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Direct observation of narrow mid-infrared plasmon
linewidths of single metal oxide nanocrystals

Robert W. Johns'2, Hans A. Bechtel?, Evan L. Runnerstrom?#, Ankit Agrawal?, Sebastien D. Lounis?>
& Delia J. Milliron?

Infrared-responsive doped metal oxide nanocrystals are an emerging class of plasmonic
materials whose localized surface plasmon resonances (LSPR) can be resonant with mole-
cular vibrations. This presents a distinctive opportunity to manipulate light-matter interac-
tions to redirect chemical or spectroscopic outcomes through the strong local electric fields
they generate. Here we report a technique for measuring single nanocrystal absorption
spectra of doped metal oxide nanocrystals, revealing significant spectral inhomogeneity in
their mid-infrared LSPRs. Our analysis suggests dopant incorporation is heterogeneous
beyond expectation based on a statistical distribution of dopants. The broad ensemble
linewidths typically observed in these materials result primarily from sample heterogeneity
and not from strong electronic damping associated with lossy plasmonic materials. In fact,
single nanocrystal spectra reveal linewidths as narrow as 600 cm ~ ' in aluminium-doped zinc
oxide, a value less than half the ensemble linewidth and markedly less than homogeneous
linewidths of gold nanospheres.
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lasmonic materials with infrared resonances can concen-

trate far-field radiation'™ at energies where biological

environments are transparent, where molecular vibrations
are resonant, and where solar energy is abundant enabling
applications in sensing and energy harvesting””. Hence, these
stable, few-nanometre colloidal particles are promising for
enhancing light-matter interactions and spectroscopies in this
important spectral region, where detection of signals is often most
difficult. The development of such applications hinges on
maximizing the electric field enhancement, which varies
inversely with the strength of damping of the free electron
oscillation®,  Spectral linewidth measurements provide a
convenient handle to study damping because damping is also
proportional to the homogenous linewidth of localized surface
plasmon resonances (LSPR) peaks for spherical particles®’.
However, in metal oxide nanocrystals intrinsic linewidths
have so far been obscured by undetermined heterogeneous
contributions to peak widths obtained in ensemble measure-
ments'®. Also, sharp ensemble peak widths are favourable for
sensing applications, since shifts of broad peaks can be more
challenging to detect and quantify®!!. Establishing the extent and
cause of inhomogeneous broadening would inform future efforts
to produce narrow ensemble LSPR peaks.

Room temperature LSPR homogenous linewidths of metal
nanoparticles are typically obtained through detection of single
nanoparticle extinction or scattering spectra with methods like
dark field scattering!?, interferometric detection,'® and spatial
modulation spectroscopy'®. These techniques rely on single
particles interacting with enough of the focused light to create
detectable contrast, which has been successful at visible
wavelengths used to probe metal nanoparticles!>®. However,
longer wavelength infrared light cannot be focused to as small a
diffraction-limited spot, making such far-field methods infeasible
for probing LSPR spectra of our ~20nm metal oxide
nanocrystals. While the volume ratio of a 20 nm particle to a
diffraction-limited spot of 500 nm wavelength visible light is
about 1.4 x 1073, this ratio drops to 1.4x10~° for 5um
wavelength mid-infrared light, so the signal would be lost in an
overwhelming background. Therefore, an alternative approach is
needed.

We found that near-field optics were ideal for enhancing signal
contrast, enabling us to measure mid-infrared LSPR spectra of
single nanocrystals. Specifically, we used synchrotron infrared
nano-spectroscopy (SINS)!” to directly record the LSPR spectra
of individual aluminium-doped zinc oxide (AZO) and tin-doped
indium oxide (ITO) nanocrystals. The observed variations in
spectral characteristics, including resonance energy, peak shape
and linewidth, were statistically evaluated for correlations with
nanocrystal size and compared with simulated LSPR spectra to
determine the most significant sources of spectral heterogeneity.
Our analysis indicates that doping variations are a dominant
factor influencing spectral heterogeneity, so efforts to reduce
heterogeneous broadening should not only target uniform
nanocrystal shapes as would be true for metal nanoparticles,
but also uniform dopant distributions. Nonetheless, the narrowest
single nanocrystal linewidths measured (600 cm ~ 1) are less than
half the linewidths of the corresponding ensembles and narrower
than LSPR peaks of gold nanoparticles, indicating low intrinsic
damping and suggesting that plasmonic oxide nanocrystals hold
great potential to enable a wide range of applications by strongly
concentrating infrared light at nanometre length scales.

