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ABSTRACT: Dielectric coatings offer a versatile means of
manipulating hot carrier emission from nanoplasmonic systems
for emerging nanocatalysis and photocathode applications, with
uniform coatings acting as regulators and nonuniform coatings
providing directional photocurrent control. However, the mecha-
nisms for electron emission through dense and mesoporous silica
(Si0,) coatings require further examination. Here, we present a
systematic investigation of photoemission from single gold
nanorods as a function of dense versus mesoporous silica coating
thicknesses. Studies with dense coatings on gold nanostructures
clarify the short (~1 nm) attenuation length responsible for
severely reduced transmission through the silica conduction band.
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By contrast, mesoporous silica is much more transmissive, and a simple geometric model quantitatively recapitulates the electron
escape probability through nanoscopic porous channels. Finally, photoelectron velocity map imaging (VMI) studies of nanorods
with coating defects verify that photoemission occurs preferentially through the thinner regions, illustrating new opportunities for

designing photocurrent distributions on the nanoscale.
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n recent years, plasmon-induced hot carriers have been

widely investigated for applications such as broadband and
ultrafast photodetection,' ™ efficient photovoltaics,” product-
selective photocatalysis,’® and ultrafast photocathodes.””"
Progress in these areas has been made possible by advances in
the synthetic'® and lithographic'”~'? engineering of nano-
particles and structures with surface plasmon resonances
(SPRs) that are tuned to desired excitation photon energies,”
which is accompanied by high charge carrier (electron and
hole) densities excited in “hot spot” regions of strong electric
field enhancement.”*” Plasmonic nanoparticles embedded
within semiconductors, for instance, can provide an efficient
broadband photovoltaic response, as the excitation photon
energy needs only exceed the Schottky barrier at the metal—
semiconductor interface rather than the full semiconductor
bandgap.”** In gaseous or liquid environments, hot carriers
may be transferred to nearby reactant molecules and thereby
stimulate efficient product-selective photocatalysis, such as
water splitting®” and CO, reduction.® Additionally, nano-
plasmonic systems have demonstrated great promise as fast
photodiodes in terahertz nanoelectronics®** and as bri%ht
electron beam sources with high spatiotemporal coherence' ">
for ultrafast electron imaging and X-ray free electron lasers.

Hot electron emission from nanoplasmonic systems is
influenced by several factors that affect both the SPR frequency
and electric field distributions, including the nanoparticle’s size,
material, geometry, and surrounding medium. We have shown
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previously that a high degree of optical control can be achieved
via frequency- or polarization-selective excitation of specific
plasmonic hot spots'"'® or by promoting surface versus
volume photoexcitation pathways.”>>” In the present work,
dielectric coatings are introduced as a simple yet promising
strategy for regulating photocurrent brightness””*” as well as
spatial and angular distributions. Due to their stability,
biocompatibility, and readiness for functionalization with a
number of molecules and polymers, SiO, coatings have been
utilized extensively for biological imaging’””' and drug
delivery.”>** In particular, mesoporous silica has emerged as
a particularly suitable coating for applications such as (i)
surface-enhanced Raman spectroscopy (SERS),***° where
randomly aligned nanoscopic pores can form solvent- or
analyte-accessible routes to the plasmonic core,*®*” and (i)
photocatalysis, where the presence of a mesoporous silica
coating increases the thermal stability while allowing facile
transient reactant access to the plasmonic surface.”® Such
coatings have also been utilized to measure the distance
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dependence of plasmon-enhanced optical processes, such as
fluorescence, with nanometer distance precision.”” Further-
more, these coatings can be grown nonuniformly, for examople,
encapsulating only the sides or the tips of gold nanorods.*’~*
Plasmon-driven §rowth of nonuniform coatings has also been
demonstrated.*>*’

