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Abstract

The resonant frequency of plasmonic nanoparticles depends on the refractive index
of the local environment, a property which is directly useful for sensing applications and
is indicative of potential utility for other applications based on near-field enhancement of
light intensity. While the morphology dependence of dielectric sensitivity has been well
studied in noble metal nanoparticles, less investigated is the sensitivity of degenerately
doped metal oxide nanocrystals, whose plasmon resonances lie in the near- to mid-
infrared. Here, we report the dielectric sensitivity of fluorine and tin co-doped indium
oxide nanocubes, its dependence on their sharp faceting that gives rise to multiple
plasmonic modes, and on their tin-dopant concentration. We find that the plasmon
mode associated with the nanocube corners is the most sensitive and that raising dopant
concentration increases dielectric sensitivity. Comparing to finite element simulations

that assume a spatially uniform free electron distribution in the nanocubes, we show



that the plasmon modes associated with the edges and the faces of the nanocubes
are less sensitive than expected, and that their reduced dielectric sensitivity can be
rationalized by the presence of band bending and a resulting surface depletion layer.
Interestingly, simulations suggest that Fermi level pinning occurs predominantly on the
cube faces, reshaping the free electron volume so that the depletion layer effectively
insulates the faces and edges from the surrounding environment, while the corner mode

remains sensitive.
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Introduction

Plasmonic nanocrystals (NCs) have optical extinction spectra that depend not only on the
material properties and NC morphology, but also on the surrounding dielectric environment.
This dielectric sensitivity has been widely explored for its applications in sensing, using
shifts in the optical extinction to sensitively detect adsorbing molecules'® and to monitor

4,5 or

changes in adsorbed molecules, such as the binding of antibodies to bioactive proteins
the shortening of adsorbed peptides due to enzyme-driven cleavage reactions.® The dielectric
sensitivity is also an indication of how strongly the incident electromagnetic field is concen-
trated by the localized surface plasmon resonance (LSPR),” an effect that can be harnessed
for surface-enhanced spectroscopies,®® to drive chemical transformations through photother-

10712 61 to direct energy into molecular vibrational

mal heating or hot electron generation,
modes through resonant coupling.'®'* As such, the shape and faceting of plasmonic NCs has
been explored to increase their sensitivity by modifying the LSPR and its associated near
field enhancement (NFE), however these studies have largely been restricted to noble metal
nanoparticles. 2!

Less well studied is the sensitivity of degenerately doped metal oxide NCs, which are



of particular interest for their tunable LSPR in the near- to mid-infrared (IR) spectral re-
gions.???3 These materials, including the prototypical tin-doped indium oxide (ITO), are
wide bandgap semiconductors that are aliovalently doped such that their Fermi level lies
above their conduction band minimum and they behave as degenerate metals. As the free
electron concentration of metal oxide NCs depends on the incorporated dopant density, their
LSPR can be widely tuned across the IR while maintaining a consistent NC size and morphol-
ogy. 22?425 Conversely, substantial tuning of the LSPR of noble metal nanoparticles usually
requires changing the particle size or morphology. Further, while some noble metal nanopar-
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ticle morphologies exhibit plasmonic properties in the I metal oxides nanostructures

can have reduced long-range coupling and thus can be packed densely, maximizing the NFE
hot spots at the ensemble level most relevant for sensing and enhanced spectroscopies. %

As with noble metals, particle shape plays a role in determining the LSPR spectra and
near-field properties of metal oxide NCs.?’ Fluorine co-doping leads to faceting of ITO, gener-
ating a cubic NC morphology.?® The LSPR spectra of fluorine and tin co-doped indium oxide
(FITO) NCs have multimodal lineshapes with three dipolar eigenmodes—one each associated
with the corners, edges, and faces of the cube. The facets on NC cubes composed of indium-
doped cadmium oxide, another degenerately doped plasmonic metal oxide material, were
predicted by finite element simulations to increase NFE, with the strongest enhancement
projected to occur around the corners and edges, additionally enhancing coupling between
pairs of adjacent nanocubes.?’ In dense monolayer films of FITO nanocubes, strong NFE
has been shown experimentally and theoretically to give rise to strong coupling beteween
NC LSPR modes and molecular vibrational modes of surface adsorbed molecules.**

On the other hand, the NFE around ITO NCs and the dielectric sensitivity of their
LSPR is known to be reduced by the presence of a surface depletion layer which insulates
the plasmonic volume from its local environment.3° Fermi level pinning by surface states
in the ITO band gap is responsible for the formation of the depletion layer.3! The surface

chemistry of fluorine-doped indium oxide NCs, however, is known to differ from ITO.3?



