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ABSTRACT: Carrier-doped semiconductor nanocrystals (NCs) offer strong plasmonic
responses at frequencies beyond those accessible by conventional plasmonic nanoparticles.
Like their noble metal analogues, these emerging materials can harness free space radiation
and confine it to the nanoscale but at resonance frequencies that are natively infrared and
spectrally tunable by carrier concentration. In this work we combine monochromated STEM-
EELS and theoretical modeling to investigate the capability of colloidal indium tin oxide
(ITO) NC pairs to form hybridized plasmon modes, providing an additional route to
influence the IR plasmon spectrum. These results demonstrate that ITO NCs may have
greater coupling strength than expected, emphasizing their potential for near-field

enhancement and resonant energy transfer in the IR region.

Localized surface plasmons (LSPs) concentrate optical
energy into spatial regions significantly smaller than the
diffraction limit.'~> While well understood at visible
frequencies,”™ plasmonic responses in the infrared (IR)
region are more difficult to achieve, despite being of
considerable interest for applications in communications,”
energy harvesting,g_lo molecular sensing,“’12 and surface-
assisted photocatalysis.'”'* Carrier-doped semiconductors
offer a new class of nanomaterials with native IR LSP
resonances that are tunable by controlling the free carrier
concentrations via chemical doping strategies.'> ™" As a result,
the IR response properties of these semiconductor nanoma-
terials and nanocrystals (NCs) are the subject of intense recent
efforts. > >

The emergent properties of interacting nanostructures are
key elements that define the characteristics of the LSP’s
electromagnetic field,"* and plasmon hybridization can be
employed to tune the spectrum of interacting particles. When
in close proximity, the LSPs of individual particles can mix and
form new hybridized plasmons with energies and spatial
distributions dictated by the coupling strength and detuning of
the individual particle responses.”®*” Furthermore, LSPs can
be simultaneously coupled to different and competing energy
dissipation pathways or hybridize with other resonant modes
in the local environment.”* " This variety of interactions
presents a challenge for understanding how energy transfer
occurs in nanoscale plasmonic materials. Although plasmon
hybridization is well studied in noble metal nanopar-
ticles,”**°7** it is unclear if NC particles meet the conditions
necessary to undergo equivalent hybridization and cou-
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pling."”* Particularly, no previous studies have explored how
the range of LSP energies and dielectric parameters of NCs*>**
influence the coupling strength and mixing parameters in few-
particle systems. While recent works have examined plasmons
of NC bulk aggregates’** and the IR LSPs of NC clusters,”***
a clear picture of the effects of these parameters, as well as
doping effects, has yet to emerge.

Thus, to better understand and apply NC plasmons for IR
applications, it is critical that we characterize the near-field
electromagnetic profiles and interactions within few-particle
clusters of NCs, as their hybridization capabilities are encoded
within these results. Scanning transmission electron micros-
copy—electron energy loss spectroscopy (STEM-EELS) has
the ability to directly measure the near-field resonances of
plasmons at the nanoscale. The electromagnetic field induced
by a focused STEM electron beam behaves like an evanescent
white light source, relaxing common far-field optical selection
rules and enabling the excitation of the complete set of LSP
modes of a plasmonic particle.***” Importantly, the resulting
plasmon excitations cause electron scattering interactions that
can be energy-separated and measured in EELS to determine
the resonance features of a nanomaterial. Recent advancements
in electron energy monochromation have pushed EELS
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Figure 1. Surface plasmon hybridization of ITO NC dimers. The hybridization diagram (a) depicts the collinear in-phase («), perpendicular in-
phase (), perpendicular out-of-phase (y), and collinear out-of-phase (5) coupled modes. TEM images of the 10% Sn** (b) and 2% Sn** (d) doped
ITO NC samples studied. Experimental EEL point spectra (c, e) collected at the aloof positions of the monomer (red), dimer end (green), and
dimer gap (blue) together with corresponding simulated EEL spectra (black dash). The rising feature at low energy is the zero loss peak tail

(Supporting Information).

measurements into the far-IR, providing new utility for the
measurement of IR plasmonic materials.** ™ As a result,
recent STEM-EELS experiments have characterized the
spectral tunability of IR LSPs in doped NCs at the single
particle level”>** and revealed that NCs exhibit geometric LSP
modes with independent energy signatures that are analogous
to metals.””*>*" Additionally, hybrid modes of semiconductor
NCs have been extracted from EELS maps of 3—4 particle
fluorine—ITO clusters using multivariate analysis;35 however,
to date no studies have examined the hybrid modes of
spherical NC dimers.

