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ABSTRACT: Multiphoton photoelectron emission from individual SiO, core—Au shell
nanoparticles supported on an ITO substrate is studied with ultrafast scanning
photoemission imaging microscopy. Higher than expected photoemission yields (~10°-
fold) and a strong sensitivity to excitation laser polarization direction indicate the presence
of anomalously high electromagnetic field enhancement areas (i.e., “hot spots”) on the
surface of Au nanoshells. The measured magnitude of the photoelectron current is
consistent with 1—2 localized hot spots on each nanoparticle exhibiting electric near-field
enhancement factors of nominally |EI/IE)] ~ 50—100. Secondary electron microscopy
(SEM) studies reveal asperities on the surface of each nanoparticle that most likely arise
due to postsynthetic Ostwald ripening of the Au shell layer. However, no correlation is
found between these features and the laser polarization that yields the maximum
photoelectron emissivity, indicating that the hot spots responsible for the observed high
electron emission rates are smaller than our SEM resolution of ~3—S nm. Numerical
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electrodynamics simulations of near-field enhancements (IEI/IEy| ~ 20) for the two most commonly observed defect geometries
(ie., asperities and pinholes) can account for <20—50% of the experimentally inferred values. The larger near-field enhancements
observed experimentally thus provide indirect evidence for sharp asperities and crevices in Au nanoshells considerably below the

optical diffraction limit.

I. INTRODUCTION

Metallic nanoparticles (NPs) exhibit optical properties that can
differ profoundly from those of the corresponding bulk metal;
for example, resonances often exist in spectra of nanoparticles
that are distinct from those determined purely by the electronic
structure of the bulk material. These resonances arise due to the
excitation of collective, coherent oscillations of conduction
electrons known as localized surface plasmons (LSPs). The
frequencies of LSP resonances depend sensitively on nano-
particle structure and can consequently be tuned over broad
spectral ranges if the nanoparticle size, shape, and/or the
surrounding medium are changed.'”” A rich variety of particle
geometries can be readily synthesized (i.e., spheres,® 10
cubes,'" triangular prisms,"* pentagonal bipyramids,'® cages,'
shells'®), thus permitting an “off-the-shelf” nanoparticle system
to be selected based on the specific optical response required by
the envisioned application.

Silica—Au core—shell nanoparticles (i.e,, Au nanoshells) have
received considerable attention, due in part to the enormous
success of Mie theory in predicting the relationship between
their structure and optical properties.">™"” Specifically, the
plasmonic response of nanoshells is found to depend quite
sensitively on the inner (r,) and outer (r,) radii of the metallic
shell, with thinner shells resulting in a progressively more red-
shifted dipolar plasmon resonance.'® As a result, systematic

4

v ACS Publications  © 2013 American Chemical Society

variation of the shell layer thickness allows the dipolar
resonance of the Au nanoshells to be tuned through most of
the visible (vis) and well into the near-infrared (NIR) spectral
range."® Such wide tunability makes Au nanoshells promising in
a variety of applications, most notably solar energy con-
version,"”*' photothermal therapy,** as well as photoactivated
drug and gene delivery.***

While scattering and absorption resonances represent far-
field (observation distance 1 >> 1) manifestations of the
localized surface plasmon, the plasmon also profoundly
influences the particle near-field (1 < ). In particular, the
intensity of the incident electromagnetic radiation (IE,l) can be
greatly amplified in the vicinity of plasmonic nanoparticles or
nanostructures. The locally increased incident electric field (IEI)
is typically quantified in terms of a near-field enhancement
factor |EI/|Ey|, with values of ~10—10? typically encountered in
individual nanoparticles and as much as 10° in junctions
between plasmonic particles.”> ™’

In general, nanoshell dimers would be expected to give rise
to substantially stronger surface-enhanced Raman scattering
(SERS) signals than single nanoshell particles, due to the
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considerably larger electromagnetic fields that can exist in
nanometer-scale gaps between 1particles than on the surface of
an individual nanoparticle.’>*" In partial contrast to these
expectations, however, previous work has revealed SERS
activity of individual Au nanoshells to be in some cases
comparable to that of Au nanoshell dimers.*> This was
interpreted to arise from unusually large near-field effects on
Au nanoshells, with defects on the shell surface proposed to
rationalize the anomalously large near-field enhancements
inferred from SERS. These observations provided the
motivation for the present study: to characterize the defects
on nanoshell surfaces that generate high local electromagnetic
fields and to elucidate whether the SERS enhancements may
arise from a cumulative effect of a large number of defect sites
or from very strong enhancements at only a few highly localized
regions on the nanoparticle surface (ie., “hot spots”).

To address these questions, we have exploited scanning
photoemission imaging microscopy (SPIM) to probe photo-
electron emission from individual Au nanoshells upon ultrafast
laser irradiation with Ehoton energies (E;,) below the metal
work function (®).>*73¢ Under these conditions, a minimum of
n > ®/E,, photons is required energetically to eject an electron,
with the multiphoton photoelectron emission (MPPE)
rate’”~* depending on (IEI/IEyl)*. In the case of gold (@,
= 4.7-5.1 eV)," n = 4 photons are required to emit a single
electron at a typical excitation wavelength of A ~ 800 nm (E,,
~ 1.5 eV), thereby predicting a rapid (IEI/IEy|)® dependence of
the electron emission signal on laser field strength. Con-
sequently, MPPE not only provides near-field information
analogous to SERS (i.e, reporting on the local field
enhancements) by an independent route, but also proves to
be a remarkably sensitive tool for the identification of hot spots
on metallic nanoparticles/structures, as recently demonstrated
by a number of elegant studies.>>>***~*’

The inherent sensitivity of MPPE to local electromagnetic
fields is exploited in the present study to detect the presence of
hot spots on individual Au nanoshells, as well as to infer their
specific location on the surface. The latter is achieved through
measurements of nanoparticle photoemissivity as a function of
excitation laser polarization. In previous studies, coplanar
alignment of the laser polarization vector with the plane
defined by the light propagation vector and the vector
connecting the particle center to the hot spot is generally
observed to result in strongest photoemission currents.**”>
MPPE in such cases is a sensitive function of polarization angle
0, typically following a narrow cos*(6) angular distribution
with n ~ 4, which allows the axis of the hot spot to be
determined with a high precision. Such polarization-dependent
photoemission data are then correlated with direct structural
information obtained from secondary electron microscopy
(SEM). These experimental findings are complemented with
numerical simulations (COMSOL Multiphysics software pack-
age) of electromagnetic near fields around various putative
structural features on Au nanoshells, to help identify specific
morphological characteristics of hot spots on the Au nanoshell
surfaces.

