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lasmon excitations on metal nanopar-

ticles give rise to strong absorption

and scattering resonances typically in
the visible/UV region of the spectrum and
allow the concentration of optical electric
fields to the nanoscale far below the diffrac-
tion limit. For anisotropic particles, such as
the rods studied herein, the plasmon reso-
nance splits into an almost unshifted (with
respect to spheres of the same diameter)
transverse plasmon and an intense, red-
shifted, longitudinal resonance (Figure 1a).
An analytical formula for ellipsoidal Drude
metal particles much smaller than the wa-
velength of light (see Schmucker et al.")
predicts resonance frequencies wres = wp1/
(1 + &1 — D/ Here, wp = ((ne?)/
(e0me)) "% is the bulk plasma frequency,>* n
is the conduction electron density, e (m,) is
the electron's charge (mass), & is the di-
electric permittivity of free space, and ¢4 is
the dielectric constant of the host material.
The depolarization factor L depends on the
ellipsoid's aspect ratio; for a rod oriented
parallel to the laser polarization, 0 < L < 1/3,
resulting in a red-shifted frequency com-
pared to a sphere (L = 1/3). Plasmonic metal
particles can thus act as frequency-tunable
and polarization-sensitive nanoscale anten-
nas for light*~® Due to their strong field
localization and high sensitivity to the en-
vironment, plasmonic excitations may
therefore provide a convenient optical in-
terface between the macroscopic world and
the nanoscale,®'®'" with applications ran-
ging from information technologies'*~ ' to
low-volume, high-sensitivity sensing,’'°
or the enhancement of absorption in photo-
detectors and photovoltaic devices.?’ Two
types of nanostructures (i.e., nanoshells®' 3
and nanorods)®*~3? have received particular
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ABSTRACT This work investigates plasmon-enhanced multiphoton scanning photoelectron
emission microscopy (SPIM) of single gold nanorods under vacuum conditions. Striking differences in
their photoemission properties are observed for nanorods deposited either on 2 nm thick Pt films or
10 nm thick indium tin oxide (ITO) films. On a Pt support, the Au nanorods display fourth-order
photoionization when excited at 800 nm, a wavelength corresponding to their plasmon resonance in
aqueous solution. A cos’(6) dependence of the photoelectron flux on laser polarization implies
photoemission mediated by the dipolar plasmon; however, no plasmon resonance signature is
exhibited over the 750—880 nm range. Electromagnetic simulations confirm that the resonance is
severely broadened compared to aqueous solution, indicative of strong interactions between the Au
nanorod and propagating surface plasmon modes in the Pt substrate. On ITO substrates, by way of
contrast, sharp plasmon resonances in the photoemission from individual Au nanorods are observed,
with widths limited only by fundamental internal electron collision processes. Furthermore, the
ensemble-averaged plasmon resonance for Au nanorods on ITO is almost unshifted compared to its
frequency in solution. Both findings suggest that plasmonic particle—substrate interactions are
suppressed in the Au/ITO system. However, Au nanorods on ITO exhibit a surprising third-order
photoemission (observed neither in Au nor ITO by itself), indicating that electrostatic interactions
introduce a substantial shift in the work function for this fundamental nanoparticle—substrate
system.

KEYWORDS: plasmon resonance - multiphoton photoemission - photoelectron
emission - gold nanorod - ultrafast electron dynamics - polarization dependence

interest in this respect, as their plasmon
resonances can be tuned throughout the
visible/near-infrared region by either opti-
mizing the nanoshell thickness or nanorod
aspect ratio.

In early studies on rough metal films and
films of metal nanoparticles, it was soon
recognized that plasmonic resonances not *Address correspondence to

. . . djn@jila.colorado.edu.
only dominate the optical properties of nano-
particles but also can exert pronounced ef-  peceived for review January 8, 2011
fects on their photoionization dynamics. 33737 and accepted April 5, 2011.
Thus, optical studies of plasmon resonances . . i
. R Published online April 05, 2011

can be complemented by highly sensi-  10.1021/nn200082j
tive experimental photoionization techni-
ques. For example, photoelectron emission  ©2011 American Chemical Society
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Figure 1. (a) Conceptual depiction of the experimental
setup. Randomly oriented Au rods act as dipolar antennas
with resonance frequencies in the optical regime. Multi-
photon photoemission is initiated in a diffraction-limited
excitation laser spot. The sample is scanned across the focal
point, thus yielding a photoelectron emission image. Only
rods whose long-axis dipolar plasmon oscillation frequency
is resonant with the excitation frequency and whose orien-
tation is well-aligned with the linear laser polarization will be
excited and thus emit photoelectrons efficiently. (b) Solution
absorption spectrum of 45 x 10 nm? Au rods, featuring the
strong dipolar plasmon resonance around 830 nm.

microscopy (PEEM) has been used successfully to
image patterned metal films and metal clusters®® to
reveal the spatial plasmon mode profiles in metal
nanowires>® and to follow the dynamics of localized
plasmon modes on silver*® and silver gratings.*'*?

Coherent plasmon excitations in the visible spectral
range are short-lived and therefore spectrally broad:
electron—electron collisions®' cause the decay of col-
lective plasmon oscillations to single-particle excita-
tions (electron—hole pairs) within tens of
femtoseconds. In very small particles (d < 10 nm),
surface scattering reduces the dephasing time even
further.*® For larger particles than the ones studied
here, radiation damping (i.e., light scattering) becomes
increasingly important and dominates in particles
larger than ~50—100 nm. This fact makes particles
that support plasmons interesting not only in applica-
tions where they play a critical role as absorbers but
also when they act as emitters, for example, to enhance
the fluorescence quantum vyield of poor dipolar
emitters.** Efficient coupling between emitters and
plasmons has recently been demonstrated at the level
of single quanta by converting single quantum dot
excitons to individual plasmon quanta and finally to
single photons with a high efficiency.'>"?

