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Modulation of Cathodoluminescence by Surface Plasmons

in Silver Nanowires

Amelia C. Y. Liu,* Timothy J. Davis,* Toon Coenen, Sangeetha Hari,
Lenard M. Voortman, Zhou Xu, Gangcheng Yuan, Patrycja M. Ballard,

Alison M. Funston, and Joanne Etheridge

The waveguide modes in chemically-grown silver nanowires on silicon nitride
substrates are observed using spectrally- and spatially-resolved cathodo-
luminescence (CL) excited by high-energy electrons in a scanning electron
microscope. The presence of a long-range, travelling surface plasmon mode
modulates the coupling efficiency of the incident electron energy into the
nanowires, which is observed as oscillations in the measured CL with the
point of excitation by the focused electron beam. The experimental data are
modeled using the theory of surface plasmon polariton modes in cylindrical
metal waveguides, enabling the complex mode wavenumbers and excitation
strength of the long-range surface plasmon mode to be extracted. The experi-

applications, from sensing, trapping, and
tweezing, to communications and sign-
aling, and to lasers and optical displays.F!
Nanoplasmonics, in particular, offers a
route for controlling light at length scales
below the optical diffraction limit.! These
materials consist of nanoscale metallic or
dielectric structures that trap light at a sur-
face or interface. This trapped light may
propagate as a surface plasmon-polariton
(SPP) or charge density wave, until it is
scattered at a discontinuity in refractive

ments yield insight into the energy transfer mechanisms between fast elec-
trons and coherent oscillations in surface charge density in metal nanowires
and the relative amplitudes of the radiative processes excited in the wire by

the electron.

1. Introduction

Nanophotonic materials are a unique way to modify the color,!!
amplitude and phase,?! polarization,l’! direction, and spatial
distribution of light.) These materials have a large number of

index to the far-field as light. In confined
structures, the SPP may form a localized
surface plasmon resononance (LSPR)
and radiate light with energies and direc-
tions that reflect the size and symmetry of
the nanostructure.

Understanding how these nanoscale
materials harness and radiate light is
critical to tailoring their properties for particular applications.
Focused high-energy electron beams in the scanning/trans-
mission electron microscope (S/TEM) and scanning electron
microscope (SEM) offer unique potential capability to charac-
terize these materials at their natural length scale due to the
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truly nanoscale, local nature of excitation with the focused elec-
tron beam and the broadband nature of electron excitation.”~!

Electron energy loss spectroscopy (EELS) in the S/TEM is
an extremely valuable technique for studying the excitation of
SPPs in metal nanostructures. Fast electrons that are trans-
mitted near or through the metal surface lose energy by several
processes13] one of which is the excitation of SPPs or LSPRs.
The probability of electron energy loss to surface plasmon
excitations is spatially modulated as observed by scanning the
focused electron beam across the nanostructure. This modu-
lated EELS probability is directly related to the optical local den-
sity of states!™ projected along the electron beam direction.'1
This interpretation has facilitated understanding of LSPRs in
2D metal plates,['®l 3D nanoparticles,[”? and 1D metal wires18-22
and travelling SPPs in longer wires.?3l EELS of wires has meas-
ured SPP dispersion curves and studied SPP propagation in
more complex wire geometries.[20-22:23]

The interaction of the electron beam with a metallic nano-
structure also can result in light emission, known as cathodo-
luminescence (CL), which can be collected in a S/TEM or
SEM.1 The passage of a fast electron across a dielectric inter-
face, such as the vacuum-metal boundary, results in the emis-
sion of light,'>13 known as transition radiation, that arises from
the rapid change in the induced electric polarization in the
medium.?¥ This transition radiation, arising from the instan-
taneous formation of an electric dipole perpendicular to the
boundary and direct emission into free space, is the dominant
source of cathodoluminescence in fast electron bombardment
of smooth, planar metal surfaces. The electric dipole can also
launch SPPs that propagate away from the excitation position./
For a perfect, planar surface, these oscillations will be non-radi-
ating, but for thin foils, rough films, and confined geometries
the SPPs may produce radiation.[?>3% These forms of coherent
CL are also spatially modulated with beam position, explained
by an association with the radiative component of the optical or
electromagnetic local density of states (LDOS) projected along
the electron beam direction.l'3U This association also explains
the asymmetric CL lineshapes and resonance energy shifts with
respect to EELS,?"3 a common phenomenon for far and near-
field peaks from damped harmonic oscillators.*?]

