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ABSTRACT: When aliovalent dopants are sufficiently segregated to the core or near the
surface of semiconductor nanocrystals, charge carriers donated by the dopants are also
segregated to the core or near the surface, respectively. In Sn-doped indium oxide
nanocrystals, we find that this contrast in free charge carrier concentration creates a core
and shell with differing dielectric properties and results in two distinctly observable
plasmonic extinction peaks. The trends in this dual-mode optical response with shell
growth differ from core/shell nanoparticles composed of traditional plasmonic metals
such as Au and Ag. We developed a model employing a core/shell effective medium
approximation that can fit the dual-mode spectra and explain the trends in the extinction
response. Lastly, we show that dopant segregation can improve sensitivity of plasmon
spectra to changes in refractive index of the surrounding environment.
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■ INTRODUCTION
Plasmonic nanoparticles efficiently collect incident light and
confine it to nanoscale volumes, which can drive enhanced
electric fields,1−3 localized heating,4,5 and hot electron
transfer.6−8 Degenerately doped semiconductor nanocrystals
(NCs) have proven to be efficient infrared (IR) plasmonic
materials due to their intrinsically low plasmon damping and
their low and easily tunable charge carrier concentration.9,10 N-
type semiconductors are classified as degenerate when the
Fermi level rises above the conduction band minimum, leading
to metallic conductivity and plasmonic optical response. The
plasmonic response of doped semiconductor NCs of various
sizes, shapes, and compositions has been well-studied,11−13 but
the distribution of dopants within a NC can also tune the
optical behavior.14,15 With the recent advent of slow-addition
synthetic techniques for doped metal oxide NCs, we have
greater control over the intra-NC radial doping profile than
ever before.14,16,17 This control elucidated that deliberately
segregating aliovalent dopants to the surface (core) also
segregates the majority of the charge-compensating free
carriers derived from those dopants to the surface
(core).18,19 The potential established by space-charge buildup
at the interface of the doped and undoped regions prevents
charge carriers from distributing homogeneously throughout
the nanocrystal. In other words, an inhomogeneous doping
profile leads to an inhomogeneous charge carrier profile, even
within a single nanocrystal. Leveraging this knowledge, the
conductivity of NC films has been improved by segregating
dopants near the NC surface.18 Motivated by these results, we

sought to understand how engineering the intra-NC carrier
concentration profile through dopant segregation impacts the
plasmonic response.
Plasmonic structures with radially inhomogeneous compo-

sitions have already been employed to tune the optical
response for traditional plasmonic materials such as Au and Ag.
Most notably, silica@Au (core@shell) nanoshells were
synthesized to bring the localized surface plasmon resonance
(LSPR) peak of Au from the visible to the near-IR therapeutic
window, enabling the demonstration of photothermal therapy
in animal tissue.4 Beyond shifting the peak extinction to lower
energy, fundamental studies uncovered a dual-mode extinction
spectrum from silica@Au nanoshells. More recently, bimetallic
core@shell nanoparticles were synthesized and also exhibited
dual-mode extinction.20−22 These distinct modes arise because,
unlike a homogeneous sphere, the core and shell are
distinguishable due to the abrupt change in composition and
dielectric properties at the core/shell boundary. Two surfaces
emerge that can support plasmonic modes: the core/shell
boundary and the nanoparticle outer surface.23,24 In a similar
way, herein we prove that the segregation of dopants, and
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therefore charge carriers, within metal oxide nanocrystals
creates an epitaxial core/shell boundary that promotes a dual-
mode plasmonic response. The observed trends in the
plasmonic extinction spectrum differ from those seen in
silica@Au and bimetallic core@shell nanoparticles due to
unique considerations of doped semiconductor NCs including
dopant activation and charge carrier diffusion.
Specifically, we investigate the effect of intra-NC radial

dopant distribution on the optical response of tin-doped
indium oxide (ITO) NCs. We use this material as a model
system for degenerately doped metal oxides because it is an
industrially relevant transparent conductive oxide and colloidal
synthesis of both undoped indium oxide (IO) and ITO NCs is
well-developed.16,17 We synthesize two series, one with an
undoped core and a doped shell of increasing thickness and
another with a doped core and an undoped shell of increasing
thickness. We observe a dual-mode plasmonic extinction
response in both cases. After building a model that accounts
for a radially nonuniform intra-NC charge carrier profile, we
were able to reliably fit all collected spectra and extract
electronic parameters that explain the evolution of the dual-
mode spectra. We show that dopant segregation expands the
synthetic tunability of the optical response and enhances
sensitivity to the surroundings when compared to uniform
doping. Lastly, these findings may resolve the origin of
anomalous, asymmetric lineshapes of plasmonic-doped metal

