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ABSTRACT: Doped metal oxide nanocrystals exhibit a
localized surface plasmon resonance that is widely tunable
across the mid- to near-infrared region, making them useful for
applications in optoelectronics, sensing, and photocatalysis.
Surface states pin the Fermi level and induce a surface depletion
layer that hinders conductivity and refractive index sensing but
can be advantageous for optical modulation. Several strategies
have been developed to both synthetically and postsynthetically
tailor the depletion layer toward particular applications;
however, this understanding has primarily been advanced in
Sn-doped In2O3 (ITO) nanocrystals, leaving open questions
about generalizing to other doped metal oxides. Here, we quantitatively analyze the depletion layer in In-doped CdO (ICO)
nanocrystals, which is shown to have an intrinsically wide depletion layer that leads to broad plasmonic modulation via
postsynthetic chemical reduction and ligand exchange. Leveraging these insights, we applied depletion layer tuning to enhance
the inherently weak plasmonic coupling in ICO nanocrystal superlattices. Our results demonstrate how an electronic band
structure dictates the radial distribution of electrons and governs the response to postsynthetic modulation, enabling the
design of tunable and responsive plasmonic materials.
KEYWORDS: transparent conducting oxide, band bending, localized surface plasmon resonance, redox, ligand exchange, superlattice,
space charge layer

INTRODUCTION
The resonant oscillation of conduction electrons confined to
nanosized volumes gives rise to localized surface plasmon
resonance (LSPR) absorption at a frequency dependent on the
carrier concentration in the plasmonic material. LSPR has been
extensively studied in noble metals, such as Ag and Au
nanocrystals (NCs); however, the electron concentration is
largely a fixed, intrinsic property in conventional metals,
leading to an emphasis on shape and size instead as the
primary means for tuning the LSPR. Semiconductor NCs have
emerged as a more adaptable class of plasmonic materials
because they exhibit LSPR that varies widely across the visible
to mid-infrared (IR) by tuning the doping concentration or
host material composition.1−4 Plasmonic metal oxide NCs,
such as Sn-doped In2O3 (ITO), Al-doped ZnO (AZO), and
WO3−x, can be used to form transparent and conductive thin
films that make them suitable for optoelectronic applications
such as electrochromic smart windows5,6 and photovoltaics.7

NC surface states, commonly hydroxyl groups in metal oxides,
induce Fermi level pinning of the NC to maintain overall
charge neutrality, resulting in equilibration of the surface

potential with the NC Fermi level potential. Furthermore, with
midgap surface states below the flat band NC Fermi level, the
NC conduction and valence bands bend upward in response to
equilibration and form a near-surface depletion layer.8−10

While the depletion layer can be considered a drawback in
applications that rely on inter-NC charge transfer11 or
sensitivity to the surrounding dielectric environment,12,13 it
can also be leveraged as a charge storage region that enhances
the LSPR modulation range.14−16 The effect of the depletion
layer on optical and electronic properties has been extensively
studied in ITO NCs12−14,17−25 and to a much lesser extent in
AZO NCs,26 but understanding how its characteristics depend
on the attributes of the host material will unlock the potential
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for depletion layer engineering in various applications of these
emerging plasmonic nanomaterials.16,20

The radial depletion layer width (Wd) in spherical NCs is
well approximated by Poisson’s equation for the depletion
layer in planar electrodes, eq 1.27 In eq 1, ϵ0 is the vacuum
permittivity, ϵR is the relative dielectric constant, e is the
elementary charge, Nd is the donor density, and EBI is the built-
in potential, which is the potential difference between the flat
band Fermi level potential, EF,fb, and the surface potential, ES.
This relationship is visually represented in Figure 1, where r0

and rsurf indicate the NC center and surface, respectively. In
NCs, Wd can be tuned by changing (1) Nd via the doping
concentration and (2) EBI via the ES.

8,13 Due to the different
bonding motifs, facets, or identity of such surface states, there
exists a potential range of surface states where ES denotes the
highest occupied electronic state that is isoenergetic with the
pinned Fermi level, EF, after equilibration of the system.
Increasing the Nd via aliovalent doping during synthesis of ITO
NCs is known to stabilize the band edges while maintaining ES
and consequently, narrowing Wd until it is virtually
eliminated.18,28−30 However, to enable dynamic and reversible
depletion layer tuning, postsynthetic strategies, such as those
that modulate EBI, must be employed.

W
E

eN
2

d
R 0 BI

d
=

(1)

One strategy to dynamically tune EBI is postsynthetic doping
such as electrochemical doping,13,23,32,33 photodoping,16,29,34

or chemical redox doping,14,35,36 all of which progressively
raise the ES, thus increasing the pinned EF, reducing EBI, and
narrowing Wd. Upon EF reaching the Fermi level stabilization
potential (EFS), added dopants are readily compensated and do
not donate electrons to the NC conduction band; therefore,
EFS = EF represents the NC electron saturation condi-
tion.31,37,38 The aforementioned postsynthetic doping treat-
ments cause changes in the LSPR intensity, frequency, and line
shape, all of which have been well-studied for ITO NCs.
Another technique to tune Wd and thus LSPR is via a partial
exchange of the native oleate ligands for dipolar ligands with
varying electronegativity.25 In ITO NCs, varying the dipole of
the ligands to an electron donating (withdrawing) group
caused a concomitant rise (lowering) of the electron
concentration while decreasing (increasing) the plasmonic
volume fraction and consequently widening (narrowing) Wd.
The inverse relationship between the electron concentration

and plasmonic volume fraction upon dipolar ligand exchange is
counter to the positive correlation of these trends when tuning
Wd synthetically by changing the doping concentration. In the
case of an electron-donating ligand, a modest increase in the
electron concentration is offset by a larger increase in the band
bending, thus increasing EBI and Wd. This anticorrelated
tunability of the electron concentration and the plasmonic
volume fraction has so far only been achieved by postsynthetic
ligand exchange. Furthermore, depletion layer engineering can
modulate inter-NC plasmonic coupling strength in assemblies.
In ITO NC superlattices, we recently showed that the
depletion layer weakens coupling, and this effect is tunable
based on synthetic variation of Wd, providing an opportunity
for modulating the optical properties of assemblies.39

The quantitative analysis of the depletion layer during
postsynthetic electron transfer reactions and the following
ligand exchange is made possible by fitting LSPR spectra with
the Heterogeneous Ensemble Drude Approximation (HEDA)
model.28 The NCs are modeled with a plasmonic core having a
free electron (Drude) dielectric function and a dielectric shell
that represents the depletion layer. To find the Wd and
electronic properties of the core (e.g., electron concentration,
ne), the fitting procedure intakes experimentally measured
properties such as NC size, concentration, and size
distribution, which introduces heterogeneous broadening of
the spectrum. As a result, intrinsic electronic properties such as
ne, Wd, and optical mobility can be determined from simple
benchtop ensemble spectra. Yet, the robust understanding of
depletion layers in ITO NCs with regards to quantitative
analysis, tuning strategies, and impacts on coupling has yet to
be systematically extended to other metal oxide materials to
discern the universality of depletion layer effects and identify
opportunities for maximizing their impact and utility.
Among plasmonic metal oxides, doped CdO NCs are a

compelling target for extending understanding since they are
predicted by eq 1 to exhibit substantial depletion layers owing
to a high ϵr40 and EBI.

