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ABSTRACT: Dynamic control over the localized surface plasmon
resonance (LSPR) makes doped metal oxide nanocrystals (NCs)
promising for several optoelectronic applications including electro-
chromic smart windows and redox sensing. Metal oxide NCs such as
tin-doped indium oxide display tunable infrared LSPRs via
electrochemical charge injection and extraction as a function of
the externally applied potential. In this work we have employed
dispersion phase electrochemical charging/discharging to study the
mechanism behind the optical modulation on an individual NC
scale. The optical modulation of the LSPR is dominated by a sharp
variation in intensity during reduction and oxidation along with an
only modest shift in the LSPR frequency. With a core−shell
modeling approach, in which an active NC core surrounded by a
depleted shell is assumed, we were able to reproduce the trends in
and main features of our experimental results. The shell thickness depends on the applied potential and we extracted the
temporal evolution of the shell thickness together with the variation of the Drude parameters until equilibrium was reached. The
variation of the core versus shell volume fraction as a function of electrochemical potential reinforces the importance of the
depletion layer in highly doped NCs and uncovers important implications on their near and far field plasmonic properties.
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In degenerately doped semiconductor nanocrystals (NCs)
the localized surface plasmon resonances (LSPR), originat-

ing from the collective oscillations of the free electrons in the
conduction band, are centered in the infrared spectrum.1,2

Depending on the dopant type, dopant concentration, shape,
and size of the NCs, the LSPR can be tuned across the near-
infrared (NIR) to the far-infrared spectral window.1,3−5

Notably, LSPRs in semiconductor NCs can also be dynamically
modulated via external stimuli, such as chemical, photo-
chemical, or electrochemical doping.6−8 In particular, the
control of the LSPR via an external applied potential has
shown great promise for electrochromic smart window
operation.6,9 Metal oxide nanocrystals such as WO3−x and
Sn:In2O3 (ITO) are key components in smart windows that in
complex nanostructured ensembles enable the independent
tuning of visible and NIR light transmission, fast switching
times, and high optical modulation.6,9−11 Until recently, the

focus of most of the research went toward the optimization of
optical and electrochemical performance via material design
and structural engineering, but little knowledge has been
acquired on the actual mechanism behind the electrochemical
switching.12 In our recent work,13 we found that the optical
properties of doped metal oxide NCs are largely influenced by
the presence of a depletion region, resulting from NC surface
states, that reaches into the NC volume with radial dimension
from subnanometer (nm) to several nanometers in thickness.
This translates to a volume fraction of up to 80% of the entire
NC volume (for low doped sub-5 nm diameter NCs), thus,
greatly perturbing the LSPR properties of the NCs.13 We
moreover found that by controlling the equilibrium Fermi level
under an applied external potential, the thickness and carrier
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concentration within this depletion layer can be modulated,
thereby affecting the NCs’ LSPR properties, and that the extent
of LSPR shift and absorption intensity modulation strongly
depends on the NC size and the dopant concentration inside
the host lattice.
Recently, modulation of LSPR in NC films was analyzed in

the context of depletion effects impacting their optical
properties.13,14 In that case, the LSPR is broadened and red-
shifted due to near-field interactions between neighboring NCs.
Additionally, there is substantial background contribution to
the signal arising from the substrate and the underlying
conductive layer. Both of these effects make it difficult to study
the fundamental charging and discharging process in individual
nanocrystals.15−19 Therefore, to investigate the effects of
surface depletion on the modulated LSPR of individual,
isolated nanocrystals, we use solution electrochemistry to
assess the optical modulation of Sn:In2O3 NC LSPR spectra,
thus, getting closer to single particle measurements.18,20−25 In
this way, we were able to examine LSPR modulation in NC
dispersions where NC−NC interaction is absent and this
enabled us to make quantitative comparisons between values
extracted by fitting our experimental results and our theoretical
model.
Here, we measure electrochemical charge injection and

extraction in 10% Sn-doped In2O3 NCs dispersed in acetonitrile
using a spectroelectrochemical apparatus composed of a
platinum mesh working electrode and a Ag/Ag+ reference
electrode submerged in the NC dispersion. We fit the resulting
spectral variations using a core−shell effective medium
approach, assuming that the NC consists of a plasmonically
active Sn:In2O3 core surrounded by a uniformly depleted shell
of the same material, in accordance with our recent findings.13

With this model we quantify the underlying processes of
charging and discharging the Sn:In2O3 NCs by assessing the
relative spectral contributions of charge carrier density, carrier
damping and depletion region together in our electrochemically
tuned plasmonic system. We find that depletion layer thickness
plays a fundamental role and is in fact primarily responsible for
the uptake of extra charges in the reduction process, thus
reducing the depletion thickness, while charge extraction or
oxidation results in a further inward growth of depletion layer.
Consequently, we find that the total carrier density is not

significantly altered at any point during the charging and
discharging process. This is of fundamental importance for the
plasmonic response of electrochemically modified NCs, as the
depletion layer largely dominates not only the intensity and
peak position of the LSPR, but also is expected to substantially
impact the near-field LSPR properties. Thus, we unravel not
only the underlying nanoscale effects occurring during the
electrochemical charging process, but also highlight implica-
tions of this effect on the optical response of the modulated
plasmonic material.