In the present work, we explore the regulation of
photoemission currents from single gold nanorods with
synthetically grown silica coatings. Photoemission from single
dense and mesoporous silica coated gold nanorods has been
systematically studied as a function of the coating thickness, T,
using scanning photoelectron imaging microscopy (SPIM),**
as described in further detail in SI Section 1. Nanorods were
synthesized with a broad range of coating thicknesses (7—21
nm; SI Sections 2 and 3), with the zero-thickness limit
evaluated for nanorods coated only with cetyltrimethylammo-
nium bromide (CTAB) ligands (SI Section 1). Representative
transmission electron microscopy (TEM) images of meso-
porous silica nanorods are presented in Figure la and b, and a

hvg

Figure 1. TEM micrographs of gold nanorods embedded in (a) 8 and
(b) 17 nm of mesoporous silica (scale bars are 20 nm). (c) Schematic
of a silica-coated gold nanorod supported on a glass substrate with an
ITO coating. Excitation at resonant energy (hvg) from below (red
arrow) generates photoelectrons (e”), which are ejected into free
space and collected above on a microchannel plate (MCP).

schematic illustration of the experimental SPIM configuration
is presented in Figure lc. Glass substrates coated in 10 nm
indium tin oxide (ITO) ensure high optical transparency for
through-sample visible excitation, as well as conductive contact
for nanorod reneutralization following a photoemission event.
The nanorods were individually addressed by a Ti:sapphire

645

laser (75 MHz, ~150 fs pulses, 675—1000 nm tuning range)
focused to a diffraction-limited (~500 nm) spot on the sample
with a reflective inverse Cassegrain microscope objective (NA
= 0.65). Photoelectrons generated within the nanorods travel
through the dense or mesoporous silica layer before escaping
into free space and are then collected by a velocity map
imaging (VMI) electrostatic lens system onto a spatially
resolved phosphor-microchannel plate detector.*®

The impact of silica on the photoemission rate was
quantified by studying nanorods of various coating thicknesses,
as determined via correlated scanning electron microscopy
(SEM) (SI Section S) and VMI methods. A representative
gold nanorod is shown in Figure 2a, which can be described by
length (L) and diameter (D) while the mesoporous silica shell
is defined by the average conformal thickness, T. Typically, the
accurate evaluation of T via SEM becomes challenging for
coatings thinner than 10 nm. For the very thinnest silica-coated
samples (T & 7 nm), we therefore report the average thickness
as characterized by ensemble TEM measurements. Completely
bare (T = 0 nm) results reflect average values obtained from
measurements of 12 different CTAB-coated nanorods.

The experimental four-photon photoemission (4PPE)
dependence on wavelength is shown in Figure 2b for light
polarized along the nanorod longitudinal axis and at the peak
pulse intensity I = 1.5 GW/cm® The dependence of the SPR
energy, hvg, on T and the aspect ratio, L/D, has been
calculated via a finite element simulation (SI Section 6), as
summarized in Figure 2c. Measured versus predicted SPR
positions are in excellent agreement, which the simulations
reveal to be due to systematic SPR red-shifts arisin% from
increase in average refractive index of the environment™ with
thicker silica coatings. Logarithmic plots of the intensity
dependence measurements for mesoporous silica coated
nanorods with different values of T are shown in Figure 2d,
which reveal a power law dependence® nPPE = o,(T)I" that
demonstrates a purely four-photon behavior (n ~ 4) for the
present studies, with y-intercept offsets confirming that
nanorods with thicker coatings require higher intensities to
maintain similar photoemission rates. Notably, input intensities
larger than 1.5 GW/cm?* augmented by >1000-fold plasmonic
intensity enhancements (Figure S7) can approach the optical
dielectric breakdown threshold for silica, which is around 10*
GW/cm? based on previous work.’"** As characterized via
MPPE intensity dependence (e.g., Figure 2d) for each nanorod
and otherwise stable signals in time, such effects were not
observed in the present perturbative studies with T < 20 nm.
For larger coating thicknesses, the high-input intensities
required for sufficient photoemission signals (compensating
for attenuation in the silica coatings) may, however, lead to
additional strong-field effects and dielectric breakdown physics.