In general, the interpretation of EELS and CL data from
plasmonic structures relies upon this LDOS interpretation and
simple phenomenological wave models (for example the Faby—
Pérot resonators, 202134 wave interferencel?>%)) or simulation
using the boundary element or finite-difference time domain
methods to solve Maxwell’s equations locally (metallic nano-
particle boundary element method packagel*¢=# or commer-
cial solvers). These approaches can extract some parameters
of interest (for example, complex SPP wavevector) and explain
the appearance of spectra, but obscure many details of the fast
electron interaction, excitation of different processes and subse-
quent emission of light. Here we develop an analytical electro-
magnetic model for CL emission from a nanowire with a long-
range SPP mode. We test our model against two CL measure-
ments conducted in an SEM: one that measures the spectrally-
resolved total CL at different excitation positions and one that
spatially resolves the CL emission at different excitation posi-
tions. Our model matches both CL measurements extremely
well, and considerably advances understanding of the physics
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of excitation with an electron beam and competition between
different radiative processes. Moreover, this approach can be
used to measure many parameters of interest, such as the com-
plex SPP wavevector and the relative excitation amplitude and
phase relationship of the long-range SPP compared to radiant
processes at the excitation point.

The geometry of the two different CL measurements in
SEMs is displayed in Figure 1. In the first, more conven-
tional, spectrally-resolved CL measurement (Figure 1a), the CL
emitted into the upper hemisphere is collected by a parabolic
mirror and then focused before being fiber-optically coupled
to a spectrometer. CL spectra are collected at different electron
probe excitation points as the beam is raster-scanned along
the wire.’*" In the second, spatially-resolved CL measure-
ment shown in Figure 1b, the CL emitted by the nanostructure
is collected through a transparent substrate (silicon nitride
membrane on a silicon support on a glass coverslip) by a high-
numerical aperture optical microscope in epi-fluorescence
configuration, resolving the position and relative magnitudes
of any light emitted due to excitation by the electron probe at
different points along the wire. This method was developed for
correlative optical-electron imaging of biological structures,*"!
but here we apply it to light emission from plasmonic nanoma-
terials. The spatial resolution of the spectrally-resolved meas-
urement is limited by the extent of the evanescent field of the
electron beam, =20-30 nm for 30 keV electrons.?l The reso-
lution of the spatially-resolved CL measurement is limited by
the microscope objective numerical aperture and the size of the
camera pixels, giving a full-width spot size for a point emitter
of approximately 1000 nm. In both CL experiments we studied
chemically grown penta-twinned silver nanowires’! with diam-
eters of =80 nm and lengths that ranged from 2-15 um. These
wires were deposited on 50 nm thick silicon nitride mem-
branes from ethanol solutions. An SEM image of a typical,
nicely isolated, silver nanowire is displayed in Figure le. See
Experimental Section for further information.

2. Results and Discussion

The spectrally-resolved CL is modulated as a function of probe
position, having a maximum near the end of the wire, and then
undergoing decaying oscillations as a function of increasing
distance from the end as we see in Figure 2a and intensity
profiles of Figure 2a at constant freespace wavelength (in Sup-
porting Information). The period of these oscillations is approx-
imately a factor of two smaller than the free-space wavelength,
similar to observations of oscillations in EELS intensity from
nanowires,?334 and also CL from strip antennas, groove reso-
nators, and gratings fabricated in metal films.?>442 Figure 2c—f
shows parameters extracted from fits to this data employing
our model (detailed below and in the Supporting Information)
and Figure 2b displays simulated CL using this model.