16 The synthesis of doped CdO NCs with
tunable size, doping concentration, and morphology, including
spherical NCs that can most readily facilitate quantitative
analysis of depletion effects, has been previously estab-
lished.33,40−43 In particular, In-doped CdO (ICO) NCs can
possess high electron concentrations on the order of 1021 cm−3

and conductivities 2−5 times higher than ITO depending on
the doping concentration because of their high optical
mobility.41 ICO NCs also have one of the highest quality
(Q)-factors reported for metal oxide NCs, up to ∼8,41 in
comparison with ∼4 reported for doped In2O3 NCs.

22,44 Yet,
the electronic structure of CdO presents challenges to
quantitative analysis of depletion layers. In particular, the
conduction band is nonparabolic, so the effective mass
depends on EF and therefore changes with doping concen-
tration.45,46 This feature convolutes the relationship between
the electron concentration and LSPR peak position when
applying existing analytical frameworks. Due to a nonparabolic
conduction band, for example in InN NCs, the LSPR
frequency was nearly invariant in response to oxidation
decreasing the electron concentration, necessitating a revised,
material-dependent model to describe the LSPR modulation.47

In the case of ITO NCs, nonparabolicity effects have been
considered, but the effect is minimal enough to be well
approximated as a parabolic band structure.26,48 In contrast,
this approximation does not necessarily hold for the significant
nonparabolicity of CdO-based NCs. Previous efforts to fit the

Figure 1. Schematic representation of the electronic structure
under flat band conditions before equilibration with the surface
state potential (left, “fb” subscripts) and equilibrated state (right)
that causes band bending and depletion layer formation. r0 and rsurf
indicate the NC center and surface, respectively. EFS is the Fermi
level stabilization potential, an upper limit on increasing the EF.
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LSPR of doped CdO NCs have assumed a single, fixed
effective mass despite changes in aliovalent doping concen-
tration,46,49 which can potentially introduce errors into the
determination of ne.
In this work, we advance the understanding of depletion

layers in metal oxide NCs by systematically studying their
effects on the optical properties of ICO NCs as a function of
NC diameter, In doping concentration, and varying post-
synthetic modifications. Using established techniques to
synthetically tailor the diameter and doping concentration,
we determine that increasing either parameter leads to
decreases in the volume fraction occupied by the depletion
layer, consistent with previous findings in ITO NCs. However,
owing to the higher dielectric constant of CdO than In2O3
(5.540 and 4.0,28 respectively), ICO NCs exhibit substantially
wider depletion layers for the same diameter and doping
concentration than do ITO NCs. Employing the aforemen-
tioned postsynthetic modifications, we determine that the wide
depletion layer of ICO NCs and the nonparabolic conduction
band profile causes a preferential change in the core electron
concentration over the depletion layer, which consequently
enables a wide dynamic range for LSPR modulation. Chemical
reduction of ICO NCs produces large LSPR frequency shifts of
up to 1700 cm−1. Intrinsic NC properties are quantitatively
tracked with a generalized HEDA model that is parametrized
for use in materials with electronic band structures beyond the

prototypical case of ITO NCs. Spectral fitting results confirm
the high degree of electron concentration tunability that
contributes to wide optical modulation, while the change in the
depletion layer as a function of reduction is modest. In contrast
with the concomitant charging of the plasmonic core and
depletion layer when reducing ITO NCs, the nonparabolic
band structure of ICO NCs causes preferential charging of the
plasmonic core over the depletion layer, demonstrating how
band structure effects can be leveraged to radially control NC
charging. Similar to chemical reduction, postsynthetic ligand
exchange of the native oleate ligands results in larger spectral
shifts in ICO than ITO NCs and reveals limited depletion layer
modulation. By assembling the ICO NCs into superlattices and
using the spectral shift as an indicator of LSPR coupling
strength, we find that the wide intrinsic depletion layer in ICO
NCs hinders coupling. However, we deliberately tune Wd via
aliovalent doping to compress the wide depletion layer and,
thus, strengthen inter-NC coupling. Overall, these results
establish a more comprehensive understanding of ICO NCs’
plasmonic properties and the influence of the depletion layer
and suggest opportunities to leverage these phenomena for
dynamic IR optical materials useful for applications such as
sensing, photovoltaics, and electrochromics.

Figure 2. Materials characterization of ICO NC size and doping series. STEM images of ICO NCs: (a) size series at constant 8.3 ± 0.8% In
and variable diameter as shown (insets show histograms of size distributions), (c) doping series at constant 8.9 ± 0.3 nm and variable % In
as shown (insets show histograms of size distributions), and (b,d) associated extinction spectra of NC dispersions in a 1:1 mixture of
tetrahydrofuran and toluene. Scale bars in (a) and (c) are 30 nm.
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RESULTS AND DISCUSSION
The electronic structure and thus, depletion layer, can be
synthetically controlled in doped metal oxide NCs using
handles such as the diameter, doping concentration,
morphology, and composition.18 We used a previously
reported method41 to synthesize oleate-capped ICO NCs
with varied sizes and doping to rationalize the impacts on the
depletion layer. In brief, the synthesis involves thermal
decomposition of a mixture of metal precursors in the
presence of the surfactant oleic acid. The reaction mixture is
quickly heated to reflux (315 °C) to produce small, spherical
ICO NCs. The diameter can be tuned from 8 to 30 nm
depending primarily on the molar ratio of oleic acid to total
metal precursor, ranging from 2.5 to 4 to increase the NC
diameter. The doping concentration was controlled by
tailoring the stoichiometric ratio of Cd to In precursor;
however the relative In concentration incorporated in the NCs
was consistently greater than in the reaction mixture (Tables
S1 and S2), which we ascribe to the loss of some Cd precursors
to precipitation of Cd0 during synthesis, similar to the
formation of Cd0 during CdTe NC synthesis.50 We also
observed a slight dependence of the NC diameter on the In
doping concentration. Higher In doping resulted in slightly
smaller NCs, which necessitated compensating with increased
oleic acid for higher doped ICO to produce a consistent size
while varying the doping concentration. Ultimately, we
obtained a size series ranging from 14.8 to 27.5 nm at an
average In doping of 8.3 ± 0.8% (Figure 2a,b) and a doping
series with a near constant diameter of 8.9 ± 0.3 nm ranging
from 11.8 to 19.4% In concentration (Figure 2c,d). Given that
the diameters of all the samples used in this study ranged from
8.4 to 27.5 nm and the Bohr exciton radius of CdO-based
materials has been estimated to be 2−4 nm,51 we do not
expect quantum confinement to play a role here.
To quantitatively understand the impact of In doping on the

