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ABSTRACT: Leveraging recent advances in electron energy
monochromation and aberration correction, we record the spatially
resolved infrared plasmon spectrum of individual tin-doped indium
oxide nanocrystals using electron energy-loss spectroscopy
(EELS). Both surface and bulk plasmon responses are measured
as a function of tin doping concentration from 1—10 atomic
percent. These results are compared to theoretical models, which
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elucidate the spectral detuning of the same surface plasmon - :

resonance feature when measured from aloof and penetrating s

probe geometries. We additionally demonstrate a unique approach a . . .

to retrieving the fundamental dielectric parameters of individual EELS Detector 400 600 800 1000 1200 1400
semiconductor nanocrystals via EELS. This method, devoid from Energy [meV]

ensemble averaging, illustrates the potential for electron-beam
ellipsometry measurements on materials that cannot be prepared in bulk form or as thin films.
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( :arrier doped semiconductor nanocrystals (NCs) are an by the lack of bright IR light sources and high quantum

emerging class of materials with tunable near-to-mid efficiency detectors. Nevertheless, when coupled to a
infrared (IR) optical responses that vary with dopant synchrotron radiation source, NSOM variants like synchrotron
concentration.'~” Similar to noble metals, doped semi- infrared nanospectroscopy (SINS) have been used to measure
conductors have sufficient free carrier densities (10'8—10* the IR plasmons in individual NCs"*™* and have found their
cm™) to produce localized surface plasmon (LSP) and bulk resonance energies and line widths to differ from ensemble
plasmon resonances.””'* In addition to greatly expanded IR values. The limited spectral range (~100—600 meV) of
tunability, doped NCs are also attractive because they offer IR SINS,” however, has precluded the characterization of NC
plasmonic responses at truly nanoscale dimensions, something responses over a wide range of plasmon energies.
that typically cannot be achieved in noble metal nanostruc- Recent advances in aberration correction and monochro-
tures. 519 Beyond these qualities, altering geometric proper- mation of scanning transmission electron microscopes

ties such as size, shape, and aggregation provides another route (STEMs) have driven the energy resolution of electron

to exert control over their spectrum.’’”>* Due to this ene_rigy—loss spectroscopy (EELS) as low as ~5 meV (40

versatility, NC materials are being harnessed for applications cm A)ré_eggabhng Fhe study of IR materials responses for the first

such as surface-enhanced infrared absorption,z‘?”24 molecular tlme: fDESplte these devel(}pments, lthere have been no

sensing, > medical therapeutics and imaging’®> photo- studies of the depend.ence o .NC plasmons on dopant

voltaics and photocatalysis®~>* among many others concentration at the single-particle level. Additionally, no
, .

Heterogeneity between NCs leads to spectral broadening of methods exist to retrieve the underlying dielectric parameters
. 35 . of individual NCs that give rise to IR plasmons. Herein, we use
plasmon resonances in ensemble measurements,”” making the . . )
NP . high-resolution monochromated STEM-EELS to characterize
study of individual NCs essential for the development and

application of IR plasmons.'®*° Studying the IR responses of

30,31

individual NCs, however, is limited by instrumentation Received: July 8, 2020
challenges. At these wavelengths, the diffraction limit is Revised:  August 31, 2020
much larger than the NCs themselves (21 pm versus <50 Published: September 1, 2020

nm, respectively), making dark field scattering’”*® and
interferometric methods®”*® ineffective. Alternatively, near-

field scanning optical microscopy (NSOM)*"** is hampered
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the broad-band spectral evolution of the surface and bulk
plasmons of individual tin-doped indium oxide (ITO) NCs by
controlling the relative number of free carriers per NC through
Sn** dopant concentration. Our results are combined with
theoretical modeling to extract the underlying material
parameters that give rise to this spectral tunability, thereby
informing the rational design of future NC-based plasmonic
materials with desired IR responses.