In this work, we examine the hybridization of indium tin
oxide (ITO) NC dimers using STEM-EELS. A combined
experimental and theoretical approach details the hybridization
of 2% and 10% tin-doped ITO NC dimers, while we
additionally extend the theoretical work to study the IR
responses of ITO dimers with tin doping concentrations down
to 1%. By restricting the analysis to the dipolar surface plasmon
limit for 20 nm spherical NCs, we demonstrate hybridization
of NCs proceeds in a similar fashion to that of noble metals.
Taken together our experimental and theoretical results offer
new strategies to tailor the plasmonic properties of NC
materials in the IR beyond that of carrier doping,

Figure la illustrates the hybridized LSP modes of a dimer
and their relative energies: @ and J are the in-phase and out-of-
phase collinear LSP modes, while  and y are the in-phase and
out-of-phase perpendicular LSP modes. The latter are each
doubly degenerate in the absence of a substrate. Figures 1b and
1d present high-angle annular dark field (HAADF) images of
10% Sn** and 2% Sn** doped ITO NC monomers and dimers.
Particle—substrate interactions are minimized by dropcasting a
dilute colloid solution onto a S nm thick silicon nitride TEM
grid, resulting in a stochastic aggregation and orientation of
NCs. Once set, NCs are stripped of their oleate ligands** to
reduce plasmon damping and yield dimers with a gap distance
of ~1 nm. We restrict our analysis to particles that are ~20 nm
in diameter and are at least 100 nm separated from nearby
particles to ensure the collected spectra are not contaminated
by other resonances.””** We additionally take care to select
mostly spherical particles due to the sensitive nature of the LSP
responses to nanoparticle geometry.1

Figures 1b and 1c show the experimentally measured STEM
annular dark field (ADF) images and corresponding EEL
spectra of an ITO NC monomer and dimer with 10% tin
doping. The monomer spectrum (red) has a single peak at 770
meV corresponding to the three degenerate dipolar LSPs.”*
The aloof spectrum acquired at the dimer end (green) exhibits
features at 565 and 800 meV. Based on the analogy to noble
metal dimers,”®*” the lowest energy peak is associated with the
strongest plasmonic coupling, which occurs along the
longitudinal axis of the dimer (a). The higher energy peak is
dominated by a combination of # and y modes, with the ¢
mode being only weakly excited from this beam position. The
aloof spectrum acquired in the gap (blue) shows a broad
resonance feature with a peak maximum of ~900 meV partially
overlapping the higher energy resonance acquired at the dimer
end (green). This broad resonance feature is expected to be
composed of both in-phase (f) and out-of-phase (y)
perpendicular modes as well as the out-of-phase collinear
mode (65); however, definitive assignment based on the
measured point spectra is difficult due to spectral overlap of
the resonances features and is only revealed in the spectrum
images (vide infra, Figure 2). The disappearance of the lowest
energy feature () in the gap spectrum (blue) due to selection
rules does confirm its assignment as the collinear in-phase
mode, 13644

Figures 1d and le show the experimentally measured STEM
ADF images and the corresponding EEL spectra of an ITO NC
monomer and dimer with 2% tin doping. The same probe
positions are used for the spectra in Figure le as in Figure Ic.
At the 2% Sn*" dopant level, the bulk plasmon is lower in
energy when compared to the 10% Sn**** and this difference
directly contributes to the difference in the surface plasmon
energies observed." The aloof spectra of the 2% ITO monomer
(red) has a feature at 440 meV that corresponds to the dipolar
LSP, which is ~300 meV lower in energy compared to the
same dipolar LSP mode of the 10% ITO monomer.
Hybridization of the 2% ITO dimer occurs in a manner
identical with that of the 10% dimer, with two features present
in the dimer end spectrum (green) and a broad composite
peak in the gap spectrum (blue). The relative intensity of the
2% peaks and their proximity to the zero loss peak (ZLP) tail
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Figure 2. EEL spectrum images displaying IR plasmon hybridization
in a 10% ITO NC dimer. The experimental (a) and simulated (b)
images demonstrate each of the four hybrid dipolar modes (e, f, 7,
and 6). The subtle difference between perpendicular modes /8 and 7 is
indicated by the node of low probability in the # mode junction that is
absent in the y mode junction.

