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ABSTRACT: Plasmonic nanocrystals in close-packed assemblies exhibit collective optical [
resonance and strongly concentrated electric fields due to coupling. The spectral red-shift
from the localized surface plasmon resonance (LSPR) of isolated nanocrystals to that of an
assembly reflects coupling strength, which depends on nanocrystal characteristics and
assembly structure. Scaling laws that relate these shifts to nanocrystal spacing are useful to
systematically describe plasmon coupling and predict peak shifts for materials design.
Here, we develop a unified scaling relationship that accounts for unique properties of
metal-oxide plasmonic nanocrystals by considering the dopant influence on the LSPR
frequency and free electron distribution within nanocrystals. We propose a rescaled
plasmon ruler, adjusted for the presence of a dopant-dependent depletion layer, to
describe the spectral shifts of colloidal indium tin oxide nanocrystals assembled into close-
packed superlattices. This framework can guide designs of plasmonic materials to realize

specific optical characteristics based on synthetically controllable attributes of nanocrystal

building blocks.

densely packed assemblies with long-range periodic

ordering, have optoelectronic properties dictated by
the properties of the constituent NCs and interactions arising
from the close proximity of NC building blocks.' ™ Plasmonic
NCs interact strongly with light through localized surface
plasmon resonance (LSPR) that induces a large oscillatory
dipole in each NC.”® When assembled into multiparticle
superstructures, the excitation of LSPR in each NC mutually
polarizes the surrounding NCs, hybridizing their localized
modes into collective plasmon resonance (CPR) modes.*™®
The strength of these plasmon coupling effects is reflected in
the magnitude of spectral shift of the hybridized modes from
the LSPR of the isolated NCs.*'? In this work, we elucidate
systematic trends in plasmon coupling strength as it depends
on characteristics of assembled plasmonic metal-oxide NCs by
evaluating the spectral redshifts from isolated NC LSPR to
CPR of superlattice assemblies.

Previously, plasmonic shift from isolated nanoparticles to the
longitudinal mode of coupled dimers has been related to the
distance between the nanoparticles, where increasing space
between nanoparticles causes the plasmon shift to decay
approximately exponentially.*”'""> This relationship allows
the interpretation of the LSPR spectrum, observable in the far-
field, to approximately “measure” nanoscopic spacing between
particles. Studies of coupled pairs of metallic particles led to

C olloidal nanocrystal (NC) superlattices, which are
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plasmon ruler scaling laws that indicate an empirical decaying
exponential trend between the shift of the LSPR wavelength
along the interparticle axis, scaled by the initial LSPR peak
position, and particle spacing, described by the ratio of the gap
between particles to their diameter."”~" This concept has
been generalized to extended noble-metal nanoparticle
assemblies, like silver (Ag) and gold (Au) nanoparticle
superlattices."®™"” In these close-packed structures, each
particle’s LSPR is coupled to many nearby polarizations,
causing the decay lengths in superlattice plasmon rulers to be
longer range than for particle pairs."®”"® The spectral shift is an
indication of LSPR coupling strength and, as we recently
highlighted, is predictive of the intensity of the near-field
enhancement in the local hot spots.”” So, evaluating trends in
spectral shifts with superlattice structure and nanoparticle
properties is a useful strategy for creating materials to achieve
targeted optical properties, including both far-field spectral
characteristics and near-field enhancements. Plasmonic nano-
particle-based materials can thereby be customized for specific
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Figure 1. NC and superlattice structural characterization. (a) STEM image of 18 nm 5% Sn ITO NCs. (b) SEM image of a three-dimensional
(3D) superlattice of 18 nm 5% Sn ITO NCs. (c) GISAXS pattern of a superlattice of 12 nm 5% Sn ITO; peaks are indexed according to the
FCC lattice structure. (d) Interparticle (center-to-center) distances and calculated gap distances between NC surfaces for each superlattice
analyzed. Error bars indicate the standard deviation in diameter for each NC sample and the standard deviation of all gap distances.

applications such as surface-enhanced spectroscopies, radiative
cooling, and photonic devices.”' ° While the principles
governing plasmonic coupling between noble-metal nano-
particles have been explored for decades, plasmonic semi-
conductor NCs have emerged more recently as highly tunable
optical components.

