Published on 31 January 2013. Downloaded by University of Colorado at Boulder on 10/01/2014 19:38:12.

PCCP RSCPublishing

View Article Online

View Journal | View Issue

Multiphoton photoelectron emission microscopy of
single Au nanorods: combined experimental and
theoretical study of rod morphology and dielectric
environment on localized surface plasmon resonancest
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Multiphoton photoelectron emission from individual Au nanorods deposited on indium tin oxide (ITO)
substrates is studied via scanning photoionization microscopy, based on femtosecond laser excitation at
frequencies near the rod longitudinal surface plasmon resonance (LSPR). The observed resonances in
photoemission correlate strongly with plasmon resonances measured in dark field microscopy (DFM), thus
establishing a novel scheme for wavelength-resolved study of plasmons in isolated metallic nanoparticles
based on highly sensitive electron counting methods. In this work, we explore experimental and theoretical
effects of (i) morphology and (ii) aspect ratio (AR) for longitudinal plasmon resonance behavior in
Au nanorods. A quasilinear dependence between LSPR and aspect ratio (AR) is experimentally determined
[AZ ~ +100(10) nm/AR unit] for Au nanorods on ITO, in excellent agreement with the first principles value
from finite element computer modeling [A2 = +108(5) nm/AR unit]. Interestingly, however, LSPR values for
larger vs. smaller diameter rods (w ~ 20 nm and 10 nm) are systematically red-shifted [AE ~ —0.03(1) eV,
AL ~ +15(5) nm at 4 ~ 800 nm], indicating that electromagnetic retardation effects must also be
considered for highest accuracy in LSPR position. To augment these results, the influence of the dielectric
environment on the rod LSPR has been explored both experimentally and numerically. In particular, detailed
finite-element simulations for ITO supported Au nanorods are found to yield plasmon resonances in near
quantitative agreement (AE ~ +0.04 eV) with experiment, with residual differences arising from
uncertainty in the refractive index of the ITO thin film. Furthermore, the results indicate that plasmon
resonance predictions based on infinitely thick ITO substrates are reliable to a few meV for film thicknesses
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These plasmons are extremely sensitive to particle size, shape
and the dielectric environment, thus providing a handle for
“tuning” the optical response of nanostructures throughout

I. Introduction

Coherent oscillation of conduction electrons can be induced by

the incident electromagnetic radiation if the frequency matches
the intrinsic plasma frequency of the metal." For most metals, this
occurs deep in the ultraviolet (UV) region, but for coinage metals,
e.g., Cu and Au, it takes place closer to the visible spectral range.
In conjunction with the spatial boundary conditions in metallic
nanoparticles, this gives rise to a localized surface plasmon
resonance (SPR), which manifests itself by greatly enhanced light
scattering and/or intense absorption at specific frequencies.
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the visible (VIS) and the near-infrared (NIR) spectral range. As a
result, nanoparticles are promising for a plethora of applica-
tions, ranging from light absorption enhancers in solar cells,*”
subdiffraction-limited light guides in plasmonic devices,®®
photothermal anti-cancer agents in medicine,” ! ultrasensitive
chemical detectors'>™"® and even THz generators,*® to name
only a few.

Of the various nanoparticle morphologies, Au nanorods
have received particular attention due to their favorable optical
response, small size, chemical inertness and biocompatibility.
Their asymmetric shape supports two types of plasmons: (i) a
longitudinal surface plasmon (LSPR), where the conduction
electrons oscillate in the long axis direction (b), and (ii) two
degenerate transverse plasmons modes, each aligned along the
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minor axes (a). In the so-called electrostatic limit (i.e., both
axes a, b « /), these resonances are governed by a single
geometric factor, the aspect ratio (b/a = AR), with the long-
itudinal (transverse) plasmon resonance shifting to the red
(blue) with increasing AR, respectively.**”*' While the trans-
verse SPR moves only over a relatively narrow wavelength range
(~20-30 nm), the longitudinal plasmon resonance can be
tuned almost through the entire visible (VIS) and even into
the infrared (IR) region by simply changing the rod AR. The
broad tunability of longitudinal SPRs in Au nanorods has
established these species as remarkably promising candidates
for plasmonic applications, which has generated keen interest
in how secondary factors, such as the overall rod size, influence
plasmon resonance properties. Indeed, recent studies have
suggested that electrostatic modeling inadequately describes the
optical response for nanorod widths (w) in excess of ~30 nm,
thus requiring more sophisticated treatment dependent on expli-
cit nanoparticle shape and dimensions.”>*” In support of this,
the results reported herein demonstrate that near quantitative
level (AE = +0.04 eV) predictions of plasmon resonance frequen-
cies (AZ = 20 nm at A = 800 nm) may not be feasible with
electrostatic treatments for widths larger than w ~ 15 nm and
lengths [ ~ 50 nm.

Another relevant factor influencing the LSPR is the dielectric
environment. The influence of isotropic media on plasmons
has been studied extensively, with results clearly establishing a
systematic red-shift in the plasmon resonance with increasing
refractive index of the medium.***"**>" While this general
trend holds universally, it is far less obvious how to think about
finite and/or discontinuous environments such as, for example,
experienced by particles on a substrate. Since the majority of
applications envision using such supported nanoparticles, it is
critical to understand how asymmetric environments affect
plasmon resonances.’>>* Analytical solutions are known for
some specific cylindrically symmetric arrangements, e.g., spheres®
and coated spheres®® on a substrate as well as oblate/prolate
ellipsoids with unique axis pointing normal to the substrate
surface.”” Unfortunately however, none of these apply in the
most ubiquitous scenario of nanorods lying parallel to the
surface, making numerical calculations the only rigorous
approach for studying arbitrary particle shapes in asymmetric
dielectric environments.