Another important emerging application of plas-
monics is surface-enhanced Raman scattering
(SERS),***® where both the absorption and the
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emission process benefit from the strong plasmonic
field localization/enhancement near nanoparticle sur-
faces, provided that the Raman shift energy difference
between the initial and final state is within the plasmon
bandwidth. In contrast with fluorescence/absorption
enhancement processes, the virtual excited state is too
short-lived for efficient energy transfer to occur, and as
a result, there is no excited state nonradiative decay
due to loss channels in the metal. SERS signal magni-
fication of many orders of magnitude has been
achieved, enabling detection at the single-particle
level. In order to obtain reproducible SERS results and
to establish SERS as a widely applicable technique,
there is a growing interest in developing SERS sub-
strates with a controlled geometry.

Understanding the impact of the local environment
on the particle near-field and learning to control it is
essential for continued advancement of all plasmon-
based applications. Thus, detailed single-particle stud-
ies focusing on the influence of metal particle shape,
size, and morphology on the strength of the local
emitter—plasmon coupling, the scattering properties,
and SERS activity would be greatly beneficial. In recent
single-particle work, we and others have shown that
multiphoton photoionization studies provide impor-
tant information on single metal nanoparticles that com-
plement those obtained from optical studies. 3?4149~
In this work, we focus on the effects of plasmon
resonances on multiphoton photoemission from sin-
gle, supported Au nanorods.

The paper is organized as follows. In Scanning Multi-
photon Photoionization Microscopy (SPIM) of Single
Nanorods, we present a brief description of the experi-
ment. This is followed in Au Nanorods on Pt Thin Film
Substrates by photoemission results for Au nanorods
on 2 nm Pt film, which display the correct polarization
(cos®(8)) and intensity (I*) dependences expected for
four-photon dipolar photoemission but do not exhibit
plasmon resonances within the laser tuning range. In
contrast, Au Rods on ITO Thin Film Substrates: Sharp
Plasmon Resonances and Evidence for a Surface-In-
duced Work Function Shift presents results from Au
nanorods supported by 10 nm ITO films, for which
strong plasmon resonances are observed and can be
analyzed in terms of fundamental e-scattering limits.
As discussed further in the Discussion section, photo-
emission from Au rods on ITO displays a clear third-
order dependence on laser intensity, despite a fourth-
order power dependence observed from each of the
constituents, Au and ITO, alone. Finally, Summary and
Conclusions summarizes results as well as directions
for further research exploration.

Scanning Multiphoton Photoionization Microscopy (SPIM) of
Single Nanorods. In this work, SPIM is employed as a
single-particle detection technique to complement
single-particle fluorescence and light scattering stud-
ies, with the basic experimental approach depicted
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Figure 2. Scanning photoionization images of Aurods on 2 nm Pt (a,b) and Au rods on 10 nm ITO (c,d). Left: linear scale. Right:
logarithmic scale. Au rods are observable as bright, diffraction-limited spots. Differences in intensity between rods arise from
either frequency mismatch between plasmon resonance and laser excitation, the rod's noncollinear orientation with respect
to the laser polarization, or intrinsic differences in the emission properties of individual rods. The log scale images reveal a
dramatically increased signal-to-background ratio for Au rods on ITO vs Au rods on Pt.

conceptually in Figure 1a. Samples of Au rods are
deposited onto a conducting substrate with rod axes
parallel to the plane, but with random orientation in
this plane. The surface density of rods is low enough
that they can be individually excited with an ultrafast
laser pulse brought to a diffraction-limited focus. Since
the Au rods act as polarization-sensitive resonant
antennas for light, only those rods whose long-axis
dipolar plasmon oscillation frequency is resonant with
the excitation frequency and whose axis is sufficiently
aligned with the linear laser polarization will be excited
and thus emit photoelectrons efficiently.

A scanning photoionization image of Au nanorods
on 2 nm Pt film is shown in Figure 2a,b, while a SPIM
image of Au nanorods on 10 nm ITO is displayed in
Figure 2c,d. Rods are excited in the vicinity of the
plasmon resonance frequency observed in aqueous
solution using linearly polarized light at 840 nm. Au rods
are visible on both substrates as diffraction-limited
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spots of high electron emissivity. The fact that they
are observable above the photoemission background
from the substrate already indicates that they are very
“bright” emitters because they occupy only a tiny
fractional area (<10>) of the focal spot. Considerable
variations in emissivity between rods on the same
substrate, apparent in Figure 2, arise from (1) noncol-
linear orientation of the rod axis with respect to the
laser polarization, from (2) a frequency mismatch
between the plasmon resonance frequency and the
laser excitation frequency, as well as from (3) intrinsic
differences in emission properties between rods.
Furthermore, the logarithmic scale images (b) and (d)
reveal a uniform background emissivity from the Pt
substrate, while on ITO, the images are essentially
background-free. It will be demonstrated that the
substantial difference in contrast between Au nano-
rods and the two substrates is due, at least in part,
to the presence (absence) of fast energy transfer

VOL.5 = NO.5 = 3724-3735 = 2011 K@N&NJK)\

WWwWW.acsnano.org

WL

3726



Au rods on 2 nm Pt

photons / laser pulse 107

(a) 10°
10%

g
o
()

photoelectrons / laser pulse

Ne=a Ipeakrn
E m (Auon Pt) = 4.11(8)

Gy
o © © o 9
R S SN

m (Pt) = 4.08(7)

10°

9
(b) peak intensity (W/cmz)
8 T

T

Ne = o Ipeakm

occurrences
IS

<m> =4.05
2r st.dev. =0.32
std. err.= 0.05
3
m (Au on Pt)

Figure 3. (a) Photoemission from an individual, represen-
tative Au rod on 2 nm Pt substrate (solid symbols) and from
Pt substrate (hollow symbols) as a function of laser inten-
sity. In both cases, a fourth-order intensity dependence is
observed. (b) Distribution of best fit intensity-dependent
exponents (m) in the measured power law behavior for an
ensemble of 29 Au rods on Pt substrate reveals a mean
(standard error) m = 4.05(5). The Pt substrate exhibits ~100-
fold lower emissivity than the Au rods.

pathways from the Au rods to the Pt (ITO) substrate. In
what follows, the photoemission mechanism, the role
of the plasmon resonance, and several prominent
differences in the photoemission from Au nanorods
on these two substrates are examined in detail.