Fluorine doping in metal oxides also generally reduces plasmonic damping, which should
boost both dielectric sensitivity and NFE.?>32734 So, it is currently unknown the extent to
which surface depletion impacts FITO NCs, how sensitive the FITO LSPR modes are to
their local dielectric environment, and whether the faceting of FITO nanocubes improves
their LSPR dielectric sensitivity.

In this work, we examine the dielectric sensitivity of FITO nanocubes, tracking the
frequency shifts of each of the three geometric modes and their dependence on the at.% of
Sn-doping in the NCs. We find that the most intense LSPR mode, associated with the cube
corners, is also the most sensitive. Additionally, through comparison with simulation, we
find that the edge and face modes are less sensitive than expected for a spatially uniform
dielectric function within the cube, especially for samples with lower Sn at.%. While the
edge and face modes are less sensitive to changes in the dielectric environment they shift
more than the corner mode when electrons are added to the NCs using reductive chemical
titrations. Both observations are consistent with surface depletion impacting the face and
edge modes more severely than the corner mode. By simulating different surface Fermi level
pinning scenarios, we show that the mode-dependent impact of surface depletion is best

explained by Fermi level pinning occurring dominantly at the faces of the nanocubes.

Materials and Methods

Materials

All chemicals were acquired commercially and were used as received, without any further
purification. Indium (III) acetate [In(ac)s, 99.99%, Sigma Aldrich], tin (IV) acetate [Sn(ac)y,
Sigma Aldrich|, oleic acid (90%, technical grade, Sigma Aldrich), oleyl alcohol (85%, tech-
nical grade, Sigma Aldrich), and tin (IV) fluoride (SnFy, 99%, Alfa Aesar) were used to
synthesize the NCs. Hexane (>99.9%, Fischer Chemical), ethanol (90%, Fischer Chemi-
cal), tetrachloroethylene (99%, Sigma Aldrich), tetrahydrofuran (>99.9%, Sigma Aldrich),



toluene (99.8%, Sigma Aldrich), and chloroform were used for the purification and char-
acterization of NCs. For chemical reduction, decamethylcobaltocene, sodium tetrakis|3,5-
bis(trifluoromethyl)phenyl|borate and bis(pentamethylcyclopentadienyl)cobalt(II) were ac-

quired from Sigma Aldrich and dried prior to their use.

Inductively coupled plasma-atomic emission spectroscopy

The Sn at.% of the FITO nanocubes was determined using inductively coupled plasma-
optical emission spectroscopy (ICP-OES) on a Varian 720-ES ICP optical emission spectrom-
eter. NCs were digested with aquaregia (a 3:1 ratio mixture of 35% HCI and 70% HNO3)
and then diluted with Milli-Q water such that the total acid concentration is approximately
2% by volume. In and Sn standard solutions were prepared with variable concentrations
by diluting commercially available ICP-OES standards with 2% HNO; solution in Milli-Q

water.

Electron Microscopy

FITO NCs were imaged using a Hitachi S5500 scanning transmission electron microscope
(STEM) operating in bright field mode at an accelerating voltage of 30 kV. The sizes of the
NCs were found using ImageJ to determine a histogram of NC sizes for at least 150 particles,

and then fitting that distribution to a Gaussian.

Refractive Index Sensitivity

Extinction spectra were collected using an Agilent Cary 5000 UV-Vis-NIR spectrophotome-
ter. To determine the refractive index sensitivity (RIS), the NC optical extinction was
measured for FITO NCs in hexane, chloroform, and tetrachloroethylene. The latter two sol-
vent dispersions were prepared by precipitating the NCs using ethanol, and then dispersing
them in the new solvent. The extinction was measured on 9 serial dilutions for each solvent

to check for signs of aggregation and establish error bars.