The complexity of such calculations has fostered the use of
approximate models for the asymmetric environment, where
a uniform medium is assumed with an average index of
refraction given by:

Nefr = o] + (1 — O()nz (1)

In this expression, n; and n, are the refractive indices for
“superstrate” and substrate, respectively, and o is an empirical
constant (0 < « < 1) that reflects particle sensitivity to the two
media.>®*®" However, without extensive benchmarking of
experimental vs. predicted behavior for well characterized
nanoparticle systems and dielectric environments, the accuracy
of these and other such approximations is hard to predict a
priori. Indeed, it is toward a better understanding of the
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structural, environmental and material influence on plasmonic
particle response in asymmetric environments that the present
studies are specifically directed.

In particular, the work focuses on thin film indium tin oxide
(ITO), due to its ubiquity in many existing applications requir-
ing optically (VIS/NIR) transparent, conductive substrates. It
mainly comes in the form of thin, annealed films whose index
of refraction varies with method of preparation and therefore
necessarily has to be determined experimentally. As we shall
demonstrate, classical electrodynamics calculations as employed
in COMSOL yield results in near quantitative (i.e., AE = £0.04 eV)
agreement with experimental observation, limited only by residual
experimental uncertainty in the particle dielectric environment.
Additionally, for plasmon resonance predictions at such accuracy,
we show that the finite ITO thickness (df) must also be taken into
account, with correct convergence to infinite slab predictions
achieved only for d; > 2w.

To establish such benchmarks, we employ a powerful combi-
nation of (i) scanning photoionization microscopy (SPIM), (ii)
dark field microscopy (DFM), and (iii) secondary electron micro-
scopy (SEM) to experimentally correlate near- (SPIM) and far-field
(DFM) plasmonic response of individual Au nanorods with their
structure (SEM). While near- and far-field signatures of localized
surface plasmons may generally differ,®> they spectrally coin-
cide in the case of the longitudinal SPR in Au nanorods.®® As a
result, the greater detection sensitivity of SPIM can be successfully
employed to infer the longitudinal plasmon resonances in Au
nanorods that may be too small to study with DFM alone.
When combined with detailed electrodynamics calculations,
these correlated microscopy techniques lay a foundation for
predictive characterization of environmental and size dependent
effects on plasmon resonance behavior, which represents the
main thrust of the present work.

Il. Experimental methods
IIA. Sample preparation and characterization

Commercially available (Nanorodz™; Nanopartz, Inc.) aqueous
solutions of Au nanorods (NR) of two different sizes are used for
the present studies (Nanopartz P/N: 30-10-850 and 30-25-750). A
dimensional analysis of the two samples (see Fig. 1) yields the
following ensemble averaged values for rod dimensions and
aspect ratios (AR) with standard deviations reported in
parentheses: (i) Sample 1 (N = 204): () = 39(6) nm, (w) =
10(2) nm, (AR) = 3.9(7); (ii) Sample 2 (N = 385): (I) =
63(5) nm, (w) = 20(2) nm, (AR) = 3.2(3). UV-VIS spectrum (see
Fig. 1) of the stock solution of the smaller Au nanorods
(Sample 1) exhibits a strong longitudinal plasmon resonance
at (2p1)12°= 820(2) nm with a 10 width, o/2° = 60(5) nm, and a
weaker transverse plasmon resonance at {ipl)?oz 510(1) nm
and a width a¥20 = 13(1) nm. For the larger Au nanorods
(Sample 2), the peaks are observed at ()Vplﬁzo: 725(2) nm

and <;\.P]>¥ZO: 512(1) nm with the corresponding 1¢ widths

a{'zo = 35(3) nm and 6;120 = 14(1) nm, respectively.
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Fig. 1 SEM/TEM dimensional analysis of the two rod samples (left: Sample 1;

right: Sample 2): (a) Rod length (/); (b) rod width (w); (c) rod aspect ratio (AR); (d)

UV-VIS spectra of the aqueous stock solutions of the two rod samples.

To prepare the samples, 40 pl of stock aqueous solution of Au
nanorods are spin-cast onto a rotating (1500 rpm) ITO-coated
glass coverslip (Thin Film Devices, Inc.), patterned to allow
particle registration as reported previously.®® Immediately
prior to sample deposition, the coverslips are ozone cleaned
for 5 minutes to remove organic contaminants from the cover-
slip surface, which greatly improves surface wetting and
consequently leads to more uniform nanoparticle coverage.
The sample is then sequentially rinsed with deionized water,
methanol and acetone to remove any non-colloidal solute [e.g.,
cetyl-trimethyl-ammonium-bromide (CTAB)] added to stabilize
nanoparticle solutions. Under these preparation conditions,
coverages of 0.1 NR/um? are typically obtained.
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Variable Angle Spectroscopic Ellipsometry (VASE®; J. A. Woollam
Co., Inc) is utilized to experimentally determine the thickness and
dispersion relation for the ITO films. In this technique, the intensity
and polarization of reflected light from the substrate is mea-
sured as a function of wavelength 1 and incident angle (6;),
yielding ellipsometric parameters ¥(4, 0;), and 4(4, 6;). These
experimental parameters (see ESIf) are then fit based on a
model for the substrate refractive index and structure, allowing
very precise determination of film thickness and index of
refraction. For further details on the technique, the reader is
referred to ref. 67.