Au Nanorods on Pt Thin Film Substrates. Photoemission
from Au nanorods on a 2 nm thick Pt substrate exhibits
a fourth-order dependence on the intensity of the
840 nm laser excitation (see Figure 3a). An identical
fourth-order dependence, albeit with a 100 times
smaller signal level, is observed at the same wave-
length for the Pt substrate itself (see Figure 3a). The
statistics of the photoemission intensity dependence,
Ne o< Ipeak™, for an ensemble of 29 rods are summarized
in Figure 3b, which yields a mean (standard error)
intensity power dependence of m = 4.05(5). The ob-
tained value is consistent with the minimum number
(m = 4) of 840 nm photons (~1.5 eV) required to
photoionize either gold (® ~ 5.2 eV) or platinum
(P ~ 5.5 eV). The experimentally measured values of
intensity power dependence for systems studied in
this work are presented in Table 1.

It is instructive to quantify multiphoton photoemis-
sion by a multiphoton photoemission cross section per
unit emitter area 3, defined by the expression N, =
Bmllpeak/hV)"Atp, Where N, is the number of photo-
emitted electrons per laser shot, lpea/hv is the peak
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TABLE 1. Intensity (Ipeak) Dependence N ~ Ipeak™ of
Photoemission for Au Rods on Pt, Au Rods on ITO, and the
2 nm Pt and 10 nm ITO Substrates®

Au rods on Pt Au rods on ITO Pt IT0

4.05(5), N=129 3.09(4), N=16 4.08(7) 4.11(4)
= —/=

intensity dependence m
polarization dependence n 8.9(4), N =22 6.3(3), N =21

? Polarization () dependence N, ~ cos(6—6,)" for Au rods on Pt and Au rods on
ITO, given as the mean, with the standard error listed in parentheses, in units of the
least significant figure. N: number of rods in an ensemble.

excitation photon flux (photons/s/area), m is the order
of the emission process, and tp is the laser pulse
duration. Here we define A as the relevant emitter area
for each photoemissive material, that is, either the rod
area itself (A,oq = 45 x 10 nm? for nanoparticles) or the
effective focal spot area for a 2D substrate, which based
on an Airy pattern defined as Aroc= [y 27rdr/lpeak =
(1/m) x (5.3 x 107°%) cm?; B is then simply related to
the conventional multiphoton photoemission cross
section by 0., =, X A.The photoemission coefficients
Bm measured in this work are summarized in Table 2
and offer two valuable insights.

First of all, the four-photon photoemission coeffi-
cient for a 3 nm thick Au film evaporated on a 2 nm Pt
substrate is Baau fims) = 4(2) x 1072 cm® s*, which is
400 times®® stronger per unit area than the corre-
sponding signals (Bspy = 9(6) x 107%" cm® s?) from
the Pt substrate by itself. Second, this value of 34
increases dramatically for Au rods versus 3 nm thick
Au film, with B4au rogs) = 1.7(9) x 107°2 cm® s° now as
much as ~2 x 10* larger than the fB4py = 9(6) X
1077 cm® s* values for the 2 nm Pt substrate itself.
Finally, a comparison of S4(au rods) aNd Sa(au films) Shows
that the magnitude of fourth-order photoemission 34
from Au rods is ~50 times enhanced compared to
photoemission from Au films. It is this combination of
(i) nanorod versus thin film enhancement of photo-
emission as well as (ii) the inherently stronger emissiv-
ity of bulk gold compared to Pt that allows the
observation of Au rods with high S/N contrast above
the photoemission background from the conducting
Pt films.

The elongated rod shape and the dominance of the
dipolar plasmon resonance in the linear absorption
spectrum at the employed excitation wavelengths
both suggest that the photoemission intensity should
be strongly polarization-dependent. Such effects have
indeed been observed in earlier work on gold nano-
wires fabricated by e-beam lithography.*® To explore
the polarization dependence of photoionization in Au
rods, sequences of SPIM images are recorded at differ-
ent laser polarization angles 6. Figure 4a shows a
typical polarization dependence of photoemission
from two sample Au rods on Pt. The strong depen-
dence of electron emission on polarization angle is
apparentin the fact that the Au rod at the bottom emits
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TABLE 2. Emitter-Area-Normalized Multiphoton Photoemission Coefficients /3, (Defined in the Text) for All Systems
Studied: Au Rods on ITO, the 10 nm ITO Substrate, Au Rods on Pt, the 2 nm Pt Substrate, and 3 nm Bulk Au Films on ITO?