Il. EXPERIMENTAL METHODS

Synthesis and Characterization. SiO, core—Au shell
particles are synthesized via previously described methods.'>**
Briefly, commercially available (d) = 160 nm diameter silica
nanoparticles (Precision Colloids, Inc.) are functionalized with
3-aminopropyltriethoxysilane (Gelest, Inc.). Ultrasmall Au

colloids are grown by a method described by Duff et al. and
aged at 4 °C for two weeks.*” The functionalized SiO, particles
are then added to the Au colloid suspension, whereby the
colloids covalently attach to the terminal amine groups on the
silica surface and thus form seed particles. Complete Au
nanoshells on the SiO, surface are obtained by an electroless
plating technique, whereby seeds react with HAuCl,-3H,0 in
the presence of CO. Au®* ions are reduced and deposited onto
the surface of the seeds, thus forming a complete Au shell with
its thickness controlled by the amount of CO added.
Extinction spectra of Au nanoshell aqueous solutions are
recorded with a Cary 5000 UV-—vis spectrometer and are
shown in Figure 1 (top; solid line). Peaks corresponding to the
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Figure 1. (a) Experimental (black solid line) and Mie simulated (red
dashed line) UV—vis spectrum of the aqueous solution of Au
nanoshells, with inner and outer radii dimensions [}, r,] = [83, 98]
nm and 6, = 5 nm. Inset shows the height distribution of Au

nanoshells determined in an AFM. (b) Dark-field scattering spectrum
of a single Au nanoshell deposited on an ITO-coated glass coverslip.
The SEM image of the same particle is shown in the inset. Note the
dramatic blue-shift in plasmon resonance upon transfer from aqueous
environment onto the ITO substrate.

quadrupolar and dipolar LSP resonance are apparent at A ~ 660
nm and 4 = 906 nm, respectively, with the corresponding full-
width-half-maximum (fwhm) widths of Algg, ~ 90 nm and
Algyhm ~ 600 nm. Strong sensitivity of the dipolar LSPR on
shell structural parameters is exploited to infer the ensemble-
averaged shell inner and outer radius [ry, r,] = [83, 98] nm
through Mie theory fitting of the extinction spectrum [Figure 1
(top); dashed line]. The dimensions are further confirmed by
atomic force microscopy (AFM) and scanning electron
microscopy (SEM) measurements [see Figure 1 inset]
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performed on a Digital Instruments 3100 dimensional AFM
microscope and FEI 650 ESEM microscope, respectively. The
concentration of the Au nanoshell solution is estimated at C =
4.3 X 10° NP/mL based on a Beer’s Law calculation:*® C =
2.303 X 77 X Ao/ (6o X b), where 7. is the dilution factor (17, =
3.5), Aex is the measured absorbance at the dipolar plasmon
resonance (A, ~ 0.85), 0. is the extinction cross section at
the peak plasmon resonance simulated by Mie theory (0. ~
1.6 X 107 cm?), and b is the optical path length of the cuvette
(b =1 cm).

Sample Preparation. A 40 uL aliquot of the Au nanoshell
solution (¢ ~ 4.3 X 10° NP/mL) is drop-cast onto an ozone-
cleaned, registered ITO-coated glass coverslip.*® After a 60 s
settling period, the sample is spun at 1500 rpm for 5 min to
remove any excess solution and dry the coverslip. The sample is
then successively dipped for 60 s each in spectroscopic grade
water, methanol, and acetone to remove any nonparticulate
matter. Afterward, the sample is studied in a dark-field
microscope and within a couple of hours loaded into a
differentially pumped high-vacuum chamber (P ~ 5 X 1077
Torr) that contains our scanning photoemission imaging
microscope (SPIM). Samples were then studied extensively
using polarization-dependent SPIM methods over the course of
the next 4 weeks. All correlated SEM/DFM/SPIM studies were
performed roughly 1 year later, over which aging of the
nanoshell surface cannot be ruled out as a possibility. However,
no differences in the photoelectron emissivity behavior have
been observed after that time period.

Dark-Field Microscopy (DFM). Light-scattering spectra of
individual, supported Au nanoshells 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 multiplication. Unpolarized,
white light from a tungsten/halogen lamp and a dark-field
condenser with a numerical aperture NA = 0.80—0.92 provide
the dark-field illumination. Individual Au nanoshells appear as
diffraction-limited bright objects on a dark background with the
scattered light collected by a 40X air objective (NA = 0.75)
resulting in a typical signal-to-background ratio of S/B ~ 9.
Detailed information on the experimental setup and the
acquisition of scattering spectra can be found elsewhere.*®

The scattering spectrum of a representative Au nanoshell
supported on ITO is shown in the bottom panel of Figure 1.
The two peaks corresponding to the quadrupolar and dipolar
LSP resonance apparent at 4 = 615 nm and A = 744 nm,
respectively, are blue-shifted from their measured ensemble-
averaged values in aqueous solution by A1 ~ 45 nm (AE ~
0.15 eV) and AA ~ 160 nm (AE ~ 0.30 eV). This shift
originates due to the well-known sensitivity of LSP resonances
to the refractive index of the local nanoparticle environ-
ment.>*™> In fact, transfer of Au nanoshells from water onto an
ITO—air interface is expected to decrease the effective
refractive index of the surrounding, thus blue-shifting the LSP
resonance into better agreement with observations.

Scanning Photoemission Imaging Microscopy (SPIM).
The SPIM technique provides powerful access to multiphoton
photoelectron emission from individual metallic (or semi-
conductor) nanoparticles.*****” The nonlinear sensitivity of
MPPE vyield to local electromagnetic fields near the nano-
particle surface allows plasmon-induced near-field enhancement
factors to be inferred, as described in greater detail else-
where.*>*¢ Briefly, the fundamental output of a tunable (1 =

710—890 nm; Ey, = 1.75—1.40 eV) ultrafast Ti:Sapphire laser
system operated at 90 MHz is focused by a reflective-type
microscope objective (NA = 0.65) to a diffraction-limited spot
on an ITO-coated coverslip sample located in vacuum (~5 X
1077 Torr). At the focus, the high laser intensity promotes a
fraction of electrons within the sample material to the vacuum
level, where they are detected by a Channeltron electron
multiplier with 45% collection efficiency. In the current study,
Fourier-transform limited laser pulses (7, ~ S0 fs) with typical
pulse energies Ep = 0.2 pJ are employed. The resulting modest
peak laser intensities of I = 6 X 10® W/cm? lead to electron
ejection via the multiphoton photoelectric effect and typical
photoemission rates >10° e /s from individual Au nanoshells,
with essentially negligible background signal from the ITO thin
film (<0.1 e7/s), as indicated by the SPIM image in Figure
2(a). Correlated SPIM and SEM scans of the same sample area
[Figure 2(b)] unambiguously confirm that the observed
photoemission signals originate from individual Au nanoshells.