ITOs are a well-studied group of optoelectronic conductive
metal oxides that have been characterized as thin films and
substrates over the past several decades due to their dopant-
induced metallic behavior,*”*" and extensive dielectric data are
available.”' >* The plasmonic properties of various colloidal
ITO NCs have also been reported, but these have primarily
focused on ensemble 6propertie554_60 leaving few single particle
studies to date.’"®" Utilizing an established synthetic
strategy,”® we chemically grow ~20 nm diameter colloidal
NCs of ITO with Sn* dopant concentrations of 1, 2, 5, 7.5,
and 10 atomic percent, as well as an undoped In,O; NC
sample. Targeting this size avoids associated complications
encountered at larger and smaller sizes. For example, as NCs
increase in size their LSP resonances red-shift’>®’ and can
become buried in the zero-loss (elastic scattering) peak of the
EEL spectrum, while quantum confinement and spill-out
effects induce complex changes to the LSP energies for smaller
NCs.**"% These NCs have free carrier densities on the order
of 10°—10*" cm™, depending on the dopant concentra-
tion.”” >’

Figure la shows a representative TEM image of 10% ITO
NCs cast from bulk, displaying NC geometries ranging from
cuboid to spherical. To minimize interparticle and particle—
environment interactions in the STEM-EELS measurements,
dilute NC solutions are cast onto 5 nm thick amorphous SiN
grids. The NCs are then stripped of their native oleate ligands
by submerging the sample in an acetonitrile solution of
(Et;0)BFE,.°® Due to the sensitive nature of the LSP to particle
geometry, the high-angle annular darkfield (HAADF) images
(Figure 1b inset) are inspected for faceting and cornering and
to select only the most spherical NCs for measurement. While
cubic nanoparticles have spectrally distinct multipolar
LSPs,”~"" the splitting is less pronounced in spherical-cuboid
particles and may only effectively broaden the dipolar plasmon
resonance feature depending on the degree of edge and corner
formation (Supporting Information (SI)).

All EEL spectra are collected on an aberration corrected and
monochromated STEM operating at 60 kV with 20 mrad and
20 mrad convergence and collection angles, and an
approximately 18 meV zero-loss peak at full width at half-
maximum (fwhm). Two impact parameters are recorded
(Figure 1b) for each NC. First, an aloof position (red) is
recorded 5 nm away from the NC surface, with the resulting
point spectrum showing an LSP resonance feature. This feature
is symmetric and does not appear to overlap other spectrally
distinct resonances, suggesting that deviations from spherical
geometry are minimal. Second, a penetrating trajectory (blue)
passing through the center of the particle is recorded with the
resulting point spectrum exposing two resonance features, one
due to the LSP responses and the other to the bulk plasmon as
modified by the finite NC boundaries. The spectrum images in
Figure lc confirm this identification, and the uniform EEL
probability distribution of the surface plasmon mode profile
supplies additional evidence for the NC’s effectively spherical

symmetry.
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Figure 1. Representative ITO NC images and EEL spectra. (a) TEM
images of a 10% Sn*' doped ITO NC sample displayed at two
different magnifications, showing heterogeneity in NC shape and size.
(b) Characteristic aloof (red, b — a = S nm) and penetrating (blue, b
= 0 nm) EEL spectra of an individual 7.5% Sn*" doped ITO NC,
along with best numerical fits. The inset shows an HAADF image of
the NC along with the two probe positions. Interestingly, the surface
plasmon resonance energies are observed to differ between aloof and
penetrating spectra. (c) Spectrum images of the same NC acquired at
the surface and bulk plasmon peak energies.

Figure 2a shows substrate subtracted aloof (upper) and
penetrating (lower) EEL spectra recorded for individual ITO
NCs ranging from 1% to 10% Sn*". In general, the peak
energies of the LSPs and bulk plasmons exhibit a gradual blue
shift as the Sn** concentration increases, which is consistent
with ensemble measurements of ITO colloids.”*” This result
also agrees with studies that measure the electrical properties
of ITO thin films, which show that increased dopin% increases
the electron density and lowers the resistivity.”””> This
behavior is directly correlated to the changing crystal structure
of the In,O; by the substitution of an In** ion with a Sn*" ion
in the In,O; lattice, providing an available free carrier.”” As
shown in Figure 2b, the plasmon energy shows a nonlinear
dependence on the dopant concentration, leveling off around
10%. Once again, this result is consistent with previous
analysis, which suggests that, at higher concentrations of Sn*,
crystal defects and trap state formation begin to affect the
particle’s electrical properties.”””* Additionally, changes to the
atomic structure of the NCs, especially at the surface, may be
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Figure 2. EEL spectra of individual ITO NCs as a function of Sn**
dopant concentration. (a) Both surface and bulk plasmon resonance
energies increase as the Sn** dopant concentration increases from 1—
10 atomic percent for both aloof (upper) and penetrating (lower)
beam trajectories. (b) Average surface and bulk plasmon resonance
energies and 95% confidence intervals for all measured point spectra
at all dopant concentrations. Note that the surface plasmon resonance
profile differs between aloof and penetrating spectra of the same
particle due to the differing multipolar contributions driven by the
electron probe at each position.