oxide NCs that have gone unexplained in previous
literature.14,25,26

■ SHELL-DOPED SERIES

Radial segregation of dopants has been shown to influence
peak position, peak width, and peak asymmetry,14,15,25,27 but
no published studies of dopant-segregated NCs have identified
dual-mode extinction spectra. In the shell-doped (SD) series,
aliquots were taken as a shell of 5 atom % Sn was epitaxially
grown over an undoped IO core as detailed in Supporting
Information (SI) Text 1. During shell growth we observe the
appearance and progressive strengthening of a secondary
extinction mode at substantially higher energy than the main
LSPR peak (Figure 1a). Relatively weak peaks between 2000
and 4000 cm−1 are assigned to molecular vibrational modes for
species on or near the NC surface (Figure S1).
X-ray photoelectron spectroscopy (XPS) and inductively

coupled plasma-optical emission spectroscopy (ICP-OES)
quantified near-surface Sn and overall Sn, respectively. The
data confirms that the dopants are indeed segregated to the
surface with near-surface Sn concentration exceeding the
overall Sn concentration by a factor of 2 on average for all
samples (Figure 1b). In fact, our experimental results match
very well with the theoretically calculated values for both XPS
and ICP-OES (dashed lines). To calculate these theoretical
values, we used the diameters meaured using scanning
transmission electron microscopy (STEM) and approximated

Figure 1. Experimental trends in shell-doped NCs. (a) Normalized experimental extinction spectra for the shell-doped series. (b) ICP-OES and
XPS quantification of atom % Sn for each sample. Dashed lines indicate theoretical values based on measured STEM diameters and a photoelectron
escape depth 1.5 nm. (c) Fits to spectra of SD7 at three NC concentrations. (d) Carrier concentration values for the core and the shell extracted by
fitting to the core/shell MG-EMA model. Red, hollow circles indicate samples that were fit to a uniform dielectric function, not a core/shell
effective medium approximation. Error bars represent the standard deviation in fit results when fitting the optical response of three independently
prepared dispersions of varying NC concentration.

Nano Letters pubs.acs.org/NanoLett Letter

https://dx.doi.org/10.1021/acs.nanolett.0c02992
Nano Lett. 2020, 20, 7498−7505

7499



the photoelectron escape depth as 1.5 nm.28 Sample details are
reported in Table 1 with radius, shell thickness, and core
volume fraction (Fv,core) calculated from particle sizes acquired
through STEM (Figure S2).
The difference in Sn content measured by the two

techniques suggests that the change in Sn concentration is
abrupt between core and shell, more than reported
previously.14 In that case, a temporally varying precursor
composition was slowly injected in a single-pot reaction to
control the radial Sn doping profile but without the extra step
of isolating and purifying the undoped cores before starting
shell growth, as is done in this work. We conclude that the
isolation of NC cores as an intermediate product is an
important step in sharpening the dopant profile at the core/
shell interface while still maintaining epitaxial growth of single
crystal nanoparticles.16,18

A sharper dopant profile creates a steeper step in the
electrostatic potential and a stronger segregation of charge
carriers to the doped region.18,19 This sharp delineation is
reminiscent of the aforementioned silica@Au nanoshells and
bimetallic core@shell nanoparticles that also supported two
distinct modes. However, the evolution of the two modes is
not what we expected based on the plasmon hybridization
theory.23 According to this theory, as the thickness of the
metallic shell grows, the higher energy mode should red-shift
and the lower energy mode should blue-shift, bringing them
closer together. We observe a blue-shift in both modes (Figure
1a). This discrepancy is not surprising because we know that
the carrier concentration in ITO NCs increases with size due
to increased dopant activation.15,29 Dopant activation is the
ratio between the free electron concentration, ne, and the
dopant concentration. Near-surface dopants are more likely to
be “inactive”, meaning they are charge-compensated by a
mechanism other than with free charge carriers. The fraction of
near-surface Sn drops with doped shell growth due to
diminishing surface area to volume ratio, causing dopant
activation and ne to increase. No analogous change in ne is
expected for growth of Au or Ag shells. We sought to fit the
spectra to a model that could account for changing dielectric
properties of the core and shell.