plasmonic response, the overall In doping concentrations and
NC dispersion volume fractions were measured with
inductively coupled plasma optical emission spectroscopy
(ICP-OES), which established the near-constant In doping
in the size series and the gradient in In found in the doping
series. Furthermore, measuring the In doping concentration
with X-ray photoelectron spectroscopy (XPS), a surface-
sensitive technique, revealed a higher In concentration than
ascertained by ICP-OES, indicating preferential surface
segregation of the In dopants (Tables S1 and S2). The
LSPR of each sample was measured with UV−vis−NIR
spectroscopy and revealed very narrow spectral line widths,
consistent with previous comparisons of doped CdO NCs to
other conductive metal oxide NCs in the literature.7 Increasing
the ICO NC diameter led to a slightly increasing LSPR
frequency, ωLSPR, despite a gradual decrease in incorporated In
concentration (Figure 2f). We attribute the increasing ωLSPR to
higher dopant activation in larger NCs (Table S1), similar to
previous results in ITO NCs that have demonstrated how NC
size, dopant distribution, and dopant activation can signifi-
cantly influence the ωLSPR and LSPR line shape.19,52

Maintaining a constant NC diameter while increasing the In
dopant concentration led to a higher ωLSPR, consistent with
increasing the electron concentration (Table S2). Note that
although a broader range of In concentrations is synthetically
accessible, it was necessary to use high In concentrations,
particularly in this small doping series, to avoid significant

overlap between the ωLSPR and solvent absorption bands that
can frustrate accurate spectral analysis.

Reducing Titrations. To evaluate the effects of NC
charging on the depletion layer and plasmonic response, each
ICO NC dispersion was postsynthetically reduced with
decamethylcobaltocene (CoCp2*). To briefly summarize the
reduction process, [H(OEt2)2]+[BAr4F]−, a proton source
known as Brookhart’s acid,53 was first added to the NC
dispersion in a 1:1 mixture of tetrahydrafuran (THF)/toluene
to provide charge compensation to the electrons added upon
reduction. Despite the acid sensitivity of CdO, the NCs
remained colloidally dispersed with little change in the LSPR
observed. Then, 10, 5 μL additions of 6.7 mM CoCp2* solution
in the same THF/toluene mixture were added to the NCs,
measuring the extinction spectrum after each addition.
Reducing titrations were repeated in triplicate for each ICO
NC sample and found to be highly reproducible (Figure S1).
CoCp2* induced a gradual blue-shift of the LSPR until the shift
eventually saturated (Figure 3a). Particularly in smaller NCs,
we observed slight destabilization of the NC dispersion upon
the first addition of CoCp2*, which caused LSPR broadening;
however, the narrow line width was quickly recovered with the
second CoCp2* addition and persisted through the maximally
reduced state, indicating that the NCs maintained colloidal
stability at high reduction levels (Figure S2). As a check on
reversibility of the reduction process, ICO NCs were first
partially reduced with CoCp2* to prevent excess CoCp2* in
solution and then oxidatively titrated with [FeCp2]+ (Figure
S3), as previously done on reduced ITO NCs.17,29 However,
unlike ITO NCs, not all of the CoCp2*-added electrons were
able to be oxidatively extracted by [FeCp2]+, as evidenced by
the LSPR not returning back to the as-synthesized frequency,
even after excess [FeCp2]+ was added. This result could be
indicative of two scenarios; first, some irreversible reduction of
Cd2+ to Cd0 could be occurring that prevents some degree of
subsequent oxidation. Second, the [FeCp2]+ redox potential
may be above the as-synthesized NC EF, such that [FeCp2]+ is
thermodynamically unable to oxidize all of the CoCp2*-added
electrons, and hence, suggesting that the as-synthesized ICO
NC EF is at a lower absolute potential than the as-synthesized
ITO NC EF. Indeed, we observed no apparent transfer of
electrons from as-synthesized ICO NCs to [FeCp2]+ (Figure
S4). Regardless of the reversibility of the reduction process, the
optical and electronic impacts of NC reduction can still be
analyzed both qualitatively and quantitatively.
The dynamic range of the LSPR under reducing titrations is

quantified by the frequency difference between the LSPR in
the as-synthesized and maximally reduced states (ΔωTitr).
Examining ΔωTitr in relation to the NC diameter and In
doping concentration revealed an inverse correlation, qual-
itatively consistent with previous observations in ITO NCs13,14

(Figure 3b,c). Here, the ΔωTitr is independent of the amount
of CoCp2* added to the NCs because CoCp2* is in sufficient
excess by the end of each titration that no further peak shift is
apparent with the addition of further CoCp2* (Figure S5).
Notably, ICO NCs have a significantly greater dynamic range
for LSPR tuning as compared to ITO NCs. For example, 9.0
nm, 12.4% In ICO NCs experienced a 1700 cm−1 blue-shift,
whereas comparable 8 nm, 13% Sn ITO NCs were previously
reported to have a maximum LSPR shift of only 750 cm−1.14

Had it been feasible to use lower In doping concentrations
here, we expect the dynamic range of LSPR modulation
exceeding 2000 cm−1 to be attainable for ICO NCs. We
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hypothesized that the extreme optical modulation in ICO NCs
results from the intrinsically wide depletion layer providing the
capacity for a greater extent of reduction, motivating a more

quantitative analysis of the changes occurring during titration
to test this hypothesis.
The electronic properties of the as-synthesized and chemi-

cally reduced NCs were deduced by fitting the dispersion
LSPR spectra with the HEDA model. Fitting parameters
include the mean and standard deviation of the electron
concentration (μnde

and σnde
, respectively), volume fraction of the

plasmonic core ( fe), and the bulk mean free path (lbulk) of an
electron in the NC. Previous analyses of changes in the
depletion layer as a function of NC diameter, doping
concentration, reduction, or ligand exchange have been
restricted to In2O3-based NCs.14,17,25,28,54 Adapting the
HEDA model to enable the spectral analysis of ICO NCs
requires a revision of the underlying model to account for the
nonparabolicity of the CdO conduction band. Usefully,
enabling user-defined variables to accommodate different
electronic band structures broadens the applicability of the
HEDA model to more plasmonic semiconductor materials.
The nonparabolic conduction band in ICO renders the
electron effective mass, me*, dependent on the Fermi level
and therefore on ne, which makes it difficult to deconvolute the
impacts of each electronic parameter on the LSPR frequency.
To account for this complication in as-synthesized NCs with
varying doping concentrations, we first determined the optical
bandgap, Eg, from Tauc analysis (Figure S6) and employed
previously reported empirical models for CdO-based NCs that
relate me* to Eg.