Doped metal-oxide NCs exhibit LSPR in the near-infrared
(IR) region. Unlike conventional metallic nanoparticles, which
have a relatively fixed free electron concentration, doping
concentration of the metal-oxide NCs can be tuned syntheti-
cally, to vary the free electron concentration and therefore the
frequency of their LSPR.*>*’ In tin (Sn)-doped indium oxide
(ITO) NCs, for example, the Sn concentration tunes the LSPR
frequency across the IR region, decoupling the resonance
wavelength from NC size and shape.”®*” While LSPR coupling
has been studied in lithographically patterned ITO nanorod
arrays and isolated pairs of ITO NCs,’*~* the influence of Sn
doping concentration on coupling remains to be elucidated.
Here, we address this gap by analyzing spectroscopic shifts
when assembling ITO NCs of varying size and dopant
concentration (% Sn) into superlattices.

By extending the concept of the plasmon ruler to ITO NC
superlattices, we illuminate the influence of dopants on the
plasmon coupling strength. The primary effect of dopants in
tuning the LSPR frequency is naturally described by the
original concept of the plasmon ruler, where the spectral shift
is scaled relative to the initial frequency (or wavelength).
However, the universal scaling fails to predict differences in
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coupling between NCs with different % Sn in structurally
similar superlattices, which persist even after scaling. This
limitation is resolved by considering the influence on LSPR
coupling of near-surface depletion layers, which are known to
occur in doped metal-oxide NCs and impact individual NC
optical properties.””***° Here, we show that depletion layers
and their dependence on dopant concentration strongly
perturb plasmon coupling. To account for these effects, we
propose a rescaled, dopant-dependent plasmon ruler that
effectively describes the scaling of plasmon peaks with ITO
NC superlattice structure and can be used to predict
superlattice properties for design.

Regular morphology and size uniformity of NCs are vital to
assembling consistently ordered superlattices. ITO NCs were
synthesized with an established slow-growth synthetic method
that offers precise control over % Sn and NC size. The NCs
produced by this synthesis are capped with oleate ligands and
exhibit approximately isotropic interactions and ideal solvent
dispersibility.””’~*° Regular, quasi-spherical morphology of the
NCs was confirmed using bright-field scanning transmission
electron microscopy (STEM) and small-angle X-ray scattering
(SAXS) of dilute NC dispersions (see Figure la, as well as
Figures S1 and S2). The size and polydispersity of the NCs
were evaluated by fitting SAXS patterns for dilute NC
dispersions with a spheroid form factor; size dispersity was
less than 10% for all samples studied (Figure S3 and Table S1).
Superlattices were assembled by slow evaporation of toluene,
depositing ordered films onto angled undoped silicon
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Figure 2. Plasmon coupling trends related to NC characteristics. Extinction spectra for dispersions (dashed) and superlattices (solid) of (a)
varying size NCs and (d) varying % Sn NCs, where regions exhibiting intense ligand vibrational peaks have been omitted for clarity.
Experimental superlattices (solid) and EMT-predicted (dotted-dashed) extinction spectra of (b) varying size NCs and (e) varying % Sn NCs.
Extinction peak positions for dispersions (squares) and superlattices (circles; filled are experiments, open are EMT predictions) of (c)
varying size NCs and (f) varying % Sn doped NCs. Error bars indicate polydispersity in size (c) and uncertainty in % Sn, which is less than
the size of the markers (f). EMT predictions employ a core—shell Drude dielectric function reflecting an NC depletion layer (see the

Methods section in the Supporting Information).

substrates. Following literature protocols, the initial concen-
trations of NC dispersions were ~0.5 mg/mL and complete
evaporation occurred after ~10 days at 45 °C.*""** Resulting
superlattice films ranged from 120 to 600 nm (Table S2 and
Figure S4a) in thickness between samples. The large range of
thickness was assumed to have little effect on coupling strength
based on finite element simulations carried out with COMSOL
showing minimal change in spectral peak position and line
shape with superlattice thickness (see Figures S4b and SS), a
result previously observed in Ag supercrystals.’” The regular
ordering of NCs in the superlattices was apparent by scanning
electron microscopy (SEM), where a hexagonal packing
pattern was seen in top-down imaging and cross-sectional
imaging revealed close packing throughout the film thickness
(Figures 1b, S1, S2, and S4a). To better assess the order
throughout the film thickness and across macroscopic
distances, scattering patterns were collected by grazing
incidence SAXS (GISAXS).