■ EXTRACTING ELECTRONIC PARAMETERS

We built a model to fit our experimental spectra to extract
electronic parameters and examine their evolution with shell
thickness (SI Text 4). Using a least-squares fit function in
MATLAB, we fit for plasma frequency, ωp, and damping, Γ, in
both the core and the shell. The polarizability of a spherical
particle with a core and shell having different dielectric
properties can be well-approximated using an electromagnetic
mixing formula known as the Maxwell-Garnett effective
medium approximation (MG-EMA),30 described briefly in SI

Text 2. Also, because the carrier profile is expected to deviate
slightly from the doping profile due to diffusion of free
electrons, we fit for the volume fraction of the core instead of
using Fv,core values calculated from STEM diameters. The
decreasing trend in Fv,core with shell growth determined by
fitting the LSPR spectra agrees with the STEM-derived values
(Figure S6). As well, the fitted values consistently fall above the
STEM-derived values for the shell-doped nanocrystals. We
attribute this offset to diffusion of carriers from the higher ne
shell to the lower ne core, causing the shell volume to shrink.
While there is some diffusion of carriers across the core/shell
boundary, the majority of carriers derived from Sn n-type
donors are still localized to the shell. The physics governing
this diffusion are directly analogous to an n/n+ junction
wherein free electrons redistribute locally in the near-junction
space-charge region.18

Our model reliably fit experimental data for all samples and
produced consistent fit results for independently prepared
dispersions of varying NC concentration (Figures 1c and S3).
Details of the fitting procedure are reported in SI Text 3. The
fit results are reported in Table S1 and plotted in Figures S6
and S7. We note that samples SD1 and SD2 show only
unimodal extinction, and so these spectra were fit with the
traditional Drude model for particles with a uniform dielectric
function. The very low energy peaks are indicative of low ne
throughout the entire NC volume (Figure 1d). For samples
SD3−SD7, the trends in ne clarify the underlying physico-
chemical changes leading to the emergence and progressive
blue-shift in the secondary mode. As the ITO shell grows in
thickness, ne in the shell also increases. As expected, this
upward trend results from increasing activation of Sn for
thicker shells where a smaller fraction of the dopants are near-
surface. For the same reason, uniformly doped 5 atom % Sn
ITO NCs were previously found to have increasing ne up to a
radius of 12 nm.29 The carrier concentration in the undoped
core is also impacted by growth of an ITO shell, surpassing a
value of 2 × 1020 cm−3 or about three times the ne that has
been reported for IO NCs with no shell.29 We understand this
elevated ne to be due to diffusion of electrons from the high
carrier concentration shell into the core, the same phenom-
enon driving the difference between STEM-derived and fit-
derived values for Fv,core. Increasing dopant activation and
carrier diffusion from the shell to the core explain the
discrepancy of our results with the plasmon hybridization
theory used for Ag and Au core@shell particles.

■ CORE-DOPED SERIES

For the core-doped (CD) series, an undoped IO shell was
grown around a 5 atom % ITO core (Figure S4). XPS and
ICP-OES data once again confirm that the dopants are well-
segregated and this time to the core. Near-surface Sn

Table 1. Experimentally Measured Properties of Shell-Doped Samples

sample radius ± 1σ [nm] shell thickness ± 1σ [nm] Fv,core ± 1σ atom % Sn by ICP-OES ± 1σ atom % Sn by XPS

SD0 9.0 ± 0.7 0 1
SD1 9.3 ± 0.7 0.3 ± 0.9 0.92 ± 0.28 0.41 ± 0.01 0.9
SD2 9.7 ± 0.7 0.7 ± 1.0 0.79 ± 0.24 1.07 ± 0.03 2.4
SD3 10.1 ± 0.6 1.1 ± 0.9 0.71 ± 0.19 1.77 ± 0.07 3.6
SD4 10.8 ± 1.0 1.9 ± 1.2 0.57 ± 0.20 1.94 ± 0.05 3.6
SD5 10.8 ± 0.8 1.8 ± 1.0 0.58 ± 0.17 2.13 ± 0.03 3.8
SD6 10.8 ± 0.6 1.8 ± 0.9 0.58 ± 0.15 2.21 ± 0.03 3.9
SD7 11.6 ± 0.7 2.6 ± 1.0 0.47 ± 0.13 2.35 ± 0.04 4.0
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concentration is nearly identical to overall Sn for CD0,
indicating uniform distribution of dopants in the ITO core, but
as the IO shell thickness grows, values quickly diverge with
near-surface Sn becoming undetectable for samples CD6 and
CD7 (Figure 2b). Sample details are reported in Table 2.
Segregating dopants to the core will also concentrate the