make determining the exact contributions of f3, y, and 6 more
difficult, but the a peak is clearly recognizable at 345 meV.
These results demonstrate that regardless of the Sn** dopant
concentration, which corresponds to the number of free
carriers,”” ITO NCs are capable of forming hybrid plasmon
modes analogous to noble metal nanoparticles. Moreover,
these LSPs will hybridize at energies well into the low-loss
regime, highlighting their potential as IR-active nanomaterials.

By use of the dielectric Drude parameters extracted from
STEM-EELS-based nanoellipsometry of individual ITO
NCs,** numerical EELS simulations (black dash) are displayed
in Figures 1c and le (Methods). A power-law convolution** of
the ZLP tail (Supporting Information) has been added to the
simulated inelastic scattering spectra to aid the comparison.
Differences between simulated and experimental spectra may
arise from three different mechanisms: (1) the NC simulations
are performed on perfect spheres while the experimentally
measured NCs are not perfectly spherical and possess facets
(Figure 1b,d); (2) the uncertainty in the underlying ITO
dielectric data®* is greater than that of noble metals;** (3) the
simulated NCs are modeled in a vacuum environment while
the experimental NCs are supported by an amorphous S nm
thick SiN TEM grid. Substrate-induced image effects are well
understood to induce resonance energy shifts and mode
mixing’**” which would further impact the peak splitting.**”
Such faceting and substrate effects were not explicitly modeled
herein as our focus lies mainly on qualitative identification of
the hybrid NC LSP modes and not on their precise
quantitative energies and splittings.

Beyond the point spectra displayed in Figure 1, spectrum
imaging allows for the collection of EEL spectra over a region
of interest in space, resulting in a hyperspectral data set of
positional coordinates, loss energies, and associated EEL
probabilities.*>** From this information, the near-field spatial
distribution of the EEL probability can be extracted at a
specific loss-energy value, thereby providing an image of the

NC dimer’s hybridized plasmon modes. For traditional noble
metal nanoparticles, such as a dimer of silver nanospheres, the
four relevant hybrid modes from Figure 1a have been observed
and are well understood.”**”*>** Although previous studies
used non-negative matrix factorization to extract hybrid
plasmon modes from EELS maps,35’49 to date no combined
theoretical and experimental studies have identified hybrid
modes in coupled semiconductor NC dimers. Therefore,
Figure 2 displays the first spectrum images of the above-
mentioned hybrid dipolar LSP modes of the 10% tin doped
ITO NC dimer. Although we attempted to obtain EEL
spectrum images of the 2% sample dimers, pollution by the
ZLP and aberrations from the STEM monochromation,*”*’
coupled with the weaker and lower-energy EEL response of the
2% dimers, made interpretation of the resulting images
difficult. Together with point spectra, these experimental (a)
and theoretical (b) spectrum images confirm the mode
assignment in Figure 1.

The hybrid plasmon modes of the 10% ITO NC dimer are
identified by comparing the intensity (probability) and nodal
structures of the respective EEL spectrum images between
experiment (Figure 2a) and simulation (Figure 2b). The 565
meV resonance is established as the collinear in-phase mode by
comparing the top two panels. An increased EEL probability at
the ends of the NC’s long-axis is characteristic of the & mode,
as is the node of low probability in the junction between the
two NCs. The # mode in Figure 2, observed experimentally at
785 meV, also has nodal structure between the two particles.
However, there is a noticeable increase in EEL probability
along the perpendicular short-axis of the NC dimer. The
mode can be differentiated from the y mode at 910 meV by
comparing the nodal structure. This out-of-phase mode has
higher EEL intensity in the junction and a slight decrease along
the long-axis ends of the dimer. Finally, the highest energy
resonance is the out-of-phase collinear 6 mode at 970 meV,
recognizable by the high EEL probability in the junction
between the two NCs and low probability at the ends of the
dimer. These results demonstrate that NCs exhibit LSP
hybridization behavior equivalent to their noble metal
analogues, despite their significantly lower resonance energies.