Results:
Evaluation of nanocrystal heterogeneity with electron microscopy.
We compared two representative colloidal doped metal oxide
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Figure 1| AZO and ITO nanocrystals structural heterogeneity.
Transmission electron micrographs of (a) AZO with an average diameter of
~30nm and (b) ITO with an average diameter of ~15nm. Scale bars,
20 nm. Histograms of (¢) shape and (d) size distributions indicate that the
ITO nanocrystals are smaller, more spherical, and more uniform in shape
and size than the AZO nanocrystals.

nanocrystal materials, 1% doped ITO and 1.5% doped AZO, with
differing size and shape polydispersity (Fig. 1, Supplementary
Methods). Besides shape and size heterogeneity, which are
present for all colloidal nanoparticles, doping introduces addi-
tional sources of spectral heterogeneity; variations in dopant
concentration, the spatial distribution of dopants'®!® and the
ratio of dopants to free electrons are all possible. Though dopant-
related heterogeneity is challenging to directly assess, we
evaluated size and shape heterogeneity by analysis of
transmission electron microscopy (TEM) images (Fig. 1). The
shape distribution was quantified using a circularity parameter
(C=4nA/p?) typical for description of spheroidal particles via
their two-dimensional (2D) projections observed in electron
micrographs, where A is the area and p is the perimeter of the
nanoparticle. On average, the AZO nanocrystals are less spherical
and more polydisperse in their circularity, although no distinct
elongation or particular shape was expressed. In addition, the
AZO nanocrystals averaged about eight times larger in volume
than ITO nanocrystals and had a broader size distribution.
Non-spherical particles!® can exhibit LSPR shifts in both energy
and linewidth depending on the orientation of light polarization
versus the particle orientation. In addition, particles that exceed a
certain size threshold (A;spr/20) can start to experience size-
induced energy shifts. A priori, these size and shape
inhomogeneities might be assumed to explain the broader
ensemble linewidth of AZO compared with ITO (Fig. 2g). For
nanocrystals with mid-infrared LSPR, however, size-dependent
shifts would only be expected for particle diameters over 100 nm,
and shape effects generally manifest only for particles with
significant faceting or elongation along a particular dimension.
Alternatively, the intrinsic damping might be more substantial in
AZO than ITO, in which case broad linewidths should also be
observed for individual AZO nanocrystals. So, we sought to
directly measure homogeneous linewidths and determine the
significant contributions to heterogeneous broadening by using
SINS to collect extinction spectra of single nanocrystals.
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Figure 2 | Heterogeneity observed by single nanocrystal spectroscopy of AZO. (a) Repeated scans of an individual nanocrystal reproduce the same
spectrum. A horizontal line at zero is included. Variations among nanocrystals were observed in (b) linewidth, (¢) peak asymmetry and (d) peak energy.
The eight spectra shown in b-d are each an average of several scans of an individual nanocrystal. Single nanocrystal spectra (e) are correlated with
topographic information from AFM (f). (g) The sums of all collected single nanocrystal spectra (solid lines) form pseudo-ensembles for comparison to
ensemble spectra measured by conventional transmission FTIR of thin films on KBr substrates (dashed lines) for both AZO and ITO.