high ne region to the core. Unlike a dielectric@metal particle,
such as silica@Au, a metal@dielectric particle, such as Au@
silica, does not produce a dual-mode extinction spectrum
because there is only one surface to sustain LSPR. However, as
noted for the SD series, the IO region contains a significant,
albeit lower than the doped region, population of free electrons
and so behaves like a metal, not an insulating dielectric. This
metallicity explains the otherwise unexpected appearance and
growth of a second mode with IO shell growth (Figure 2a).
Simulations of bimetallic core@shell particles with the metal of
higher ωp in the core (analogous to our CD series) have shown

that with increasing shell thickness, the high energy peak red-
shifts and the low energy peak blue-shifts, bringing the peaks
closer together. In our CD series, both modes red-shift with
shell growth. Once again, the trend in our dual-mode spectra
does not match that which is expected for a traditional metal
core@shell particle. Using the same core@shell MG-EMA
model as for the SD series, we sought to explain the
discrepancy.
We achieved excellent fits to the experimental data (Figures

2c and S5) and extracted the trends in ne for the core and shell
(Figure 2d) as well as Fv,core. The fit results are reported in
Table S2 and plotted in Figures S6 and S7. Consistent with the
SD series, the fitted Fv,core values trend with the STEM-derived
values. Also, the fitted Fv,core values consistently fall below the
STEM-derived values, indicating carriers diffused from the
higher ne core to the lower ne shell.

Figure 2. Experimental trends in core-doped NCs. (a) Normalized experimental extinction spectra for the core-doped series. (b) ICP-OES and
XPS quantification of atom % Sn for each sample in the CD series. Dashed lines indicate theoretical values based on measured STEM diameters, a
photoelectron escape depth 1.5 nm, and growth of an undoped shell. (c) Fits to spectra of CD6 at three NC concentrations. (d) Carrier
concentration values for the core and the shell extracted by fitting to the core/shell MG-EMA model. Error bars represent the standard deviation in
fit results when fitting the optical response of three independently prepared dispersions of varying NC concentration.

Table 2. Experimentally Measured Properties of Core-Doped Samples

sample radius ± 1σ [nm] shell thickness ± 1σ [nm] Fv,core ± 1σ atom % Sn by ICP-OES ± 1σ atom % Sn by XPS

CD0 9.0 ± 1.1 0 1 4.51 ± 0.09 4.7
CD1 9.5 ± 0.9 0.6 ± 1.4 0.83 ± 0.39 3.93 ± 0.26 4.0
CD2 9.7 ± 1.0 0.7 ± 1.5 0.79 ± 0.38 3.30 ± 0.14 2.6
CD3 10. ± 1.1 1.8 ± 1.6 0.58 ± 0.28 2.49 ± 0.17 1.2
CD4 11.6 ± 0.9 2.7 ± 1.4 0.46 ± 0.20 2.11 ± 0.19 0.8
CD5 12.4 ± 1.0 3.4 ± 1.5 0.38 ± 0.17 1.78 ± 0.07 0.4
CD6 12.9 ± 1.2 3.9 ± 1.6 0.34 ± 0.16 1.86 ± 0.37 ∼0
CD7 13.6 ± 0.8 4.7 ± 1.4 0.29 ± 0.12 1.37 ± 0.06 ∼0
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For samples CD0−CD3, the secondary mode is either
absent or subtle, which our model attributes to a high ne core
and a shell nearly devoid of all free electrons, that is, a surface
depletion layer.19,31 However, when the IO shell reaches a
critical thickness, around 2.7 nm, it contains a high enough ne
to support a strong secondary mode. Though ne in the shell is
higher than expected for undoped IO, the core ne still well-
exceeds it. As in the shell-doped NCs, the elevation of ne in the
IO region is understood to originate with diffusion of carriers
from ITO. Carrier redistribution near the core/shell interface
also explains the decrease in shell ne with shell thickness for
samples CD4−CD7: for thicker shells, the space-charge region
near the IO/ITO junction comprises a smaller fraction of the
shell volume, causing average ne across the entire shell to
decrease. Just as in the shell-doped case, it is necessary to
account for the changing ne profile with size to rationalize the
evolution of the peaks.
In summary, while these experiments illustrated that