Our primary objective is to systematically quantify the
decrease in the n-photon photoemissivity, o¢,(T), with
increasing T and to help elucidate the photoelectron
transmission mechanisms. For further insight into these
dynamics, the transmission efficiency (6,(T)/6,(0), where n
= 4) obtained from dense and mesoporous silica nanorods
with coatings of varying thickness are summarized in Figure 3a.
Increasing T has a dramatic impact on the transmission
efficiency, "which decreases by at least six orders of magnitude
between T = 0 and 20 nm. Most importantly, the T-dependent
behaviors and overall photoemission efliciencies for dense
versus mesoporous silica coatings are notably different (e.g., by
two orders of magnitude at T = 15 nm), indicating the
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Figure 2. Single nanorod photoemission (PE) characterization. (a)
SEM micrograph of a single mesoporous silica coated gold nanorod
deposited on ITO. The geometry is described by L, D, and T (81, 25,
and 20 nm here, respectively). (b) Corresponding photoemission
spectrum (squares, SPIM measurements; solid line, nonlinear
Lorentzian fit) of the representative nanorod, which exhibits a
resonance at hvy (dashed line). (c) Resonance position as a function
of the silica shell thickness T. The value obtained in Figure 2b (see
the blue point on the dashed line at T = 20 nm, 1.63 eV) is reported
alongside experimental data from representative nanorods with L/D =
3.5, 4, 45, and S (triangles, circles, diamonds, and pentagons,
respectively). Photoemission maxima were predicted by calculating
the absorption resonance position for D = 20 nm nanorods of
different aspect ratios (solid lines). (d) Photoemission rates of four
mesoporous silica coatednanorods with T = 7, 12, 16, and 20 nm
(circles, diamonds, triangles, and squares, respectively) optically
excited at the SPR with various pulse peak intensities, I, are
reproduced well by a simple power law PE = ¢,I* (solid lines).

presence of fundamentally different photoelectron transmission
mechanisms.

Before proceeding to examine each coating type, we note the
influence of the silica coating on the SPR photon energy
(Figure 2c), which also indirectly impacts the excess
photoelectron kinetic energies (AE,) following nPPE. In
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Figure 3. Photoemission dependence on the coating thickness. (a)
Transmission efficiency, 6,(T)/0,(0), of mesoporous silica coated
nanorods (open circles) with a range of coating thicknesses. The
decreased efficiency with the coating thickness is quantitatively
reproduced through a geometric model, with a pore size of L = 3.8 nm
and a porosity P = 0.49 + 0.05 (error bounds are represented by the
light blue-shaded area). The value at T = 0 (solid square) is the
average of 12 CTAB nanorods and corresponds to a four-photon
photoemissivity of ¢, = 1072 ¢ /s/(W/cm?).* The transmission
efficiency of dense-silica coated nanorods (solid triangles) is fit by an
exponential function with an attenuation length of 1.0 + 0.2 nm (blue
line). (b) Transmission efficiency, 6,(T)/0,(0), of gold films covered
with dense silica (squares). The coating effect is fit by an exponential
with an attenuation length of 0.94 + 0.15 nm (line). All vertical error
bars represent standard errors of the least-squares intensity-depend-
ence fits. Horizontal error bars represent the uncertainty in the SEM-
measured coating thicknesses (nanorods) or the surface roughness
(films; SI Section 7). (c) Energy diagram (occupied states are
colored) of a silica-coated nanorod on an ITO substrate.

general, the photoemission yield is dependent on the square of
the excess energy, as described via the Fowler theory*® nPPE o
AE,? = (nhvg — ¢(T))> This expression also accounts for a
thickness-dependent work function, ¢(T) = 4.8—5.7 eV, which
is present due to stronger charging effects associated with
thicker coatings (see Figure S2). Each of these excess-energy-
dependent effects are relatively minor (corrections of order
unity) over the energy range studied here but are nevertheless
corrected for in the Figure 3a data (see Figure S3). We also
note that correlated SEM micrographs unambiguously confirm
the avoidance of particle melting in all of these photoemission
studies. The deformation threshold for similar mesoporous
silica coated nanorods is greater than the maximum fluences
utilized in the present studies (3 mJ/ cm?).>*

We now focus on the transmission dynamics of the dense
silica nanorods for which the 4PPE photoemissivity (Figure
3a) can be seen to drop single exponentially with the coating
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thickness, with an effective attenuation length of g, = 1.0 +