Reductive Titration

For the chemical reduction of FITO NCs, a 2 mM CoCpy* solution in a 1:1 mixture of
tetrahydrofuran (THF) and toluene was prepared, along with a 0.02 M [H(OEt,)]"[BAr,|
acid solution in a 1:2 mixture of oleic acid and THF. FITO NCs were precipitated from a
stock solution in hexane using ethanol, and then redispersed in a 1:1 THF /hexane mixture
inside an Ar-filled glovebox. 50 pL of 0.02 M [H(OEt,)|"[BArS| was added to 200uL of
the NC solution in a 1 mm pathlength quartz cuvette. This solution was titrated with 5L
aliquots of 2 mM CoCpy*, shaking the cuvette after every aliquot to ensure mixing. After
waiting 1 minute to ensure the sample had reached equilibrium, the optical extinction was

measured using a fiber-coupled ASD Inc. PANalytical spectrometer.

Simulation Details

Theoretical optical extinction as well as electric field intensity maps were simulated using
the COMSOL Wave Optics Module 6.0. A nanocube was simulated using a Drude dielectric

function:

5 (1)

e(w) = €00 — m,
with gq being the permittivity of free space and e, set to 4. Damping, v, was set to 1000 cm ™!
and the bulk plasma frequency, w,, was varied between 12,000 and 16,000 cm™!, consistent
with previous estimates of the dielectric function of FITO.3? The edges of the cube were
rounded with a radius of curvature equal to 10% of the NC edge length to approximate the
shapes observed by electron microscopy.

Surface depletion was incorporated into simulations by solving Poisson’s equation using
the COMSOL AC/DC Wave Optics Module 6.0 using the dimensionless form of Poisson’s

3

equation derived by Seiwatz and Green, " as previously done to simulate the effects of surface

depletion in spherical ITO NCs.3%36 The surface potential was set to 2.2 eV (referenced to the



center of the band gap) and the activated donor density was varied between 0.65-1.01 x 10!
cm ™3, corresponding to w, = 12000-15 000 cm~'. The optical extinction was then calculated
using a Drude dielectric function with w, = \/n.e?/m.ey, where m, is the electron effective

mass (set to 0.4), e is the charge on an electron, and n, is the spatially varying free electron

density determined by solving Poisson’s equation.

Results and Discussion
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Figure 1: Fluorine and tin co-doped indium oxide nanocubes. (a) Normalized optical ex-
tinction of NCs dispersed in hexane. (b-h) STEM micrographs of NCs doped with 2.6, 3.6,
3.9, 5.6, 6.1, 6.6, and 7.1% Sn at.%, respectively. Scale bars are 100 nm.

To investigate the role of faceting on the dielectric sensitivity of plasmonic metal ox-
ide NCs, we synthesized a series of FITO nanocubes with varying Sn at.% (Figure 1). As

25:32 flyorine induces faceting of indium oxide NPs by lowering the sur-

previously reported,
face energy of the {100} facets, making them prevalent in the synthesized morphology, and
producing nanocubes with a multimodal LSPR in the near-infrared. The LSPR frequency
depends on n,, which changes with the Sn dopant concentration—here, varied from 2.6-7.1%
of the total cations, as determined by ICP-OES. The cubic morphology is maintained across
the Sn incorporation range, as is evidenced by the multimodal LSPR optical extinction (Fig-

ure la) and by STEM (Figure 1b-h). The sizes and exact Sn at.% values are listed in Table
S1.
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Figure 2: Refractive index sensitivity of 6.6 Sn at.% FITO NC multimodal plasmon ab-
sorption. Red, green, and blue refer to the corner, edge, and face mode, respectively (a)
Normalized extinction (solid lines) of sample dispersed in hexane (n = 1.375), chloroform (n
= 1.446), and tetrachloroethylene (n = 1.5055). Dashed lines show the deconvoluted LSPR
modes (red, blue, and green) and the sum of these fits (black) for the sample dispersed
in hexane. (b) Deconvoluted peak position versus solvent refractive index. Error bars are
smaller than the datapoint size. The dashed black lines are linear fits. (c¢) Simulated opti-
cal extinction spectrum (left) and logarithmic normalized electric field maps (right) for the
corner (red), edge (green), and face (blue) modes.

A common metric for plasmonic sensing is refractive index sensitivity (RIS), which is
defined as the change in the LSPR frequency (wrspr) for a given change in the surrounding

refractive index (n).