■ RESULTS AND DISCUSSION
Sn:In2O3 NCs were synthesized using air-free colloidal
synthesis techniques by the decomposition of metal oleates in
organic solvent26−28 (see Supporting Information for synthesis
details). The optical extinction spectrum (Figure 1a) of a
representative sample, dispersed as isolated NCs, displays an
intense LSPR centered at 5494 cm−1. A typical transmission
electron microscopy (TEM) image (Figure 1a, inset) illustrates
the pseudospherical Sn:In2O3 NCs with an average diameter of
around 5 nm. We modeled the LSPR spectrum using a core−
shell effective medium model to derive the electronic properties
such as free carrier concentration and electron scattering
(Figure 1b, see Supporting Information for more detail). The
free carrier concentration in the initial state, extracted using
core−shell model, was 1.28 × 1021 cm−3. Previous LSPR
modulation studies completed on NC films suggest that at
these high carrier concentrations, strong NC−NC coupling and
small depletion width (less than 1 nm) result in small LSPR
frequency modulation upon applied electrochemical bias.12,13

To mitigate the effects of NC−NC coupling and study
depletion layer modulation directly, we used these Sn:In2O3
NCs as a model system for solution electrochemical
modulation experiments, as illustrated in Figure 1c.
The LSPR of our NCs was tuned in a spectroelectrochemical

apparatus composed of a platinum mesh as a working electrode,
a Ag/Ag+ reference electrode, and a Pt wire counter electrode.
The counter electrode was a thin Pt wire, not isolated from the
nanocrystal solution. However, the low surface area and applied
potential range avoided any opposite reduction or oxidation
reaction to take place at the counter electrode. The solution
was not stirred due to the very small sample compartment, so

Figure 1. (a) Typical absorbance spectrum of the Sn:In2O3 NCs in a 0.01 M TBAP in ACN solution (black dashed curve) with a fit according to the
Drude model and the EMA (yellow curve). Inset: Typical TEM image of the Sn:In2O3 NCs. (b) Sketch of the model used for the fit procedure. In
dark blue is given the active core with radius (rcore) and the frequency dependent dielectric function εcore. The light blue area surrounding the core
depicts the depleted shell with a constant dielectric constant (εshell), all immersed in a solvent with dielectric constant εm. The volume fraction is then
given as Vcore = rcore

3/rshell
3. (c) Sketch of the spectroelectrochemical setup composed of a cuvette with 1 mm path length, a Pt-mesh working

electrode and a nonaqueous Ag/Ag+ reference electrode (not to scale).
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that the reactions occurred were limited by diffusion. A sketch
of the experimental setup can be found in Figure 1c and in the
SI. To simultaneously facilitate charge transfer into and out of
individual nanocrystals, while maintaining a stable colloidal
dispersion within the electrolyte, we chose very small NCs of
about 5 nm in diameter. Moreover, the native oleate ligands
were stripped and the NCs were subsequently wrapped with
polyethylene glycol (see SI for additional details). The
polymer-wrapped Sn:In2O3 NCs were then easily dispersed in
a 0.01 M tetrabutyl ammonium perchlorate (TBAP) acetoni-
trile electrolyte solution (Figure 1c). Spectroelectrochemical
measurements were performed in a quartz cuvette with an
optical path length of 1.0 mm. The open circuit potential
(OCV) of the electrochemical setup was 0.2 V versus the
reference electrode and the electrochemical reduction and
oxidation reactions were triggered by applying a constant −1.5
and 1 V, respectively, representing the limiting values given the
chosen electrochemical system, that is, maximum reducing and
oxidizing potentials. The time-dependent LSPR spectra were
recorded during electrochemical charging and discharging. The
electrochemical charging process was terminated when both the
LSPR peak position and LSPR intensity saturated to a
particular value or after a certain period of time. A time
range of approximately 2 h has proven sufficient to reach
saturation and avoided termination due to evaporation of the
solvent.
Under reducing conditions, the LSPR spectrum shifts toward