0.2 nm for electrons traveling through the silica conduction
band. To preclude any kinetic energy-dependent effects
described above, these o, values were measured at a constant
excess kinetic energy of AE, ~ 1.2 eV. Quantitatively identical
behavior was found for 2PPE photoemissivity of gold films
coated with dense silica of various thicknesses (SI Section 7),
which also exhibit pure exponential decay with the same
attenuation length Ago, = 0.94 £0.15 nm (see Figure 3b). To

ensure the most accurate comparison with the 4PPE nanorod
results, the 2PPE gold film measurements were also performed
with an identical two-photon excess energy, AE, =~ 1.2 eV (i.e,,
measured coated gold film work functions of 4.8 eV and optical
excitation energy of 3 eV). Finally, the 1/e attenuation lengths
measured for dense-silica-coated gold films and nanorods are
also consistent with previous 1PPE studies on gold
nanostructures embedded in dense silica, which report Agn,
= 1.18 + 0.20 nm for similar excess energies (AE, ~ 1.35 V)
and attribute this short attenuation length to strong scatterin§
with phonon modes of the SiO, bridging oxygen network.”
Such quantitative agreement indicates that the nPPE escape
probability is independent of the process order n, at least for
low-energy electrons, offering more general insight into
electron transmission dynamics through nanoscale silica
coatings.

The overall impact of dense silica films on photoemission
escape is illustrated schematically in the energy diagram of
Figure 3c for a silica-coated gold nanorod with a work function
of ¢(T) = 4.8 eV (Figure S2). The nanorod is surrounded by a
dense silica barrier (9.1 €V bandgap; 0.8 €V electron affinity)*°
and is supported by the ITO substrate (work function ~4.4
eV).>”*® Optical excitation of the SPR induces a strong electric
field enhancement within the volume and at the surface of the
nanorods,”° producing high densities of hot electrons that are
injected into the empty conduction band of the silica. These
hot electrons then travel ballistically through the conduction
band with an effective attenuation length,Ag;o, , losing energy

primarily via electron—phonon scattering.”> The hot electrons
that reach the silica—vacuum interface with sufficient surface-
normal momentum to escape over the barrier are emitted into
free space. Note that the silica does not serve as a tunnel
barrier here.

In contrast with dense silica, electron transmission through
mesoporous silica can additionally occur via free-space
propagation through randomly aligned pores. As a result, the
mesoporous silica transmission efliciency is always greater than
that of dense silica (seen in Figure 3a). Furthermore,
mesoporous silica also exhibits a nonsingle-exponential
behavior with the coating thickness and significantly deviates
from the dense silica results at large values of T. This indicates
that modeling photoelectron transport through mesoporous
silica coatings with a single medium-averaged attenuation
length would not reliably capture the transmission dynamics, as
shown in Figure S10. Instead, and as described in detail below,
we find that transmission through mesoporous silica within the
volume and at the with a simple geometric model, which
indeed can recapitulate the experimental results with
quantitative accuracy (reduced y* = 1.1; see residuals in
Figure S10). Furthermore, this geometric model is charac-
terized by only two physically motivated or constrained
parameters. The first is the average pore size, which is fixed at
3.8 nm based on previous investigations.36 Direct comparison
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with this work is possible as our synthesis protocol is based on
the same surfactant (CTAB), which defines the pore size. The
second is the silica porosity, P, specifically the volumetric pore-
to-bulk silica fraction, which serves as the single fit parameter
and is 0.49 + 0.05. It is worth noting that this is consistent
within the uncertainty with the porosity value of 0.54 extracted
from classic Brunauer—Emmett—Teller methods for surface
area measurements of similar mesoporous silica coated
nanorods.”® We also note that residual organics likely remain
in the pores®” despite repeated centrifugation and redispersion
of the nanorods in various solvents (SI Section 2). Inelastic
scattering and electron trapping by these disordered organic
molecules may further reduce the transmission efliciencies
through the mesoporous silica coatings, although the
significant increase in transmission through the mesoporous
versus dense silica and good agreement with the vacuum pore
model suggest such scattering effects are weak (ie, with
effective attenuation lengths > Ao, = 1 nm).