Single nanocrystal optical characterization. The combination of
a bright, broadband infrared source with high spatial resolution
makes SINS ideal for these experiments. Although super-
continuum laser-based sources are generally brighter, the spectral
bandwidth of these is limited to ~700cm ~— ! (ref. 20), which is
insufficient to record the full width of an LSPR peak. With SINS,
a spectral range of 4,000 cm ~ ! is available in a single scan, so it is
possible to collect an entire spectrum without tuning the source,
thereby reducing systematic errors in the measurement. To probe
a sub-diffraction-limited region, synchrotron infrared light is
focused onto a conductive atomic force microscopy (AFM) tip,
localizing the electric field in a small region around the tip apex
(<25nm). The ligand-capped nanocrystals were deposited on a
gold substrate, which improves signal-to-noise, effectively creat-
ing a near-field cavity to enhance the interaction of infrared light
with the nanocrystal under interrogation. Topographic data were
collected concurrently, enabling us to compare nanocrystal size
and spectroscopic features (Fig. 2e,(f). In addition, fiducial mar-
kers on our substrates facilitated post-spectral scanning electron
microscopy (SEM) analysis to verify that single nanocrystals were
measured (Supplementary Note 1, Supplementary Figs 1 and 2).
Backgrounds were collected from nearby regions of the gold
substrate. By locking in on the second harmonic of the AFM
tapping frequency, the near-field signal could be isolated from the
far-field background, improving sensitivity and signal-to-noise
ratio. Single particle spectra are reported as SINS spectral
response, which is the imaginary component of the complex
scattering function ¢(w), yielding a spectrum that is analogous to
an absorption measurement, as described previously?’. These
scattering functions are the ratio of the material response to that
of the background (signal processing is discussed further in
Supplementary Note 2). Nanocrystals were selected for analysis
by choosing well-isolated individuals rather than by size to
minimize selection bias. Although the lateral dimensions of the
nanocrystals were not well-resolved by AFM, the AFM-derived
height distribution of the analysed nanocrystals correlates well

with the size distribution observed by TEM (Supplementary
Note 3, Supplementary Fig. 3).

Notably, these nanocrystals are the smallest objects from which
SINS IR spectra have been collected®!. It is important to evaluate
this new technique to be sure that the observations reflect
material characteristics and are not artifacts of the experimental
method. The nanocrystal LSPR is probed utilizing the near-field
hot spot created between the tip and substrate, so one concern is
that tip-particle interactions might induce spectral changes,
which would vary from one measurement to the next. Indeed, it
has been reported that tip-to-particle positioning impacts the
intensity of light scattered by silver nanostructures®?. For each
(AZO and ITO) sample, all single nanocrystal spectra collected
were summed to generate pseudo-ensemble spectra for
comparison to ensemble spectra collected by conventional
far-field Fourier transform infrared (FTIR) transmission
spectroscopy of thin films (Fig. 2g). The ensemble linewidths
are reproduced well in the pseudo-ensemble spectra, while the
far-field peaks are shifted to lower energy compared with their
SINS-derived counterparts, which is a direct result of the particles
interacting with a metal substrate in SINS rather than a dielectric
substrate for FTIR?>>?* (Supplementary Table 1, Supplementary
Fig. 4, Supplementary Note 4). We note that LSPR spectra shift
systematically depending on the measurement geometry and that
thicker films can exhibit spectral broadening, which can account
for differences between the pseudo-ensembles, ensemble spectra
measured in reflectance, and those measured in transmittance
(Supplementary Figs 4 and 5). The general consistency of the
ensemble and pseudo-ensemble lineshapes, however, lends
confidence that SINS spectra faithfully reflect optical
characteristics of each nanocrystal and are not significantly
distorted by near-field coupling to the tip or substrate.

Furthermore, repeated scans on a single nanocrystal were
highly reproducible. A series of spectra were collected, moving the
tip away from the nanocrystal between each to collect a new
background scan from a distinct area of the gold surface. The
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resulting LSPR spectra were consistent (Fig. 2a). The negative
peaks apparent at 802; 1,095; and 1,265cm ~ ! are ascribed to
residual poly(dimethylsiloxane) adsorbed on the AFM tip?°
(discussed further in Supplementary Note 2).

Comparing the LSPR spectra of individual AZO nanocrystals,
variations in peak linewidth, peak shape, and energy are apparent
(Fig. 2b-d, Supplementary Table 1). In contrast to previous
reports, where size variations were proposed to account for 6peak
energy variations in spectra of single gold nanoparticles®®, we
found no correlation between nanocrystal size (as determined by
AFM height) and peak energy (Supplementary Note 5,
Supplementary Figs 6 and 7). This is consistent with Mie
theory as these particles are substantially smaller than the quasi-
static limit for mid-infrared LSPR. For the AZO nanocrystals, the
s.d. of peak energies about the mean of 2,285 is 201 cm !, or
about 9%, which could instead be caused by variations in electron
concentration between individual nanocrystals. We tested this
hypothesis by using Mie theory to predict the deviations in
electron concentration needed to reproduce the observed
variations in LSPR peak energy. In the simulations (Fig. 3c,
Supplementary Note 6, Supplementary Table 2), a +25% change
in electron concentration can approximately account for the full
range of spectral heterogeneity found in our experimental results.
This distribution in the electron concentrations among individual
nanocrystals may reflect variations in dopant (AI’®T)
concentration or activation of dopants to yield free electrons®.
Single particle energy dispersive spectroscopy was performed on
several nanocrystals in the TEM to evaluate variations in Al*>*
concentration. A range of 1.3-2.0% was observed, which is
consistent with the distribution of LSPR energies measured by
SINS. The range of dopant concentrations that a statistically
random distribution of dopants would yield is an order of
magnitude less than that suggested by SINS and directly observed
by EDS (Supplementary Note 7).