higher energies (blue-shift), accompanied by an increase in
absorbance. In the reverse condition upon oxidation, an LSPR
shift toward lower energies (red-shift) is induced together with
a decrease in intensity. We hypothesize that during charging or
discharging, as a result of random Brownian motion of the NC,
whenever a NC hits the working electrode, an electron transfer
process takes place that leads to the change in the NC LSPR
properties.22,29,30 As the charging and discharging of the NCs
relies on diffusion, analogous to a Faradaic charge transfer
reaction, when starting from the OCV condition it requires
substantial time to reach the equilibrium reduced or oxidative
state. A charging and discharging process took place for
approximately 60 min during oxidation and reductive potential
sweep, respectively. Notably, the charging and discharging
process is reversible: The initial blue-shift and increase in LSPR
intensity (Figure 2a, red) under reducing conditions (−1.5 V)
is completely reversed on application of an oxidizing potential
(1 V), exceeding the initial OCV LSPR (Figure 2a, black) to
end up at a red-shifted and lower intensity LSPR than initially
observed (Figure 2a, blue). Similar results are observed in the
reverse configuration, when a positive potential is initially
applied (Figure 2b). These experiments indicate that the
injected electrons responsible for the blue-shift during
reduction are completely removed upon oxidation, with
additional extraction of some free carriers introduced into the
NC by Sn doping. Moreover, the approximate reaction times
required to introduce and remove carriers from the initial
Sn:In2O3 NCs are evidently different. In five continuous cycles
we switched between 1 V for oxidation and −1.5 V for
reduction and tracked the spectra over time (Figure 2c,d). The
reversibility of injection and extraction of carriers is consistent
over several cycles. We found it necessary to allow twice the
time for the oxidation step to complete the charge extraction.
Despite allowing extra time, the intensity and LSPR shift upon
oxidation was significantly lower than for reduction. As a
consequence, after five cycles a red shift beyond the initial

position was not achieved. These results indicate that charge
injection is faster kinetically and per electron injected induces
larger optical change both in intensity and LSPR energy.
To investigate the underlying mechanism behind the LSPR

modulation upon electrochemical oxidation and reduction, the
optical extinction was collected until optical steady state was
reached. The extinction spectra were collected in time intervals
of 1 min over a total time of approximately 2 h for the
reduction (Figure 3a) and about 1 h for the oxidation (Figure
3b). At fixed −1.5 V potential, during reduction, the LSPR
spectrum shifted toward higher energies from 5461 to 5896
cm−1, accompanied by an increase in absorbance by a factor of
2.48. In the reverse condition, upon oxidation at constant 1 V
potential, an LSPR shift toward lower energies from 5555 to
5482 cm−1 is induced together with a decrease in intensity by a
factor of 0.80. Previously, the modulation of the LSPR has been
assigned largely to a changing carrier density using the
framework of the Drude model and Mie theory.7,31 However,
this simple picture cannot explain the observed significant
changes in absorption intensity during electrochemical
modulation with the only minor accompanying variation in
LSPR peak energy. Also, the change in the surrounding
refractive index of the medium, for example, due to a variation
of the relative concentration of different ionic species around
the charged NC has been excluded as a major source for the
observed LSPR peak shifts.32,33 In a study by Brown et al.33

Figure 2. (a) The process of reduction and oxidation in a sequential
manner: the initial blue-shift and increase in intensity, when applying a
negative potential (black to blue curve), is completely reversed when
switching to a positive potential, finally surpassing to a red-shifted and
intensity decreased LSPR (red spectrum). (b) The process of
oxidation and reduction in a sequential manner: the initial red-shift
and decrease in intensity, when applying a positive potential (black to
red curve) is completely reversed when switching to a negative
potential, exceeding to a blue-shifted and intensity increased LSPR
(blue spectrum). (c) Summary of the change in LSPR peak
wavenumber vs time for five cycles. (d) Summary of the change in
peak intensity over time for five cycles.
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where the electrochemical doping of gold nanoparticles was
studied, a variation of the refractive index in the range of 0.004
was identified. A variation in this range, however, cannot
explain the large changes in the LSPR we observe. In fact, we
recently observed that for highly doped metal oxide NC films, it
is the change in surface depletion thickness that results in LSPR
modulation.13 To quantify the change in surface depletion
thickness during electrochemical oxidation and reduction, we
fitted the LSPR spectra with a core−shell optical model (for
more fitting procedure details, see Supporting Information), in
which we assumed an LSPR-active Sn:In2O3 core surrounded
by a uniform depleted shell made of the same material, but with
a far lower electron contribution, and the entire NC is
embedded in a surrounding medium. In Figure 1b we show a
sketch of the model used for the fit procedure, where the active
Sn:In2O3 core is given in dark blue with radius (rcore) and the
frequency dependent dielectric function εcore. The light blue
area surrounding the core depicts the depleted shell with shell
dielectric constant (εshell), all immersed in a solvent with
dielectric constant εm. The volume fraction is then given as Vcore
= rcore

3/rshell
3.