responsible for the variation in individual particle resonance
energies and line widths measured (SI).”””*

Examination of the data further reveals a surprising
difference between LSP energies depending upon the location
of the electron probe. Although the spectrum images in Figure
1c identify the lower energy resonance peak as the LSP, they
do little to explain the ~100 meV energy shift observed in the
point spectra recorded for aloof and penetrating beam
trajectories of the same LSP resonance feature. The origin of
this shift can be understood theoretically by considering the
inelastic electron scattering from a spherical particle containing
the bulk free-electron gas dielectric function

e(w) =¢, — a);/(a)2 + iwy). Here, w, is the semiconduc-
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tor’s plasma frequency, y is its electron—ion scattering rate, and
€4 18 its high frequency dielectric constant. Retardation effects
and the response of the substrate (~5 nm thick SiN) to the
fields of the electron are neglected as the small NC sizes (<25
nm) and low carrier densities studied justify working in the
quasistatic approximation with negligible substrate-induced
plasmon mode mixing.”

Under these assumptions, the Laplace equation can be
solved exactly and used to determine the EEL probability
function for both aloof and penetrating beam trajectories
(S1).7>7 Fundamental to the solution is Green’s function G,
which encodes the complete set of bulk and geometry-induced
surface responses of the target system. When probed by a fast
electron with charge density
p(x, t) = —eS(R — bR)S(z + vt), the potential at the arbi-
trary point (x,t) is the superposition of independent
Coulombic and induced plasmonic components defined by

t
D(x, t) = [ dt’fd3x/G(x, t; x', t)p(x, t') )

where G = G, + G4 similarly factors into the sum of a direct
Coulombic response G, = 1/Ix — x| to the STEM electron and
the induced responses

g (@)

x — x'l

G x5 ) = { + 23 1) - g o))
Im

LGS () 10(a - r)
+ 1Y o) (f S @0 - a),
a Im

Gl x5 ) = =~ X (@) (X ()0 - a)
a Im
+ 23 g @)f, 0, ()0 — 1)
Im
(2)

set up by the target, taken to be a sphere of radius a. The latter
are expressed in their spectral representation in terms of the
surface and bulk response functions

g1>(a)) = lle(w) — 11/ (le(w) + 1 + 1),

g (w) = 21+ 1)/(le(w) + 1+ 1), g (w) =g (0) - 1,
and gz(w) = 1/e(w), go(®) = gg(w) — 1, each dependent
upon &(w). Together, they set the time dynamics of the ITO

plasmon responses including their natural frequencies, line
widths, and effective masses. For example, it is from the poles

of the surface response functions g1>, gl<, and gl><, which
depend on the multipole order /, that the natural frequencies
w; = @,\J1/(le, + 1+ 1) of the LSPs are defined, while the
bulk plasmon frequency’””® w, = w,/ € is defined by the

pole of the bulk response functions gz and g,. The spatial
variation of G4 is determined by the (/, m)-dependent LSP
mode functions

£ (0 = 4/ + D) Y, & ((/a), (a/r)*)
with x = (R, z) and r = Ixl = \/m (see SI).

As the localized electron probe travels near or through the
NG, it interacts with its plasmon modes, losing a small fraction
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Figure 3. Theoretical analysis of the inelastic electron scattering function I'(w) for both aloof and penetrating trajectories. (a) The relative
contributions of I'*"(w), I'%°(w), and I'*(w), along with their multipolar decompositions, to I'(@) at aloof (upper, b — a = S nm) and penetrating
(lower, b = 0 nm) beam positions show the origin of the observed shift between aloof and penetrating spectra of the same LSP resonance feature.
(b) Extracted Drude dielectric parameters from numerical fits of I'(w) to the full set of individual NC data. The variance-weighted average values of
the plasma frequency w, (blue), electron—ion scattering rate y (yellow), and high-frequency dielectric constant &, (green) at each dopant
concentration are shown with points, with the parameter variances estimated from each fit. 95% confidence intervals are shown with error bars.