To describe the substrates in the present study, ellipsometric
model is used that assumes a flat ITO film of thickness d¢ on top
of a flat glass slab of sufficient thickness for the reflection from
the back surface to be safely neglected. Both glass and ITO are
presumed to be non-absorbing materials (rn is real) with
the refractive index described by the Cauchy dispersion equation
n=A+ B/}? in the studied wavelength range. Measurements were
performed on three different coverslips from the same batch in
order to determine mean values and sample-to-sample variation.
The ITO films, nominally 10 nm by manufacturer quote, are in
fact ellipsometrically determined to be 18(1) nm, and are well
modelled by the following Cauchy dispersion relation in the
wavelength range of interest, i.e., 400-1000 nm:

n(4) = 1.917 + 0.045/[um]? )

Though some variability between the samples is observed, the
measured index of refraction in all cases falls within +0.01 RIU
(refractive index units) of the values predicted by eqn (2) and is
in relatively good agreement with previous measurements on
annealed ITO thin films.®®

IIB. Scanning photoionization microscopy (SPIM)

The tunable fundamental output (4 = 710-890 nm; Ej, = 1.75-
1.40 eV) of an ultrafast Ti:Sapphire laser system is focused
by a reflective-type microscope objective (numerical aperture,
NA = 0.65) to a diffraction limited spot on an ITO-coated
coverslip sample located in vacuum (~5 x 10~ Torr). At the
focus, the high intensity laser beam promotes a fraction of the
electrons within the sample material to the vacuum level, where
they are accelerated and detected with a Channeltron electron
multiplier located ~1 cm above the sample. For typical material
work functions of the metal nanoparticles (@5, = 4.6-5.1 €V,*
@110 = 4.4-4.7 eV depending on crystal facet),”® n = 3-4 photons
with 1 in the 700-900 nm range (n > ®/E,,) are energetically
required to photoemit a single electron. For a more detailed
description of the technique and the experimental setup, the
reader is referred to previous work.”"”?

In the current study, Fourier-transform limited laser pulses
(tp ~ 40 fs) at a repetition rate of 90 MHz are focused to a
diffraction limited spot (full-width-half-maximum, FWHM =
0.515 x A/NA = 634 nm for 1 = 800 nm), yielding typical pulse
energies attenuated down to Ep = 0.2 pJ and corresponding
peak laser intensities of I = 6 x 10° W cm™>. At such laser
intensities, multiphoton absorption leads to an intentionally
small (10~ *) but still easily measurable probability of photoelectron
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Fig. 2 Correspondence between the photoelectron emission and scattering
spectra for the same Au nanorod (Sample 2). A sequence of SPIM images of
the same nanorod on ITO shown at the top are recorded with circularly polarized
laser excitation at the indicated center wavelength. Peak values of 2D Gaussian
best-fit to the signal in these images are used to obtain photoelectron
emission spectrum (solid circles). A gaussian fit to the datapoints is also shown.
The dark-field scattering spectrum shown at the bottom reveals a clear
correspondence between multiphoton photoemission (SPIM) and scattering
(plasmon) (DFM) resonances.

emission per pulse, typically yielding photoemission rates up to
10* e per s from individual Au nanorods and essentially
negligible background signal from the ITO thin film (<0.1 e™
per s) [Fig. 2 (top)]. In order to eliminate the known dependence
of the photoemission signal on the direction of laser polariza-
tion, all data presented in this study are recorded with circu-
larly polarized light.®®7*7*

IIC. Dark-field microscopy (DFM)

Scattering spectra of individual Au nanorods on ITO-coated
coverslips are measured with a dark-field microscope system
(Olympus IX-71) coupled to a spectrometer (Acton SpectraPro
150, 150 g mm™ " diffraction grating) and an EMCCD camera
(Princeton Instruments, Cascade II) operated without multi-
plication. Dark-field illumination is achieved by flooding a
dark-field condenser (Olympus U-DCD, NA = 0.80-0.92)
with unpolarized white light from a tungsten/halogen source.
Scattered light from nanoparticles is collected by a 40x Plan
Fluorite infinity-corrected air objective (Olympus UPLFLN40X,
NA = 0.75). This arrangement strikes an optimal balance
between scattered and background light, resulting in typical
dark field signal-to-background ratio of S/B ~ 15 for larger rods
(Sample 2) in wide-field. Spectrally resolved signal from a
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particular particle is obtained by hardware binning a horizontal
strip on the CCD chip whose width is approximately twice the
imaged particle diameter, thus ensuring complete integration
of the scattered light. Background is removed by subtracting
signal from a horizontal strip of identical thickness containing
no particles. To correct for spectral non-uniformity in the
lightsource, the spectrum is acquired and subsequently divided
into the background-subtracted signal, thus resulting in a
single particle scattering spectrum. Detailed information on
the experimental setup has been published elsewhere.®®

Scattering spectra of many hundreds of Au nanorods are
recorded immediately upon sample preparation as well as after
the SPIM studies. No significant difference between spectra
obtained before and after SPIM measurements is observed,
therefore ruling out irreversible damage due to heating
or electron-induced chemical modifications under typical
SPIM laser illumination conditions. Dark field microscopy
scattering studies have been performed only on the larger
(Sample 2) Au rods, due to their substantially larger (16-fold)
optical scattering cross-sections with respect to the smaller
(Sample 1) Au nanorods.

IID. Secondary electron microscopy (SEM)

All SEM images are acquired on a FEI Nova NanoSEM 630 system
using a through-lens detector (TLD) in immersion mode. For
improved collection efficiency of secondary electrons, the front
grid of the detector is biased to +150 V. Typically a 10 kV electron
beam at a 1.5 spot size is employed, with signal generally
integrated for 90 ps. At these conditions, a spatial resolution
of ~1-2 nm and a signal-to-noise ratio, S/N ~ 20, for larger
rods (Sample 2) is routinely achieved. The SEM studies of Au
nanorod samples are always performed last to avoid irreversible
effects of the fast electron beam on nanoparticles and their
plasmonic properties.”®