55,56 It was also necessary to account for
changes occurring in me* throughout the reduction process
since the conduction band bending changes as EF ascends
further into the conduction band. To account for the changing
me* as a function of successive CoCp2* reduction, the potential
ne values were tabulated in a look-up table together with their
associated me* values calculated based on experimentally
established relationships between ne and me*.56 As the fitting
process proceeds, the value of me* is iteratively updated and
remains tied to the trial value of ne. Once the mean ne is
determined from the fitting process, the associated me* is
extracted as the final me*. Fixing the relationship between me*
and ne rather than floating me* independently avoids adding
another fit parameter and instead explicitly accounts for the
nonparabolic electronic structure of doped CdO without
overparameterizing the model. Additionally, the high electronic
mobility and thus low damping constant that distinguish ICO
necessitated alteration of the treatment of surface damping in
the HEDA model. Briefly, a theory-dependent proportionality
constant, A, included in the surface damping term, was
decreased from 3

4
classically used in ITO to 1

4
in ICO to

account for the lower damping rate (Figure S7). A detailed
explanation of the updates made to the HEDA model and
fittings of all reducing titration spectra (Figure S8) is included
in the Supporting Information, and the updated code is
publicly available.
HEDA fitting of the LSPR of the as-synthesized particles (0

μL CoCp2*) quantitatively revealed the intrinsically wide
depletion layers present in ICO NCs despite the high doping
concentrations measured with ICP-OES. Furthermore, the
slight In surface segregation revealed by XPS (Tables S1 and
S2) means that the substantial depletion layer widths we
observed here might be even larger were the dopants uniformly
distributed since surface segregation of dopants has been
shown to diminish depletion layer widths.16,20,21,57,58 Con-
sistent with eq 1 and with previous results for ITO NCs,28 we

Figure 3. Reducing titration results of size and doping series, using
ITO NCs as a comparison. (a) Example of reducing titration of
16.1 nm, 8.1% ICO NCs with 10 additions of CoCp2*, spectra have
been adjusted to account for dilution. Frequency difference
between the as-synthesized (black line) and maximally reduced
(purple) NCs corresponds to ΔωTitr and is compared for ICO and
ITO NCs at similar (b) NC diameter and (c) In and Sn doping
concentration. ITO data are from ref 14 ITO NCs are black
hexagons, and ICO NCs are pink and green stars.
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observe that fe (inversely correlated to Wd) increases as a
function of diameter, which we rationalize as an approximately
constant Wd but higher core volume fraction. Deviations from
a constant Wd in the size series can be attributed to modest
variations in the In doping level. For increasing In doping
concentration in the doping series, the growing fe corresponds
to a narrowing Wd (Figure S9). Despite the relatively high In
doping concentration and large size of our NCs, we calculate a
maximum plasmonic core volume fraction of only 0.75 in the
most extreme cases (19.4% In sample and 27.5 nm sample).
This is in stark contrast to ITO NCs, wherein the depletion
layer is nearly eliminated in samples larger than 12 nm and
NCs doped above 6% Sn.14,28 The wide depletion layer in ICO
NCs can be primarily attributed to the higher ϵR in the
material; however, a lower flat band EF and thus higher built-in
potential, EBI, may also be significantly contributing, as has
previously been hypothesized for CdO-based NCs.16

Fitting the successive spectra collected throughout the
titration (Figure 4a) of the ICO size and doping series revealed
how the nonparabolic band structure of ICO plays a critical
role in depletion layer tuning and LSPR modulation. In nearly
all ICO NC samples, fe modestly increases throughout the
titration but does not reach the point at which the depletion
layer is eliminated ( fe = 1.0) before reduction saturation is
reached (Figure 4b,c). Again, this is in contrast with the
depletion layer charging dynamics of ITO NCs, where the
depletion layer was rapidly filled with electrons early in the
reduction process, effectively filling the whole NC volume with
plasmonically active free electrons.14 The gradual depletion
layer filling in ICO is particularly notable in conjunction with

the drastic increase in ne throughout the reduction process
(Figure 4e,f), adding up to 1021 electrons per cm3, which can
be converted to an absolute number of electrons by scaling the
NC diameter by fe (Figure S10). In short, the chemically
titrated additional electrons primarily first fill the depletion
layer in ITO NCs, while they instead substantially populate the
plasmonic core in ICO NCs.
The limited depletion layer tunability yet wider optical

modulation range, ΔωTitr, suggests a broadened conduction
band profile at higher energies, consistent with the non-
parabolic conduction band in ICO.45 In comparison to a
parabolic conduction band (such as the case for ITO NCs),
the density of states increases more rapidly above the
conduction band edge for a nonparabolic conduction band,
so a higher electron concentration is necessary to fill the band
and increase EF (Figure 4d). The depletion layer width is tied
to the NC EF through EBI, hence the more limited tunability of
the depletion layer despite significant levels of reduction. A
thorough analysis of the limitations on the maximum ne
reached and the subsequent implications for ICO NC charging
dynamics and band structure is included in the Supporting
Information (Figures S11 and S12) but is not the focus of the
present discussion.

Dipolar Ligand Exchange. Postsynthetic ligand exchange
of native oleates with dipolar ligands is another strategy to
manipulate plasmonic response and spatial distribution of
electrons in semiconductor NCs by tuning the ligand’s dipole
moment.25,59,60 Cinnamic acid ligands are well suited for
studying the impacts of molecular dipoles on NC properties
because they can partially exchange with native oleate ligands