sufficiently sharp dopant segregation can lead to dual-mode
extinction in ITO NCs, we found that the interface still allows

some local redistribution of carriers that impacts the optical
response. After extracting ne from the fits, consideration of (1)
near-surface dopant activation and (2) charge carrier diffusion
at the IO/ITO interface were required to explain why the
trends in peak position deviated from the established plasmon
hybridization theory for metallic shells and bimetallic core@
shell particles. As a first indication of how carrier segregation
influences near-field optical properties of doped metal oxide
NCs, we next investigated the response of their spectra to a
changing dielectric environment.

■ DIELECTRIC SENSITIVITY
Plasmonic nanoparticles are commonly employed as sensors
because the LSPR peak frequency, ωLSPR, shifts when the
dielectric constant of the surroundings changes.1 The
magnitude of the peak shift is indicative of the strength of
the enhanced electric field at the particle surface, that is, the
near-field enhancement.32−34 The strength of the electric field
near the surface determines the effectiveness of many
plasmonically powered processes. Principle among these are

Figure 3. Dielectric sensitivity of dopant segregated NCs. (a) Normalized spectra for uniformly doped, shell-doped, and core-doped ITO NCs of
similar ωLSPR dispersed in TCE. (b) Primary peak positions measured when each sample was dispersed in solvents of differing refractive index. (c)
Core-doped spectra, normalized to the high energy mode, for NCs dispersed in all four solvents. (d) Relative intensity of the low energy mode with
respect to the high energy mode as a function of refractive index for the core-doped sample shown in panel c. Error bars represent the standard
deviation in peak position for three independently prepared dispersions of varying NC concentration. Dashed lines show linear fits.

Table 3. Comparison of the Dielectric Sensitivity of Nanocrystals with Differing Dopant Segregation

S ± S.E.a [nm/RIU]

doping profile core diameter ± 1σ [nm] overall diameter ± 1σ [nm] atom % Sn by ICP-OES ± 1σ atom % Sn by XPS exp. sim.

core-doped 18.9 ± 1.7 30.2 ± 1.6 1.11 + 0.09 ∼0 −2 ± 101 155 ± 14
uniformly doped n/a 19.4 ± 1.5 3.22 + 0.05 4.5 236 ± 84 734 ± 15
shell-doped 13.7 ± 0.9 23.4 ± 2.4 4.03 + 0.05 6.4 446 ± 56 784 ± 24

aSE denotes the standard error in the slope of the linear regression
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surface-enhanced infrared spectroscopy (SEIRS),35−38 en-
hanced light emission,2,39 and interparticle coupling.40−42

For core@shell particles exhibiting dual-mode extinction
(both dielectric@metal and metal@metal), the lower energy
mode extends the majority of electric field enhancement
outside the particle, whereas the higher energy mode confines
much of the enhancement to the core/shell interface.20

Therefore, we expect the lower energy modes to be more
sensitive to changes in the surrounding refractive index. To
compare dielectric sensitivity for samples of differing dopant
distribution, we synthesized uniformly doped, shell-doped, and
core-doped samples (Figure S8) with similar ωLSPR for the
primary (more intense) peak (Figure 3a). We collected spectra
for these samples dispersed in four different solvents (Figure
S9). The sensitivity factor, S, (Table 3) is calculated by taking
the slope of the line for peak wavelength as a function of
solvent refractive index (Figure 3b).
Because the primary peak for the shell-doped sample is the

lower energy mode and that of the core-doped sample is the
higher energy mode, we expect the primary peak of the shell-
doped particle to have higher refractive index sensitivity. This
is indeed the case. The shell-doped sample is also more
sensitive than the uniformly doped sample. We rationalize this
difference based on the insulating effect of near-surface
depletion.31,43 While there is notable error in the linear fits
to the data, the difference in slopes is large enough to conclude
with 95% confidence that the difference in slopes, and
therefore the sensitivity factors, is statistically significant
(Table S3). Supporting this understanding, when we fit the
optical response of the uniformly doped NCs in tetrachloro-
ethylene (TCE) using the MG-EMA core@shell model, we
find there is a shell nearly devoid of carriers (Table S4). This
insulating effect is mitigated when a higher dopant
concentration is segregated near the surface, thereby
compressing the depletion layer thickness.18