B4 (10°°° cm® 5°) (840 nm)

Au rods on ITO —/—

10 nm ITO substrate 3(2) x 1077
Au rods on Pt 1.7(9) x 1072
2 nm Pt substrate 9(6) x 1077
3 nm Au on Pt 42) x 1074

B3 (107%° cm* 5?) (840 nm) B (1073° cm” 5) (420 nm)

05(2) —/-

—/- 2.2(6) x 107°
—/— /=

—/- 8(3) x 1077
—/— 8(3) x 10°

“Error bars are estimates, dominated by systematic uncertainty in the focal spot area, the pulse energy, and duration, as well as the electron collection efficiency.
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Figure 4. (a) Laser polarization dependence of photoemis-
sion from an ensemble of Au rods on 2 nm Pt. To merge the
ensemble data into a single plot, emission from individual
rods was fitted independently to a cos”(6—6,) functional
form, thus determining the orientation 6, of each rod's long
axis. (b) Ensemble statistics for the exponent value n in the
polarization dependence. (c) Ensemble of 22 rods shows a
mean (standard error) polarization dependence n =8.9(4). A
coss((ff(io) dependence is consistent with the excitation of
a purely dipolar plasmon and a fourth-order intensity
dependence of photoelectron emission. Inset: ensemble
statistics of rod orientations 0,.

strongly near 6 = 40°, while the one in the top half
emits most strongly around 6 = 100°. The orientations
(6o) of individual rods are statistically distributed, as
demonstrated in the inset of Figure 4c. To merge the
ensemble data into a single plot, the emission from
individual rods is first fitted to the form cos”(0—0,),
thereby determining the rod orientation 6,. With 6,
established, the measured signals from an ensemble of
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(a) Au rods on 2 nm Pt

760 780 800 820 840 860 880
wavelength (nm)

Figure 5. Excitation wavelength dependence of photo-
emission from Au rods on 2 nm Pt. (a) For most rods, the
spectral dependence is broad and smooth; many rods
(white) are visible over the entire accessible wavelength
range. For some rods, emissivity increases to either long
(red circles) or short wavelengths (blue). (b) Emissivity
£Au rod) Vs Wavelength for several representative rods
(normalized by the emission from the Pt substrate,

Ept substrate))-

randomly oriented rods can be averaged; in Figure 4b,
the solid line indicates a cos®(0—6,) fit dependence,
with the additional dashed and dotted lines represent-
ing best fits for n = 6 and 10, respectively. The
measured ensemble statistics for 22 rods (see Figure 4c)
show a polarization dependence cos”(0—6,) with a
mean (standard error) exponent of n = 8.9(4).

The observed polarization-dependent behavior is
consistent with a strong contribution of the dipolar
plasmon resonance to the photoemission process. It is
thus reasonable to expect that a resonance structure
may be apparent in the dependence of photoemission
on excitation wavelength. The photoemission from Au
rods on Pt as a function of the excitation wavelength
within the tuning range of our Ti:sapphire laser
(750—880 nm) is investigated in Figure 5. The data
are obtained on Au rods with dimensions of 38 nm
length x 10 nm diameter, which in aqueous solution
exhibit a plasmon resonance at 780 nm and a 1o width
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of 50 nm. A series of SPIM images of the same sample
area at different excitation wavelengths (Figure 5a)
qualitatively demonstrate the observed wavelength-
dependent photoemission. For some rods, it is found
to increase with increasing wavelength, whereas for
others, it decreases with increasing wavelength. The
data for several representative individual Au rods on Pt
are quantitatively shown in Figure 5b. For most rods,
the spectral dependence of photoemission appears
broader than our tuning range. A quantitative analysis
of the data fails to produce an unambiguous signature
of a plasmon resonance for the majority of rods. This
measurement was repeated with several samples of
different-size Au rods that have solution absorption
maxima between 850 and 760 nm. In all cases, the
ensemble-averaged emissivity consistently revealed
the absence of a resonance in our tuning range and a
slight upward trend with increasing wavelength. As
presented later (see Discussion), electromagnetic si-
mulations confirm that the plasmon resonance is
broadened beyond recognition for Au rods on Pt,
caused at least in part by strong interactions between
the Au rod plasmon resonance and traveling surface
plasmon waves supported by the Pt substrate.

Au Rods on ITO Thin Film Substrates: Sharp Plasmon Reso-
nances and Evidence for a Surface-Induced Work Function Shift.
To further elucidate the effects of a possible coupling
of the Au rod plasmon resonance to surface plasmons
in the substrate, the Pt substrate was substituted with
an indium tin oxide (ITO) film, which does not support
surface plasmon waves in the wavelength region of
interest. In reflectance spectroscopy measurements,
the reflectivity of the ITO thin film is found to be low
throughout the visible spectrum but increases sharply
below 8000—10000 cm ', indicating a plasma fre-
quency Awpjasma ~ 1—1.2 €V.>* The spectrum of surface
plasmon excitations in ITO is thus expected to termi-
nate at Awpiasma/v/2 ~ 0.8 eV,'° that is, far outside the
region of the present study. ITO has a work function
@ ~ 4.7 eV and is thus expected to give rise to fourth-
order photoemission, which should facilitate compar-
ison to the results obtained on Pt. As shown in Figure 6a,
the ITO substrate (hollow symbols) indeed shows
the expected fourth-order dependence on laser inten-
sity with a remarkably low emissivity (8, = 3(2) x
10719 cm® §3), that is, an additional 4000-fold lower
than the 2 nm Pt substrate.