The spatially-resolved CL measurements (for example the
image series in Figure 3a—d and Movie S1, Supporting Infor-
mation) demonstrate strikingly the different radiant processes
excited by the electron beam. We observe strong light emission
from the point of impact of the electron beam and light emis-
sion from the ends of the nanowires that increases in intensity
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Figure 1. SEM-based methods for measuring cathodoluminescence (CL) from silver nanowires on a silicon nitride (SiN) substrate and the interaction
mechanisms. a) The spectrally-resolved CL employs a parabolic mirror to collect the emitted light and direct it to a spectrometer. b) The spatially-
resolved CL images the CL emission with an optical microscope; note the spatial resolution in (a) is limited by the electric field of the probe, while
in (b) the spatial resolution is limited by the optical microscope and camera. c) The evanescent electric field from the incident, fast electron induces
electric charges in the metal that result in the emission of CL as well as the formation of a propagating surface plasmon. d) The surface plasmon
induced in the nanowire forms a standing wave, the electric field of which interacts back on the electron, modifying the CL radiation. e) SEM image

of a typical nanowire.

as the electron beam approaches each respective end. The size
of these emission spots is 1000-1100 nm (full-width), consistent
with the optical diffraction limit and the pixel size (110 nm).
The emission at the electron beam position is predominantly
due to coherent CL from the wire, with a small component
due to coherent and incoherent CL from the silicon nitride
membranel® and incoherent CL from the glass coverslip that
we consider a constant background (Experimental Section and
Supporting Information).

The light emission detected from the ends of the wires is
a sign of SPP excitation and propagation in the nanowire and
light coupling to the far-field at the wire ends. This emission
is a factor of approximately one hundred fainter than the CL
emitted from the point of excitation, but increases as the point
of excitation approaches the end of the wire and damping
decreases. We plot the CL intensity at the excitation position
and at the ends of the wire, as a function of excitation position,
2, in Figure 3e f, respectively. The CL at the point of excitation is
constant at most probe positions, except for a marked increase
close to the wire ends. The CL from the long-range SPP mode
that scatters to the far field at z = £L/2 shows a damping
behavior consistent with an appreciable imaginary component
of the SPP wavevector (k,), especially for smaller wavelengths.
Experiments employing optical excitation at one end of a wire
with a travelling SPP, also observe propagation, damping, and
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344-48] and sometimes oscillations

[34,46,48]

emission at the other end!
with free-space wavelength of the scattered light.

2.1. Interaction Model

To understand the spectral and spatial modulation of CL emis-
sion as a function of excitation position and wavelength, we
develop a simplified model of the interaction between the inci-
dent electron and the electric fields induced in the nanowire.
The complete model derivation is given in the Supporting
Information, with main points summarized here.

The fast electron (here represented by a current density
Je) loses energy (u) by doing work against an induced electric
field E (Figure 1c), with the rate of energy loss in a volume
V given by,*]

=Ly
u—zf]e EdV 1

In the CL experiment, E arises from the redistribution of
electric charge in the metal wire, induced by the field of the
approaching electron. This charge redistribution can be repre-
sented mathematically by a linear combination of orthogonal
electromagnetic modes within the wires that are associated
with surface charges and electromagnetic fields extending
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Figure 2. Spectrally-resolved CL data as a function of probe position, z, for a nanowire with length, L = 4.22 um. a) Measured distribution. b) Simu-
lated distribution using the interpolated parameter values (shown in (c—f)) from the model fits (Equation (7)). c—f) Average fitted parameters from
fits to the intensity profiles of five wires using the model in Equation (7). The error bars indicate standard errors. Polynomial functions that smoothly
interpolate the fitted parameters are overlaid as a solid line. These interpolated values are used to simulate the spectrally-resolved CL as shown in (b).

outside the wire. In this regard we consider these as SPP
modes. The lowest order waveguide mode is the long-range
SPP mode that can travel to the ends of the wire, reflect, and
return to the point of excitation. We use Equation (1) to derive
the amplitude of the source for exciting SPP waves with an
electron (see Supporting Information). This source term (intro-
duced in Equation (3) below) is modulated by the electric field
of the reflected long-range SPP mode, giving rise to the oscilla-
tions observed in the spectrally-resolved CL.

We model our wires as metal cylinders or cylindrical wave-
guides as their diameter is much smaller than the surface
plasmon wavelength. The electric and magnetic fields from sur-
face plasmon modes along these wires have been derived pre-
viously>*! with eigenvalue solutions being the wavenumbers
k, of the modes along the length of the wire with permittivity
&n- All but the n = 0 mode is very lossy for the dimensions of
wires we investigate. This is a transverse magnetic (TM) mode
where only the radial E(r, z) and longitudinal E,(r, z) compo-
nents of the electric field are non-zero. In Figure 4a we show
the theoretical dispersion relationship for this n = 0 mode.l%>!
Figure 4b illustrates the radial, longitudinal, and azimuthal
co-ordinates (r, z, ¢) and Figure 4c shows the magnitude of the
calculated radial and longitudinal electric fields and azimuthal
magnetic field in the wire cross-section.