Secondary Electron Microscopy (SEM). SEM images are
acquired on an FEI Nova NanoSEM 630 system with a

730 nm RIS

Electron Emission Rate [e/s]

Figure 2. (a) Scanning photoemission imaging microscopy (SPIM)
image of individual Au nanoshells on an ITO-coated glass coverslip,
recorded with circularly polarized ultrafast laser light at 2 = 730 nm
and peak intensity I = 2.0 X 10° W/cm? Electron emission rate is
plotted on a logarithmic scale. (b) Corresponding SEM image of the
same sample area indicates that the observed electron emission signal
in SPIM images originates from individual Au nanoshells.
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through-lens detector (TLD) in immersion mode. The front
grid of the detector is biased to +150—200 V to improve the
collection efficiency of secondary electrons. Typically a 10 kV
electron beam at a 1.5 spot size setting is employed, with signals
generally integrated for 40 us. At these conditions, a spatial
resolution of ~3—5 nm and a signal-to-noise ratio S/N ~ 10 is
routinely achieved at >200000X magnification. The SEM
studies are always performed after the SPIM and DFM
measurements to avoid any potential sample degradation
effects.®®

Numerical Calculations. A finite-element method (FEM)
analysis implemented in COMSOL Multiphysics software
package (v4.2) is employed to numerically calculate the near-
field distributions and far-field properties (ie., absorption,
scattering, and extinction spectra) of the Au nanoshells, as
previously described in greater detail.® A concentric arrange-
ment of the Au shell around a SiO, core is assumed, with
dimensions chosen to conform to the experimentally
determined inner and outer shell radii (r, = 83 nm and r, =
98 nm, respectively). Since we are mainly interested in how
various nanoscale structural features on the surface of Au
nanoshells affect the electromagnetic near-field enhancements,
all calculations are performed with Au nanoshells in vacaum (n
= 1). Bulk dielectric properties are presumed for all materials
involved, with wavelength-dependent real and imaginary parts
of the refractive index [n(4) and k(1), respectively] for Au
obtained from the literature.”” Wavelength-independent
refractive index values are assumed for SiO, (n = 145, k = 0).

Ill. RESULTS

In the multiphoton photoelectric effect, the photoemission rate
Npg scales with the excitation laser intensity I according to the
following expression

Npg = GISE)In (1)

In eq 1, n is the minimum number of photons required to
promote an electron from the conduction band to the vacuum
level, and 6l is the n-photon photoemission cross section.
Linear trends observed in log—log plots of Ny, vs laser intensity
[Figure 3(a)] for a representative Au nanoshell on ITO (red
squares) clearly indicate the multiphoton photoelectric origin
of the detected electrons, at least for laser intensities up to I =S
x 10® W/cm? The least-squares measured slope of the line fit
[n = 4.1(1)] implies that photoemission from Au nanoshells at
A =770 nm (E,, = 1.61 eV) is a four-photon process, consistent
with expectations given the typical work function of gold (®,,
~ 5.0 eV). These findings are confirmed on a total of N = 29
nanoshells, which yield an ensemble-averaged value of (n) =
3.7(1) [see inset to Figure 3(a)].

The observed photoemission signal from individual Au
nanoshells is remarkably strong and is measured to be ~10%
fold greater than the background from the ITO substrate [see
Figure 3(a); black squares]. In fact, the studied Au nanoshells
exhibit some of the highest photoemissivities observed among
various plasmonic nanoparticle systems.>>*® This is especially
surprising because the predicted electromagnetic near-field
enhancement at the surface of a perfect Au nanoshell is
predicted to be relatively low [i.e., (IEl/IEg|)yax ~ 6] and only
weakly affected by the experimentally observed heterogeneity in
particle size and shell thickness. Moreover, the electromagnetic
near-field enhancement factor is lower than those found around
other previously studied nanoparticle structures, such as Ag
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Figure 3. (a) Log—log plot of measured electron emission rate as a
function of laser intensity (circularly polarized, A = 770 nm) for a
representative Au nanoshell (red) on an ITO substrate (black). Fits
(solid lines) indicate electron emission is a four- and three-photon
process for Au nanoshells and ITO, respectively. Inset shows a
histogram of the fitted n values for N = 29 Au nanoshells. (b)
Numerically calculated electric field enhancements for: (A) Au
nanoshell [r,, r,] = [83, 98] nm at 4 = 800 nm; (B) Ag nanocube
(edge length, d = 160 nm; corner radius, r = 16 nm) at 4 = 800 nm;
and (C) Au nanorod (length, L = 80 nm; width, W = 20 nm) on
resonance at A = 680 nm. All calculations are performed for particles in
vacuum with vertically polarized light propagating to the right. (c)
Four-photon photoelectron emissivity 45 of the three nanoparticle
systems as a function of the maximum electric field enhancement (IEl/|
EoDamax for 4 = 800 nm excitation. Predictions of a coherent
multiphoton photoelectron emission model by Yalunin et al. (ref 63)
for electron emission from a free-electron metal (® = 4.8 eV, Ez = 5.5
eV) are also shown (red solid line). Nanocubes and nanorods (B and
C) agree well with the predictions, whereas Au nanoshells (A) are
significantly more photoemissive than expected. The vertical error bars
indicate the typical range of emissivities observed for different particles
of the same geometry. Dashed line represents a best-fit to the
crystalline nanocube and nanorod samples, based on a (IEI/IE)®
dependence expected for four-photon photoemission.
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nanocubes and Au nanorods [see Figure 3(b)]. Since 6%'}3) scales
rapidly with (IEI/IEg|)3a, %% one might anticipate Au
nanoshells to be relatively weak photoelectron emitters, even
after taking into account their relatively large emitter area
compared to the other two nanoparticle systems.

Instead, unexpectedly high photoemissivities are observed for
Au nanoshells as showcased in Figure 3(c), where we plot the
four-photon photoemission cross section ﬂl(ﬁ? = O'I(J‘Q/AEM
normalized to the COMSOL inferred emitter area (Agy;) for
three different nanoparticle systems [see Figure 3(c)] as a
function of the maximum electromagnetic near-field enhance-
ment factor (IEI/IEy)yax around the nanoparticles. It is
important to note that the photoemissivity values for Ag
nanocubes and Au nanorods agree relatively well with the
theoretical predictions of a coherent multiphoton photo-
electron emission model by Yalunin et al. for solids® but
adapted for plasmonic nanostructures (solid line).>* To account
for plasmon-induced near-field effects, the theoretically
predicted photoemission values for the bulk (B5D) are simply
scaled by the maximum local electromagnetic field enhance-
ment raised to the appropriate power, i.e., (IEl/IEql)3ax. Good
agreement between theory and experiment is obtained for Ag
nanocubes and Au nanorods and likely arises due to the
crystalline nature of the two nanoparticle systems. In other
words, because both nanorods and nanocubes are highly
crystalline, the near-field distributions calculated for their
idealized geometries [see Figure 3(b); B, C] are expected to
accurately predict the experimentally attainable near-field
enhancements in both structures.