However, photoemission from single 45 nm x
10 nm Au rods on the ITO substrate (solid symbols)
exhibits a third-order rather than the expected fourth-
order power dependence on laser intensity (Figure 6a).
Statistics on an ensemble of Au rods on ITO confirm the
generality of this behavior (Figure 6b). The ensemble of
16 rods shows an intensity dependence Ne o< lpeak”,
with a mean (standard error) m = 3.09(4), although a
third-order power dependence is displayed by neither
Au nor ITO independently. Furthermore, for a third-order
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Figure 6. Au rods on 10 nm ITO. (a) Photoemission from an
individual, representative Au rod on 10 nm ITO substrate
(solid symbols) and from ITO substrate alone (hollow
symbols) as a function of laser intensity. Surprisingly, only a
third-order power dependence is observed for individual
Aurods, whereas the ITO exhibits the expected fourth-order
intensity dependence and a markedly lower emissivity. (b)
Distribution of exponent values m, in the measured power
law behavior N, = alpeqk™ (with a constant o) for an
ensemble of 16 Au rods on ITO, showing a mean (standard
error) m = 3.09(4). Inset: polarization dependence of
photoemission from Au rods on ITO (cos"(6—6,), with n =
6.3(3)), is consistent with third-order emission from a di-
polar source.

photoemission process from a dipolar source, one
would expect a cos®(0—6,) polarization dependence
of emission. Interestingly, this surprising third-order
photoemission process is also supported by polariza-
tion-dependent photoemission studies of Au rods
on ITO, which for an ensemble of 21 rods reveals
a cos"(0—6,) polarization dependence with a mean
(standard error) n = 6.3(3).

The wavelength-dependent photoemission beha-
vior of Au rods deposited on ITO versus Pt thin film
substrates is observed to be quite different, as well.
Unlike Au rods on Pt, the photoemission from Au rods
on an ITO substrate exhibits well-defined, narrow plas-
mon resonances (Figure 7). Resonance peaks are statis-
tically distributed across the 750—880 nm excitation
range and display widths from 30 to 60 nm, as shown in
Figure 7b. Almost half of all rods display a resonance
that falls outside of this excitation range. This broad
distribution of resonance wavelengths is consistent with
the broad (~700—900 nm) resonance observed in the
solution absorption spectrum (Figure 1b) and suggests
that the bulk absorption profile is strongly affected by
inhomogeneous broadening.

VOL.5 = NO.5 = 3724-3735 =

WWwWW.acsnano.org

3729



Au rods on 10 nm ITO
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Figure 7. (a) Photoemission from individual Au rods on

10 nm ITO as a function of wavelength exhibits pronounced
plasmon resonances. Resonance wavelengths are statisti-
cally distributed across the entire 750—880 nm excitation
range of the Ti:sapphire laser and beyond. (b) Ensemble
statistics of plasmon resonance wavelengths. The distribu-
tion is wider than the tuning range of the excitation source.

Further effects of sample heterogeneity are evident
in the distribution of single-particle plasmon reso-
nance widths (shown in Figure 8a), which ranges from
AL~ 30to ~70 nm. The upper value is twice as large as
the fundamental limit set by dephasing of the plasmon
by electron—electron and electron—surface scattering
processes (see below),?” suggesting that at least in
some rods additional broadening mechanisms are
responsible. To investigate this heterogeneous beha-
vior further, we explore in Figure 8b the correlation
between (i) the fwhm of the plasmon resonance and (ii)
the peak photoemission strength, for single Au nano-
rods on 10 nm ITO at the peak plasmon resonance and
fixed laser polarization. Specifically, the most strongly
emitting rods consistently exhibit the narrowest line
widths, with the average fwhm of the 10 brightest rods
at A1 ~ 37.9(9) nm (dotted line in Figure 8b). On the
other hand, a much larger spread in fwhm (from A4 ~
30 to ~70 nm) is observed for the less emissive rods.

These data suggest that diminished photoemissiv-
ity signals correlate with an intrinsically lower Q-factor
(Q = wo/fwhm) of the plasmon resonance, for example,
caused by defects in the crystalline structure of a rod.
More quantitatively, the plasmonic field should grow
with consecutive cycles of the excitation laser until £ ~
QE,, where Ey is the field after a single laser oscillation.
For a third-order () photoemission process, the emis-
sion strength is thus expected to vary with Q° ~
fwhm~¢; consequently, one predicts the fwhm to scale
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Figure 8. (a) Observed distribution of plasmon resonance
widths (fwhm) for Au rods on 10 nm ITO, together with two
theoretical limits given by fundamental dephasing pro-
cesses, i.e., bulk electron—electron collisions and electron—
surface collisions. (b) Correlation of fwhm and emission
strength. The brightest rods are probably aligned with the
laser polarization and also likely exhibit strong intrinsic
emissivity. Rods of lower brightness may be either intrinsi-
cally weaker emitters or not collinearly oriented with the
laser polarization axis. The “Q-limit” (blue curve, normalized
to the brightest peak) assumes that the emissivity is related
to the Q-factor of the plasmon resonance (see text). Rods
near this curve represent the sample heterogeneity of
resonance Q-factors. The 10 brightest rods show a very
consistent narrow fwhm of 37.9(9) nm (dotted line). Plas-
mon lifetimes in rods close to this e-scattering limit are
dominated by fundamental dephasing processes; differ-
ences in their emission strengths are mainly due to orien-
tation with respect to the laser polarization.

as (emission strength) ~'/®. This trend is indicated by
the blue curve in Figure 8b and fits the upper envelope
of the observed data rather well. Conversely, low
emissivity may be exhibited by rods that are relatively
defect-free (i.e., large Q-factors and consequently nar-
row line widths) but are not aligned with the laser
polarization axis, thereby explaining the observed
spread in fwhm for rods with low emission strengths.
No rods exhibit significantly narrower fwhm than that
of the brightest ones. Thus, the Q-limit and the funda-
mental “electron scattering limit” fully describe the
“phase space” of allowed combinations of emission
strength and line width.

DISCUSSION

Intensity Dependence of Photoemission. For structures
exhibiting a strong plasmonic field enhancement,
photoionization is generally thought to proceed via
(i) excitation of a strong collective plasmon oscillation
of the electron gas as a whole, followed by (ii) transfer
of sufficient energy to a single electron to promote it to
the vacuum level. In earlier work, Lehmann et al.