The packing of ITO superlattices was determined from their
GISAXS patterns, where the spacing between indexed peaks
was used to calculate interparticle distances.*’ All superlattice
samples showed GISAXS peaks indicative of face-centered
cubic (FCC) ordering, consistent with other reports of
spherical nanocrystals functionalized with oleate ligands (see
Figure lc, as well as Figures S1 and $2).***> The center-to-
center interparticle distances between NCs in the assembled
superlattices were calculated from the magnitudes of the
observed Q, and Q, values of the two (111) peaks, converted
to real space to find the close-packed interparticle distance (D)

for an FCC lattice by (27/ IQZZ + Qyz)w/?)/ = D. The gap
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distance was then calculated by subtracting the NC diameter
(determined from SAXS) from D. Gap distance in superlattices
can vary with ligand density and interdigitation, which is
dependent on the choice of ligand and solvent.***°
Considering the consistent surface chemistry and moderate
radius of curvature of our NCs, we expect a uniform gap
distance templated by the oleate ligands; the average gap found
by GISAXS analysis is 3.17 nm # 0.3 nm (Figure 1d and Table
S3), which is approximately twice the solvent-swollen oleate
ligand shell thickness previously measured using SAXS and
small-angle neutron scattering.””*”** With the gap distance
being constant across our samples, because of the oleate ligand,
we vary the NC diameter to examine the impact of the relative
gap on plasmon coupling.

We hypothesized that larger ITO NCs would give rise to
stronger plasmon coupling and larger spectral shifts, similar to
previously reported trends for Au and Ag nanoparticles.””*
Larger NCs with a constant, small gap due to surface ligands
experience stronger electric field interactions arising from
dipoles on neighboring NCs, leading to more intense near and
far field plasmonic interactions.”®”' ~>° Here, a series of 5.5% +
0.4% Sn ITO NCs were synthesized with diameters ranging
from 10 nm to 18 nm to isolate the effects of NC size on
plasmon coupling (Table S1). Each NC sample was used to
prepare a superlattice, and optical spectra of each assembly
were compared to the corresponding isolated, solvent-
dispersed NCs to investigate the plasmon coupling. Each
superlattice shows the characteristic redshift of the CPR, with
greater shifts for larger NCs, indicating stronger LSPR
coupling (Figure 2a). The lineshapes were also noticeably
broadened upon assembly, which may arise due to plasmon

https://doi.org/10.1021/acsmaterialslett.4c00220
ACS Materials Lett. 2024, 6, 1929—1937


https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.4c00220/suppl_file/tz4c00220_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.4c00220/suppl_file/tz4c00220_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.4c00220/suppl_file/tz4c00220_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.4c00220/suppl_file/tz4c00220_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.4c00220/suppl_file/tz4c00220_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.4c00220/suppl_file/tz4c00220_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.4c00220/suppl_file/tz4c00220_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.4c00220/suppl_file/tz4c00220_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.4c00220?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.4c00220?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.4c00220?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.4c00220/suppl_file/tz4c00220_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.4c00220?fig=fig2&ref=pdf
www.acsmaterialsletters.org?ref=pdf
https://doi.org/10.1021/acsmaterialslett.4c00220?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Materials Letters

www.acsmaterialsletters.org

a 0.30 4 0.30
© 025 S
$ SN
3 0.20
0.254 " e
(< :_"9_'015
3
Y *v,
3 ".“o.'m 015 &
< 0.204 — e,
5% Sn 11 nm
10nm @ 7% Sn
e 1Mnm @ 5%Sn -
® 15nm @ 3% Sn — @2
0.154 o 17nm 2% Sn
® 18nm 1% Sn
Simulated Data
T T T T T T
0.10 0.15 0.20 0.25 0.30 0.35
Gap:Dy¢

°
o o o o
°
PR
-e
ee-

4 6
Sn Doping %

Figure 3. Evaluating the plasmon ruler scaling of ITO NC superlattices. (a) Experimental data plotted as a simple plasmon ruler paired with
EMT predictions extending past the experimental data range and fitted with an exponential function. Experimental (size series only) fit
parameters: A = 0.48 and p = 0.26, EMT fit parameters: A = 0.4S and p = 0.27. Inset shows a semilog plot. (b) Relative spectral shift
observed experimentally (closed circles) and predicted by EMT (open circles). Scheme (inset) shows how the electron distribution changes
with Sn doping. EMT predictions employ a Drude dielectric function with constant damping (see the Methods section in the Supporting