Figure 4. In situ HEDA fitting results of reducing titrations in ICO NC size and doping series. (a) Example of experimental spectra (solid
lines) and respective HEDA fits (dotted lines) for 16.1 nm, 8% ICO NCs. Plasmonic core volume fraction ( fe) throughout reducing titrations
in (b) size and (c) doping series. (d) Schematic of nonparabolic (solid line) and parabolic (dotted line) conduction band profiles. Electron
concentration (ne) throughout reducing titrations in (e) size and (f) doping series.
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while retaining colloidal NC stability, and the dipole moment
can be readily tuned by varying the end group in the aromatic
ring. A recent study on ITO NCs considered the electrostatic
impacts of cinnamic acid ligands with various dipole moments
on the NC plasmonic properties, using the HEDA model to
deconvolute the relationship between dipole moment and
depletion layer changes.25 Electron withdrawing (donating)
ligands induced an upward (downward) potential step at the
NC surface, which decreases (increases) the band bending.
The lower (higher) degree of band bending decreases
(increases) EBI and thus decreases (increases) Wd, consistent
with eq 1.
To understand how the effect of molecular surface dipoles

depends on NC composition and the electronic band structure,
the native oleate ligands on 9.0 ± 1.1 nm, 17% ICO NCs
(Figure S13) were postsynthetically partially exchanged with
an electron-donating ligand, cinnamic acid (4H), and an
electron-withdrawing ligand, 3,5-difluorocinnamic acid
(3,5F).25 The ligand exchange procedure was modified from
that used for ITO NCs by the addition of a N,N-
diisopropylethylamine (DIPEA) base, which does not interact
with the surface but is used to prevent ICO NC dissolution by
maintaining a neutral pH during the ligand exchange. Briefly,
as-synthesized ICO NCs were precipitated and redispersed in a
0.05 M cinnamic acid ligand solution using chloroform (4H
case) or ethyl acetate (3,5F case). After NC redispersion, the
DIPEA base was added, in a 1:1 ratio to the ligand solution,
and the solution was left stirring for 48 h. Ligand exchange
induced a change in surface polarity, evidenced by NC
precipitation with nonpolar solvents, and the resulting NC
pellet was redispersed in chloroform for the 4H ligand and
ethyl acetate for the 3,5F ligand. While we do not expect
complete ligand exchange, successful cinnamic acid function-
alization was confirmed by nuclear magnetic resonance
(NMR) spectroscopy (Figure S14). Furthermore, the shifts
in NC work function (Figure 5 and Table S3) observed by the
secondary electron cutoff in ultraviolet photoelectron spec-
troscopy (UPS) also confirm ligand exchange.
The extinction spectra of the as-synthesized and ligand-

exchanged ICO NCs revealed a red-shift in the LSPR for both
the electron-withdrawing and electron-donating cases (Figure
5b). However, directly interpreting the LSPR peak frequency
correlation with the ligand dipole moment would be
misleading since the dispersing solvents are necessarily
different and the dielectric constant of the medium (ϵM)
influences the peak frequency. To resolve these convoluted
factors, the extinction spectra were fit with the HEDA model
to isolate and quantify the impacts of the ligand dipole
moment on the optical and electronic properties, again
accounting for the nonparabolic conduction band as described
above. Consistent with previous results for ITO NCs, the
electron-withdrawing character of the 3,5F ligand decreasesWd
and increases fe, while the reverse is true for the electron-
donating 4H ligand (Figures 5c and S16). Increased fe upon
3,5F ligand exchange suggests that electron-withdrawing
ligands lower EF, thereby decreasing the band bending
potential (EBI), which is consistent with the upward potential
energy step at the surface indicated by the increased work
function observed in UPS. Referring back to the Poisson’s Wd
equation (eq 1), lowering EBI will decrease the Wd, and thus
increase the electron accessible volume fraction, fe. Moreover,
3,5F ligand exchange decreases ne, further supporting the
lowered EF as a consequence of the upward potential step from

the electron-withdrawing ligand (Figure 5c). Recalling that the
change in Ne reflects both changes in fe and ne, Ne increases
upon 3,5F ligand exchange (Figure S17). All of these
consequences for the electronic structure were found to be
reverse in the electron-donating 4H case. Specifically, fe was
reduced, ne grew, and Ne decreased following ligand exchange.
These trends all qualitatively follow the behavior observed
when dipolar cinnamate ligands were bound to ITO NCs, and
their impacts were analyzed by UPS and HEDA spectral
analysis.

Figure 5. Characterization of as-synthesized and ligand-exchanged
ICO NCs. (a) Secondary electron cutoff region of UPS spectra. (b)
Normalized extinction spectra. Experimental spectra are shown in
dotted lines, HEDA fits are overlaid in solid lines. (c) Change in fe
(circles) and ne (squares) for as-synthesized (open symbols) and
cinnamic acid ligand-exchanged (filled) NCs.
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The 4H and 3,5F ligands used here were chosen to
demonstrate the effects of dipoles on the depletion layer and
LSPR in ICO NCs and to evaluate the realization of previously
observed phenomena in another metal oxide material.
Comparing the results presented here for ICO NCs to
previous ligand exchange of ITO NCs with the same ligands,
the same qualitative trends in fe, ne, and Ne persist for ICO
NCs.25 In particular, the anticorrelated trend of fe and ne,
distinct from their positive correlation based on variations in
doping concentration, is observed in ICO NCs. Comparing the
magnitude of the changes in the LSPR frequency and the
electronic structure parameters obtained through HEDA
analysis, we find that the LSPR shifts more substantially for
ICO NCs, up to 108 cm−1 for the 4H case compared to 50
cm−1 in ITO NCs (Figure S18). Considering that the
extinction measurements for the 4H-exchanged ITO and
ICO NCs are in the same solvent (chloroform), the greater
LSPR modulation observed in ICO NCs can be directly
attributed to the more sensitive response of ne to the dipolar
ligands. Based on HEDA spectral analysis, ICO NCs
experienced greater change in ne, increasing by 1.26 × 1020
cm−3, compared to 0.96 × 1020 cm−3 in ITO NCs, following
exchange with the 3,5F ligand. In contrast, fe changed more
modestly in ICO NCs, decreasing by only 0.14, compared to
0.37 in ITO NC functionalization with 3,5F ligands.
These trends in the dynamic range of fe and ne going from

as-synthesized NCs to exchange with the 3,5F ligand in the
most extreme case can be related to the differences in how
ITO and ICO NCs respond to chemical reduction. The wide,
nonparabolic conduction band of ICO means that despite
significant changes to the ne induced by either ligand exchange
or chemical reduction, Wd and, thus, fe are less significantly
perturbed than in parabolic conduction band materials such as
ITO NCs. The larger EBI of ICO NCs supplies a
thermodynamic driving force for electrons to be preferentially
shuttled to the plasmonic core, where they contribute to
increasing ne, rather than progressively filling the depletion
layer.
Coupling in Nanocrystal Superlattices. Like other

plasmonic nanoparticles, when doped CdO NCs are assembled
into superlattices with long-range order, their LSPR modes
couple, giving rise to a collective plasmon resonance (CPR) at
a lower frequency. Where strong enough coupling occurs, these
assemblies can exhibit a negative real part of the effective
dielectric response, which produces a metal-like optical
response.41,61 However, the effects of the depletion layer on
the strength of the coupling have yet to be examined in doped
CdO NCs. Plasmonic coupling between NCs depends on the
NC size and spacing between neighboring NCs, which govern
the extent to which the induced dipole of each NC will polarize
the surrounding NCs leading to a collective, hybridized
resonance mode for the superstructure. It has been established
that larger NCs or smaller gap distances between NCs will lead
to stronger coupling effects due to stronger induced electric
field interactions.62−65 We have recently analyzed how
depletion layers moderate the plasmon coupling strength in
ITO NC superlattices,39 finding that these insulating layers
cause weaker induced electric field interactions leading to
lower plasmonic coupling strength. Considering that the
electron concentration and radial distribution within each
NC play a strong role in plasmon coupling, we reasoned that
the intrinsically wide depletion layer in ICO NCs could hinder
NC coupling beyond what we observed for ITO NCs.