IIE. Theoretical methods

The near-field distribution of electric fields and far-field prop-
erties (i.e., absorption, scattering and extinction spectra) of
supported Au nanorods are numerically calculated with a
commercial software package COMSOL (v4.2) that employs
finite element method (FEM) analysis. A lozenge-like shape of
nanorods is assumed in direct contact with a perfectly flat ITO
film on top of an infinite slab of glass with the rod unique
axis parallel to the substrate. Au is modelled with previously
published bulk dielectric function,”® whereas ITO is assumed
to be a non-absorbing material in the wavelength range
studied, with the dielectric constant derived from the experi-
mentally measured dispersion eqn (2). The ITO film thickness
in the calculation is set to the experimentally observed value of
de = 18 nm. For the glass substrate, a BK7 refractive index
n=1.5046 + 0.0042//[um]* is used.”” Given the relative distance
of the nanorod from the glass layer, the exact dispersion
relation proves non-critical. Vacuum (n = 1) is assumed as the
superstrate. To extract the longitudinal plasmon resonance
frequencies, the calculated absorption spectra are fitted to a
Lorentzian lineshape.
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lll. Results and analysis

Multiphoton photoelectron emission from Au nanorods has
been previously shown to dramatically increase in the presence
of a longitudinal plasmon resonance, due to the accompanying
local electric near-field enhancement.®® Since the square mag-
nitude of this enhancement in the vicinity of the longitudinal
SPR closely tracks the rod scattering (and absorption) cross-
section, SPIM provides similar information as DFM in the case
of Au NRs. For example, the peak resonances in the photoemis-
sion spectra correspond to those observed in the scattering
spectra (see Fig. 2),°® allowing either to be used to determine
the position of the longitudinal plasmon resonance. This
correlation is particularly valuable for studying smaller rods
(w < 10 nm), whose scattering intensity becomes prohibitively
weak to measure.

To explore the effect of nanoparticle structure on the long-
itudinal plasmon resonance, the influence of rod aspect ratio
(AR) is investigated first. For ellipsoidal particles in the electro-
static limit, aspect ratio is the only structural parameter that
can influence the position of the plasmon resonance.>**%78 In
particular, increasing the rod aspect ratio red-shifts the long-
itudinal plasmon resonance, as qualitatively confirmed in Fig. 3
for a series of rods (Sample 2). The results on a substantially
larger dataset are quantitatively depicted in Fig. 4 both for the
smaller (Sample 1; N = 58) and larger rods (Sample 2; N = 72).
The dramatic red-shift of the longitudinal plasmon resonance
with increasing rod aspect ratio confirms that rod AR is indeed
the dominant factor that influences the longitudinal plasmon
resonance. The predictions for both rod sizes are also plotted
in Fig. 4 (solid lines) and show excellent agreement with
no adjustable parameters. For example, the LSPR sensitivity
to aspect ratio [ie, +100(10) nm/AR] agrees quite well
with COMSOL calculations, which predict +104 nm/AR and
+113 nm/AR for w = 10 nm and w = 20 nm rods, respectively.”®
Even absolute values for the plasmon resonance positions agree
with experimental results to £20 nm throughout the monitored
spectral range, with only slight deviations occuring at the short-
est (~700 nm) and longest (~ 850 nm) wavelengths employed.
This high level of agreement strongly indicates that the experi-
mental environment is accurately modeled by calculations, with
bulk refractive indices correctly describing the dielectric proper-
ties of all materials involved and negligible effects from ligand
coverage on the rod surface.

If aspect ratio were the only structural parameter affecting
the plasmon resonances (i.e., the electrostatic limit), the two
datasets in Fig. 4 should fall on the exact same trendline.
However, the statistical quality of the data is already quite
adequate to note that the larger rods appear slightly red-shifted
with respect to the smaller rods. Thus the overall particle size
clearly remains a weak but contributing factor, i.e., indicating
that non-electrostatic retardation effects become relevant as the
rod width and length exceed ~15 nm and ~50 nm, respec-
tively.*>*”7® To further elucidate the effect of rod size, the
longitudinal SPR frequency is plotted in Fig. 5 as a function of
rod width at a fixed aspect ratio of AR = 4. The two experimental
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Fig. 3 SEM images and the corresponding photoemission spectra of a series of

Au nanorods with increasing aspect ratio (AR = //w = length/width). Increase in

the rod aspect ratio results in a red-shifted longitudinal SPR.

datapoints are obtained from linear least squares fits to the data in
Fig. 4 (dashed lines). By way of comparison, Fig. 5 also shows
calculated COMSOL LSPR values for rods with AR = 4 on a vacuum-
ITO(18 nm)-glass interface as a function of rod width (solid line),
which agree well with the experimental observations. Also worth
noting, the residual upward curvature in these calculations clearly
reveals non-vanishing sensitivity in the plasmon resonances to rod
width well below 10 nm, with a putative +-0.04 eV (i.e., £20 nm at
/=800 nm) accuracy in the electrostatically determined LSPR only
achieved for w < 15 nm. Analogous nonlinear dependence of the
LSPR position on rod width for a fixed rod aspect ratio has also
been previously noted by Ni et al® In Fig. 5, the predicted
dependence of the longitudinal SPR based on an empirical model
by Encina and Coronado is also shown (dashed line) and will be
discussed later in greater detail.*>

A third factor that significantly influences the plasmon
resonances is the particle dielectric environment. The calculated
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Fig. 5 Longitudinal SPR as a function of rod width (w) for a fixed rod aspect
ratio (AR = 4). (circles) Experimental datapoints extracted from data in Fig. 4;
(squares/solid line) COMSOL predictions for hemispherically capped Au cylinders
on df = 18 nm thick ITO film; (dashed) semiempirical predictions for Au cylinders
in a uniform medium with refractive index, n = 1.25, from ref. 42. The depen-
dence of the plasmon resonance for these rod widths already indicates deviations
from the small-particle electrostatic limit.

longitudinal SPR frequency as a function of the surrounding
refractive index is shown in Fig. 6 for AR = 4 rods (with w =
10 nm and 20 nm) imbedded in a uniform dielectric surrounding.
By comparison with the data in Fig. 5, one can extract an effective
uniform refractive index for the ITO-glass-vacuum interface of 7eg =
1.25(5). Based on the measured ITO refractive index [see eqn (2)] in
this wavelength range of 7o = 2.0, eqn (1) yields an approximate
sensitivity factor of o = 0.75(5). This would suggest that the rod shape
is substantially more sensitive to the superstrate (i.e., vacuum) than
to the ITO substrate, consistent with the fact that the majority of the
rod surface is in contact with the vacuum rather than ITO.
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Fig. 6 Calculated longitudinal plasmon resonance, Zpjasmon, for hemispherically-
capped Au cylinders (i.e., lozenges) of two different sizes [(squares) w = 10 nm;
(circles) w = 20 nm] and AR = 4 in a uniform medium with a refractive index npm.
Experimental datapoints from Fig. 5 are used to infer the effective refractive index

of the Glass—ITO-Air environment ne¢ = 1.25(5) (dashed lines; shading reflects the
experimental error bars).