We also fit the spectra for the core- and shell-doped samples
dispersed in TCE. Using these extracted parameters, we
simulated how the spectra are expected to shift in these
different solvents (Figure S9). The simulated sensitivity values
show the same trend as the experimental values; however, they
are higher in all cases. This quantitative disagreement is likely
due to the insulating effects of ligands44 and the convoluting
effects of ensemble heterogeneity,45 neither of which is
accounted for in the simulation.
From these results it can be inferred that at a given ωLSPR,

shell-doped nanocrystals have the highest near-field enhance-
ment at the surface and are best suited for coupling to
vibrational or electronic transitions in nearby molecules or
particles. When comparing peak sensitivity of the shell-doped
and uniformly doped NCs to other plasmonic materials, we
find it falls within the range observed for metallic nanoparticle
ensemble measurements, which have ranged from 90 to 801
nm/RIU.1,46 For these metals, ωLSPR ranges from the visible to
the near-IR, with the lowest energy being 5570 cm−1. Whereas
in this work, by using only ITO and maintaining spherical NCs
under 30 nm in diameter, we have shown tunability in peak
position from 6000 to 1000 cm−1, emphasizing the utility of
doped metal oxide NCs in the near to mid-IR.
The sensitivity of the secondary (lower intensity) modes of

the core- and shell-doped samples also matches the expectation
based on enhanced electric field distribution in metallic core@
shell particles. The higher energy mode in the shell-doped
sample does not change significantly with surrounding

refractive index (Figure S9), while the lower energy mode in
the core-doped sample appreciably changes intensity in
comparison to the primary mode (Figure 3c). Modulation in
relative peak intensity is useful for ratiometric sensing, wherein
the relative peak intensities at two wavelengths are compared
to monitor the surroundings. These sensors can be advanta-
geous over single-mode sensors because they are internally
referenced and thus less susceptible to noise from the
environment.47−49 Their sensitivity can be quantified by
measuring the ratio of peak intensities versus refractive index
(Figure 3d). In this case, our simulation again matched the
trends in the experimental spectra (Figures 3d and S9);
however, the sensitivity for our experiment (1.2) exceeded that
of the simulation (0.35). We hypothesize the quantitative
disagreement results from an increase in shell ne with rising
dielectric of the solvent. Prior work reported that increasing
the dielectric constant of the surroundings can lower the
ionization energy of defects, increasing ne.

50

■ CONCLUSION
Engineering dopant distribution within doped metal oxide
NCs changes the intra-NC charge carrier profile and the
corresponding optical response. Varying the thickness of
epitaxially grown shells, we observed the evolution of dual-
mode IR extinction due to intra-NC dopant segregation. After
fitting spectra with a MG-EMA core@shell model, the
extracted ne profile informed us that dopant activation and
carrier diffusion, two factors unique to doped semiconductor
NCs, explain the deviation in trends from metallic core@shell
particles. This fitting method is not only applicable to ITO but
can be used for any plasmonic semiconductor NC with defects
segregated to a core or shell, both extrinsic and intrinsic
defects. While the defects are placed deliberately in our system,
for a self-doped material, such as metal oxides with oxygen
vacancies or copper chalcogenides with cation vacancies, a
nonuniform spatial distribution of defects would likely produce
a nonuniform charge carrier profile and altered optical and
electronic behavior. We suspect that the appearance of
anomalous secondary modes and asymmetric lineshapes in
recent literature may be due to unrecognized intra-NC dopant
segregation.14,25,26