Awrspr
I —_— —— 2
RIS = S0 )

This sensitivity is related to the strength of the plasmonic NFE within the surrounding
dielectric medium, with sharp corners or edges both expected to result in higher NFE and
higher RIS.72%37 On the other hand, surface depletion has been shown to decrease RIS of
ITO NCs, especially for smaller NCs and low Sn at.%, by decreasing the plasmonic volume
fraction and effectively insulating that plasmonic volume from its dielectric environment.3°
Finite element simulations of FITO nanocubes predict an increased plasmonic NFE around
the sharp nanocube edges and corners,? suggesting the associated plasmonic modes may
also be more sensitive to changes in the dielectric environment. It is unclear how surface
depletion might impact these modes, however, the impact on both effects is expected to be

correlated: a greater depletion width is expected to decrease both the RIS and NFE.



To investigate the role that faceting and surface depletion have on RIS, seven FITO
samples with Sn at.% ranging from 2.6% to 7.1% were dispersed in hexane (n = 1.375),
chloroform (n = 1.446), and tetrachloroethylene (n = 1.5055) and the optical extinction
of each dispersion was collected at nine different concentrations. The three peaks that
contribute to the FITO optical extinction were deconvoluted using a linear combination of
three pseudo-Voigt functions (Figure 3a and S1 and Table S1), and the RIS was extracted
using a linear fit to the peak positions versus refractive index (Figure 2b and S2 and Table
S2), using the different concentrations to establish error bars. The envelope of the spectral
lineshape was found to change with n as a result of different peak shifts for each component
mode, discovered upon deconvolution. Each sample, thus, has three distinct sensitivities—one
associated with each of the three LSPR modes.

Concurrently, COMSOL was used to carry out finite element method (FEM) simulations
to compute the theoretical RIS of nanocubes with variable free electron density. The Drude-
Lorentz model was used to describe the nanocube dielectric function, with the bulk plasma
frequency ranging from 12,000 to 16,000 cm~! and a damping constant of 1,000 cm ™!, which
is in line with previous estimates of the FITO dielectric function.?® Consistent with previous
studies of plasmonic nanocubes, FEM field intensity maps show that the three modes ob-
served in the spectral lineshape correspond to dipolar resonances associated with the corners,
edges, and faces, respectively (Figure 2c¢).?>3® Mimicking the experimental measurements,
the refractive index of the nanocube surroundings was systematically varied, the three opti-
cal extinction peaks were deconvoluted (Figure S3 and Table S3), and a linear fit was used to
determine the theoretical RIS (Figure S4 and Table S4). For comparison, the same dielectric
function was used to calculate the theoretical RIS of a nanosphere.

There is a direct correlation between an LSPR mode’s resonant frequency and its dielec-
tric sensitivity. 193949 Overlaid on this trend, shape has a significant effect by influencing the
polarizability and NFE of the LSPR mode, both positively correlated with higher RIS. 172!

To understand how the faceting of FITO nanocubes impacts dielectric sensitivity, the RIS
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Figure 3: Comparison of simulated (open points) and experimental (filled points) refractive
index sensitivity for a series of FITO NCs with different Sn at%. The resonant frequency
(x-axis) for each data point is for a medium refractive index of 1.375, corresponding to NCs
dispersed in hexane.

of each of the three modes was examined as a function of LSPR resonant frequency (Figure
3), comparing the experimentally measured values to those predicted through simulation.
While RIS is most commonly reported in units of wavelength (nm/RIU), we instead opt
to use wavenumbers (cm~!/RIU). With variable Sn at.%, the FITO LSPR spans a very
wide wavelength range of ~1,000 nm, and the nonlinear relationship between wavelength
and energy causes an apparent reversal of the dependence of RIS on energy for high en-
ergy (edge and face) versus lower energy (corner) modes, obfuscating the underlying physics
(Figure S5). When the sensitivity is plotted on a linear energy scale instead (here, in units
of wavenumbers), the observed trends in sensitivity are consistent across all three modes,
as expected given the aforementioned relationship between LSPR resonant frequency and
sensitivity. 3