The shape of the LSPR peak also varies between individual
nanocrystals (Fig. 2c), which we describe by defining a peak
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Figure 3 | Sources of heterogeneity in single nanocrystal LSPR spectra.
(a) Experimental observation of correlation between peak energy and peak
asymmetry. (b) Simulations of peak shapes resulting from variations in the
strength of frequency-dependent damping can account for heterogeneity in
peak asymmetry. The « value of each peak is shown. (¢) Simulated spectra
over a range of electron concentrations account for variations in peak
energy.
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asymmetry parameter (o) as the ratio of the average of the two
half-maximum energy values to the peak energy. A value of o> 1
reflects asymmetric broadening towards high frequency, while
o<1 peaks are broadened towards low frequency and a=1
describes a symmetric peak. The peak asymmetry parameter has a
statistically significant (P<0.01) correlation with peak energy
(Fig. 3a and Supplementary Fig. 8), suggesting that these two
sources of heterogeneity have a common origin. In doped metal
oxides, scattering from ionized impurities is known to give rise to
frequency-dependent damping!®?® that causes asymmetric
broadening of the LSPR peak towards lower frequencies
(x<1)!. Hence, higher dopant concentration in a given
nanocrystal could be expected to increase the peak energy via
increase in electron concentration and simultaneously decrease in
the asymmetry parameter o due to ionized impurity scattering by
the same dopants, consistent with our experimental observation.
A cross-over from o >1 to o<1 with increasing dopant-induced,
frequency-dependent damping is also apparent in simulated
spectra (Fig. 3b and Supplementary Table 3). The peak energy
also shifts slightly to higher energy as a direct result of variable
damping, though changes in electron concentration are needed to
account for the larger range of the experimentally observed peak
energies (Fig. 3c). We note that various peak shapes can also arise
from multiple spatial modes of LSPR excitation in particles with
complex, non-spherical shapes?’, though we would not expect
this source of heterogeneity in « to correlate with peak energy.
Hence, two important sources of heterogeneous broadening
in metal oxide LSPR spectra—peak energy and peak shape
variations—derive significantly from doping heterogeneity. These
factors are absent in metal nanoparticle ensembles, suggesting
that ensemble measurements may significantly overestimate
damping of doped metal oxide LSPRs.

Discussion

Indeed, the narrowest single nanocrystal LSPR linewidths we
observed are about half of the ensemble linewidths (Fig. 4) and
are even narrower than those found by measuring single metal
nanoparticles at room temperature. Linewidths of single gold
nanospheres have been reported to be as low as 970 cm ~!
(120 meV)3, while we measured linewidths of 600cm ™! in
individual ITO and AZO nanocrystals. Considering that coupling
to the near-field would be expected to broaden the LSPR peaks, if
anything, these narrow peaks set an upper bound on the
homogeneous broadening and predict that dephasing times for
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Figure 4 | Homogeneous linewidths of metal oxide nanocrystal LSPRs.
The spectra of the single ITO (blue) and AZO (black) nanocrystals with the
narrowest observed linewidths (solid lines) are compared with the
associated ensemble spectra (dashed lines).
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metal oxide LSPR excitations are 18fs at the shortest
(Supplementary Note 8). The corresponding Q factors (the ratio
of the peak energy to the linewidth) are 4.5 for ITO and 3.9 for
AZO. Q factors are used to describe how energy is damped out of
harmonic oscillators, which tracks with the local fields created by
LSPRs. Such low intrinsic damping suggests these materials are
promising for applications involving field enhancement.
However, the single nanocrystal spectra exhibit a wide range of
linewidths, with the s.d. of full-width-at-half-maximum values for
AZO and ITO being 238cm ! and 171cm ™!, respectively
(Fig. 2b and Supplementary Fig. 9). Recalling the greater shape
heterogeneity in our AZO nanocrystals (Fig. 1), we expect that
significant broadening found in many of the single nanocrystal
spectra can result from multiple spatial modes found in
nanocrystals with complex shapes. Importantly, this source of
broadening does not imply plasmon damping or diminish the
prospects for developing field enhancement applications of these
nanocrystals. (Contributions to linewidths and damping are
discussed further in Supplementary Note 9).