For a wire of very small radius a, the longitudinal mode is
approximately constant over the cross section whereas the
radial mode varies linearly with r. For the 1D case suggested

Small 2023, 2207747 2207747 (4 of 9)

by this excitation geometry, we average the field over the wire
cross section to remove the dependence on r, giving the approx-
imate solution for the electric field at longitudinal position and
time, (z, t), as

E(z,t) = Eo (2 —ixr)e™ ™" o

Here, E, is an amplitude and the radial component depends
on k= k,a/3 which changes sign with the direction of propaga-
tion k,.

The SPP waves are excited by the electron incident at posi-
tion z, along the wire and propagate away from this point. The
solution to the 1D wave equation in the presence of a source is

ikz|z—zo|

G)
Here E(z, z) is the electric field at z for an excitation posi-
tion of z,. E. are the amplitudes for the forward and back-
ward propagating waves, respectively and S, is the source
amplitude that may have a sign or a phase that depends on
the direction of propagation away from the point of impact.
This equation can be used to model the electric field at the
wire ends (z = +L/2, where L is the wire length) or at the
point of excitation z = z; as a function of excitation point,
2o. These modeled distributions can be compared directly
to the measured spectrally and spatially-resolved CL from
SEM experiments.

E(z,2,) = E,(z—ixr)e™® + E_(z+ikr)e ™ + S, (2 + Fikr)e

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. Spatially-resolved CL as a function of probe position, zy. a-d) Optical images (long-pass filter admitting light above 458 nm) from the spatially-
resolved CL measurements with the SEM image of the silver nanowire overlaid. Note that a log scale is employed to highlight faint emission from the
ends of the wire. e) CL emitted at the excitation position, z,, as a function of z,. f) CL emitted at the ends of the wire (z=1L/2) as a function of z;. This
CL arises from long-range SPP generation, propagation and scattering to the far-field. In (e) and (f) the CL is divided by 1000 for ease of comparison
between the curves and the data are displayed with simulated results overlaid as solid lines, and using the standard deviation of the intensity as error
bars. Note in (f) the darker blue symbols and dark yellow line is from the left end of the wire, while the lighter symbols and line corresponds to the CL
from the right end. The simulated curves employed parameters derived from fitting the spectrally-resolved measurements with our model.

We employ boundary conditions at the ends of the wire to
determine the amplitudes E. and the probable symmetry in the
excitation amplitudes S, = —S_ = Sy(zo) to write the SPP field in
the wire in the form

2iS,(zo)e™"
E..(z,2))=——"——
PP( 0) ekl _ 2

+x (et coskz(z—zo)—RCOSkz(Z+Zo))f]

[(R sink, (z+2z,)—e™" sink, (z—2, )) 2

+So (2o )™ (2 —ikF)
(4)

where the + sign is used for z > z; and the — sign for when z < z,.
R is a reflection coefficient that naturally comes from the appli-
cation of the boundary conditions (Supporting Information).

We employ Equation (1) which is the starting point for
deriving Poynting’s theorem and the orthogonality relationship
between the radial electric field and the azimuthal magnetic field
to derive an expression for the source amplitude as shown below

®)

2t (e”‘zL —Rcos 2k,zo) .
ol _ p2

So(20) = —is, [
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sp arises from a group of constant factors and is employed as
a fixed parameter to scale the model to the experimental data
during fitting.

This expression for the source amplitude oscillates with 2k,z,
(Equation (5)) illuminating the underlying physics of SPP exci-
tation with energetic electrons and consequent light emission.
The electron beam excites both coherent processes at the posi-
tion of excitation and a long-range zeroth-order travelling SPP.
The long-range SPP travels to the wire ends, where it partially
reflects and transmits, causing light emission as it scatters to the
far-field. The reflected wave modifies the induced electric field at
the point of excitation (Figure 1d), giving rise to oscillations in
So(zo) that in turn modulate the excitation of both the emission
processes at z, and at z =*L/2. This effect is similar to the modi-
fication of atomic fluorescence due to the presence of a reflecting
surface.’>>4 Such effects are well-known in waveguides where
the strength of the excitation of a waveguide mode depends on
the impedance at the excitation position. This interpretation is
also fully consistent with the identification of CL with the radia-
tive LDOS,1®3133 but in our derivation, the modulation of the
source term has arisen naturally from a solution to the 1D wave
equation to describe the electric field along the wire.