But more than simply changing the spectral line shape,
segregation of dopants creates NCs that are optically and
electronically inhomogeneous on an ultrafine length scale and
all within a single crystal. The optical and electronic
inhomogeneity investigated here must be considered in
doped semiconductor NC analysis to accurately interpret
their measured properties and to fully maximize their potential.
For example, the ability to establish an intra-NC dielectric
gradient even at relatively low doping levels makes intra-NC
dopant placement an enticing opportunity for deep sub-
wavelength confinement, an exciting prospect for infrared
waveguiding.51,52 Segregating charge carriers to the surface
creates an IR plasmonic nanoantenna with strong near-field
enhancement, an ideal candidate for SEIRS. This could also
prove useful for plasmon-enhanced photocatalysis6,53−56

wherein photon absorption promotes an energetic distribution
of hot charge carriers that can be transferred to catalyze
reactions. These hot carriers typically equilibrate with the
lattice on picosecond time scales,57,58 so surface segregation
will reduce the carrier diffusion length to the catalytic surface.
These potential applications merit continued exploration of
dopant-segregated semiconductor NCs.
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Defect Chemistry and Plasmon Physics of Colloidal Metal Oxide
Nanocrystals. J. Phys. Chem. Lett. 2014, 5, 1564−1574.
(28) Hewitt, R. W.; Winograd, N. Oxidation of Polycrystalline
Indium Studied by X-ray Photoelectron Spectroscopy and Static
Secondary Ion Mass Spectroscopy. J. Appl. Phys. 1980, 51, 2620−
2624.
(29) Staller, C. M.; Gibbs, S. L.; Saez Cabezas, C. A.; Milliron, D. J.
Quantitative Analysis of Extinction Coefficients of Tin-Doped Indium
Oxide Nanocrystal Ensembles. Nano Lett. 2019, 19, 8149−8154.
(30) Sihvola, A.. Electromagnetic Mixing Formulas and Applications;
The Institution of Electrical Engineers, 1999.
(31) Zandi, O.; Agrawal, A.; Shearer, A. B.; Reimnitz, L. C.;
Dahlman, C. J.; Staller, C. M.; Milliron, D. J. Impacts of Surface
Depletion on the Plasmonic Properties of Doped Semiconductor
Nanocrystals. Nat. Mater. 2018, 17, 710−717.
(32) Whitney, A. V.; Elam, J. W.; Zou, S.; Zinovev, A. V.; Stair, P. C.;
Schatz, G. C.; Van Duyne, R. P. Localized Surface Plasmon
Resonance Nanosensor: A High-Resolution Distance-Dependence
Study Using Atomic Layer Deposition. J. Phys. Chem. B 2005, 109,
20522−20528.
(33) Haes, A. J.; Zou, S.; Schatz, G. C.; Van Duyne, R. P. Nanoscale
Optical Biosensor: Short Range Distance Dependence of the
Localized Surface Plasmon Resonance of Noble Metal Nanoparticles.
J. Phys. Chem. B 2004, 108, 6961−6968.
(34) Haes, A. J.; Zou, S.; Schatz, G. C.; Van Duyne, R. P. A
Nanoscale Optical Biosensor: The Long Range Distance Dependence
of the Localized Surface Plasmon Resonance of Noble Metal
Nanoparticles. J. Phys. Chem. B 2004, 108, 109−116.
(35) Neubrech, F.; Huck, C.; Weber, K.; Pucci, A.; Giessen, H.
Surface-Enhanced Infrared Spectroscopy Using Resonant Nano-
antennas. Chem. Rev. 2017, 117, 5110−5145.
(36) Adato, R.; Aksu, S.; Altug, H. Engineering Mid-Infrared
Nanoantennas for Surface Enhanced Infrared Absorption Spectros-
copy. Mater. Today 2015, 18, 436−446.
(37) Adato, R.; Altug, H. In-Situ Ultra-Sensitive Infrared Absorption
Spectroscopy of Biomolecule Interactions in Real Time with
Plasmonic Nanoantennas. Nat. Commun. 2013, 4, 2154.
(38) Wu, C.; Khanikaev, A. B.; Adato, R.; Arju, N.; Yanik, A. A.;
Altug, H.; Shvets, G. Fano-Resonant Asymmetric Metamaterials for
Ultrasensitive Spectroscopy and Identification of Molecular Mono-
layers. Nat. Mater. 2012, 11, 69−75.
(39) Cho, S. H.; Roccapriore, K. M.; Dass, C. K.; Ghosh, S.; Choi, J.;
Noh, J.; Reimnitz, L. C.; Heo, S.; Kim, K.; Xie, K.; Korgel, B. A.; Li,
X.; Hendrickson, J. R.; Hachtel, J. A.; Milliron, D. J. Spectrally
Tunable Infrared Plasmonic F,Sn:In2O3 Nanocrystal Cubes. J. Chem.
Phys. 2020, 152, No. 014709.
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