650+

The effect of the surrounding on LSPR can be explored further by
comparing ensemble data for Au nanorods on an ITO-coated cover-
slip [ = 1.25(5)] and in aqueous solution (n,, = 1.33). Based on
relative refractive indices of the surrounding media, the longitudinal
SPR ought to slightly blue-shift upon transfer of rods from an
aqueous environment onto an ITO-coated coverslip. The distribution
of longitudinal plasmon resonances for the subpopulation of smaller
nanorods (Sample 1, w = 10 nm) on ITO substrate measured by SPIM
is shown in Fig. 7 (top), where the tuning range of our current
Ti:Sapphire laser prevents the complete distribution from being
measured. However, by counting the rods that exhibit tails increas-
ing towards the blue end of the photoemission spectra or were not
observed at all due to insufficiently large AR (as identified by SEM),
one can approximately infer populations in the full normal distribu-
tion (solid line), for which the ensemble-averaged peak resonance of
(p)1 0= 765(5) nm and a 10 width of ¢]T® = 40(5) nm is obtained
on the vacuum-ITO interface. By way of comparison, the ensemble-
averaged LSPR distribution (see Fig. 7, bottom) determined from the
UV-VIS spectrum for an aqueous solution of the same Au nanorod
sample is red-shifted to (ipl)EZO: 820(2) nm, in good qualitative
agreement with expectation.

To explore whether these observations are also in quantita-
tive agreement, the measured distibutions are compared with
COMSOL predictions based on the probability density distribu-
tion of rod aspect ratios, P(AR), experimentally obtained from
dimensional analysis of Au nanorod samples (see Fig. 1). If AR
is assumed to be the only structural factor influencing the
longitudinal SPR, the probability density distribution of plas-
mon resonances P(4p) for a given rod sample can be predicted
from the simple differential Jacobian relation:

(3)

PUp) = P(AR){dAR}

dipi
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Fig. 7 Distribution of plasmon resonances for Au nanorods [Sample 1: (/) =
39(6) nm, (w) = 10(2) nm] on ITO (top) and in water (bottom) measured in SPIM
and UV-VIS spectrophotometer, respectively. Gaussian best-fit line (solid line) is
overlayed on the distribution inferred from SPIM. A substantial blue-shift (A1 ~
55 nm) of the longitudinal plasmon resonance occurs upon transfer of Au
nanorods from aqueous environment onto an ITO substrate. Predicted curves
(dashed) based on results of COMSOL simulations and the dimensional analysis
from TEM/SEM data (see Fig. 1) are also shown.

where dAp/dAR is obtained from the COMSOL calculated
dependence of the plasmon resonance position on the rod
aspect ratio, p|(AR). Multiplication of P(/p) from eqn (3) with
a bin size Alp; = 10 nm yields predictions for the SPIM/DFM
inferred population distributions (dashed lines in Fig. 7 and 8).
To facilitate comparison between predicted and measured
resonance peak positions/widths, the calculated distributions
have been normalized to the peak value of the experimental fits.

To simulate the UV-VIS absorbance spectrum Agxr(4), the
calculated extinction cross-section spectra for each Au nanorod
of different AR, ogxr(4, AR), must be integrated over the
distribution of rod aspect ratios:

AEXT(Z) x / P(AR)GEXT(;L, AR)dAR (4)
0

The resulting spectrum is normalized to the experimentally
observed peak value and represented by dashed lines in Fig. 7.
The predicted ensemble-averaged peak values for Au nanorods on
ITO and in water are (XPI)ILTO: 760 nm and (ZPI)IL'IZO: 807 nm,
respectively, i.e., in excellent quantitive agreement with the experi-
mentally inferred values of 765(5) nm and 820(2) nm. By way of
futher confirmation, the peak width [o{lzo = 70(5) nm] predicted
for nanorods in H,O agrees quite well with the experimentally

observed value [012° = 60(5) nm], suggesting that the P(AR)
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Fig. 8 Plasmon resonance distribution for Au nanorods [Sample 2: (/) = 63(5)
nm, (w) = 20(2) nm] on ITO measured in SPIM (top) and DFM (middle) overlayed
with the Gaussian best fits (solid lines). The missing fraction to the blue of our
laser tuning range is inferred from SEM images. Minimal differences between the
DFM and SPIM measurements are observed, consistent with observation that
both techniques infer the same resonances. UV-VIS spectrum (solid line) of the
aqueous solution of the same Au nanorods in bulk (bottom). Transfer of
Au nanorods from water onto an ITO substrate induces a minimal blue-shift
(A2 ~ 5 nm) in the longitudinal plasmon resonance. Predicted curves (dashed)
based on results of COMSOL simulations and the TEM/SEM dimensional analysis
of Sample 2 (see Fig. 1) are also shown.

distributions in Fig. 1 are acceptably accurate. Furthermore, the
distribution of peak resonances for rods on ITO-glass exhibits a
width comparable to, albeit narrower, than the predictions based
on the structural data [¢}'° = 40(5) nm vs. 60(5) nm]. Given the
limited laser tuning range, this level of agreement seems entirely
reasonable.