To assess the impacts of the depletion layer on ICO NC
coupling, 16.9 ± 1.5 nm ICO NCs were assembled into
superlattices with previously reported techniques,66,67 where a
NC dispersion in toluene was slowly evaporated to deposit
NCs onto a silicon substrate, resulting in ordered superlattice
films after 10 days. Long-range order and hexagonal packing
were apparent from top-down imaging of the superlattices with
scanning electron microscopy (SEM, Figure 6a). NC packing
density, interparticle spacing, and order were assessed with
grazing incidence small-angle X-ray scattering (GISAXS)

Figure 6. (a) SEM image of the assembled superlattice of 16.9 nm
ICO NCs. Scale bar is 100 nm. (b) Extinction spectra normalized
by corresponding dispersion frequency (dotted line) of 15.7 nm,
8% ITO and 16.9 nm, 8% ICO NC superlattice samples (solid
line). (c) Extinction spectra of dispersions and superlattices of
ICO NCs at 9.0 nm, 17.6% In and 9.2 nm, 19.4% In.
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analysis of the superlattices, which revealed face-centered cubic
(FCC) ordering (Figure S19), typical of oleate-capped NC
assemblies. The spacing between indexed peaks and the
average NC size determined by small-angle X-ray scattering of
a dilute dispersion (Figure S20) was used to calculate a gap
distance of 4.4 nm between neighboring NCs for the ICO
superlattices. The gap distance between NCs is primarily
dictated by surface chemistry, such as the density or
interdigitation of the surface ligands. Given the consistent
oleate capping expected for the ICO NCs used in the
superlattice assembly, the NC spacing is assumed to be
constant as the NC size and doping concentration are varied.
Spectral shift from the LSPR of isolated NCs to the

hybridized CPR mode of a superlattice upon assembly (ΔωSL)
can be used to assess the coupling strength.62,64,68,69 Hence, a
larger ΔωSL between the dispersion and superlattice spectra
corresponds to greater coupling in the superlattice. Using ITO
NCs as a benchmark to evaluate the impact of the depletion
layer in ICO NCs of comparable size (15.7 ± 1.3 nm), doping
concentration (8%), and gap spacing (4.7 nm), we observed a
ΔωSL of 1323 cm−1 for ITO versus 768 cm−1 for ICO (16.9 ±
1.5 nm diameter, 8% doped, 4.4 nm gap spacing), indicating
weaker coupling in the ICO NCs (Figure S21). Since these
NCs are all similarly oleate-capped, the separation or gap
distance between neighboring NCs is approximately constant;
therefore, we posit that the wider depletion layer in the ICO
NCs than ITO NCs (2.2 nm vs near zero) weakens the electric
field interactions between the plasmonic cores and decreases
inter-NC LSPR coupling. Although the ITO and ICO NCs
were of similar size and doping concentration, the LSPR
frequencies of the dispersed NCs differed, which can also
contribute to a difference in ΔωSL. To account for this
difference, we normalized the spectra by the peak LSPR
frequency of the corresponding dispersions, which reveals an
even larger difference between the coupling-induced shift in
ITO and ICO NC superlattices (Figure 6b). This comparison
suggests that coupling in ICO NC superlattices should be
tunable based on synthetically controlled variations in the
depletion layer. So, we varied aliovalent doping in 9 nm ICO
NCs, increasing the In dopant concentration from 17.6 to
19.4%, which narrowed Wd from 0.73 to 0.43 nm based on
HEDA fitting of the NC LSPR spectra. The ΔωSL increased
from 565 to 648 cm−1 (Figure 6c), and the trend persisted
even when normalized to the dispersion frequency (Figure
S22), demonstrating stronger coupling with a thinner
depletion layer. Importantly, the results presented here suggest
that the electron distribution plays an even stronger role in
determining the coupling strength than does the electron
concentration in the plasmonic core. This is evidenced by
weaker coupling in ICO than in ITO NC superlattices; despite
the intrinsically higher electron concentration, the separation
between plasmonic cores imposed by the depletion layer
hinders the coupling overall.
The inverse correlation between depletion layer width and

spectral shift upon assembly demonstrates that depletion layer
engineering is a viable strategy to tune the plasmonic response
not only for dispersed NCs but also in assemblies and to
enhance the intrinsically weak coupling exhibited by ICO NCs.
We expect that other postsynthetic depletion layer tuning
techniques, including those described here, would have a
similar effect on coupling, although experimental factors such
as excess redox reagents in postsynthetically doped NCs or
altered surface chemistry in ligand-exchanged NCs could

potentially convolute the impacts of the depletion layer on
coupling and make quantitative interpretation challenging.
Despite the myriad of beneficial properties noted in ICO as a
low loss plasmonic material, the intrinsically wide depletion
layers may pose a challenge for applications that require strong
coupling; this limitation could be rectified with the depletion
layer engineering strategies from molecular dipoles to redox
doping, or, in the future, controlling the radial distribution of
dopants.21,58

CONCLUSIONS AND OUTLOOK
In summary, we have demonstrated how various plasmon
modulation strategies can be applied to ICO NCs to elucidate
the effects of the depletion layer on optical and electronic
properties and to generalize concepts developed to rationalize
the behavior of ITO NCs. We show that ICO NCs have an
intrinsically wide depletion layer, owing to the high ϵR and EBI,
and that the relative impact of the depletion layer can be
synthetically controlled by altering the NC diameter and In
doping concentration. Quantitative analysis of the depletion
layer was enabled by a generalized spectral fitting model that
was updated to incorporate distinctive band structures and
postsynthetic modifications. Leveraging this fitting model in
postsynthetic depletion layer tuning strategies, chemical
reduction across sizes, and In doping levels in ICO NCs
revealed that while ne, and thus, the LSPR peak, can be broadly
varied, there is relatively little change in the width of the
depletion layer. These results are a consequence of the
nonparabolic band structure previously reported for ICO.45,46