VOL.5 = NO.5 = 3724-3735 =

ACKR AN TS

WWwWW.acsnano.org

3730



deduced that coherent multiphoton absorption is the
dominant process in Ag particles that are excited near
their plasmon resonance at 400 nm.>* Given the work
functions of Au (®,, ~ 5.2 eV), Pt (®p; ~ 5.5 eV), and
ITO (Do ~ 4.7 eV) a four-photon photoionization is
expected for all three materials when excited by
840 nm light (1.5 eV). With the exception of Au rods
on ITO, the observed power law dependence of photo-
emission on laser intensity (see Table 1) is consistent
with the literature values for the work functions of the
respective materials. In contrast, the surprising I* and
c0s%(0) dependence in the case of Au rods on ITO
demands further explanation. Note that two observa-
tions suggest that significant saturation of the plasmon
response can be immediately ruled out: (1) No change
in the power law dependence on excitation intensity is
observed for Au rods on ITO throughout the entire
range of laser intensities employed. (2) The experi-
ments on ITO are conducted at 10-fold lower excitation
intensity than experiments on Pt, where both the I*and
the cos®(6) dependences point to negligible saturation
effects.

Multiphoton emission is not the only possible
photoionization mechanism for nanoparticles. Ther-
mionic emission® can play an important role, as found,
for example, by Gloskovskii and co-workers for small
Ag and Au particles (less than a few nanometers in size)
excited by femtosecond pulses at 800 nm.>* To esti-
mate the role of thermionic emission for Au rods on
ITO, we follow the treatment by Ekici et al>® and
Gloskovskii et al.** to calculate a maximum electron
temperature of 2300 K after excitation at the highest
intensity used ([p =5 X 108 W/cm?). This temperature
drops rapidly with lattice equilibration (i.e., after .o ~
10 ps), yielding a duty cycle Tcoo X frep. With a current
given by the Richardson—Dusham equation,”®*” Iy, =
AsuriAoT?exp(—Day/T) for Ag=1.2 x 105 Am 2K 2 and
nanorod surface area A, this predicts electron count
rates of lih X Tcool X frep = 2000 €/s at lp = 5 x 108 W/
cm?, that is, 1 order of magnitude lower than what we
measure (cf. Figure 6a). A negligible role of thermionic
emission from Au rods on ITO is further supported by
our experiments on Pt, where pure multiphoton emis-
sion is observed even at 10-fold higher excitation
intensity than on ITO. Both findings strongly suggest
that multiphoton emission is the dominant process for
our 45 x 10 nm? Au rods on ITO. Instead, we speculate
that the unexpected three-photon photoionization of
Au rods on ITO may be related to a modification of the
work function of the ITO—Au rod adsorbate system. It is
well-known that in the interaction of metal adsorbate
electrons with their own image charge can drastically
reduce the work function of the substrate/adsorbate
system.>® Given that ITO is not far from the threshold
for three-photon photoemission when 840 nm light is
employed, even a small work function modification
can induce a change from four- to three-photon
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Figure 9. Finite-difference frequency domain (COMSOL)
simulations of nanoparticle—plasmon—substrate coupling,
approximating the nanorod/substrate in 2D and adjusting
the Au rod's aspect ratio to recapitulate the observed
nanorod plasmon resonance peak in H,O (see text for
details). (a) Simulated absorption efficiency (i.e., the ratio of
the rod's absorption cross section over its geometrical cross
section) for Au nanorods in H,O (dashed blue), on 10 nm ITO
(solid red), and on 2 nm Pt (dotted black line, scaled up 20 x).
In H,0 and on ITO, sharp plasmon resonances are observed,
with only a small (~20 nm) blue shift between ITO and H,O0.
In stark contrast, however, no such resonance structure is
observed for Au nanorods on Pt over the full simulation
range from 450 to 950 nm. (b) To elucidate the lack of
resonance behavior on Pt, the corresponding electric field
(|E|, normalized by the incident field |E;,|) and dissipated
power density (Pg;ss) distributions are shown. On both
substrates, significant near-E-field concentration

(~5 nm 1/e field decay length) is seen near the Au nanorod
tips, though with ~7-fold lower absolute strength for Pt
versus ITO. However, while dissipation on ITO occurs inside
the Aurod, the vast majority of energy on Ptis transferred to
the substrate and is dissipated there. Furthermore, a tra-
veling surface plasmon wave is launched into the Pt film,
guiding energy far beyond the nanorod enhanced near-
field. The surface plasmon propagation length of ~40 nm
(1/€? decay of the dissipated power) is well explained by
losses due to interband transitions in Pt.>° Ultrafast energy
transfer to the surface plasmon in Pt thus broadens the Au
nanorod plasmon resonance beyond our current tuning
range.

ionization. We anticipate that future theoretical studies
will be able to shed more light on this intriguing
possibility.

Coupling between Nanoparticle Plasmons and Surface Plas-
mons on Pt Substrates. To interpret the lack of a plasmon
resonance spectral signature on 2 nm Pt, we have
performed additional electromagnetic simulations
(see Materials and Methods) for each of our Au
rod—substrate systems. The results, shown and ex-
plained in Figure 9, confirm the absence of any
resonance feature for Au rods on Pt and provide
clear evidence that, at least in part, the underlying
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mechanism consists of (i) energy transfer from the Au
rod to the Pt substrate and (ii) launching of a traveling
surface plasmon wave in the Pt film, driven by the Au
particle's near-fields close to its tips. However, an
additional role of interband transitions in Pt in broad-
ening the Au rod resonance cannot be ruled out.>

Strong nanoparticle—substrate coupling has also
been observed for Au spheres on Au substrates by
Mock and co-workers,®° in their case leading to sig-
nificant (up to 130 nm) red shifts of the plasmon
resonance. Image dipole interactions can also induce
red shifts for particles on dielectric substrates, albeit to
a smaller extent, as demonstrated by the Halas
group.®! The lack of a significant frequency shift for
Au rods on ITO (Figure 7), which also is supported by
our simulations (Figure 9a), thus appears to be the
consequence of mutually canceling effects of parti-
cle—substrate interactions (inducing a red shift) and
replacement of water with a vacuum “superstrate”
(inducing a blue shift).