Information).

coupling or from physical defects like cracks, where the
coupling environment and optical resonances differ from the
bulk of the superlattice.”*

We anticipated that the magnitude of the spectral shift
would increase with the LSPR frequency of the NCs. The
LSPR of doped metal-oxide NCs may be tuned independent of
size by varying the concentration of dopants incorporated
during synthesis, which has no direct analogue in noble-metal
nanoparticles; how dopant concentration affects plasmon
coupling in assemblies is yet to be systematically investigated.
To this end, a series of ITO NCs ranging from 1% to 7% Sn, all
having diameters of 10.9 + 0.6 nm, were synthesized and
assembled into superlattices. As for the size series, the CPR is
consistently red-shifted from the LSPR of the corresponding
dispersed NCs (Figure 2d). The shift was found to grow
monotonically with Sn % (Figure 2f), a trend previously
observed in films of 6 nm ITO NCs and monolayer
superlattices of 31 nm ITO NCs.>**° An increase in % Sn
leads to stronger plasmonic coupling since the higher electron
concentration results in stronger polarization of each NC and
more intense electric fields that mediate their interactions.

To more deeply understand the trends in plasmonic
coupling, we calculated the predicted optical response for
each experimental superlattice using effective medium theory
(EMT; see Figure 2b and 2e). The ingredients of an EMT
calculation include a model for the dielectric properties of the
NCs, an approximate method for accounting for the NC
volume fraction and possibly interparticle correlations in the
superlattice, and a film model. We treat the NCs as spheres
with a plasmonic core and dielectric shell (see the Methods
section in the Supporting Information) to reflect the presence
of a depletion layer and use the (GI)SAXS-derived NC size
and assembled FCC structure to fix the lattice volume fraction.
The NC electronic structure model used here was informed by
fitting extinction spectra of dilute nanocrystal dispersions with
the heterogeneous ensemble Drude approximation (HEDA),”
which accounts for ensemble heterogeneity and assumes a
core—shell NC to model surface depletion layers (Figure S6
and Table S4). To estimate the effective dielectric function of
the NC superlattice, either Maxwell—Garnett theory’’ ~>” or
the three-point approximation of Torquato® offer potentially
suitable approximations. Maxwell—Garnett theory provides an
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exact accounting of the contributions of dipoles to the optical
response of a perfect FCC lattice at a given NC volume
fraction. The approach from Torquato approximately accounts
for multipolar contributions as well by incorporating
information about three-point structural correlations in the
perfect FCC lattice.”®> The three-point approximation has
previously been observed to provide more accurate predictions
for gold and silver nanoparticle assemblies than the Maxwell—
Garnett approximation, while modestly overestimating multi-
polar contributions.”> We found that the three-point
approximation better reproduced the experimentally observed
spectral shifts here and also predicted the observed asymmetric
broadening of the superlattice spectra (Figures S7 and S8).
This agreement may reflect the importance of multipolar
interactions arising from the large volume fractions and
substantial particle polarizabilities in our superlattices.

The three-point approximation yields an effective dielectric
function that determines a frequency-dependent extinction
coeflicient, which can be used to predict absorption losses as
light passes through the film. To more accurately model the
experimental spectra, reflections occurring at the top and
bottom interfaces of the film can be taken into account,
following the general transfer matrix methodology.64 Here, we
use the transfer matrix method for a three-layer system
consisting of semi-infinite air, a thin film, and a thick silicon
substrate, which most closely represents the experimental
system compared to alternate approaches we considered (see
the Supporting Information). Film thicknesses for each
experimental sample from cross-sectional SEM images were
used as model inputs. Close agreement of the superlattice CPR
peak frequencies and lineshapes between predictions and
experiments is observed, which validates the core—shell model
for the surface-depleted plasmonic NCs and the use of the
three-point approximation paired with a transfer matrix model
to understand trends in the optical response of these
assemblies (Figures 2b and 2e). Asymmetric, broadened
spectra are found even though the model presumes defect-
free lattices of identical NCs, demonstrating the inherent role
of coupling in establishing the lineshapes. The increasing
magnitude of spectral shift for larger NCs (Figure 2c)
qualitatively extends the well-established relationship between
nanoparticle size and plasmon coupling observed for noble-
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Figure 4. Plasmon ruler rescaled for depletion. (a) Schematic showing how gap:diameter ratio is represented in NC assemblies, where Dy is
the summation of the plasmonic core diameter and depletion layer width. Theoretical scaling behavior incorporating depletion is compared
to experimental results. Experimental fit parameters: A = 0.48 and p = 0.26, EMT fit parameters: A = 0.46 and p = 0.19. (b) Schematic
showing how the gap:diameter ratio is adjusted to include depletion layer width in a rescaled x-axis. Rescaled plasmon ruler to account for
the depletion layer as part of the gap distance. EMT fit parameters: A = 0.40 and p = 0.31. EMT predictions are based on a core—shell Drude
dielectric function (see the Methods section in the Supporting Information). Square markers represent superlattices made from indium-
doped cadmium oxide (ICO) NCs. Note the larger decay constant reflects fitting to the wider rescaled x-axis (see also Figure S11 and Table