Furthermore, exchanging oleate ligands with dipolar ligands,
which alters the extent of radial band bending, provides
another way to tune the LSPR and depletion layer. Comparing
these depletion layer tuning techniques in ICO NCs to the
canonical plasmonic metal oxide, ITO, revealed that although
the depletion layer tuning range is more limited in ICO NCs,
the breadth of plasmon modulation is significantly enhanced.
To study the impacts of the depletion layer on LSPR coupling,
ICO NCs were assembled into superlattices, where they
displayed weaker coupling than ITO NCs due to the spatial
confinement of free electrons to a smaller plasmonic core.
However, depletion layer tuning by doping was used to
compress the depletion layer and enhance the inter-NC
coupling. Overall, this study revealed that the nonparabolic
conduction band in ICO plays a significant role in the radial
distribution of electrons upon postsynthetic modification and
enables broad plasmonic tunability. Despite the intrinsically
wide depletion layer in ICO, various strategies are effective in
tuning the depletion effects and mitigating this potential pitfall
for its application in photonic materials and devices requiring
strong coupling. Considering that ICO thin films are already of
significant interest as transparent conductive films,42,70,71

future work might explore how depletion layer engineering
can be used to enhance electronic coupling and prevent
electron transport bottlenecks due to contact resistance in ICO
NC films.58,72,73 Furthermore, studying depletion layer tuning
in anisotropic semiconductor materials, where the Fermi level
pinning can be facet dependent,12,74 would contribute to the
understanding of the role that the depletion layer plays in
optical and electronic performance metrics such as con-
ductivity, plasmonic “hot spot” generation, and optical
modulation.
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EXPERIMENTAL METHODS
Chemicals. The following chemicals used to synthesize ICO NCs

were purchased commercially and were not further purified upon use:
Cadmium acetylacetonate (Sigma-Aldrich, ≥99.99%), indium(III)
acetate (STREM, ≥99.99%), oleic acid (Sigma-Aldrich, ≥90%), and
1-octadecene (1-ODE, Sigma-Aldrich, 90%) as synthesis reactants.
Ethanol (Fischer Chemical, ≥90%), tetrahydrofuran (Sigma-Aldrich,
≥99.9%), and toluene (Sigma-Aldrich, ≥99.9%) were used to
precipitate and disperse the NCs. For chemical reduction, sodium
tetrakis[3 ,5-bis(tr ifluoromethyl)phenyl]borate and bis-
(pentamethylcyclopentadienyl)cobalt(II) were purchased from
Sigma-Aldrich and dried under vacuum at 100 °C for 16 h prior to
use. Trans-cinnamic acid (4H, Sigma-Aldrich, ≥99%) and trans-4-
(trifluoromethyl)cinnamic acid (CF3, Sigma-Aldrich, 99%). For ICP-
OES, the standards used were cadmium and indium ICP standards
(Sigma-Aldrich, 1000 mg/L ± 2 mg/L).
Nanocrystal Synthesis and Purification. In a 100 mL round-

bottom flask attached to a Schlenk line, 2.5 mmol of total metal
precursor were loaded into the flask with the molar ratio of Cd to In
precursor reflecting the targeted In doping concentration. Oleic acid
(6.25−10 mmol) and 30 mL of 1-ODE were added to the flask as a
capping agent and solvent, respectively. The reaction was heated to
120 °C under N2, at which 3−30 min degas cycles were performed
with 2 min N2 cycles between cycles. The reaction flask was then
turned to N2, wrapped with glass wool, and quickly heated to 320 °C.
Within 30 min of the reaction reaching at least 312 °C, it changed its
color from pale yellow to a dark green/brown, indicative of NC
nucleation. Cd metal was formed during each synthesis, although the
ratio of the Cd precursor that formed Cd0 rather than NCs varied
with each synthesis. After 30 min of stirring the reaction at 315−320
°C, it was quickly cooled with an air gun to room temperature. During
the cooling period, 4 mL of room-temperature toluene was injected
into the flask. Once the reaction had cooled to room temperature, it
was transferred to a centrifuge tube, 20 mL of ethanol was added, and
the solution was centrifuged at 9000 rpm for 10 min. The pellet of
NCs was redispersed in 10 mL of toluene, appearing cloudy and dark
gray/brown due to Cd0 in solution. The solution was centrifuged at
2000 rpm for 2 min to separate the Cd0 from the colloidally dispersed
NCs, which were in the clear supernatant layer. The supernatant was
decanted into another centrifuge tube and washed three times where
each wash constituted precipitation of the NCs with ethanol,
centrifuging at 9000 rpm for 8 min, and redispersing the NC pellet
in 5 mL toluene. Following these 3 washes, aggregates were separated
a final time by centrifuging the dispersion at 2000 rpm for 2 min and
filtering the supernatant with 0.45 μm PVDF filter.
Characterization. Scanning Transmission Electron Microscopy.

Colloidal ICO NCs were imaged on a Hitachi S5500, accelerating
voltage of 30 kV, and 10 mA beam current operating in bright field
STEM mode. Samples were prepared by dropcasting 8 μL of dilute
ICO NCs in toluene solution on a Cu 400 mesh TEM grid. The grid
was dried at least overnight in a vacuum desiccator. ImageJ was used
to determine the NC diameter from the STEM images, analyzing at
least 400 NCs per sample. Nanocrystal superlattices were imaged on
the Si wafer they were assembled on at an accelerating voltage of 30
kV and 15 mA beam current operating under scanning electron
secondary electron (SE) mode to assess top down/surface ordering.
Inductively Coupled Plasma-Optical Emission Spectroscopy.

ICO NC dispersion volume fractions and In doping concentrations
were determined by measuring In and Cd concentrations of the
digested solutions on an Agilent 5800 ICP-OES. Diluted solutions
were prepared by drying a known amount of ICO NC stock solution
and digesting the NC pellet in aqua regia for at least 48 h. Digested
NCs were diluted with Milli-Q water to a final acid concentration of
2%. Standard solutions containing known amounts of In and Cd
standards were prepared with 2% (v/v) nitric acid and Milli-Q water.
The In doping concentration was calculated by dividing the measured
In concentration by the total metal concentration (Cd + In). The
ICO volume fraction in the stock dispersion was determined by
calculating the NC concentration from the ICP-OES measured metal

content and converting this to a volume fraction using the density of
CdO, 8.15 g/mL.