© 2023 The Authors. Small published by Wiley-VCH GmbH

95UB017 SUOLULLOD 9AII.D 3[cedljdde au Aq peusenob afe o VO ‘85N JO Sa|nJ Joj Akeuqi8UIIUO A8]IA UO (SUONIPUOD-PUE-SWLBIALI0D" A 1M ATe.q [Bu [UO//SdY) SUONIPUOD PUe SIS 1 8L 89S *[£202/70/.LT] Uo ARIqIT auljuo AS|IM elfellsny aUeIyo0D feuolieN D8 WHN AQ 2202202 11WS/Z00T OT/10p/Lod"A8| 1w Ake.d1jpui|uo//sdny wouy papeojumod ‘0 ‘62895T9T



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Sl

www.small-journal.com

(@) wire rédi:;; i(nni;:;) (b) r elec;r:))sr:tiignnpact
900 60 nm
800 30 nm
il 20 nm

600 -
500 -
40047,
300 .
200

(©

SPP mode 0 wavelength (nm)

T T T T T
500 600 700 800 900

Free space wavelength (nm)

Figure 4. Long-range n =0 SPP modes in a silver nanowire. a) The dispersion relation for the n =0 SPP mode in a silver wire for different wire radius.
The solid lines are theory and the points are results from fits to the spectrally-resolved CL measurements employing our model. The light line is shown
as a dashed blue line. b) Radial (r), longitudinal (z), and azimuthal (¢) directions. c) The calculated magnitudes of the electric and magnetic fields in
the wire cross section. All these fields oscillate with distance z along the wire. The blue circles indicate the surface of the nanowire. Note that the E,

field oscillates 90° out of phase with respect to E, and By All other field components for the n = 0 SPP mode are zero.

To determine the emission at z = +L/2 from travelling SPPs,
we assume that the longitudinal components of the electric
field are responsible for the oscillating surface charge distribu-
tions at the wire ends that radiate light.

ESC1>I£> = (i—m){%{ESpp(L/2,20)—E5pp(—L/2,zo)]} (6)

where ¢, is the vacuum permittivity. Finally, the intensity Iy (2o)
of the CL radiation from the point of impact of the electron is
proportional to the total electric field distribution Er excited
in the wire at z,. Here Et includes all the processes discussed
above that are local solutions to Maxwell’'s equations, such as
transition radiation and SPPs that radiate due to the wire’s 3D
geometry (Movie S2 Supporting Information).'>3% However the
long-range SPP mode does not contribute to the CL at the point
of impact, since it is non-radiating, and needs to be subtracted.
We hypothesize that the radial component E- is the dominant
source of this radiation, giving this final expression for Ic;(zo):

Ier (20) o] E, (1= ve© r-Eqy (20, 20)) )

Here we account for an unknown magnitude v that rep-
resents the relative excitation probability of the long range
plasmon compared to the radiative processes at the point of
excitation and a phase offset, ©, between these two coherent
phenomena. We also omit the contribution from the CL at the
wire ends as our spatially-resolved measurements show that the
end-emission is orders of magnitude weaker than the CL from
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the point of impact, and we cannot resolve these contributions
in our spectral measurements.

Figure 2a shows the spectrally-resolved data for a L = 4.22
um silver wire. Figure 2c—f of the same figure display the aver-
aged parameters from fits employing Equation (7) to the CL
intensity profiles of five wires at 50 nm intervals in free-space
wavelength (see Experimental Details and Supporting Informa-
tion for example fits). These extracted values are reasonable.
We overlay the dispersion relationship that we obtain from
our fit on Figure 4a and find good agreement, validating ini-
tial assumptions about the cylindrical geometry. The imaginary
part of the SPP wavevector Figure 2d compares well to previous
measurements.'® The values of v Figure 2e correctly predict
the relative magnitude of the radiative processes we observe in
the spatially-resolved measurements.