The corresponding population analysis of the longitudinal
SPR distributions for the larger rods (Sample 2) is shown in
Fig. 8. Due to Ti:Sapphire laser tuning range, the statistics
indicate that only half of the true plasmon resonance peaks
are observed. By way of compensation, however, these larger
rods have ~6-fold larger volumes and consequently exhibit
nominally 36-fold stronger scattering intensities, thus permitting
the distribution inferred from SPIM [Fig. 8 (top)] to be supple-
mented with DFM measurements [Fig. 8 (middle)]. Interestingly,
the ensemble-averaged plasmon resonance value for rods on
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ITO, (A"p1>ILTO: 720(2) nm, is nearly identical to the value for

rods in an aqueous environment, <;».p1>]]:[202 725(2) nm, deter-
mined from the UV-VIS spectrum of a water solution of the
same Au nanorod sample [Fig. 8 (bottom)]. The much smaller
blue-shift [ ~5(5) nm] in the longitudinal SPR upon transfer of
larger rods from water onto an ITO substrate contrasts the
behavior observed in smaller rods. While numerical simula-
tions predict an ensemble-average value for larger rods in water

of </lp1)ﬁzo= 734 nm, in reasonable agreement with observations,

the simulations also predict a ()LPI)LTO: 698 nm for these rods on
ITO, thus implying a 36 nm blue-shift. Consequently, the blue-
shift in the longitudinal SPR upon rod transfer from an aqueous
environment (n,, = 1.33) onto an ITO coated coverslip [7eg =
1.25(5)] is experimentally observed and agrees reasonably well
with numerical simulations.

IV. Discussion

Understanding the local dielectric environment and particle
shape is critical for accurate modelling of the particle plasmonic
response. Given this information, however, classical electro-
dynamics is sufficient for accurate predictions of particle’s
optical properties, as indicated by near quantitative agreement
(£0.04 eV) between experiment and theory observed in the
present work. The good agreement thus suggests that the
experimental environment is reasonably accurately described
by the assumptions employed in the numerical simulations.
Specifically, the data are consistent with all materials (ITO, glass
and Au) possessing bulk dielectric properties (with film refrac-
tive index well determined by ellipsometry), with rods parallel to
the ~20 nm thick ITO film, and little ligand coverage remaining
on the rod surface.

This last point is noteworthy given the affinity of the CTAB
molecules for the Au surface that keeps Au rods stable almost
indefinitely in aqueous solutions and is thus expected to
remain on the particle surface even after deposition. Even just
a monolayer thick coating of these molecules (~2 nm) would
significantly alter the effective dielectric constant of the rod
environment and thus strongly shift the longitudinal SPR. The
ability to accurately model the longitudinal plasmon resonance
without the ligand implies the absence of such a layer. How-
ever, given that each pulse is estimated to heat the rods by up
to ~100-200 °C,°® noncovalently bound molecules could be
removed under vacuum conditions. Furthermore, the relatively
low kinetic energy (< 1.5 eV) electrons generated are expected to
induce fragmentation of organic molecules and thus can also
degrade the ligand layer.®" However, the absence of any signifi-
cant shifts in the longitudinal SPR between DFM measurements
before and after SPIM investigation would also be consistent
simply with ligand removal during sample preparation.

A potentially more important environmental factor affecting
nanoparticle plasmon resonance dynamics is the ITO film. For
example, surface adlayer on the substrate or variations in the
substrate refractive index with depth or position on the surface
could all significantly affect the particle plasmonic response.®®
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However, the good agreement between experiment and calculation
suggests that these contributions have been effectively incorporated
into the measured refractive index of the ITO film. Indeed, ellipso-
metric determination of the dielectric properties of the ITO film
and its thickness are found to be critical for attaining quantitative
correspondence between theory and experiment.

Since the plasmon is affected by the dielectric environment
extending only a short distance from the particle surface, a
second property of the ITO film that can strongly influence the
paticle plasmonic response is the film thickness (d¢). The
characteristic depth “sensed” by the plasmon can be deduced
from the plasmon-induced distribution of local electric fields
surrounding the nanoparticle. For example, a cross-sectional
view of the electric near-field enhancement for a [ = 80 nm x
w =20 nm Au nanorod on a dy = 18 nm ITO substrate is shown
in Fig. 9(a). The plot reveals a rapidly decaying electric field
enhancement with increasing distance from the rod, suggesting
that the plasmon in large nanorods will be largely insensitive to
substrate identity past ~20 nm.

More quantitatively, the plasmon spatial extent can be
deduced from lineouts through the electric field enhancement
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Fig. 9 (a) Map of electric near-field enhancement factor, |enul, for a resonantly
excited (A = Ap; = 790 nm) Au nanorod (/= 80 nm; w = 20 nm) on d; = 18 nm thick
ITO film deposited on top of an infinite glass slab. (b) Lineouts in the major (thick
solid) and minor (thin solid) rod axis directions. (c) (solid lines) Relative change in
[nennl vs. reduced distance d/w from the rod surface in the transverse direction,
compared with (dashed lines) shift in LSPR Zp as a function of reduced ITO film
thickness (df/w) for w = 10 nm (squares) and w = 20 nm (circles) rods. The 1/e
distance measures the spatial extent of the longitudinal plasmon in the trans-
verse direction, as indicated by the arrow at d/w ~ 0.75. Inset: LSPR Zp as a
function of ITO film thickness dy for w = 10 nm (squares) and w = 20 nm (circles)
rods together with the asymptotic value for an infinitely thick ITO slab (dashed).
Dotted line marks the experimentally measured ITO film thickness.
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map [Fig. 9(a)] in the direction of the major (longitudinal) and
minor (transverse) rod axes shown in Fig. 9(b). In the transverse
direction relevant to the present discussion, the 1/e distance is
~15 nm and thus comparable to the film thickness, suggesting
that an infinitely thick ITO slab should not be assumed for the
substrate. Furthermore, these calculations indicate that this 1/e
distance depends also on the particle size and grows approxi-
mately linearly with rod dimensions. For example, in Fig. 9(c)
the plasmon field in the transverse direction is plotted as a
function of reduced dimensions (relative to width w) for the two
rod sizes. The overlap between the two is nearly exact in these
reduced coordinates, implying that the plasmon extends
approximately twice as far from the rod surface in case of larger
(w =20 nm) vs. smaller (w = 10 nm) rods, with a 1/e distance of
approximately ~0.7w.