Estimating Plasmonic Field Enhancements from Photoemis-
sion Data. Stronger photoemission is generally ob-
served from Au rods than from a Au film when
comparing photoemissivity on a per emitter area basis
(B). The enhancement factor for four-photon emission
in the case of Aurods on Ptis 4(Au rods on Pt)/4(3 nm
Au film on Pt) ~ 50. If the field enhancement near the
surface of a thin continuous Au film is assumed to be
negligible, the plasmonic field enhancement in Au
nanorods can be calculated from f,4(Au rods on Pt)/
B4(3 nm Au film on Pt) & (E,o/Ein)?, yielding an average
local (Ejoc) over incident field (E;,) ratio of Ejo/Ei, ~ 1.6.
Such a low value stands in strong contrast with field
enhancement factors ~50 typically encountered for
plasmonic resonances. For example, Ropers and co-
workers studied femtosecond four-photon photoemis-
sion from sharp metal tips and experimentally de-
duced that the local electric field at a tip with 20 nm
radius of curvature is enhanced 10-fold.®* Kelly and co-
workers®® used the discrete dipole approximation to
estimate that at the surface of a resonantly excited
30 nm radius silver particle the electric field is en-
hanced by a factor of 50. The lack of any such dramatic
field enhancement for Au rods on Pt in the present
experiments further supports our interpretation that
fast energy transfer to the Pt substrate prevents the
buildup of a substantial near-field around the
nanoparticle.

In contrast, Au rods on ITO exhibit much stronger
emission and well-defined plasmon resonances in
four-photon photoemission spectra consistent with
negligible energy transfer to the substrate. Unfortu-
nately, the electric field enhancement factor for the
case of Au rods on ITO cannot be deduced in a similarly
straightforward fashion as in the case of Au rods on Pt
because the observed three-photon photoemission
can not be compared with a bulk third-order
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photoionization cross section since bulk Au exhibits a
four-photon photoemission in our excitation wave-
length range. Nevertheless, an estimate of the en-
hancement factor can be obtained by comparing
typical photoemission yields observed when exciting
a particular Au nanorod both on and away from its
plasmon resonance. The photoemission rate generally
observed for Au nanorods on ITO at their plasmon
resonance is No(on-resonance) ~ 10° e /s, whereas for
excitation ~50 nm off-resonance they can often not be
distinguished from the ITO background, thus yielding
an upper limit for the photoemission rate, Ng(off-
resonance) < 10~ e /s. Consequently, a lower bound
for the electric field enhancement factor can be deter-
mined from (Eoc/En)® = Ne(on-resonance)/Ne(off-
resonance) > 10°, thus yielding Eioc/Ein > 30. This value
is consistent with previously observed electric field
enhancement factors®® of ~50, confirming the ab-
sence of strong energy transfer pathways to the ITO
substrate that would prevent the buildup of significant
plasmonic fields.

Plasmon Resonance Widths and Fundamental e~ Scattering
Processes on IT0. Another factor influencing the photo-
emissivity of Au rods is the width of plasmon reso-
nances observed in the four-photon photoemission
spectra of Au rods on ITO. In particular, they exhibit an
ensemble average fwhm of 41.6(6) nm, which after
deconvolution from the 25 nm excitation laser band-
width yields AZ &~ 34 nm fwhm. The average fwhm of
the 10 brightest rods is even narrower, 37.9(9) nm,
yielding a deconvolved fwhm of A1 &~ 29 nm. Since
photoemission from Au nanorods on ITO is a three-
photon process, we further scale the deconvolved
fwhm by /3 in order to facilitate comparison with
the values obtained from linear absorption and scatter-
ing experiments. The resulting effective “single-
photon” fwhm determined from our experiment is
58 nm (100 meV) for the ensemble and 49 nm (85
meV) for the brightest rods.

In earlier light scattering work, line widths around
50 nm were observed for single Au rods with plasmon
resonance frequencies below 1.8 eV, that is, below the
absorption threshold for transitions from the occupied
d-band to the conduction band.?' Muskens et al., in
their work on the extinction cross sections of single Au
rods with plasmon resonance wavelengths >700 nm,
observed a fwhm of 40 nm (70 meV).?® The most
systematic study to date by Novo and co-workers
found line widths of 63 nm (110 meV) in the case of
45 nm x 10 nm rods, which have been the focus of the
present work, as well.?”

For 45 x 10 nm rods, the dominant contribution to
the plasmon line width is bulk scattering by electron—
electron collisions (Al'pyx = 73 meV for gold in the 1—-2
eV spectral region).>"* In addition, there is a non-
negligible contribution from surface scattering,
Alsuface & 35 meV.% The total damping rate for the
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Au rods studied in the present paper is thus given by
Al ~ Al by + Al syrface &~ 108 meV. Radiation damping,
measured by Sonnichsen et al. in studies of single
spherical gold particles with sizes larger than 40 nm
in diameter, is negligible for such small rods (A" ~ 1
meV).2" The fact that the damping rates calculated by
theory agree well with experiments suggests that Au
nanorods possess near perfect crystallinity and high
surface quality, at least in the case of the most emissive
rods. The increased damping observed for some of the
less emissive rods may be a consequence of structural
defects incurred during their synthesis or differences in
the local nanorod—substrate coupling. For example,
polycrystalline Ag nanowires exhibit significantly re-
duced plasmon Q-factors compared to single-crystal-
line ones.®® The good agreement between the line
widths measured in the present study and those
obtained by theory and other, earlier experiments
implies that additional contributions to damping, such
as significant energy transfer to the ITO substrate, can
be ruled out, at least in the case of the brightest Au
rods.

