that even when the fluence is decreased by the factor of 
3, there is no significant change in the dielectric function of irradiated ITO. Hence, the extent 
of refractive index change in the gap-region due to irradiation can be regarded as identical for 
all gap sizes. Consequently, the effective refractive index at the substrate side along the 
nanorod increases with the gap width. 

In agreement with earlier results, the increased damping is accompanied by the drop of the 
plasmon resonance intensity (i.e., Q2) and it was also shown that the increase of the refractive 
index of the surrounding medium increases the scattering intensity for Au nanorods.10 A 
scattering intensity increase of about 4% was reported when a single nanorod (27×81 nm) was 
covered with a monolayer of DDT molecules, causing an increase of about 8% in the 
refractive index. In the present work almost 20% increase of the refractive index of ITO was 
found by SE after ion irradiation. It can be anticipated that in the present case the interplay 
between the Au/ITO interface damping induced decrease and the refractive index induced 
increase gives the overall intensity change. For small gaps the domination of the damping 
contribution can be inferred, while for wider gaps the refractive index change seems to 
compensate the effect of increased damping. 



 
Figure 5. Top: FESEM micrographs of the Au nanorods bridging two non-implanted areas 
over an implanted one, corresponding to the data points labelled 1-5; scale bars represent 200 
nm. Bottom: Γ and Q2 (scattering intensity) values as a function of the gap width, that is, the 
width of the irradiated area under the rods. Dashed lines are guidelines. 

For GNRs in overlapping configuration a somewhat different behavior of Γ and Q2 vs. the 
particle position can be observed (Figure 6). Here the more abrupt increase of Γ is followed 
by a gradual decrease of Q2 as the rod leaves the masked area of the ITO substrate. As one of 
the tips of the rod leaves the unirradiated to the irradiated zone by about 30 nm (ca. one third 
of the rod length), Γ abruptly increases from about 112 meV to 146 meV and does not change 
significantly for further movement of the GNR. The abrupt change of Γ compared to the 
bridging-arrangement supports that the location (local environment) of the nanorod tip has a 
profound influence on damping, since at the wavelength of the longitudinal plasmon 
resonance the high-intensity near field region is concentrated at the tips of the nanorod. It has 
to be emphasized, that already if one of the nanorod tips is located on irradiated ITO, Γ shows 
the value characteristic for the outside configuration. In contrast to the bridging case, for 
overlapping particles Q2 changes gradually as a function of δ connecting smoothly the ‘inside’ 
and ‘outside’ configuration points with Q2 values of about 230 and 130, respectively. This 
means the drop of the quality factor from 15.3 to 11.5. The decrease of Q2 can already be 
observed before the jump in the damping Γ occurs. 

 

 
Figure 6. Top: FESEM micrographs of Au nanorods in overlapping configuration, 
corresponding to the data points labelled 1-5; scale bars represent 200 nm. Bottom: Γ and 
scattering intensity values vs. the distance of nanorod tip from the perimeter of the circular 



unirradiated areas for Au nanorods located in asymmetric overlapping configuration on the 
nanopatterned ITO surface. Dashed lines are guidelines.  

 
In summary, the change of Γ and Q2 (scattering intensity) are not completely simultaneous 

when the nanorod position is varied over the nanopattern on a length scale smaller than the 
nanorod length. For both the bridging and overlapping case, the change of Q2 seems to outrun 
the Γ change. On the other hand, an abrupt change of the intensity is accompanied by the 
gradual change of Γ and vice versa, for the bridging and overlapping configurations. Γ is very 
sensitive on the nature of the surface underneath the nanorod tip: it changes abruptly for the 
overlapping case (despite only one of the tips is located on an implanted area), while a 
smoother transition is observed as a function of the gap for the bridging-configuration, where 
both tips are located on unirradiated areas. 

Usually, if the change of the surrounding environment is homogeneous over the nanorod 
length, e.g., when nanorods are encapsulated or fully covered by molecular coatings, as well 
as in slowly varying environments, abrupt changes in the parameters determining the plasmon 
resonance and optical scattering properties within the nanorod dimensions do not occur.10,11,15 
In the present case the ‘inside’ and ‘outside’ configuration represent homogeneous 
environment under the nanorods. However, for GNRs in bridging and overlapping 
arrangement the underlying substrate changes along the nanorod long axis, thus giving a 
longitudinal inhomogeneity of the environment with sharp boundaries. Considering the 
dielectric and surface properties of the substrate, the main difference between the two 
arrangements is related to symmetry: the bridging configuration is symmetric with two 
transition zones, while the overlapping configuration is asymmetric with only one transition 
zone upon crossing the unirradiated-irradiated zone border. Such markedly different 
conditions may impact the oscillation properties of the conduction electrons along the GNR 
long axis. For instance, asymmetric mirror charge-induced coupling to the substrate can be 
considered for the overlapping configuration, due to the different dielectric and conductance 
properties of the irradiated and unirradiated sections of ITO.20 As Figures 5 and 6 show, 
abrupt changes in Γ and the intensity occur at the transition zone and here the two quantities 
are not so strongly correlated as it is predicted by the damped harmonic oscillator model 
which describes LSPR for GNRs with homogeneous surrounding environment. Detailed 
optical simulation of the electric field and charge density distribution accounting for the 
substrate inhomogeneities is however needed to unambiguously identify the origin of the 
observed dependence of the damping parameter and spectral intensity obtained for the 
different geometrical arrangements on the nanostructured substrate. 
 

CONCLUSION 
The utilized high-contrast surface patterning approach allows the modification of both the 

surface physical/chemical state and refractive index of ITO. With this method one can resolve 
substrate inhomogeneity related damping and intensity variations in the spectra of individual 
gold nanorods at a length scale shorter than the nanorods themselves. The increased damping 
measured on irradiated areas can be explained by an excess of the chemical interface damping 
term due to irradiation-induced surface defect states. It was found that the surface nanopattern 
has profound influence on the homogeneous line width of the LSPR, depending on the 
asymmetric or symmetric position of the GNR over the pattern. In the asymmetric case, even 
if only one of the two tips is located on irradiated area (corresponding to approximately 1/3 of 
the total nanorod length) the damping is found to be the same as for a GNR fully located on 
irradiated ITO. For the symmetric case, on the contrary, a more continuous increase of 
damping with the extend of inhomogeneity can be inferred. With the appearance of substrate 



inhomogeneity, the intensity variation follows the expected trend, but its change is not 
completely simultaneous with the change of damping. This behavior is different than found 
for GNRs homogeneously surrounded by molecular coatings, where the intensity and line 
width change in a strongly coupled manner as predicted by the classical damped harmonic 
oscillator model. 
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