The effect of the ITO film thickness d¢ on the longitudinal SPR
peak wavelength is further quantitated in Fig. 9(c) (see inset) for
the two studied rod sizes at AR = 4. A dramatic shift (60 nm) in the
plasmon resonance is observed depending on whether the sub-
strate is glass (n ~ 1.5) or ITO (n ~ 2.0). Furthermore, the smaller
rods achieve the asymptotic value (d; — o0), where the ITO film
acts like bulk ITO, approximately twice as fast as the larger ones,
in agreement with the above discussion that the plasmon spatially
extends twice as far for larger vs. smaller rods. This is further
confirmed by nearly overlapping datapoints in Fig. 9(c), where the
normalized plasmon resonance shift is plotted as a function of
film thickness in reduced coordinates (i.e., dgw). This plot also
reveals that the asymptotic limit can be assumed when film
thickness exceeds ~ 2w, with negligible effect on the calculated
longitudinal SPR position (+5% of the overall change). For the
present samples, the d¢ = 18 nm thick ITO film acts effectively as
an infinite slab for the smaller rods (w = 10 nm), whereas the
finite film thickness needs to be considered for accurate predic-
tions in larger rods (w = 20 nm).

With a first principles understanding of the dominant
factors that influence plasmonic behavior in supported Au
NRs, we next compare the experimental sensitivities of the
LSPR on rod aspect ratio with predictions of other models.
We start off with a simple electrostatic description, where for
a prolate ellipsoid made of a metal well-described by the
Drude model, the following expression for the longitudinal
SPR sensitivity on AR approximately holds at moderate AR
values (3 < AR < 10):**

Almax K - 5)
dAR ~ wpf(AR) ™

In eqn (5), ¥ = 1239.85 nm eV, wyp is the Drude metal plasma
frequency [hop(Au) = 9.0 €V],** ny, the refractive index of the
surrounding medium, and f(AR) ~ /In(2AR) — 1 is a slowly
varying function of AR. The experimentally observed
linear dependence of the longitudinal SPR on AR is correctly
reproduced by the electrostatic model; however it predicts a

d/lmax

dAR
mined effective refractive index is used for the Glass-ITO-Air

interface, ie., ny, = nes = 1.25(5) (see Fig. 6). This sensitivity

sensitivity = +162(7) nm if the experimentally deter-
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is substantially larger than found both experimentally

d;Lmax _ . ;vmax _
IAR +100(10) nm| and theoretically (dAR = +104 nm
A . .
and IAR =+113 nm for w = 10 nm and w = 20 nm rods,

respectively), indicating the electrostatic approximation to be
inadequate for a precise description of even small Au NRs. The
model overestimates the dependence of longitudinal SPR on
rod aspect ratio, with the discrepancy likely arising from an
assumed ellipsoidal shape for nanoparticles.

A more comprehensive, empirical model has recently been
proposed by Encina and Coronado for predicting longitudinal
SPR of cylindrical rods in a uniform medium with a dielectric
constant, &m:*

AR’
\/OCD + ém <W(AW2 + B) + C)
Po

/lmax [I»J-m] = (6)

where A (2687 um ™ ?), B (4.4) and C (3.7) are empirical constants
derived from extensive series of DDA calculations, [, is the
plasmon mode order (i.e., I, = 1 for the dipolar, longitudinal
SPR studied here) and oy, and fp are constants in the Drude-
Sommerfeld expression for the real part of the material dielectric
function: ¢ = ap — fp 2% (for Au, ap = 9.84 and fip = 7.3 pm ™~ 1).*?
While a uniform surrounding medium has been assumed in the
original derivation, the equation has recently also been applied
to rods on a substrate, where an effective refractive index ng
has been used instead.** The formula predicts a nearly linear
dependence of the longitudinal SPR on AR (as well as n,,) for
Au cylinders with AR > ~4. For example, at AR = 4 and neg =
dAmax

dAR
underestimating the actual value and underlining that the

assumed rod shape strongly influences the predicted longitudi-
nal plasmon behavior.

The model by Encina and Coronado is also one of the few
models that attempts to explicitly include the overall rod size
(i.e., width) into the expression for the longitudinal SPR. The
predicted LSPR as a function of rod width w is plotted in Fig. 5
(dashed line), based on the empirically determined effective
refractive index n.g = 1.25. While the model nicely reproduces
the parabolic dependence calculated in the present work for Au
lozenges (solid line), the red-shift increases more rapidly with
rod width w than predicted by our model. The reason for this
is that we have assumed a constant ITO film thickness of
d¢ = 18 nm, whereas there is an additional depth sensitivity
for wider rods to the underlying low index glass layer, thus
resulting in a progressively smaller effective refractive index for
the surrounding medium n,. In addition, eqn (6) predicts
longitudinal SPR values blue-shifted by ~50 nm compared to
observations, again highlighting the fact that chemically
synthesized Au nanorods can not be assumed to behave either
like ellipsoids or cylinders and that detailed numerical calcula-
tions on the exact particle shape are critical for accurate
determination of their plasmonic response.