S5). Both insets show semilogarithmic plots.

metal nanoparticles*”*’ to ITO NC superlattices. The
experimental shifts for the doping series are again well
reproduced by EMT (Figure 2f and Figure S7), indicating
that HEDA fitting and GISAXS are effectively capturing the
single-NC and assembly structural attributes that govern the
spectral shifts in the superlattices.

To go beyond a qualitative assessment of coupling trends,
we plotted our results according to the typical plasmon ruler
form, i.e., scaled spectral shift vs scaled spacing. By rescaling
the frequency to the initial LSPR frequency w,, the relative
shifts are seen to increase with both size and % Sn (Figure S9).
These normalized frequency shifts are plotted against the
gap:NC diameter ratio to compare to scaling expectations
based on the plasmon ruler concept (Figure 3a). The data
from the size series could be fit to an exponential decay, while
the doping series points are closely clustered along the x-axis,
having been synthesized with nearly identical sizes. For
comparison to the size series, EMT was used to predict the
scaling behavior of nanoparticles with a generic metallic
dielectric function (i.e., Drude model with constant damping)
over the same range, employing a packing fraction consistent
with the experimental GISAXS data (see the Methods section
in the Supporting Information). While experimental film
thicknesses vary, a constant film thickness of 300 nm (close
to the average of the experiments) was chosen for these (and
subsequent) calculations to isolate the trends of interest. From
finite element method COMSOL simulations, we observe that,
while film thickness impacts extinction magnitudes, it only
modestly affects CPR peak frequencies, validating this
approximation for evaluating trends in peak frequencies
(Figures S4 and SS). To evaluate the extent to which this
simple model effectively predicts the size-scaling of LSPR
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coupling in our ITO NC superlattices, we fit both the
experimental size series and EMT predictions with exponential
functions, y = Ae™”, where y = Aw/w,, x is the gap:NC
diameter ratio, A is a constant representing the maximum
magnitude of the frequency shift, and p is the coupling decay
parameter. The decay length, p, was 0.26 for the experimental
data and 0.27 for the EMT predictions, both greater than the
value of 0.22 found by fitting the theoretical plasmon ruler for
an isolated pair of particles over the same range of scaled
spacing (Figure S10). In the literature on noble-metal
nanoparticles, superlattice plasmon rulers have also been
reported to exhibit larger decay constants (0.4—0.6)°> than
those of isolated nanoparticle pairs (0.14—0.22),"""~7°
though the values depend significantly on the range of gap/
diameter values considered. Still, the general trend indicates a
slower decay of coupling in more extended assemblies with
more neighboring particles coupling to each particle’s LSPR.
The predicted scaling with Drude-like nanoparticles is a
good match for the experimental results for the ITO NC size
series (Figure 3a), but it cannot explain the variation in scaled
spectral shift with % Sn. The experiments show that higher %
Sn increases the relative plasmon shift, even as scaled spacing is
approximately constant; these data points are predicted
theoretically to collapse to a single point on the plasmon
ruler scaling relationship (Figure 3a). We hypothesized that
the unaccounted-for variation in coupling with dopant
concentration could be explained by the influence of variable
% Sn beyond the direct effect of shifting the LSPR. Specifically,
we suspected that dopant-driven changes in the width of the
surface depletion layer, which is known to affect LSPR
response in ITO NCs,”**”" could be responsible for the
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deviations from the expected scaling of plasmon coupling in
our superlattices.