In contrast, the measured A values for Au nanoshells based
on the near-field distributions calculated around its idealized
structure [see Figure 3(b); A] deviate markedly (~10°-fold too
high) from the experimental trends set by the other two particle
systems (dashed line), as well as from theoretical predictions
(solid line). This finding suggests that significantly higher near-
field enhancement regions [(IEI/IEgl)yax ~ 20] exist on the
surfaces of Au nanoshells than expected from the smooth
model shape depicted in Figure 3(b), A. It is important to note
that these ﬂ%}? values assume that the surface of an entire Au
nanoshell (radius, 7 ~ 100 nm) serves as the emitter area. Since
the actual photoemitting region (i.e, the hot spot) likely
represents only a fraction of this total surface area, much larger
enhancement factors of (IEI/IEg)yax ~ 40 or even (IEl/I
Egl)pax ~ 60 would be inferred for photoemission from a more
localized surface morphology with a scale size of r ~ 10 nm or r
~ 1 nm, respectively.

Another experimental observation that contrasts Au nano-
shell behavior with their more crystalline counterparts (i.e., Au
nanorods and Ag nanocubes) is the remarkable dynamic range
and degree of inhomogeneity observed in the overall
photoemission intensity. For example, strongly photoemitting
Au nanoshells may emit as much as 10°-fold more intensely
than weakly emitting ones at the same laser excitation
conditions. By way of contrast, Au nanorods and Ag nanocubes
exhibit a considerably narrower spread in ﬁg}a) values (~10%
fold), as indicated by their smaller vertical “error” bar in Figure
3(c). It is important to note that due to the eighth power
scaling of the experimental signals with |EI/IEyl our photo-
emission model can readily account for the observed dramatic
particle-to-particle variations by relatively modest changes in
the near-field enhancement. Nevertheless, this million-fold
dynamic range suggests a sizable spread in near-field enhance-
ment values (~(10°)"® ~ 5) between different Au nanoshell

particles and quite possibly also a significant variation in the
contributing hot spot morphologies.

Critical supporting evidence that one or at most a few
localized hot spots rather than uniform surface emission are
responsible for the strong multiphoton photoemissivity of Au
nanoshells can be obtained from measurements of the
photoemission current as a function of excitation laser
polarization. On the basis of spherical symmetry [see Figure
3(b), A], the dependence of photoelectron yield on laser
polarization should be completely isotropic for an idealized Au
nanoshell. In stark contrast, a strong dependence of electron
emission current on polarization direction 6 is observed [see

Figure 4(a)]. The observed behavior is well described by a

a)so

40

Photoelectron Emission Rate [x1 o* e/s]

180
Laser Polarization Angle, 0 [?]

Figure 4. (a) Photoelectron emission rate from two representative Au
nanoshells as a function of laser polarization angle, 8, at A = 790 nm (I
= 8 x 10° W/cm?). (b) SEM images of the corresponding Au
nanoshells in the same reference frame. Arrows indicate laser
polarization directions that generate maximum electron emission.

cos®(0) function, consistent with four-photon photoemission
from a single hot spot on the nanoshell surface. While most
studied Au nanoshells exhibit this single hot spot polarization
behavior, nanoshells are occasionally (<10%) probed that
exhibit four-lobed polar plot patterns, consistent with the
relatively rare occurrence of two strongly near-field enhancing
hot spots [see Figure 4(a), bottom].

To identify the geometry of the observed hot spots, we
correlate photoemission polar plots with SEM images of the Au
nanoshells, as shown for two representative cases in Figure 4.
The surface of a typical Au nanoshell can be seen to be
decorated with a myriad of asperities and pinhole-like defects
ranging from 10 to 50 nm in size. Yet, only one or two highly
photoemissive regions are typically identified in SPIM,
indicating that only a subpopulation of these defects is
responsible for the inferred high near-field enhancement.
From a systematic study of many such SEM images, we find
that the excitation polarization directions resulting in the
strongest photoemission are often aligned with edges of
pinhole-like defects (shaded areas). However, comparably
many counterexamples are also found where strong photo-
emission enhancement with laser polarization alignment is
completely uncorrelated with any visible defects. This implies

dx.doi.org/10.1021/jp407424n | J. Phys. Chem. C 2013, 117, 22545-22559
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morphologies smaller than the resolution of our SEM (3-S5
nm) are quite possibly responsible for the strongest near-field
enhancements, suggesting (IEl/IEg|)yax ~ SO or greater may
exist near such features.

The near-field origin of photoelectron emission and the
importance of hot spots in photoemission from Au nanoshells
are further demonstrated through correlated dark-field
microscopy (DFM) and SPIM measurements. In Figure S(a),
the photoemission rate as a function of excitation wavelength
for three representative Au nanoshells (red) is compared with
their corresponding light scattering spectra (black). The far-
field signature of the dipolar LSP resonance can be clearly
observed in light scattering at A ~ 740 nm. The resonant
wavelength exhibits only minor particle-to-particle variations as
evidenced by the narrow distribution of LSP resonances in the
studied sample of Au nanoshells on ITO, shown in Figure 5(b).
The ensemble average (Ap) = 736(1) nm and fwhm = 36(2)
nm have been determined for a representative sample of N =
146 nanoshells [Figure S(b) top]. This result indicates a
relative homogeneity of the sample in terms of global structural
parameters such as particle size and shell thickness, which, for
this nanoparticle system, predominantly determine the
resonance frequency of the dipolar plasmon in the far field.

On the other hand, a significantly more pronounced
heterogeneity is observed in the near-field properties of Au
nanoshells, as evidenced by approximately 3-fold [fwhm =
115(20) nm] broader ensemble distribution of photoemission
resonances [see Figure S(b) right]. Additionally, the large
spread in a plot correlating photoemission with scattering
resonances [Figure S(b) center] indicates that the two types of
resonances appear uncorrelated in the studied Au nanoshell
samples. A similar behavior has been observed previously in Au
nanostars by Hrelescu et al,, where nanoscale morphology of
the tips was seen affecting photoemission (near-field phenom-
enon) significantly more than light scattering (far-field
phenomenon).** However, both these cases contrast with Au
nanorods, where a strong correlation between near- and far-
field resonances has been clearly demonstrated, presumably due
to the well-defined crystalline structure of this nanoparticle
system.>® Our current findings thus not only confirm the near-
field origin of photoemission from Au nanoshells but also
indicate the existence of various hot spot morphologies on the
nanoshell surfaces that lead to a different spectral dependence
of the nanoparticle near-field enhancement factors.