Figure 2b shows a simulated spectral image as a func-
tion of probe excitation position using the average fitted para-
meters that have been interpolated with polynomials (solid
lines in Figure 2c—f. The simulation compares well to the data
in Figure 2a, but lacks noise and small features arising from
imperfections, as it employs averaged and smoothly interpo-
lated parameter values. The fits and simulations validate our
model of the spectrally-resolved CL data from the nanowire.
The simulated source modulation, CL emitted at the point of
excitation, and the CL emitted from the ends of the wire that
match the simulated distribution Figure 2b are shown in the
Supporting Information. The fact that our model provides
a general expression for the electric field at any point along
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the wire as a function of the excitation position, allowing us
to model separately the emission at z, and z = £L/2, is a dis-
tinct advantage. This allows us to directly model the spatially-
resolved measurements, as we now detail.

Figure 3a-d displays optical images from the spatially-
resolved CL measurements from a L = 8.46 um silver nanowire
with the SEM image of the wire overlaid. The optical images
were taken with a long-pass filter (>458 nm). To model the spa-
tially-resolved CL emission, we average the simulated CL from a
wire of this length at the excitation point and wire ends over the
spectral range transmitted by the filter and overlay these curves
in Figure 3e,f (with scaling factors and small offsets to coincide
more closely with the data, consistent with unknown detector
response). Again, there is striking agreement between the
simulated curves and the data, validating our physical model.
There are small modulations in the simulated curves that are
not present in the data. This discrepancy is due to the broad
and evanescent nature of the electromagnetic field produced by
a fast electron.? In our 1D model, we considered an ideal point
excitation. Modulations in the CL emitted at the point of excita-
tion and ends of the wire would be more prominent if a narrow
band-pass, rather than long-pass filter were employed.

3. Conclusion

We have derived a 1D electromagnetic model to describe the
electron-beam excitation of SPPs and emission of CL from a
silver nanowire that has one long-range SPP mode. Our model
produces a modulated source amplitude that represents the
ability to excite coherent radiative processes at different points
along the wire, given that the long-range SPP mode partially
reflects at the respective wire end, and influences the energy
loss of the electron at the point of excitation. The model cap-
tures the essential physics of the interaction between the elec-
tron and surface plasmon excitations in the wire and shows
strong agreement with both spectrally- and spatially-resolved
CL measurements in the SEM. It can be employed to extract
the complex SPP wavevector and also the relative excitation
probability and phase relationship of the different radiative
processes. Our work shows the unique potential for CL in
the SEM for obtaining quantitative measurements of nano-
plasmonic material parameters and understanding light
trapping, SPP excitation/propagation, and light emission in
nanowaveguides with more complex geometries and in hybrid
structures.[>>>¢]

4. Experimental Section

Materials: Ethylene glycol (anhydrous, >99.8%), polyvinylpyrrolidone
(PVP) (M,, = 55 000), and copper chloride di-hydrate (CuCl,-2H,0)
(> 99.99%) were purchased from Sigma-Aldrich. Silver nitrate (AgNO3)
(reagent grade) and ethanol (anhydrous, absolute) were purchased from
Merck. All chemicals were used without further purification. Ultrapure
water (milli-Q, 18 MQ) was used.

Synthesis: The silver wires were synthesized by modification of a
reported procedure.*% All solvents and solutions were initially degassed
by bubbling with nitrogen for 20 min prior to use. Degassed ethylene
glycol (5 mL) was heated at 152 °C for 1 h under a nitrogen atmosphere.
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A solution of CuCl,-2H,0 in ethylene glycol (0.004 m, 40 uL) was added
to the ethylene glycol at 152 °C and stirred for 15 min. Solutions of PVP
(0.147 m, 1.50 mL) and AgNO; (0.094 m, 1.50 mL) in ethylene glycol
were then added sequentially to the CuCl, solution. The solution was
stirred at 152 + 2 °C for 90 min. Upon addition of AgNOs the solution
changed from a clear solution to red/orange, then blue/green within
5 to 10 min. Following this, within 2-3 min, the solution turned gray
and cloudy/wispy. The dispersion was cooled to room temperature
and centrifuged at 3000 rpm for 20 min. The supernatant was removed and
the precipitate re-dispersed in ethanol. This washing procedure was
repeated twice. Samples were stored in ethanol.