The presence of a surface depletion layer in ITO NCs
impacts their LSPR response by reducing the plasmonically
active volume and diminishing the concentration of free
electrons in the NC core.””* Poisson’s equation predicts that
the depletion width should scale as N;7'/2, where Ny is the
concentration of donor defects, and—based on HEDA analysis
of dispersed ITO NCs—the depletion layer thickness
decreases as % Sn increases.””*”’> We hypothesize that the
depletion layer could be affecting plasmon coupling strength in
the ITO NC superlattices, where, in conjunction with the
electron concentration, Sn doping is also modulating the
depletion layer. The depletion layer acts as an additional
dielectric spacer between the plasmonic cores of the NCs,
reducing spectral shifts due to plasmon coupling.”* The
presence of the depletion layer and its systematic dependence
on % Sn, may explain the differences between experimental
and EMT-predicted (generic Drude model) scaling trends.
These differences are highlighted by plotting the relative
plasmon shift, since it depends on % Sn. The normalized shift
is observed to increase systematically while EMT with a
generic Drude model predicts it should be nearly invariant
(Figure 3b). To investigate if depletion can rationalize the
dopant dependence of plasmon coupling in these ITO NC
superlattices, we return to the core—shell dielectric function
used in Figure 2 to compute revised scaling predictions using
EMT.

Simply introducing a model depletion layer into the EMT
predictions provides a poor description of the experimental
scaling behavior (Figure 4a). The shorter decay range, p,
reflects that LSPR coupling falls off more rapidly for plasmonic
nanoparticles with a depletion layer, which is conceptually
consistent with having a smaller effective (plasmonic core)
diameter. Unlike the generic Drude model, the core—shell
model can be used to predict spectral shifts for variable % Sn in
identically sized NCs. However, these points are offset
vertically from the size-scaling relationship for a single dopant
concentration (Figure 4a), so this approach fails to provide a
unified description of plasmon coupling-induced shifts. The
predictions also systematically underestimate the magnitude of
the plasmon shifts observed experimentally. To address these
limitations, we propose that the spacing between the NCs can
be conceptualized as a sum of two contributions: the physical
gap controlled by the ligand shell and an additional electronic
gap introduced by the depletion layer (Figure 4b). To evaluate
how plasmon coupling scales with this overall gap distance, we
evaluate a dopant-dependent plasmon ruler that incorporates a
variable depletion layer in distance scaling.

To account for the variation in the depletion layer with %
Sn, we rescaled the x-axis of the plasmon ruler to include the
depletion layer as part of the gap distance and to replace the
physical NC diameter with the estimated plasmonic core size.
However, since the depletion layer has a higher dielectric
constant than the ligands between the NCs, we multiply the
depletion width (W) by a dielectric screening ratio of ¢,,/€,
where ¢, is the dielectric constant for the ligand shell (¢, =
2.13), and ¢, is the dielectric constant for In,0; (¢, = 4), to
account for the differences in screening in the two components
of the redefined “gap”. Approximating the dielectric constant of
the depletion layer as the high-frequency dielectric constant is
consistent with the core—shell model we employed (Figure
4b). For the predicted scaling relationship, NC diameters from
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10 nm to 30 nm (at an Ny of 8.2 X 10*° cm™, corresponding
to the average electron concentration of the experimental size
series) and a range of Ny from 7 X 10" to 1 X 10*' cm™ (with
10.9 nm diameter, corresponding to the average diameter of
the experimental doping series, and to % Sn of 0.5 to S if the
dopants were fully ionized) were considered. Over this range,
the theoretical depletion width varies between 0.5 and 2.5 nm,
which approximately encompasses the experimental range
probed. The resulting points fit on a single curve relating the
scaled spectral shift to the renormalized gap distance. Once the
dielectric screening and renormalizing of the core and gap sizes
are taken into account, the parameters of this depletion-
informed plasmon ruler scaling are nearly identical to those of
the conventional plasmon ruler found when considering only
physical dimensions for assemblies of Drude-like nanoparticles
(Figure 3a and Table SS).