Another interesting observation is that the photoemission
resonances of Au nanoshells appear to be narrower than their
corresponding scattering resonances. For example, plasmon
resonance widths inferred from scattering spectra (Figure 6
top) reveal an ensemble-averaged mean (Avp) = 0.391(3) eV
(N = 146), implying a plasmon dephasing time T, = 271/ Avp ~
3 fs, consistent with observations on similarly sized Au
nanospheres.** On the other hand, a 2-fold smaller ensemble-
averaged value is determined for photoemission, i.e., {(Avgpp)
= 0.186(2) eV (Figure 6 right). This can be understood in
terms of the nonlinear nature of the photoemission process, in
which the signal dependence on (IEI/IEy|)® tends to narrow
resonances observed in linear processes such as light scattering,
where signal scales roughly with (IEI/IEy|)% Specifically, if one
assumes a Gaussian spectral line shape for (IEI/IEyl)? then the
four-photon photoemission resonance width would be expected
to simply follow Avgppy = Avpgpp/V/4, where Avjgpy is the
scattering resonance width. Such a trendline is plotted in Figure
6 (dashed line), which indicates a strong 1:2 correlation
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Figure S. (a) Correlated dark-field scattering (black) and photo-
emission (red) spectra of three representative Au nanoshells.
Photoemission and scattering resonance peaks do not appear
correlated. Insets show SEM images of the corresponding Au
nanoshells. Scale bar is 100 nm. (b) Photoemission resonances,
Aspnvy as a function of scattering resonances, A;gpr, for N = 25 Au
nanoshells. Dashed line marks perfect correlation between the two
quantities, whereas the large scatter observed indicates that A;spr and
Asppy are uncorrelated. Adjoining histograms depict the ensemble
distribution of scattering (top) and photoemission resonance peaks
(right) in the sample. A relatively tight distribution of dipolar
resonances are observed, whereas photoemission resonance peaks are
distributed over a much broader wavelength range with almost half of
them exhibiting only tails on the blue end of the tuning range.

between Avgpp and the corresponding Avygpr. Note that all
studied Au nanoshells fall either on or below this trendline,
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Figure 6. Correlation plot between widths of light-scattering
resonances Avjgpr and photoemission resonances Avgpp;. Photo-
emission (PE) resonances are typically 2-fold narrower than the
corresponding light-scattering resonances, in agreement with the
expected 4/n-fold plasmon resonance narrowing due to the non-
linearity of the n-photon (1 = 4) photoemission process (dashed line).
The ensemble distribution of light scattering and photoemission
resonance widths in the Au nanoshell sample is shown in the
histogram on the top and right, respectively, along with the Gaussian
best-fit lines.

suggesting not only that the upper limit on photoemission
resonance width is determined by the underlying plasmon
lifetime but also that about a half of the nanoshell population
meets this intrinsic limit. The other half displays tighter
photoemission resonances, indicating the presence of hot spots
that exhibit as much as 2-fold narrower wavelength-dependent
(IEI/IEg|)}ax factors than expected based on the far-field (ie.,
light scattering) resonance width and thus the plasmon lifetime.

A further indication that the wider photoemission resonances
may be inhomogeneously broadened even on a single-particle
basis stems from the measured wavelength sensitivity of the
polarization-dependent photoemission patterns, as shown for
two representative Au nanoshells in Figure 7. In Figure 7(a),
the photoemission spectrum recorded with circularly polarized
excitation reveals that photoelectron current in this nanoshell
peaks for 4 ~ 790 nm, with the observed signal predominantly
arising from a hot spot oriented along @ ~ 155°. As one tunes
spectrally away from the main resonance, the photoemission
rate decreases, but more importantly, the photoelectron
emission pattern itself changes. For example, excitation with 1
~ 730 nm reveals that the photoemission is dominated by a
different hot spot, which is aligned along 6 ~ 135°.

This behavior is even more apparent in the case of the
second Au nanoshell [Figure 7(b)], where two hot spots are
found contributing to the observed photoemission rate at A =
790 nm, with each carrying approximately equal weight. The
feature aligned with § ~ 0° appears to peak at A ~ 790 nm,
whereas the one oriented along @ ~ 120° reaches a maximum
nearer the red end of the studied spectral range. In fact, the
Gaussian fit quality of the photoemission spectrum in Figure
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Figure 7. (a,)b) Excitation wavelength (top) and polarization (bottom)
dependence of the photoelectron emission rate from two representa-
tive Au nanoshells. Relatively broad resonances are observed in the
photoemission spectra. Changing patterns in the polar plots acquired
for three different excitation wavelengths suggest electric near-field
enhancement of different hot spots exhibits different wavelength
dependence.
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7(b) is limited by the presence of two hot spots that result in a
similar near-field enhancement factor at two well-separated
wavelengths (ie, 4 ~ 790 and 4 ~ 850 nm). This more
complex behavior suggests that multiple hot spots may exist on
the nanoshell surface, with each one giving rise to near-field
enhancements that differ in both magnitude and wavelength
dependence.

An intriguing “seasoning” phenomenon is observed in
photoemission from Au nanoshells, whereby the photoelectron
signal can undergo a dramatic 10- to 100-fold increase upon
prolonged illumination, even at relatively low peak laser
intensities (<4 X 10° W/cm?). This is demonstrated in Figure
8 by a sequence of consecutively acquired SPIM images for
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Figure 8. (a) Sequence of images of a fixed sample area recorded
sequentially that indicate the time dependence of the photoemission
signal. Images are recorded using circularly polarized light with 4 = 730
nm and I = 1.4 X 10® W/cm?, where the average illumination time of a
particle per frame is At ~ 4.4 s (i, 4 X 10°® pulses). The signal from
the three nanoshells is graphed as a function of frame number ¢ in (b).
At the utilized intensity levels, a temperature increase of AT ~ 1 K is
anticipated, suggesting thermal evaporation of either the ligand layer
or Au metal is unlikely.

three Au nanoshells on ITO and by the associated “time” traces
of the particle peak photoemission rate within each frame. The
photoelectron current from two nanoshells is observed to
increase 10-fold during the scan sequence recorded at I = 1.4 X
10° W/cm? and A = 730 nm. Almost all Au nanoshells are
found to exhibit this “spiking” photoemission behavior in the
laser intensity range I = (1 — 4) X 10° W/cm?, after which they
settle down to a substantially more constant level.

Due to this additional dynamic variability of the nano-
particles, we focus our collection of photoemission data on the
“post-spiking” regime, once the nanoshell signal has stabilized.
To ensure that this transient behavior incurs no qualitative
change on the spatial distribution of hot spots on individual Au

nanoshells, laser polarization photoemission patterns are
recorded as a function of time for the particle photoemissivity
(Figure 9). The polar plots, shown in Figure 9(b), are acquired
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Figure 9. (a) Time-dependent photoelectron emission signal from a
representative Au nanoshell recorded with circularly polarized light of
intensity I = 2.6 X 10° W/cm? (b) At indicated points, A—C, in (a)
the electron emission as a function of the linear laser polarization is
recorded for 4 = 790 nm. No change in the polarization-dependent
electron emission patterns is observed during the transition that
dramatically increases the overall photoelectron yield.

prior to (A), on (B), and post (C) photoemission spike at low
enough laser intensities for the photoelectron signal to remain
stable during a laser polarization scan. In all three cases,
identical photoemission patterns are observed, indicating a
persistent hot spot distribution on nanoparticles regardless of
particle photoemissivity. These plots suggest that the process
leading to a sudden jump in photoelectron yield leaves the hot
spot(s) largely intact. This effect could be attributable to the
presence of impurities in individual hot spots.