We interpret the thickness-dependent photocurrent attenu-
ation of the mesoporous silica with the help of a disordered
pore model, which is illustrated in Figure 4. For simplicity, the
pores are treated as randomly distributed cubic elements

TOP VIEW SIDE VIEW
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Figure 4. Geometric model of photoelectron transmission through
randomly aligned pores. (a) Illustration of a mesoporous silica
nanorod with T = L. The top view of the 20 X 20 nm? gold surface is
coated with mesoporous silica, T = 3.8 nm. Cubic pores of edge
length L = 3.8 nm cover a portion of Au equal to the porosity P =
0.49. The side view along the dashed line shows photoelectrons (red)
constrained by a channel of width L. (b) The introduction of a second
layer of mesoporous silica reduces the visible gold area to P* = 0.24,
narrowing the emission angle. (c) A third layer of mesoporous silica
narrows the uncoated gold area to P* = 0.12, illustrating how random
organization leads to a rapid reduction of the aperture (horizontal
arrows) with T.
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(cylindrical in Figure S4) of dimension L arranged in
overlapping sheets, forming N = T/L complete layers of
mesoporous silica. This is a simplified representation of the
interweaving porous structure that nonetheless serves to
capture the essential geometric features for the electron
transmission dynamics. We initially approximate the silica as
nontransmissive, blocking any incident electrons from
escaping. The simplest N = 1 case (T = L) is considered in
Figure 4a, where the cubic pores are assumed to take on
random coordinates consistent with a bulk porosity P and the
absence of long-range order observed in X-ray diffraction
experiments on similar mesoporous silica nanorods.*® The top
view of a 20 X 20 nm” flat gold area is covered in mesoporous
silica with pores of L = 3.8 nm and a porosity of P = 0.49. Such
a geometry limits the visible gold surface (yellow),
corresponding to a decrease in the uncoated gold photo-
emissivity, 6,(0), by a factor P. A side-view slice of the system
is also shown in Figure 4a, where the photoelectrons emitted
from the gold surface are constrained by the silica sidewalls. If
we approximate the photoemission from the gold surface to be
independent of emission angle, the yield may be quantified
through the solid angle subtended by the square area of side L
as follows:

LZ

Q=4sin_1 T2 v
(L* + 4T%)

(1)

It is worth noting that the photoemission rates predicted
with eq 1 prove to be quite insensitive to moving the
photoemission origin to any other point on the gold surface
within the pore, as demonstrated in Figure S4. Furthermore,
the approximation of uniform emission (compared, for
instance, with a Lambertian-type cos(f) emission distribution
with respect to the surface normal*®) introduces negligible
error (Figure S4). The n-photon photoemissivity for thin
coatings (T < L) is given by

L2
(L* + 4T

-1

(T, P)

T<L

sin

4
= Gn,barepg
(2)

Note that this expression goes to o,,..P in the T — 0 limit
rather than to o,;,. due to the approximation of perfectly
nontransmissive silica. However, this will be corrected below
by accounting for the short but finite effective attenuation
length in the silica regions.

The geometric configurations for additional pore layers (N =
2-3) are shown in Figure 4b and c. The side views show that
some of the pores form vertical channels of width L, but their
disorder positioning introduces boundaries limiting the
transmission. The effect of multiple disordered pore layers
can be accounted for via a reduction in the solid angle
accessing the average exposed gold area, as seen from the top
view. In the top views, the fraction of area with active gold
changes by a factor P per added layer, becoming P* and P* with
the introduction of the second and third layers, respectively.
Statistically, the overlap of pores with a square section 1? yields
a visible gold square of area L?P"/L.

Extending this treatment to take the effects of multiple
disordered layers into account, we can generalize the
photoemissivity of eq 2 to

LZPT/L

Gn(Ti P) =0 LZPT/L + 4T2

,bare

2 . _
P(1+T/L)_Sin 1
T

3)
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Due to its geometric nature, eq 3 is independent of the
multiphoton excitation process and remains valid for all
process orders. For T > L, eq 3 can be approximated as

1 LZP(1+2T/L)

o(T, P X O
n( ) ) n,barezﬂ_ T2

T>L

(4)

which predicts a rapid decay with T (since P < 1). Remarkably,
the model predictions are essentially independent of the choice
of pore geometry, as explicitly demonstrated in Figure S4. For
small thicknesses (T < 2 nm), eq 3 does not adequately
describe the phenomenon, as transport through the dense silica
(with Ago, & 1 nm) becomes appreciable. Therefore, a more

complete analytical expression for the photoemissivity of
mesoporous-silica nanorods is instead found by summing the
two contributions (plotted separately in Figure S5),