To map the experimental data points onto this renormalized
x-axis, the depletion layer widths (times 2) found by HEDA
fitting”” were subtracted from the NC diameter to yield the
diameter of the plasmonic core, and multiplied by the
dielectric screening ratio (e,/€,) then added to the gap
distance to give the effective overall gap distance (Table S2).
For the size series, the depletion width is expected to be
approximately constant; therefore, the average depletion width
(0.19 nm) was used in the analysis to reduce uncertainty in the
values. For the doping series, the depletion width varies with %
Sn, so the depletion layer widths found by HEDA for each
sample were used to adjust their gap:diameter ratios
individually. The experimental data points across both the
size and doping series approximately agree with the rescaled
predicted behavior except for the two lowest dopant
concentrations where the estimated volume fraction of the
plasmonic core is less than half of the NC’s physical volume
(Figure 4b). Under these conditions, the band bending is
extreme throughout the NC volume****”" and the model of a
core with constant electron concentration surrounded by a
fully depleted shell becomes a poorer approximation, whereas
thinking of the depletion layer as a gradient of decaying
electron concentration would be a better representation of the
wide depletion layer in these lower doped samples. Although
the rescaled plasmon ruler qualitatively captures the dopant-
dependent scaling of spectral shifts, these low-doped NCs
retain stronger coupling than predicted, as reflected in their
relative shifts lying well above the predicted scaling relation-
ship, where the depletion layer is treated as a purely dielectric
shell.

To test the applicability of this concept to other materials
known to have depletion layers, we placed data points for
superlattices of indium-doped cadmium oxide (ICO) NCs on
the rescaled plasmon ruler (Figure 4b).**’* Using ICO NCs
with varying sizes and indium doping concentrations and with
the same oleate surface ligands, superlattices were assembled
by a similar evaporation process and found to have the same
FCC packing order. Complete characterization of these
samples can be found in a recent investigation into the surface
depletion layer effects in ICO NCs.”” To map these samples
onto the rescaled ruler, the average gap distance of 3.17 nm,
their experimentally determined depletion layer widths from
HEDA analysis, and the dielectric constant for CdO (¢, = S.5)
were used. These data points follow the same coupling trends
as ITO NCs, where larger diameters or higher doping
concentrations lead to stronger coupling. We see in the
rescaled plasmon ruler that samples with wider depletion layers
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(lower In doping %) display a steeper decay in coupling
strength with increasing effective gap distance (Figure 4b).
This data serves as a preliminary indication that the rescaling
proposed here could provide a broadly applicable ration-
alization of how the coupling between assembled plasmonic
metal-oxide NCs is affected by the presence of depletion layers.

In conclusion, we have evaluated the structure- and
composition-dependent plasmon coupling in ITO NC super-
lattices by quantifying spectral shifts for a library of NCs with
varied sizes and Sn dopant concentrations. Higher % Sn
enhances coupling, resulting in a dopant dependence of the
spectral redshift upon assembly that remains even when
normalized by the LSPR frequency of the dispersed NCs. We
attribute this deviation from conventional plasmon ruler
behavior to the surface depletion layer, whose width depends
systematically on the dopant concentration. We propose
rescaling of the gap and plasmonic diameter to approximately
account for the depletion layer and its dielectric environment,
which allows spectral shifts in assemblies of NCs with varying
dopant concentrations to be described and predicted by a
single, broadly applicable scaling law. Although the spectral
shifts of experimental assemblies with the most substantial
depletion layers (ie, the lowest % Sn) are larger than
predicted by this rescaled plasmon ruler, it may still serve as a
useful empirical guide to designing materials with targeted
spectral features. Further refinement of the elaborated model
might be made by going beyond a simple core—shell model for
the surface-depleted NCs, for example by approximating the
electron distribution with multiple shells of progressively lower
electron concentration approaching the surface.”**°

The importance of depletion layers in modulating plasmon
shifts upon assembly suggests novel ways to design functional
materials not available with noble-metal nanoparticles. Under-
standing depletion layer effects on coupling, as established in
this work, can be expanded to quantitatively describe coupling
in assemblies of other doped metal-oxide NCs, such as indium-
doped cadmium oxide.”*’*”* Besides dopant concentration,
depletion layer width can be tuned by the dipoles of surface
capping ligands or by varying the radial distribution of
dopants.””’® Combining depletion layer control with NC
spacing and the overall density and architecture of the
assemblies,””” a multifaceted materials design space is unveiled
for creating photonic materials with desirable spectral features
and near-field hot spots. Ultimately, the ability to engineer NC
assemblies with targeted properties will enable the eflicient
design of functional plasmonic materials, accelerating discovery
for new technologies.
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