1.25 eqn (6) yields a sensitivity

~ 480 nm, thus slightly
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Lastly, we explore the concept of an “effective refractive index”
negr OF dielectric constant often introduced [as in eqn (1)] to model
the asymmetric environment of particles on a substrate. Though
clearly approximate, this can be quite useful in allowing analytical
theories generally derived for particles in uniform media to be
applied even in the case of more complicated environments.>**'
This effective index n.¢ requires a priori knowledge of the weighting
factor «, which quantifies the particle sensitivity to the superstrate
and substrate. For example, this work has experimentally deter-
mined o = 0.75(5) for lozenge-shaped nanopatrticles, thus implying
the dielectric sensitivity of the rod plasmonic response on the
substrate only at the 1 — o =~ 25(5)% level.

However, there are also more ad hoc theoretical approaches
for estimating o that do not require detailed electrodynamics
calculations.®! In the simpler “geometrical” method, a sensing
shell of some thickness (typically, the 1/e distance for the
electric field enhancement) surrounding the particle is divided
into a volume that lies in the substrate, V.5, and a volume that
lies in the superstrate, Vsyper. The weighting factor o is then
simply calculated using:

Vsuper (7)

o~ .
Vsup::r + Vsub

In a more complicated, but also physically better motivated
approach, the substrate and superstrate volume elements are first
weighted by an exponentially decreasing function of distance from
the particle surface that models a typical distance dependence of a
plasmonic field. To calculate «, an equation analogous to (7) is then
applied.®* As a simple test, we have used both methods to calculate o
in the case of hemispherically capped cylinders (ie., lozenges) in
direct contact with the substrate (see Appendix). For rods with
AR = 4, the geometric approach results in a weighting parameter
of « & 0.70, whereas the more physically motivated model yields
o & 0.61. Note that both these values underestimate the experimen-
tally determined value of « = 0.75(5), with the simpler geometric
approach faring better than the plasmonically weighted method.
For example, the former approach predicts a plasmon resonance
centered at /p ~ 800 nm to be red-shifted by ~ 20 nm, whereas
~ 60 nm red-shift is predicted by the latter method. Nevertheless,
given the simplicity of these approaches, the o values still should be
useful for prediction of plasmon resonances at the semiquantitative
(£0.1 eV) level.

V. Conclusions

Longitudinal plasmon resonances in Au nanorods on ITO have
been studied (i) experimentally vie multiphoton photoelectron
emission in a scanning photoionization microscope (SPIM) and
(i) theoretically with a finite element analysis as implemented in
COMSOL. Since the observed photoemission resonances in Au
nanorods directly reflect the rod scattering resonances, the SPIM
studies complement dark-field microscopy by allowing smaller
particles to be studied. Experimentally determined longitudinal
plasmon resonances are found to be in very good agreement with
numerical predictions, indicating that classical electrodynamics
based on a bulk dielectric function of the materials involved

This journal is © the Owner Societies 2013

View Article Online

describes plasmonic response reasonably well. However, ellipso-
metric characterization of the dielectric properties and thickness of
the ITO film is critical for achieving this degree of nearly quanti-
tative agreement with the experiment. The film thickness has been
shown to be an important parameter for values smaller than
twice the rod width, i.e., dr < 2w. The sensitivity of the longitudinal
SPR in chemically synthesized rods on their aspect ratio
and dielectric environment has also been quantified to be
dAmax dAm

JAR = = +100(10) nm and —— dnm
furthermore demonstrate that for most accurate predictions
(£0.04 eV; ie., £20 nm at 800 nm), calculations in the electrostatic
limit can not be used to predict the plasmonic response of rods for
[ > 50 nm or w > 15 nm. For a typical shape of the chemically
synthesized rods (i.e., hemispherically capped cylinders - lozenges),
the sensitivity to the substrate has been measured in terms of a
weighting factor o ~ 0.75(5) [see eqn (1)], suggesting that the
substrate contributes only 1 — o ~ 0.25(5) to the overall dielectric
effects. Consequently, in spite of the rather large refractive index of
ITO in the wavelengh range studied (n ~ 2.0), only a small blue-
shift (~5-50 nm) is experimentally observed when Au nanorods
are transferred from an aqueous solution (n ~ 1.33) onto an ITO-
coated glass coverslip. Overall, the study highlights the importance
of detailed numerical calculations for predictions of the plasmonic
response for supported nanoparticles as well as provides essential

~ 4450 nm, respectively. We

experimental benchmarks for nanorod geometries on ITO sub-
strates of interest in a wide variety of applications.

Appendix

To calculate the weighting factor «, and thus model asymmetric
surroundings in terms of a uniform environment with an effective
refractive index given by eqn (1), Curry et al. outlined two methods
mirrored in the present derivation for the lozenge shape.®" In the
geometric approach, the following expression is obtained if the
sensing volume extends a rod width (w) distance from the rod surface:

~ 38m+3(AR — 1)(7n/2 +2v2 4 9arcsin(1/3))
N 521 + 24n(AR — 1)

(A1)

In the physically motivated (plasmonically weighted) model, the
lozenge is divided into a central, cylindrical part and the two
spherical end-caps. This allows the two required volume integrals
for calculating o to be obtained from contributions (i) of the two
end-caps based on a derivation for a sphere [yields I; = 27, (2r0 +w/
2) and I, = 2mrgw(r, + w/2)],%" and (i) of the cylindrical section for
which the following two integrals need to be numerically calculated:

VPt —w/2

L =w(AR - 1) / /e To dpdz (A.2)
w/2 0
w/2 00 \/[J2+22 —W/2
Iy =w(AR - 1) / / e To dpdz (A.3)
—w/2 Wz B
1
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From these four integrals, the weighting factor can be calculated:

L+L+5L+L1L
y— 1+ + 13+ 1y (A.4)
2L+ 5L+ 20+ 14
and for 7, = w results in the following numerically approximate
expression (see Fig. 9):

81 + 3.95(AR — 1)
13n+ 5.78(AR — 1)

R

o (A.S5)
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