Gia(T) P) = 0,(T, P) + 0,(T, 1 = P)e™"/"ss (%)
Least-squares fitting yields a porosity of P = 0.49 =+ 0.05, which
is in excellent agreement with previous estimates.”> Notably,
the two terms of eq S describe vacuum-only and silica-only
emission channels. Hybrid routes (e.g, alternating vacuum—
silica—vacuum) were explored via numerical modeling, as
shown in Figure S6, and were found to be negligible due to a
combination of the 1 nm effective mean free path in silica and
the significant angle-dependent quantum reflectance at each
interface including, for instance, escape cone effects.

In addition to uniform silica coatings, we can also monitor
the angular distributions of photoelectrons emitted through
nonuniform coatings via momentum-resolved 2D VML*® A
selection of SEM micrographs are presented in Figure 5 along
with their corresponding photoelectron velocity maps. For a
uniform mesoporous silica coating (Figure Sa), the corre-
sponding VMI appears nearly isotropic with respect to the
azimuthal angle. This is different from recent results with
CTAB-coated gold nanorods® due to the larger surface/
volume field ratio promoted by the silica coating, as discussed
in Figure S7.

As a final demonstration to highlight possibilities for
nanoscale angular and spatial photocurrent control and design,
we investigate several nanorods with random defects (thinner
regions) evident in their coatings. Two such nanorods are
shown in Figure Sb and ¢ SEMs, with corresponding VMIs
demonstrating highly directional emission that is distinctly
aligned with physical defects in the silica coatings (see Figure
S8). Based on an average shell thickness, their transmission
efficiency results are respectively 4.5 and 7.5X larger than our
findings for uniformly coated rods (see Figure S9). Thus, while
the effect of the silica coatings is quantified statistically in
Figure 3 for many different uniformly coated nanorods, it is
also directly visualized in Figure S for individual nanorods with
nonuniform coatings. While random defects in the silica-coated
nanorods have been examined herein with correlated SEM and
VMI capabilities to demonstrate such effects, the results are in
fact relevant to actual device applications, with designer
anisotropic nanoparticle coatings already being demonstrated
to be a well-developed technology.‘“’59 Thus, these results
illustrate new and realistic opportunities for directionally
tailoring photocurrents in nanocathode, nanoelectronic, photo-
voltaic, and photocatalytic hot carrier applications.

In conclusion, photoemission from resonantly excited gold
nanorods has been characterized for dense and mesoporous
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Figure 5. SEM micrographs of single mesoporous silica coated
nanorods (scale bars are 20 nm) and associated photoelectron
velocity maps. (a) The uniform coating of the nanorod from Figure 2a
leads to nearly isotropic photoemission. (b and c) Random defect
regions with thinner coatings enhance the photoelectron transmission
along the corresponding direction (red arrows).

silica coatings of different thicknesses. Dense silica coatings
exhibit an exponential drop in the transmission efliciency with
the increasing thickness, with the ~1 nm attenuation length
yielding a dramatic reduction in transmission compared with
bare nanorods, even for few-nanometer coatings. A less
dramatic (yet still considerable) nonexponential decay with
the mesoporous silica thickness is attributed to free-space
transmission of the photoelectrons through randomly aligned
nanoscopic pores, as elucidated via simple geometric modeling
with excellent quantitative agreement. Either mesoporous or
dense silica coating strategies may be utilized to regulate or
essentially block hot carrier transfer or emission to prevent
unwanted chemical transformations in surface- or tip-enhanced
Raman spectroscopy studies””®” or to distinguish between hot
carrier and thermal effects in plasmonic catalysts. Furthermore,
preliminary angle-resolved photoemission studies of nanorods
with random defects in the mesoporous silica coatings have
been used to demonstrate directional photocurrent distribu-
tions systematically aligned with the thinner coating defect
regions. Dielectric coatings may thus be tailored for nanoscale
site-selective catalysis or to enhance photoemission direction-
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ality in emerging plasmonic nanocathode and nanoelectronics
applications.
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