It is worth noting that changes in the hot spot distribution
can be induced at elevated laser intensities, suggestive of
structural rearrangement in the Au layer. For example, 10-fold
higher laser intensities (I ~ 5 X 10° W/cm?) can cause the
photoemission from a specific hot spot structural feature to
diminish. This is nicely demonstrated in Figure 10(a) by a
vastly reduced lobe (red) in the “burn-in” direction at 6 = 20°.
Note that the nearly orthogonally oriented lobe (blue) at 0 =
100° maintains photoemission levels, indicating negligible
change in its underlying hot spot morphology. Interestingly, a
new lobe (purple) appears along 0 = 140°, which was absent
prior to the “burn-in” process of the nanoshell in Figure 10(a).
This is even more apparent in Figure 10(b), where a previously
buried lobe along € = 100° gains more than an order of
magnitude in photoemissivity and begins to completely

dx.doi.org/10.1021/jp407424n | J. Phys. Chem. C 2013, 117, 22545-22559
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Figure 10. Multiphoton photoelectron emission as a function of laser
polarization for two representative Au nanoshells before (left) and
after (right) irradiation with linearly polarized laser light oriented
along the indicated, “burn-in”, direction (red arrow) for a total of ~1 s.
The polarization dependence as well as the burn-in is accomplished
using 4 = 790 nm laser light of intensity (a) I = 6.9 X 10° W/cm? and
(b) I =12 X 10" W/cm?® At these conditions the polarization
patterns can be modified, suggesting a structural rearrangement of the
Au nanoshell itself.

dominate the photoemission pattern. This behavior is
reminiscent of the spike in photoelectron rate observed with
circularly polarized light of lower intensity (see Figures 8 and
9), except that linear polarization selectively induces this
transition among the aligned subset of hot spots. Consistent
with this picture, the weak lobe (blue) in near normal
orientation with respect to the “burn-in” direction again
remains unaffected by the process [see Figure 10(b)].

This strongly polarization-sensitive behavior is a tell-tale sign
that nonthermal process(es) must be impacting the measured
changes in photoemissivity. The asperities and crevices typically
present on the shell surface do not significantly alter the particle
absorption cross section, which remains nearly identical to that
of a perfect nanoshell. As a result, the nanoparticle absorbs light
equally and thus reaches the same temperature, regardless of
the laser polarization direction. Therefore, any thermally driven
rearrangement on the shell surface would occur with the laser
polarization oriented along any arbitrary direction, in contrast
with experimental observations.

To confirm low heat deposition into Au nanoshells at
typically employed excitation conditions in SPIM experiments,
we perform a simple back-of-the-envelope calculation to
estimate the particle temperature increase. On the basis of
the assumption that the particle completely cools down by the
arrival of the next pulse ~10 ns later, the particle temperature
increase AT in the absence of a fast cooling process is obtained
from

Opps L Tp
Cnp ()

AT =

Here, 7, is the laser pulse duration (7p ~ S0 fs); 0,5 is the
particle absorption cross section (g5 ~ 3 X 107 cm? from
COMSOL); and Cyp is the nanoparticle heat capacity. To
estimate the maximum temperature increase (ATy,x) during
one cycle, we assume that only the Au shell contributes to Cyp
due to the high thermal conductivity of Au. Thus, one obtains
the expression Cyp = pPay-can @ (D* — d°)/6, where the density
and specific heat of Au are p,, = 19.3 g/cm?® and ¢,, = 0.129 J/
g'K, respectively. For a representative Au nanoshell with inner
and outer shell radii of [r}, r,] = 83, 98] nm, ATyx ~ 20 K at
I =50 x 10° W/cm?, implying quite minimal thermal effects.

The validity of this simple model in describing experimental
conditions is demonstrated in Figure 11, where signs of

I=0Wiem?|b) 1=3.2 x 10" W/cm]

ATyax=0 K (®)

I=2.5x 10" Wicn
AThax = 1000 K|

o

Figure 11. SEM images of Au nanoshells irradiated with ultrafast (z ~
50 fs) laser radiation of 4 = 730 nm at the indicated intensity levels for
~0.1 s (9 X 10° pulses). No observable structural changes to the
particles are observed until I = 2.5 X 10" W/cm?, when an estimated
temperature increase of ~1000 K suggests the onset of melting.

nanoshell melting are not observed until the predicted ATy
~ 1000 K [Figure 11(d)], which is consistent with the melting
point of Au (T = 1337 K). It is worth stressing that such
melting occurs only at a 1000-fold higher laser intensity (i.e., I
= 2.5 X 10" W/cm?) than typically employed in the current
photoemission measurements. Indeed, even at I ~ § X 10" W/
cm?, where ATyx ~ 200 K is predicted, we see no signs of
shell melting in the SEM images [Figure 11(b,c)]. The
observations further support the validity of the underlying
assumption that the thermal contact between the ITO substrate
and the Au nanoshells is sufficient for the nanoparticles to
completely cool within the 10 ns time window between
adjacent laser pulses.

IV. DISCUSSION

The surprisingly intense multiphoton photoemission from Au
nanoshells combined with their strong laser polarization-
dependent photoemissivity has been interpreted to originate
from enhanced electromagnetic near fields surrounding nano-
scale structural features on the shell surface, i.e., hot spots. To
demonstrate the dramatic impact small surface features can
have on near-field phenomena, COMSOL simulations of near-
and far-field properties are performed for a Au nanoshell with a
single spherical asperity on its surface. The results for a SiO,
core—Au shell nanoparticle of representative geometrical
dimensions [r, r,] = [83, 98] nm are shown in Figure 12,
both for an idealized structure and for one with a spherical

dx.doi.org/10.1021/jp407424n | J. Phys. Chem. C 2013, 117, 22545-22559
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Figure 12. (a) Numerically simulated absorption (green), scattering
(red), and extinction (black) spectra of a perfect Au nanoshell (lines)
and a Au nanoshell with a small asperity (asperity radius, r, = 4 nm)
on the surface (circles). Few differences in the predicted far-field
properties are observed between the two structures. On the other
hand, (b) the maximum electric field enhancement near the particle
surface (IEI/IEy)yax as a function of wavelength shows dramatic
differences between a perfect nanoshell (black) and a nanoshell with
an asperity (blue). Insets indicate the near-field distribution of electric
fields at the specified excitation wavelength for both an imperfect (A,
B) and a perfect (C, D) nanoshell.

asperity of radius r, = 4 nm. Overlapping absorption, scattering,
and thus extinction spectra for the two particle shapes, shown
in Figure 12(a), confirm our earlier suggestion that small
features have little impact on the far-field properties of the
nanoparticle.