Through the use of synchrotron-based single nanocrystal
spectroscopy, ensemble LSPR spectra of metal oxide nanocrystals
were found to be substantially broadened by dopant-related
heterogeneity. Significant variations in dopant concentration
among nanocrystals may result from the kinetic mechanisms used
for doped nanocrystal synthesis?®2?° since a Poisson distribution
of dopants would produce far less variation in LSPR peak
energies. For sensing applications, the ensemble linewidth should
be as narrow as possible; our data suggest that improving shape
and doping uniformity are important goals to minimize
heterogeneous broadening. Regarding field enhancement, the
narrow linewidths we measured for single nanocrystals suggest
that intrinsic damping of metal oxide LSPRs may be less than that
in metal nanoparticles, opening the door to compelling
applications. Considering these nanocrystals respond resonantly
to infrared light while maintaining small dimensions, there is a
distinctive opportunity to couple their LSPRs with molecular
vibrations to enhance spectroscopic signals or to influence
pathways of surface-bound chemical reactions. Furthermore,
because these LSPRs can be tuned dynamically by chemical39-32
or electrochemical charging®3, such coupling could be modulated
to create a new class of active systems, manipulating light-matter
interactions to redirect chemical or spectroscopic outcomes.

Methods

Preparation of substrate-bound isolated nanocrystals. AZO and ITO
nanocrystals were synthesized using colloidal chemistry, as discussed fully in the
Supplementary Information. Nanocrystals were washed and then dispersed in
50/50 vol%/vol% hexane/octane, these solutions were used to spin coat ligand-
bound nanocrystals onto clean substrates of gold and KBr. For SINS measure-
ments, having the highest percentage of isolated nanocrystals possible was
crucial so low concentrations were used to ensure good isolation and spacing
(Supplementary Fig. 2). For ensemble measurements, these films did not give
adequate signal-to-noise so higher concentration solutions were used to create
films of close packed nanocrystals in a single monolayer with roughly 50% coverage
of the substrate surface, based on SEM.

TEM analysis. TEM images were collected using a JEOL 2010F operating at
200kV accelerating voltage. Image analysis of both diameter and circularity was
performed using the Analyse Particles function in ImageJ64 using the triangle
threshold function. Diameters were calculated from 2D projection areas of particles
by treating the particles as spherical.

Ensemble FTIR measurements. Ensemble measurements were collected on a
Bruker Vertex 70 FTIR. Measurements performed on KBr substrates were collected
in standard transmission geometry from nanocrystals spin coated onto the surface
of 1-mm-thick KBr windows. Due to the low transmission of infrared light through
gold, ensemble measurements on gold substrates were collected in the reflection
geometry. A polarizer optic was used to select for p-polarization versus the

substrate and light was directed onto the sample at 80° from normal. This
supported greater signal making it possible to use thinner films of nanocrystals.

Correlated SEM/AFM. Substrates were prepared by etching 100 nm pitch 7 um

squares into 300 nm of SiO, grown onto a Si wafer. After etching, the substrate was
coated by evaporating 5nm of Cr as a sticking layer and then 50 nm of Au. These
squares were discernable optically to determine where the AFM scans should be

collected (and provided height contrast for the AFM) and could be seen using a

secondary electron detector in Zeiss Gemini Ultra-55 analytical field emission SEM
to find the same region. Using these marks to ensure collections where made in the
same area, AFM images and SEM images were reconciled against one another to
determine which nanocrystal was being measured in the SINS technique (depicted
in Supplementary Fig. 2).
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