Looking first at the theoretical RIS, the sensitivity of the modes follows the same trend
as the simulated field enhancement-the corner mode is the most sensitive, followed by the
edge and then the face mode. Considering a resonance of ~5,500 cm™!, for example, the
corner mode is predicted to be about twice as sensitive as the face mode and ~30% more

sensitive than the edge mode or the spherical case. Comparing simulations to experimental

10



results, the corner mode remains the most sensitive, albeit slightly less sensitive than simu-
lations predict. Greater quantitative discrepancies between simulation and experiment arise,
however, with the RIS of the corner and face modes. Both are substantially less sensitive
than predicted. Further, the difference between the theoretical and experimental sensitivity
widens for the samples with the lowest Sn at.% (i.e., lower resonant frequency). Notably, the
surface depletion width expands for lower Sn at.% in ITO NCs,3%3! so we hypothesized that
the lower than predicted FITO nanocube RIS may be due to the impact of surface depletion,

which was not accounted for in the simulations.
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Figure 4: Reductive chemical modulation of FITO nanocube LSPR. (a) Extinction of a 6.6
at.% Sn FITO NC dispersion during titration with 2 mM CoCpyx. The grey solid curve
is the initial NC dispersion, and the black dashed line is after adding [H(OEt,)] " [BArS] .
Darkening shades of magenta show increasing amounts of added CoCpyx. (b) Deconvoluted
peak position versus added volume of 2 mM CoCpy*. (c) Maximum LSPR shift versus Sn
at. %.

The spectral response of plasmonic metal oxide NCs can be modified by post-synthetic
charging through chemical reduction.*#* Reducing agents transfer electrons to metal oxide
NCs by proton-coupled electron transfer, and the resulting increase in free electron con-
centration blue shifts the LSPR resonant frequency until a saturation point, beyond which
additional reducing agent no longer shifts the LSPR. The maximum modulation for a given
NC sample depends on the initial spatial distribution of free electrons, with a larger depletion
width resulting in a higher maximum modulation of the LSPR frequency.*® Since surface
depletion strongly influences the spectral response of ITO NCs to electron accumulation by

30,36,45,46

post-synthetic charging, we carried out a series of reductive titration experiments

11



on FITO nanocubes.

To probe the impact of depletion on the multimodal FITO NC LSPR, we titrated NC
dispersions in a 1:1 solution of hexane and THF with the reducing agent decamethylcobal-
tocene (CoCpyx), with [H(OEt,)|"[BArS| included as a proton source for charge balance.
Aliquots were added until the LSPR stopped shifting, and then the spectra were deconvo-
luted to determine the extent of modulation for each of the three modes (Figure 4 and S6).
Within instrumental limitations, we were able to compare trends for chemical modulation
for nanocubes with Sn at.% ranging from 3.87 to 6.63% (Figure 4c). Across all samples, the
face mode is modulated to the greatest extent and the corner mode is modulated to a lesser
extent. The modulation in the edge mode depends on Sn at.%, shifting by a much greater
extent for samples with lower Sn at%. Across all modes, lower Sn at.% is correlated with
greater modulation.

Hence, LSPR modulation trends are the reverse of trends in RIS when evaluating their
variation with LSPR mode and with Sn at%. This inverse relationship supports the hypoth-
esis that surface depletion is responsible for the observed trends in experimental RIS and
its deviation from theoretical predictions. The corner mode is modulated less by chemical
reduction, indicating a smaller depletion width insulating that mode from the local dielec-
tric environment. As such, it retains a high sensitivity across all samples—close to the values
prediced through simulations. The face and edge modes, on the other hand, are more strongly
modulated by chemical reduction, indicating a greater influence of surface depletion, which
insulates those modes from the local dielectric environment lowering their RIS compared to
theoretical predictions.