The wires dispersed in ethanol were then deposited onto 50 nm
thick silicon nitride membranes (SIMPORE Precision Membrane
Technologies) for analysis in the scanning electron microscope (SEM).
SEM observation showed they had =80 nm diameters and lengths that
ranged from 1.5 to 15 um.

Cathodoluminescence: Spectrally-resolved cathodoluminescence (CL)
was performed in a Thermofisher Nova Nanosem 450 (30 keV, 1.6 nA).
The CL was collected using a Delmic SPARC system (Andor Shamrock
303i spectrometer, Andor iVac spectral camera, 200 ms dwell times).>"
Spikes due to cosmic rays were removed using a running box-car median
filter. The background from the substrate was subtracted and a system
response correction was applied employing the experimental transition
radiation spectrum from a gold single crystal specimen.[2"] Corrected
spectra were displayed in the Supporting Information. Fits to the total
CL intensity profiles as a function of probe position were conducted
at intervals of 50 nm in the free space wavelength using the model
described in this work (full derivation in the Supporting Information).
In the fit, there were twelve parameters. The following six parameters
were fixed: the free-space wavevector (in the reflection coefficient
R—see Supporting Information), wire diameter (a = 80 nm), vacuum
permittivity (&, = 1), permittivity of silver (&,—from tabulated values®),
source strength (sg), and a small quadratic term to account for electron
beam scan errors resulting in variation in radial impact parameter. The
following six parameters were varied: a linear offset and gradient, an
overall amplitude (E7), the complex SPP wavevector (k;), and the relative
amplitude and phase of the radiative processes (v and O, respectively).

Fits were conducted using the Markwardt-Levenberg algorithm
implemented in interactive data language.l’®® Examples of these fits for
different wavelengths overlaid on the data are shown in the Supporting
Information. The reduced y? defined as the sum of the squares of the
residuals divided by the degrees of freedom ranged from 0.2-0.5 for the ten
longest wavelengths, increasing to 1.5-2.0 for the two highest wavelengths,
where damping and fewer oscillations made the fit more challenging.

Spatially-resolved CL was performed in a Delmic SECOM installed
on a Thermo Fisher Verios 460 (30 keV, 1.6 nA).2% Here the silicon
nitride membrane on top of its silicon support was attached to a
conductive and transparent ITO-coated coverslip. Optical images
(300 ms acquisition time) at different electron probe beam excitation
points along the wire were collected using a bottom-mounted optical
microscope (40x air objective with a NA of 0.95). A Semrock filter
cube DA/FI/TR/Cy5-4X-A-000 was employed with a 458 nm long-
pass filter. Fluorescence images were used to find nanowires within
the silicon nitride window (see Supporting Information). Dark optical
images (Supporting Information) were acquired with the electron
beam blanked and subtracted from each image to remove light from
the electron emitter that could transmit through the electron column.
The CL from electron beam interactions with the silicon nitride support
was ten times smaller in magnitude than the CL emitted at the probe
excitation point on a wire (Supporting Information). The CL from the
glass coverslip was far from the optical focal plane (300 um) and would
give rise to a constant out-of-focus background. These constant sources
of background CL were not considered further as they would not vary as
a function of excitation position.

Pre-Processing: For the CL spectra, spikes and the background from
the substrate were subtracted before the system response function
correction was applied. A dark optical image was subtracted from the
spatially-resolved CL optical images.
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Data  Presentation: Averaged fitted parameters are shown in
Figure 2c—f with the standard error employed as error bars. Error bars
in the plot of spatially-resolved CL intensity in Figure 3e employed
the standard deviation from three independent Bézier curve profiles.
Error bars in Figure 3f show the standard deviation in the average CL
from a kernel of five pixels centered on the emission spot, assuming
Poisson statistics.

Sample Size: Fits were conducted on five (5) silver wires to determine
the parameter values displayed in Figure 2c—.

Statistical Methods:Data fits were conducted using the Markwardt—
Levenberg algorithm.[58!

Software: Interactive data language was employed for fitting. Image
J was used to extract intensities from the stack of spatially-resolved CL
optical images.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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