On the other hand, dramatic changes in the near-field
properties can be induced in the presence of slight surface
imperfections, as indicated in Figure 12(b). The addition of this
asperity to a perfect Au nanoshell causes a nearly 3-fold
increase in |El/IEy|, resulting in (IEI/IEgl)yux ~ 18 at the
dipolar LSP resonance (4 ~ 765 nm). Note that the [EI/IE,|
increase occurs throughout the spectrum, indicating that the
near-field properties of the nanoparticle can be entirely
dominated by such a small feature. For example, most
pronounced near-field enhancements are observed around the
asperity [A, C in Figure 12(b)] even at the quadrupolar
resonance (4 ~ 600 nm), where the structural feature lies in the
nodal plane of the plasmon mode. Due to the (IEI/IE,)®
sensitivity of the four-photon photoemission cross section, any
small asperity-induced increase in near-field enhancement
around a nanostructure will strongly amplify the multiphoton
photoemission efficiency. Thus, the likely presence of asperities

as model hot spot geometries provides a good qualitative
explanation of our experimental observations.

With COMSOL simulations we can also explore whether
such a model can quantitatively account for the typically
measured photoemission rates, specifically, a 10°-fold higher
photoemission cross-section o than predicted for a perfect Au
nanoshell (see Figure 3). To make this comparison, we
integrate the calculated electric near-field enhancement |EI/|E|
raised to the appropriate eighth power over the nanoparticle
surface area (Ayp), i.e.

of¥ « A dA-(IEI/IE))® )

From eq 3, it is clear that the four-photon cross-section integral
weighs |EI/IEl enhancement significantly more than emitter
area, indicating that even asperities too small to resolve with
high-resolution imaging techniques, such as the SEM imaging
used in this study, can still dominate the overall photo-
emissivity. This provides a plausible explanation for the absence
of spatially identifiable hot spots in our SEM images of Au
nanoshells.

To examine the effect of a hot spot on a Au nanoshell surface
more specifically, we look at a series of simulated defect
structures on a nanoshell surface and calculate the relative
contribution of each defect geometry to the local field
enhancement. First, we consider an asperity modeled as a
nanoscopic half-sphere of radius r4 on the surface of a Au
nanoshell with outer shell radius R. The effect of this half-
sphere asperity radius r, on the maximum electric near-field
enhancements is shown in Figure 13(a) for 4 = 800 nm
excitation and polarization vector collinear with the particle
symmetry axis. The electric near-field enhancement factors
increase with decreasing asperity size (black circles), reaching a
limiting value of (IEI/IEgl)yax ~ 20 as ry, — 0. Since the
corresponding emitter area concurrently decreases, the photo-
emissivity is expected to peak for some intermediate value of r,.
Photoemissivity as a function of the scale length ratio r,/R is
shown in Figure 13(a) (red squares) and is obtained from eq 3
for electromagnetic near fields calculated 1 nm away from the
particle surface. For Au nanoshells with dimensions consistent
with our study (R ~ 100 nm), the maximum photoemission
results for relatively large spherical asperities (r, ~ 30 nm),
which would have been straightforward to identify in SEM.
Indeed, the predicted photoemissivity increases only ~S50-fold
compared to a perfect nanoshell, indicating that such visually
abundant hemispherical asperities are not solely responsible for
the much larger 10°-fold enhancements observed.

Second, we consider a “pinhole” defect observed on Au
nanoshells previously,®® which we model as the inner half of a
torus with an inside diameter g and a thickness R — r. In
contrast to hemispherical asperities, the maximum |EI/IE|
enhancements are observed for the polarization vector aligned
perpendicular to the particle symmetry axis. The near-field
enhancements in the gap region for g¢ < 25 nm are found to be
smaller than those calculated near a perfect nanoshell [Figure
13(b); black circles], indicating that a pinhole defect will not
significantly alter the overall photoemissivity of a Au nanoshell.
In fact, pinhole contributions to the photoemission current,
estimated from (IEl/IEyl)yax within the gap and the area of the
inner torus half ATOER account for less than 10% of the
emission predicted for a perfect nanoshell [Figure 13(b); (red
squares)]. Thus, we conclude that pinhole defects do not
correspond to the highly photoemissive hot spots on Au
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Figure 13. Maximum electric near-field enhancement (IEI/IEyl) (black
circles) and predicted four-photon photoemissivity Nyppg (red
squares) at A = 800 nm for four different defect types: (a) a spherical
asperity with radius r,, (b) a pinhole with a gap opening g, (c) a
conical asperity with a rounded tip of radius r,, and (d) a crevice
defect with an interasperity distance g. Dashed lines indicate the values
predicted for a perfect nanoshell with inner and outer radii of r, = 83
and r, = 98 nm, respectively. Note that sharp features significantly
increase the local electric field, suggesting that electron emission from
small imperfections on the particle surface may completely dominate
the photoelectron emission process. Insets show the distribution of
electric fields around a Au nanoshell with a particular surface defect.
All studied structures, except (d), are bodies of revolution with the
revolution axes marked by dashed green lines.

nanoshells. In fact, any of a number of studied surface
depressions with a C,, symmetry axis have been found to
contribute negligibly to the overall photoemissivity, even if they
involve a very sharp inward pointing apex (i.e., inverted cone).
We note, however, that sizable electromagnetic field enhance-

ments can occur at the boundary between the pinhole defect
and the shell surface, if the connecting edge is significantly
sharper (i.e, < 1 nm) than experimentally inferred and
presently modeled.

As a third hot spot model geometry, we examine outward-
facing, conical asperities with a rounded tip of radius r,, cone
half angle 8 = 30°, and height 4 = 5 nm, as shown in Figure
13(c). This is modeled as two spheres of differing radius at the
same potential, a geometry often used to explain the “corona
effect” around sharp metal points. As expected, (IEl/IEgl)yax
around such a conical asperity increases dramatically with a
decrease in tip radius r, [Figure 13(c); black circles], in fact,
rapidly enough to offset the corresponding reduction in emitter
area (o< 13) [Figure 13(c); red squares]. This defect geometry is
one that could possibly enhance Au nanoshell photoemission
by multiple orders of magnitude, even though it is dimension-
ally too small to identify in SEM, consistent with our
experimental observations.

While conical asperities could in principle explain many
experimental observations, it is difficult to reconcile formation
of such nanoscopically sharp outward features with the growth
mechanism of silica—Au core—shell species. Specifically, silica
cores are initially decorated with Au nanospheres a few
nanometers in diameter that act as embryonic “seeds” for
subsequent growth and merger of Au**. Whereas formation of
outward conical asperities via such a mechanism seems unlikely,
inward facing crevices formed at the intersection of two or
more accreting plates would be a much more plausible choice.
As a fourth possible hot spot geometry, we thus consider
“nanocrevices” on the Au nanoshell surfaces formed in the gap
between two spherical asperities, as depicted in Figure 13(d).
For the purposes of COMSOL calculations, two spheres are
separated by a small gap g and are constrained to protrude a
height h above the shell surface and meet at an angle 6. Of the
three structural parameters defining this geometry, we focus
specifically on the dominating effect of the gap size on the local
field enhancement.