ho of its initial kinetic energy mv*/2 with probability I'(w) =
*f(w) + I'*°(w) + I'°(w) per unit energy loss. Each
contribution arises from the work done by the electron’s
induced potential upon itself via

INw) = —%/‘d%c &’ Im{p*(x, @) G(x x5 w)
r

Q)

where both x and x' extend over all space and include
configurations where r, r' > a, r, ' < a,and r < a, v’ > a and
vice versa. The first term

1 > 2 >
— %} 14;,,(0)* Im g™ (o)

,O(X/, w) }

Fsurf(w) - _

+ A5 (0)PIm g() + 2Re{A}, ()A, () }Im g (w)

(4)

describes the energy losses due to excitation of LSPs. The
functions A~ (w) = /V<>p*(x, a))f;n’> (x)d’ are projection
integrals of the electron’s 'charge density against the LSP mode
functions along the electron’s trajectory through the volumes
within (V) and outside (V,) of the NC. These trajectory
integrals dictate the change in magnitude of the response of

each LSP mode as the impact parameter b is varied relative to
the sphere radius a.
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The latter two terms of I'(@) are the geometry-induced and
infinite-medium contributions to the bulk plasmon response,
given by

1
(@) = ——Y IAS(0)PImg.(w
( ) aﬂ'hzlzm: Im( ) gB( )

. 2¢’Re{a® — b kv
I'(w) = - E;hzvz }ln 1+ 2 Imgoo(w).

()

These contributions have opposite signs: the geometric bulk
plasmon terms (I'%°) serve to reduce the overall bulk plasmon
EEL probability and are responsible for the well-known
begrenzungseffekt (see Figure 3a),”>””’® while the infinite
medium term (I'®) is directly proportional to the path length

of the electron’s trajectory within the ITO NC, 2a* — bz,
and is dependent on the quantity k. This is a cutoff
wavenumber that imposes a smoothing of the lateral
components of the bulk plasmon’s polarization response as
the electron passes through the sphere and is defined by the
half-aperture collection angle of the STEM spectrometer.””
Without this cutoff, ' — oo as k, = oo (SI).

The contributions of each of these terms to the total EEL
signal are highlighted in Figure 3a. First, the bulk plasmon
contributions are zero when the beam passes outside the

https://dx.doi.org/10.1021/acs.nanolett.0c02772
Nano Lett. 2020, 20, 7987—-7994
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particle, as A, (@) = 0 = Re{+/a® — b} for b > a. In this
case, the total signal is almost entirely determined by the
dipolar (/ = 1) LSP mode. As the beam approaches the surface,
contributions from the higher-order / modes increase until the
probe penetrates the sphere. For penetrating trajectories, the
signal contains significant contributions from both the surface
and bulk plasmon responses. The bottom panel of Figure 3a
demonstrates the relative magnitudes of each multipole
contribution to both T'**f and T'**°, as well as the magnitude
of I'. It is important to note that the relative contribution
from each multipole / changes as the probe is brought inside
the particle. For b/a = 0, the odd-parity modes contribute
negligibly while the even-parity modes 2 </ <10 dominate the
signal, shifting the apparent LSP peak position to a higher
energy relative to the LSP resonance in the aloof spectrum.
This effect explains the detuning between the aloof and
penetrating LSP peak positions of the surface modes observed
in Figure 2b.

Because they contain responses at both surface and bulk
plasmon energies, the penetrating trajectory EEL data allow for
the extraction of unique values for the dielectric parameters w,
and €., from the surface and bulk plasmon peak positions via
nonlinear least-squares fitting to I'(®) in eqs 1 and 2. The peak
line widths are determined completely by y in the quasistatic
limit so that the bulk electron—ion scattering rate can also be
uniquely determined from the same fitting routine. Extraction
of these peak parameters, however, is obstructed by numerous
processes in the low-loss region (<$ eV).*”*" Such processes
are considered background when studying LSPs and can be
removed through a variety of standard techniques, the
suitability of which is specific to the system being
probed.”***> Prior to fitting, we perform a background
subtraction using the signal obtained from a nonplasmonic
In,O; NC positioned on an identical 5 nm thick SiN
substrate.”*™*° Heuristic fitting of the penetrating EEL
spectrum of a similarly sized In,0; NC (SI) acts as reference
which we use to fit the inelastic scattering due to the collective
excitation of free carriers in ITO at each Sn*" doping
concentration (SI).