Continued development of controlled geometric NC
synthesis will advance the ability to localize infrared energy
at the nanoscale via the local fields of such hybrid plasmon
modes. We now compare the local electric field enhancements
for ITO dimers of varying tin concentration with the field
enhancements obtained from a nanoparticle dimer of silver
using the tin-concentration-dependent Drude dielectric
parameters for ITO established in ref 24 and the tabulated
Johnson—Christy dielectric data for silver.”> Figure 3a shows
the progression of calculated near-field enhancements

2
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under plane-wave excitation for an a = 10 nm sphere monomer
as a function tin doping concentration versus silver, each
evaluated at their respective dipolar LSP resonance. Here,

wy = @,/ /€4 + 2 is the dipolar LSP resonance frequency, r
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Figure 3. Simulated electric field enhancement in ITO NCs as a
function of tin dopant concentration. Line scans show the maximum
field enhancement for an ITO monomer (a) and dimer (b) compared
to silver, each computed at its respective resonance energy. For both
ITO monomers and dimers, the maximum field enhancement occurs
at 5% tin doping. ITO field enhancements (c) evaluated at the
monomer surface and dimer junction center display this trend and are
compared to silver (right column) using a separate magnitude scale.
Error bars indicate the standard deviation from the mean values
reported in ref 24.

is the radial distance along the incident polarization direction,
and €, 7, and w, are the three Drude parameters with the
latter scaling as the square root of carrier concentration. It is
interesting to note that 5% tin doping provides the largest field
enhancement for ITO and that it is comparable to that of
silver. Unexpectedly, the calculations also show that the 2%
ITO has a field enhancement comparable to that of the 10%
ITO. Despite the increased carrier concentration and plasma
frequency of the 10% NCs, we attribute this behavior to the
reduced damping rate (y) of the 2% NCs.”* Indeed, eq 1
makes explicit how the resonant field enhancement increases
with decreasing damping rate. These results illustrate the
impacts of the Drude parameters on the near-field enhance-
ment of the particles, demonstrating how carrier concentration
is not the only factor that should be considered when
comparing different dopant levels in ITO NCs. Our findings
stand in contrast to a recent finite element study finding
conventional metals have an order of magnitude greater
enhancement when compared to NCs,*® suggesting additional
work is needed.

A similar trend is observed in the ITO and silver dimer
calculations shown in Figure 3b, though a much larger electric
field is produced in the junction between the pair of @ = 10 nm
particles. Here, we see that the ITO junction field magnitude is
slightly less than half that of the silver nanoparticle dimer with
a maximum occurring for the 5% ITO dimer as in the case of
the monomer. The monomer and dimer trends can be
compared directly in Figure 3¢, which shows the maximum
field at the surface of the monomer surface in Figure 3a and
the gap between the dimer in Figure 3b. As described above,
the maximum enhancement as a function of dopant
concentration is found to be the largest for the 5% ITO
NCs; however, all particles show a field enhancement on the
same order of magnitude as silver. Despite these more modest
enhancements, we note that they are still significantly larger
than the incident field strength (IE,l in eq 1) and occur at IR
frequencies, making ITO NC dimers good candidates for many
plasmonic applications requiring field enhancement at low
energies.

While experimental verification of these predictions will be
needed to test their validity, LSP coupling strengths can be
read directly off of the dimer EEL spectra in Figure lc,e for
both experiment and simulation. Specifically, the splitting
between the in-phase () and out-of-phase (§) collinear LSP
modes is a qualitative measure of coupling strength, g = lhw, —
hwsl. Alternatively, the coupling strength can be calculated
analytically in the quasi-static limit for a pair of coupled dipoles
as g = (26%/s%)/myw,, where my = e*(e, + 2)2/361)152(13 is the
dipolar LSP effective mass®”>" and s is the separation distance
between the dipoles. Table 1 lists experimental, simulation, and