As shown in Figure 13(d), narrower interasperity gaps, g
lead to progressively larger (IEl/IEql)pax values (black circles),
in analogy with the outward-facing conical asperities discussed
previously. Most relevantly, these sharp crevice-like hot spots
give rise to near-field enhancements that increase sufficiently
rapidly with decreasing effective emitter area to maintain high
photoelectron yield [Figure 13(d)]. With defects of this
geometry on the nanoshell surface, the photoemissivity could
be completely dominated by features too small to identify in
SEM images. In addition, since different structural parameters
(g 6, h) defining a nanocrevice result in quite different local
[El/IEq| values, one would also expect substantial particle-to-
particle inhomogeneity in multiphoton photoemissivity when
defects of this type are present, in qualitative agreement with
the observed 10°-fold differences between the weakest and
strongest photoemitting nanoshells.

Nanocrevices have long been known to yield large near-field
enhancements and have actually been postulated to ex}’)lain
early observations of molecular SERS on thin metal films.**~">
In subsequent work on individual plasmonic nanostructures,
enormous SERS enhancements observed in particle aggregates
were attributed to the extremely high electromagnetic near
fields in the gaps between particles.*>*"7>”* Interestingly, the
substantial near-field enhancements of nanocrevices have
received less attention, yet may be the prime contributor to
the anomalously strong enhancements on Au nanoshells
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observed in our experiments. This is consistent with the fact
that nanocrevices may be quite prevalent on nanoshell surfaces,
depending on the specifics of Au nanoshell growth and
postsynthetic ripening conditions.**”>

From these studies it is apparent that Au nanoshells may
offer some distinct advantages as potential SERS substrates.
The formation of crevice-like hot spots on their surfaces can be
a frequent consequence of either their initial preparation or
their subsequent Ostwald ripening. Through appropriate
modification of either the growth or postsynthetic conditions,
it may be possible to (i) introduce higher densities of these
features and/or (ii) tailor the hot spot morphology to provide
even further enhancements of the near field. Since enhance-
ment factors depend on local hot spot morphology, while the
plasmon frequency relies almost exclusively on global
nanostructure parameters (ie., #; and r,), one could envision
independently tuning the magnitude of |El/|E,l and its spectral
response by controllable introduction of crevice-like defects
onto the Au nanoshell surface.

As a final comment, we return to the dramatic changes in
photoemissivity routinely observed for single Au nanoshells.
Two types of changes are observed: (i) a 10- to 100-fold
increase in photoemissivity at relatively low laser intensities (I ~
1—4 X 10° W/cm?), followed by (ii) a subsequent decrease of
photoelectron yield at a higher photon flux (I ~ S X 10° W/
cm?). Both processes show strong dependence on excitation
laser polarization, suggesting that hot spot, rather than particle-
wide, changes in particle structure/environment lead to the
observed behavior. As a result, neither thermally driven
modifications to the particle nor improved electrical contacts
with the substrate are likely responsible. This is further
supported by the small particle temperature increases of AT
~ 1 and 20 K estimated for excitation conditions (i) and (ii),
respectively. Instead, the process(es) leading to local changes in
the particle structure/environment must be either (i) electric
field or (ii) photocurrent induced.

To explore the possibility of electric field-driven rearrange-
ments, we estimate the electric field magnitude around a
strongly near-field enhancing hot spot, for which IEI/IEl ~ 50
are generally inferred. At laser intensities where significant
changes in polarization-dependent photoemission are first
observed (I ~ S X 10° W/cm?), the incident electromagnetic
radiation amounts to [Egl ~ 0.2 V/nm, translating into an
enhanced field of IEl ~ 10 V/nm. By way of comparison,
electric fields in typical covalent or ionic bonds range from
[Eponal ~ 20 to 100 V/nm, i.e., which indicates that the electric
field of a plasmon could induce chemical reactions/surface
rearrangements, particularly at higher excitation intensities.
More generally, plasmon-driven chemistry is currently a matter
of intense research with several underlying mechanisms
currently proposed.”>™*!

Alternatively, the observed changes in nanoparticle photo-
emissivity could arise from photocurrent-induced effects, for
example, (i) ligand desorption/ionization, (ii) Au surface/
crystalline structure rearrangement, (iii) or even emission of
charged atomic gold species. Interestingly, we do observe
evidence for the latter process at significantly higher I ~ 7.4 X
10" W/em? (e, IEl ~ 37 V/nm), where cationic species are
detected on the channeltron and which exhibit a laser
polarization dependence coincident with that of the photo-
electrons. However, these processes are not expected at I ~ 1—
4 x 10° W/cm? (ie, |El ~ 1 V/nm), where the dramatic
changes in particle photoemissivity are first observed.

We instead speculate that the emitted electrons locally
interact with the adsorbed molecular species in a way that
initially enhances the overall photoelectron yield, perhaps via
local removal of the capping ligand layer around a hot spot.
Interestingly, surprisingly little is known about the chemistry
and transport efficiency of such low kinetic energy electrons
(few eV) through thin molecular films,**** despite the
corresg)onding wealth of literature for higher-energy elec-
trons.”* Nevertheless, experimental observations indicate that
low KE electron collisions induce single- and double-strand
breaks in DNA, which might suggest a similarly strong
interaction with other organic materials.>> "% Indeed, this is
further supported by groundbreaking studies by Naaman and
co-workers, whereby interactions of ballistic low KE electrons
with chiral molecular adlayers have been shown to result in
electron emission with high degrees of spin polarization.*””
However, further studies will be necessary to determine
whether such slow electron—ligand interactions at the surface
of Au nanoshells are ultimately responsible for the observed
dramatic changes in multiphoton photoemissivity.

V. CONCLUSIONS

Surprisingly intense four-photon photoelectron emission from
individual, supported Au nanoshells has been observed upon
plasmon resonant ultrafast excitation with 4 = 700—900 nm
photons. The strong cos®(0) sensitivity of the photoemission
signal on excitation laser polarization angle 6 implies the
existence of high near-field enhancement areas on the nanoshell
surface, with local field enhancements in excess of [El/IEj| ~ 50
inferred around some of these hot spots from the measured
particle photoemissivities. Numerical simulations of the electric
fields for various hot spot morphologies indicate nanocrevices
in the Au nanoshell surfaces as a plausible source of large near-
field enhancements. These structural features arise at the
intersection of growing seed nanoparticles during Au nanoshell
synthesis and are consequently expected to be present in large
numbers. The finding bears important implications for potential
use of Au nanoshells in SERS due to their unique capability to
tune both the magnitude and the spectral dependence of local
field enhancement nearly independently, through introduction
of nanocrevices of controlled number and geometry onto the
nanoshell surface.
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