The differential impact of surface depletion on different geometric modes emerges uniquely
in FITO nanocubes, where the distinct chemistry and electronic structure of the surface ter-
minations contrast with the isotropic depletion of ITO NCs. The corner mode, which gives
rise to the strongest extinction, the highest NFE, and greatest RIS, also appears to be the

least affected by surface depletion. The proximity of its experimental RIS to the values pre-
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Figure 5: LSPR simulations incorporating surface depletion. (a) 1-D electron density profiles
moving from the center of the cube to the corner (red), edge center (green), and face center
(blue). The dashed lines reflect a surface potential set to 2.2 eV at the faces only, and the
dashed and dotted curves reflect a surface potential set to 2.2 eV across the entire surface.
The dotted black line indicates the surface of the nanocube along each 1-D profile. The
inset shows an electron density isosurface for 9 x 10%** cm™ for the case where the Fermi
level is pinned at the faces only (blue) and when the Fermi level is pinned across the entire
nanocube surface (red). (b) Simulated extinction of FITO nanocubes with a donor density
of 10.1 x 10%! em™3. Solid curve is in the absence of surface depletion, the dashed curve is
for the surface potential set to 2.2 eV at the faces only, and the dashed and dotted curve
is for the surface potential set to 2.2 eV across the entire surface. 2.2 eV was chosen for
the resulting lineshape’s qualitative agreement with experiment. (c¢) Comparison of the
simulated refractive index sensitivity versus resonant frequency for the case with no surface
depletion (squares) and with a 2.2 eV surface potential on the faces only (diamonds). Red,
green, and blue are the corner, edge, and face modes, respectively.
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dicted in the absence of depletion suggests that FITO nanocubes experience spatially nonuni-
form Fermi level pinning across their surfaces. To explore the impact of facet-dependent
Fermi level pinning on the RIS of each mode, we incorporated a nonuniform charge density
into our FEM simulations. Poisson’s equation was solved for a cube with a given surface
potential, and the resulting free electron density distribution was used to calculate the NC
optical extinction. Two cases were explored: pinning the Fermi level uniformly across the
entire NC surface, and pinning the Fermi level on only the faces of the cube. In the former
case, a depletion layer forms near the entire nanocube surface, shrinking the plasmonic vol-
ume to a rounded cubic region within the physical boundaries of the nanocube. In the latter
case, the surface depletion width is nonuniform, as the free electron density is less impacted
near the edges and corners (Figure 5a). To help visualize the influence of Fermi level pinning
on the plasmonic volume, the inset to Figure 5a shows the isosurfaces for a free electron
density of 9 x 10%° cm™3. The red half of the isosurface has the Fermi level pinned across the
entire surface, while the blue half of the isosurface has the Fermi level pinned only on the
faces of the cube. This particular free electron density was chosen as it best highlights the
difference between the two cases, though similar shapes occur for isosurfaces at other values
of the electron density. Contrasting with the rounded corners of the plasmonic volume for
uniform Fermi level pinning, the free electron density remains high near the corners of the
cube if the Fermi level is only pinned only at the cube faces.

The difference in free electron density distribution changes the optical extinction line-
shapes for the two hypothetical Fermi level pinning scenarios (Figure 5b). Any amount of
depletion redshifts the LSPR, likely due to the surface depletion width acting as a high di-
electric constant shell around the plasmonic volume. Qualitatively, however, the spectrum
with Fermi level pinning only on the nanocube faces is a closer match to the experimen-
tally observed lineshape: the face mode decreases in intensity compared to the case without
depletion, but the overall lineshape remains similar. In contrast, with Fermi level pinning

over the entire nanocube surface, the corner mode shows a decreased contribution to the
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extinction, and the edge mode has a much larger overall contribution to the lineshape than
is observed experimentally; these two components become comparable in intensity leading
to a broad peak maximum not seen in experiments. The resemblance of the face-only Fermi
level pinning spectrum to the experimental results is reinforced by the ability of this model
to reproduce the experimental trends for dielectric sensitivity of the three LSPR modes (Fig-
ure 5, S3 and S4). The edge and face modes have lower sensitivity compared to the case
with no surface depletion, especially at lower resonant frequencies (i.e., lower Sn at.%), while
the corner mode retains the same sensitivity. The hypothetical case of uniform Fermi level
pinning failed to reproduce these RIS trends, even suggesting that RIS should decrease with
higher resonant frequency (Figure S4).