SUMMARY AND CONCLUSIONS

Pronounced effects of plasmon resonances on the
multiphoton photoemission propensity of Au rods on

MATERIALS AND METHODS

A 2 nm thick Pt layer was thermally evaporated onto glass
coverslips (Corning No. 1 1/2) and had a sheet resistance of ~10
MQ/sq." The 10 nm thick ITO substrates, low-temperature
sputtered onto glass coverslips (Corning No. 1 '/,), were pur-
chased from Thin Film Devices, Inc. After 30 min of ozone
cleaning, ITO sheet resistance was ~2 kQ/sq. Cetyltrimethyl-
ammonium bromide (CTAB)-capped Au rods (45 x 10 nm) in
aqueous solution were purchased from Nanopartz and used as
received. Typically, 30 uL of stock solution containing ~10"" Au
rods per milliliter were spin-coated on substrates at 1000 rpm.
Following the sample preparation, the coverslips were imme-
diately transferred into the vacuum chamber. The absorption
spectrum of the aqueous solution of Au rods (Figure 1b)
displayed the intense, long-axis dipolar plasmon resonance at
828 nm, with a 10 width of 69 nm. The feature apparent at
~510 nm is the weaker transverse dipolar plasmon. The increas-
ing absorption at wavelengths shorter than 500 nm arose from
the excitation of interband transitions in gold.

The basic experimental setup for scanning photoionization
microscopy (SPIM) has been described in detail previously.®’
Recent improvements in experimental sensitivity down to the
single-electron counting level have been reported elsewhere.>®
Briefly, multiphoton photoemission was initiated in a near-
diffraction limited femtosecond laser spot, generated by over-
filling the back aperture of a reflective microscope objective in
vacuo (numerical aperture, NA = 0.65). The sample was scanned
across the fixed excitation spot, and an image of the local
photoelectron emissivity was recorded. Individual electrons
were registered using a channeltron electron multiplier and
amplifier/discriminator setup, with an estimated 35% overall
detection efficiency.’® We used the output of a mode-locked Ti:
sapphire laser (centered at 840 nm with a full width at half-max
(fwhm) value of 24 nm), with an extra-cavity prism compensator
providing compressed pulses at the sample focal area at a
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10 nm ITO have been observed. Sharp plasmon reso-
nances in multiphoton emission spectra exhibit spec-
tral widths that appear to be limited only by
fundamental processes, such as bulk electron—
electron and electron—surface scattering. These find-
ings are in good agreement with theory as well as with
earlier optical studies. In contrast, plasmon resonances
in photoemission are not observed in the case of Au
rods on 2 nm Pt substrates, either due to a substantial
(>100 nm) red shift of the resonance or due to a strong
spectral broadening. Both effects are consistent with a
strong interaction (energy transfer or dipole—dipole
coupling) between the localized plasmons in the
Au rods and surface plasmons supported by the sub-
strate. The single-electron detection sensitivity of
the instrument employed in these studies allows high
signal-to-background information to be obtained even
in such a case, where a strong plasmon resonant
enhancement is likely absent. The findings suggest
that plasmon-enhanced photoemission from Au nano-
rods can serve as a sensitive probe of the coupling
between localized plasmon modes and their environ-
ment. Future work will be aimed at studying the
coupling between plasmons and nearby molecules or
semiconductor quantum dots via photoemission
experiments.

repetition rate f,.p, = 85 MHz. For all calculations, we assumed a
near-Fourier transform-limited pulse duration 7p = 50 fs, focused
to a diffraction-limited spot area A = 1.2025 x fwhm?, where
fwhm =0.515 x 2/NA (A=53 x 10~ ° cm” for NA=0.65 and A =
840 nm). Photoelectron emission is a multiphoton process,
where the required minimum number of photons n, with
energy Epnotons IS given by the expression n X Egpoton > @,
where @ is the work function of a particular material. Although
the excitation conditions vary somewhat between the different
samples examined and the illumination wavelength employed,
typical operation yields a pulse energy of about Ep ~ 0.4 pJ/
pulse, corresponding to ~1.7 x 10° “red” photons/pulse, fo-
cused to a peak intensity /peax ~ 1.54 x 10° W/cm? Under these
circumstances, approximately 100 e /s (electrons per second)
were detected from Au rods on 2 nm Pt, 0.5 e /s from the Pt
substrate, 10° e /s from Au rods on 10 nm ITO, and 1073 e /s
from the ITO substrate.

We note that in our experiments the initial state prior to each
photoionization events can be assumed to be a neutral Au
nanorod. Specifically, all data are taken in the regime of <1%
ionization probability per laser shot, with reneutralization
through the conductive substrate occurring faster than the
time between subsequent laser pulses. This is important to rule
out because the plasmon resonance in charged metal nano-
particles could undergo a frequency blue shift that is propor-
tional to the particle's charge state.®®

Two-dimensional full-field electromagnetic simulations were
performed using the finite-difference frequency domain meth-
od (COMSOL), which fully accounts for the frequency-depen-
dent optical constants of the materials. Reflection symmetry
allows restriction of the simulation domain to one-half of the
structure. An adaptive mesh with element sizes of ~0.4 nm in
and around the Au rod and ~15 nm in vacuum far away from
the rod is used. To better match the results of our 2D simula-
tions to our 3D observations, we adjusted the simulated rod
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dimensions to match the simulated absorption peak in aqueous
solution to the experimentally determined value of 830 nm. The
resulting simulated rod dimensions were 70 nm length x 5 nm
diameter, compared to the experimental values of 45 x 10 nm?,
We note that our electromagnetic simulations do not take into
account additional phenomena such as charge transfer and
charge transport.
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