Table 1. Coupling Strengths of 2% ITO, 10% ITO, and
Silver Dimers

coupling strength (meV) D% 10% 8ag
experiment 169 405
simulation (e-DDA) 165 200 318
theory (quasi-static) 85 153 363.5

quasi-static theoretical values of g. Because we did not perform
EELS measurements on spherical a = 10 nm silver dimers, only
the simulated and theoretical values are listed; the latter uses
the Drude parameters 7w, = 9.326 eV, iy = 0.1619 eV, and &,
= 4.519 to approximate the measured dielectric function of
silver.”” From these estimates it is clear that both simulation
and theory underestimate the apparent observed coupling
strengths. This is likely due to the fact that radiation damping
and the presence of higher-order LSP modes are missing from
the quasi-static theory, while substrate-induced mode mixing
and NC faceting are absent from both theory and simulation.
Nevertheless, it is clear that the ITO coupling strengths are
comparable to that of silver, which is a surprising result.

In this work we have characterized the resonant IR
responses of individual dimers of spherical ITO NCs as a
function of carrier concentration for the first time. Our results
show that high-resolution STEM-EELS has the ability to
spectrally resolve the dimer’s hybrid plasmon modes at IR
energies with nanometer precision, identifying their unique
spatial mode profiles. On the basis of electromagnetic
simulations parametrized by our measurements, we show
that hybrid IR NC plasmons have robust electric field
enhancements like their noble metal analogues, delivering
local field strengths within an order of magnitude of silver.
Characterization of these plasmonic properties is an important
step for the development of NCs with native IR activity, and
this research opens several new avenues for using NC
hybridization and carrier doping to influence the far-field and
local plasmonic responses.

B METHODS

Doped Semiconductor Nanocrystal Preparation.
Nanocrystalline ITO colloids were grown to a size of ~20
nm diameter by using a previously reported method.”> This
established method yields uniform dopant distributions in NCs
and is known to produce NC compositions that match the
nominal composition.”” " Diluted colloid solutions were then
dropcast onto 5 nm thick amorphous SiN TEM grids,
spontaneously forming few particle aggregates such as dimers.
NCs were stripped of the oleate ligands by gently bathing the
TEM sample in an acetonitrile solution of (Et;0)BF,.**

STEM-EELS Characterization. Imaging and low-loss
EELS measurements were conducted by using a Nion
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HERMES monochromated and aberration-corrected STEM-
EELS instrument operated at 60 kV accelerating voltage. High-
angle annular dark field (HAADF) images of dimers were
collected prior to EELS characterization, ensuring that each
dimer had a minimum separation distance of 100 nm from
nearby particles. All point spectra and EELS maps were
acquired with a convergence angle of 30 mrad, a collection
angle of 20 mrad, and a beam current of ~10 pA.**~*
Scattered electrons are dispersed in a Nion Iris spectrometer at
2 meV/channel, and the energy resolution, the full width at
half-maximum of the zero loss peak (ZLP), was ~18 meV.
Individual point spectra have their ZLP maximum aligned at 0
eV and are normalized to the ZLP maximum intensity. The
individual spectra of the EELS maps were aligned and then
normalized to the maximum value in the selected energy
window. Energy windows are 60 meV in width, which is ~3
times the energy resolution of the measurement given by the
ZLP full width at half-maximum.

EELS Simulations. The electron-driven discrete dipole
approximation (e-DDA) was used to carry out all EELS
simulations.”*° The primary electron beam energy was set to
60 keV, and the impact factors of 2 and 1 nm were chosen for
the dimer end and gap position point spectra, respectively. The
plane-wave-based near-field enhancements calculated for ITO
and silver dimers were performed by using the discrete dipole
approximation (DDA).>” Both ITO and silver dimers were
modeled as 20 nm spherical particles with an interdipole target
spacing of 0.5 nm and a vacuum background medium with no
explicit substrate. The optical constants for silver were taken
from ref 45, and the Drude dielectric data for ITO were
reported in ref 24. Specifically, the 2% ITO Drude parameters
are &, = 1.36, hy = 0.079 eV, and 2w, = 0.801 eV, and the
10% ITO Drude parameters are €, = 1.41, Ay = 0.179 eV, and
ha)p = 1.48 eV.
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