These simulation results, combined with the trends in LSPR modulation by reductive
titration, give a consistent picture of the mode-dependent impact of FITO nanocube surface
depletion. Fermi level pinning occurs predominantly on the faces of FITO nanocubes and
the depletion width extends into the nanocube radially from the faces. The face mode, thus,
decreases in its sensitivity, being the mode most insulated from its dielectric environment,
while the corner mode retains its sensitivity as the depletion width does not significantly
impinge on the electron density near the cube corners. While the Fermi level is not specifically
pinned at the edges of the nanocube, the depletion width extending from the faces nonetheless
insulates the edge mode somewhat from its dielectric environment, and depletion impacts
the edge mode more severely for low Sn at.%. As a result, the edge mode RIS decreases to a
much greater extent with frequency than does the face mode and in the reductive titrations
the edge mode modulation is comparable with the face mode in lower Sn at.% samples, while
it is comparable with the corner mode for higher Sn at.% samples.

The physical origins of this apparent facet-specific Fermi level pinning can likely be
traced to differences in the energies and prevalence of surface states. Surface states in metal
oxides are understood to be associated with surface adsorbed hydroxyls.*” ! The density

of surface states and the resulting Fermi level pinning are, thus, dependent on the surface
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binding preference of hydroxyls. This behavior has been well documented, for example,
in ZnO, where the polarity of the exposed facet influences the surface hydroxyl covereage

5051 Similarly for indium oxide, recent DFT studies have

and resulting Fermi level pinning.
predicted that hydroxyls adsorb more strongly to the (211) facet of indium oxide than they
do to the (111) facet.®® Further, hydroxyl termination is understood to stabilize the {100}
facets of In,O3 NCs leading to a cubic morphology.®® It is likely that the predominance
of Fermi level pinning along the faces of the FITO nanocube as opposed to the edges and

corners is due to differences in the density of surface states brought about by differences in

hydroxylation of the exposed facet.

Conclusions and Outlook

In conclusion, we showed that the faceting of FITO nanocubes increases the dielectric sen-
sitivity of the corner mode above that of spherical NCs with the same material properties.
That said, the FITO NC LSPR sensitivity is lower than expected based on simulations, a
result that we attribute to the surface trapping of free electrons leading to a depletion region
that insulates the plasmonic volume from its dielectric environment. We provide support
for this hypothesis using reductive chemical modulation of the LSPR, showing that lower Sn
at.% is correlated with a greater extent of modulation and that the mode-dependent dielec-
tric sensitivity is anti-correlated with a mode-dependent extent of LSPR modulation during
reduction. To confirm this interpretation, we incorporate surface depletion into FEM optical
simulations by solving Poisson’s equation and then using the resulting free electron density
distribution to simulate the optical extinction. Through these surface depletion simulations,
we show that the trend in sensitivity can be best explained by Fermi level pinning on the
faces of the nanocube, which insulates both the face and the edge modes from their local
dielectric environment while leaving the corner mode largely unaffected. These results show

that the corner mode is the most viable for sensing applications, as it has the highest extinc-
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tion and sensitivity across all samples, and that higher dopant incorporation leads to higher
sensitivity. The ideal FITO NC sample for dielectric sensing or other applications driven by
high NFE is therefore one with both a high degree of faceting and a greater amount of Sn
incorporation.

The mode-dependent impact of the surface depletion revealed through this study in-
dicates that the corners of FITO nanocubes provide the best opportunity for plasmonic
enhancement of molecular spectroscopic signatures, both through the high NFE inherent to
the sharp faceting as well as, strikingly, the reduced impact of the surface depletion layer on
the LSPR mode associated with the nanocube corners. Molecules bound to the corners, as
opposed to the faces of the nanocube, are likely to have the greatest impact on the LSPR
resonant frequency through the resulting high corner-mode dielectric sensitivity. Beyond
just dielectric sensitivity, however, the high field enhancement and the decreased impact of
surface depletion around the corners of the nanocubes may make FITO NCs ideal for IR
sensing applications utilizing plasmonic enhancement of molecular spectroscopic signatures,

5455 and infrared absorption.?2?%56 Indeed, the

such as surface enhanced raman spectroscopy
direct coupling of oleate molecular vibrational modes to LSPR modes of rounded FITO
nanocubes has been previously reported,'# specifically taking advantage of the tunable over-
lap of the FITO LSPR with molecular vibrational modes in the mid-infrared. Further, the
spatial variation in NFE may provide an opportunity for plasmon-driven spatially localized
chemistry, leveraging the high electric field and low surface depletion width at the corners

of the FITO nanocube to create a “chemical hot spot.”?" 60
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