Once the plasmon signals are properly isolated from the
background, two theoretical scale parameters, N and k,, are
tuned to normalize the total signal and align the relative
heights of the theoretical surface and bulk peaks to their
experimental values (SI). Importantly, The extraction of ), 7,
and &, from the data relies only on knowledge of the peak
positions and line widths so that no parameter is affected by
the values of N and k, chosen. Because acquiring absolute EEL
probabilities from experiments is difficult, even in modern
STEMs, the independence of the Drude parameters from the
scale parameters makes determining the dielectric properties of
individual NCs dramatically more feasible. Extension of this
approach to materials that are better characterized by a
Drude—Lorentz dielectric model is straightforward but
requires additional aloof and penetrating point spectrum
measurements to uniquely resolve the additional fit parameters.

In this manner, the Drude parameter values are inferred
from 28 separate penetrating trajectory EEL spectra of ITO
NCs ranging from 16 to 24 nm in diameter and with Sn**
dopant concentrations in the range 1—10 atomic percent. An
additional 22 separate aloof-beam measurements (which do
not contain bulk plasmon signals) are used to provide further
estimates of y, for which the existence of two observable peaks
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is not necessary. Results of the parameter extraction are shown
in Figure 3b. They show that the plasma frequency increases
with the addition of free carriers in a nonlinear fashion that
approaches a maximum around 10% Sn*' composition. The
lowest inferred value of 2w, is 705 meV at 1% Sn**, while the
highest is 1575 meV at 10% Sn*', corresponding to a range of
carrier densities of 1.12 X 10%° to 5.58 X 10*° cm™3, consistent
with refs 73 and 87—89 when assuming a free carrier effective
mass of m* = 0.31m.%>7°7

Fit values of 7y, the fwhm of the bulk plasmon peak as well
as each multipole component of the LSP peak, are slightly
higher at low and high Sn*' concentrations than at
intermediate levels of doping, with a dip at 2% Sn** where
the fit average is 99 meV, which corresponds to 1.30—2.10
times the Drude damping rate of gold extracted with modern
methods.”””* These results are also in good agreement with
established thin film measurements of ITO.*’~* Beyond these
comparisons, this approach further opens up the potential of
STEM-EELS to investigate the dependence of other factors
such as grain boundaries,” ™"’ surface depletion layers,*”"”*
and environmental effects upon y at the single particle
leve] 3212356
Finally, the extracted values of €, are tightly grouped around
1.369 + 0.025 for all dopant concentrations except for 1%,
which shows an abrupt increase to 1.950. These results
disagree with earlier measurements on thin films®’ ™ that
suggest €, to be near 4. We do not speculate on the physical
origin of these &, differences between thin films, NC
ensembles, and individual NCs, but point out that hybrid-
ization between the LSPs of different NCs or with environ-
mental resonances is suppressed at values of €., greater than
~17% (SI). Despite this observation, the thin (~5 nm) SiN
substrates used’' and minimization of NC corner features
diminish the NC—environment interactions in the present
study. However, extraction of &, values near unity suggests
that ITO NC plasmons should be capable of hybridizing into
collective IR resonances that are additionally tunable by LSP
coupling strength and detuning,

In summary, we use high-resolution monochromated
STEM-EELS to characterize the evolution of the IR plasmon
spectrum in individual ITO NCs with changing dopant
concentration for the first time. We show that increasing the
free carrier density via increased Sn*' concentration is an
effective method for tuning plasmon responses over a wide
range of IR energies and that individual NC heterogeneity can
easily account for broad LSP responses measured by ensemble
averages. Furthermore, we use a numerical fitting procedure to
extract the frequency-dependent ITO Drude dielectric
function at each Sn** concentration from 1 to 10 atomic
percent. By modeling the surface and bulk plasmon responses,
this approach demonstrates the ability of STEM-EELS to
determine dielectric material parameters in a single measure-
ment and with less difficulty than standard thin film
ellipsometry methods, paving the way for the facile retrieval
of dielectric information from other doped semiconductor
NCs at the single particle level. This work further demonstrates
a route to extract key materials properties normally obtained
from ellipsometry measurements but on materials that cannot
be prepared in bulk form or as thin films.
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