Photoelectron Spectroscopy Techniques. XPS and UPS
measurements were performed on a VersaProbe 4 X-ray Photo-
electron Spectrometer instrument. For as-synthesized and ligand
exchanged samples, ICO NC dispersions were dropcast onto a p-
doped silicon substrate, and the solvent was allowed to evaporate
overnight. Once transferred to the instrument, samples were
measured using Al Kα radiation (λ = 1486.6 eV) for XPS and a He
(I) source (21.22 eV) for UPS. In the XPS experiment, near-surface
doping percentages were calculated by taking the ratio of integrated
area under the In 3d peak to the sum of the Cd 3d and In 3d peaks
while taking into consideration their respective relative sensitivity
factors. For the UPS experiment, the work function and ionization
energy of the ligand exchanged ICO NCs were obtained as previously
described.25

Small Angle X-ray Scattering and Grazing Incidence Small
Angle X-ray Scattering. The SAXSLAB Ganesha instrument in the
Texas Materials Institute at the University of Texas at Austin was used
to collect the SAXS and GISAXS scattering patterns for the ICO NC
dispersions and superlattices. The sample−detector distance was
approximately 1 m, and a silver benzoate standard was used for both
measurements. SAXS samples were measured in epoxy-sealed
capillary tubes (Charles Supper Company, Inc.) in transmission
mode. The SAXS data were processed using Igor Pro-based Irena and
Nika software; the scattering pattern of the dispersion was fitted with
a spheroid form factor to determine the ITO NC size. GISAXS
scattering patterns were collected in grazing incidence mode at an
incidence angle of 0.200° and used to obtain packing order and
interparticle spacing.75

Reducing Titration. All reagents and NCs used in chemical
titrations were prepared under air-free conditions in an Ar-filled
glovebox. CoCp2* solution was prepared by dissolving the previously
dried CoCp2* in 1:1 THF/toluene to a 6.7 mM concentration, stirring
at 800 rpm overnight, and filtering the solution with a 0.45 μm PVDF
filter. Despite filtering, some CoCp2* powder settled out of solution
over time meaning that the final concentration was likely less than 6.7
mM. [H(OEt2)2]+[BAr4F]−, Brookhart’s acid, was prepared according
to previous literature reports53 and diluted to a 0.02 M concentration
in THF with 30% of the solution by volume consisting of an equal
mixture of oleic acid and oleylamine to stabilize the NCs during
reduction. In solution, a portion of the oleylamine is most likely
converted to oleylammonium by Brookhart’s acid; however, this does
not impact the overall analysis of the ΔωLSPR in titrations because the
Brookhart’s acid is added in such excess of the NCs (Figure S5).

Each ICO NC dispersion was prepared in a glovebox by diluting an
initial stock solution with 1:1 THF/toluene to a final volume of 300
μL with an optical density of 0.3−1.0. All in situ extinction spectra
were recorded using a fiber-coupled ASD Inc. PANanalytical
spectrometer. To this solution, 50 μL of Brookhart’s acid was
added to the ICO dispersion, and the extinction spectrum was
measured. Following that, 5 μL additions of CoCp2* solution were
added to the NCs, causing a progressive blue-shift in the LSPR in
each measured extinction spectrum. Colloidal stability was initially
compromised as indicated by spectral broadening, particularly in
smaller NCs, but quickly recovered upon further additions of CoCp2*.
Within 10 additions of CoCp2*, the LSPR blue-shift had saturated and
the titration was complete. This procedure was repeated in triplicate
for each ICO NC sample.

HEDA Fittings. The original development of the HEDA model
demonstrated for ITO NCs can be found in ref 28. As discussed
above, the HEDA model was modified in this work to be more
generally applicable to metal oxide NCs. To fit all spectra collected
during one titration experiment, the revised HEDA model first intakes
the following experimentally measured parameters: extinction
spectrum, STEM determined mean and standard deviation in the
NC diameter, ICP-OES determined NC volume fraction, the electron
effective mass (me*) of the as-synthesized ICO NCs, as calculated
from Tauc analysis. The model fits the LSPR according to Drude
theory and uses a core−shell geometry to model the plasmonic,
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electron-rich core and the surface depletion layer. The fitted
extinction spectrum as well as the following fit parameters are output
for each spectrum: carrier concentration (ne), standard deviation in
the carrier concentration (σnde

), bulk mean free path, lbulk, and electron
accessible volume fraction, fe. To account for how me* changes as a
function of NC reduction, me* is mathematically represented as a
function of ne (eq S4), in keeping with literature reports for doped
CdO.56

Furthermore, the HEDA model distinguishes heterogeneous
broadening in both the NC diameter and electron concentration by
modeling each term as a Gaussian distribution in a probability density
function and discretizing these into a 101 × 101 data point mesh with
10,201 potential combinations. The probability-weighted mesh is
used to calculate the complex dielectric function of the plasmonic
core, while the depletion layer shell is approximated to have no
electron concentration. In fitting the LSPR according to Beer’s law
and using the measured NC volume fraction, fe is fit by scaling the
volume fractions of the plasmonic core and depleted shell. The HEDA
model further deconvolutes contributions from surface scattering and
bulk electron scattering in calculating the overall damping. In fitting
for lbulk, an upper boundary of 100 nm is placed on the fit to prevent
surface scattering from dominating in smaller NCs and infinitely
driving up lbulk to compensate. As discussed in more detail in the
Supporting Information, we determined that 1/4 was the ideal
proportionality factor to describe the size dependence of surface
damping in ICO NCs, as opposed to 3/4 for ITO NCs. This
proportionality factor was changed to an input parameter in the
MATLAB code to make the HEDA model suitable for low-loss
plasmonic systems, such as ICO NCs. Further details regarding the
HEDA model are located in the Supporting Information, and the
MATLAB fitting code can be found at https://github.com/
sofiashubert/HEDAfitting.
Ligand Exchange. A 2.0 mg/mL solution of as-synthesized ICO

NCs in toluene was precipitated with 0.5 mL of ethanol and
centrifuged at 9000 rpm for 10 min. The resulting pellet of ICO NCs
was redispersed with a 0.05 M solution of cinnamic acid (0.8 mL)) in
their corresponding solvents, for the donating 4H ligand case,
chloroform was used, and for the withdrawing 3,5F ligand case, ethyl
acetate was used. Right after the pellet is redispersed, the DIPEA base,
which had been previously diluted to 0.05 M with chloroform, is
added to the solution in a 1:1 volume ratio as the ligand solution, and
then, the solution is left for 48 h. Afterward, the ICO NCs in their
respective polar solvent were precipitated with hexane and centrifuged
at 9000 rpm for 5 min. The pellet of surface-modified ICO NCs was
redispersed in their corresponding clean polar solvent again,
indicating successful ligand exchange from native oleates to
cinnamates.
Superlattice Assembly. ICO NC superlattices were assembled

through a slow evaporation process, following the techniques outlined
in previous studies.66,67 A double-side polished and undoped Si
substrate (University Wafers) was positioned at a 45° angle in a 4 mL
septum sealed vial with 2 mL of ICO NCs in toluene at a
concentration of 0.5−2.0 mg/mL. A 20-gauge venting needle was
introduced into the septum to regulate the evaporation rate. The vial
was then placed in an oven set at 45 °C, remaining undisturbed for
approximately 10 days until the complete evaporation of the solvent.
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