From the fits to the absorbance spectra of dilute dispersions
of Sn:In2O3 NCs we extracted the Drude parameters, namely
the plasma frequency ωP, the damping constants γ(ω), as well
as the volume fraction of the LSPR active NC core (Vcore,
Figure 1b). The volume fraction is a measure of the ratio
between active core volume and inactive shell thickness and,
thus, a measure for the variation of the depletion layer
thickness: values approaching one indicate a decreasing
depletion layer thickness, while smaller values indicate a larger
volume of the NC consumed by the depletion region. In Figure
1a the spectra (yellow curve) along with the fit (black dashed
curve) based on Mie theory is given and reveals an excellent

overlap with the experiment. We extract a free carrier
concentration of 1.28 × 1021 cm−3 from this fit. A similar
fitting procedure was employed to extract the time-dependent
Drude parameters and changing Vcore during reduction and
oxidation. We initialized each fit by using the fit parameters of
the previous time as the new starting parameters for the next
spectrum. The results of the fitting (Figure 3a,iii and b,iii)
suggested that the NC core volume fraction increases as a
function of time under reducing conditions (Figure 3a,iii) and
decreases as a function of time under oxidative conditions
(Figure 3b,iii). This change in the thickness of the depleted
shell region effectively modulates the LSPR arising from the
plasmonically active NC core. Under reducing conditions the
high refractive index shell thickness is decreasing, leading to a
slight shift of the experimental LSPR peak toward higher
energy. But more importantly, the LSPR active core volume
increases from 40% to 80%. This large increase in the active
core volume dramatically increases LSPR absorption intensity
(Figure 3a, i and ii). The reverse effect under oxidative
conditions leads to a decrease in LSPR active NC core volume
from 40% to 32% resulting in a decrease in LSPR absorption
intensity. The increasing thickness of the high-refractive index
shell concomitantly leads to spectra shifting slightly to lower
energy (Figure 3b). Furthermore, we could extract the number
of free carriers injected into or extracted from the NCs using
the plasma frequency and the active core volume determined by
fitting. We found that approximately 84 electrons were injected
into each NC during reduction, while only about 20 carriers
were extracted relative to the initial state, explaining the
difference in the extent of modulation during reduction and
oxidation. The extracted plasma frequency value across both
reduction and oxidation processes changed slightly in the range
of 16400−16800 cm−1 (Figure S2). With only this slight

Figure 3. (a,i and b,i) The results of a typical reduction/oxidation experiment (−1.5 V/1 V), blue/red curves, respectively, for time intervals of
approximately 1 min over a total time of 2 h/1 h. Black dashed curves represent the fit. (a,ii and b,ii) Plot of the relative peak intensity (blue/red
curve) and LSPR wavelength vs time (light blue/light red curve) for the same experiments as in a,i and b,i. (a,iii and b,iii) Parameters extracted by
fitting our model to the results. Blue/red curves give the change in volume fraction with reaction time, and light blue/light red curves depict the
change in number of carriers injected/extracted from the nanocrystal.
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change in plasma frequency and damping, the core−shell
model was able to fit all of LSPR spectra during oxidation and
reduction with high degree of robustness, with the active
volume fraction being the most substantially modified physical
parameter. This result reinforces the concept of depletion
modulation being the primary mechanism behind the LSPR
modulation in semiconductor NCs, especially at high doping
levels. Furthermore, the presence of a high initial number of
free carriers in our NCs excludes any significant contribution
due to quantum effects, thus supporting the validity of
conclusions reached by using continuum modeling in this work.
To test the validity of the core−shell model to predict the far

field optical response and study the change in near-field
intensity around the NCs during electrochemical modulation,
we performed full field optical simulations using steady state
carrier concentration profiles obtained by solving Poisson’s
equation over a spherical NC.34 Since the NCs are dispersed,
we modeled isolated NCs to account for the optical response−a
considerable simplification compared to earlier studies of NC
thin films.13 The conduction band profile (Figure 4a,i) inside a
NC was solved for three different equilibrium chemical
potentials: (1) at OCV, where the equilibrium potential is
determined by the NC surface states, here likely surface
hydroxyls. A high density of states due to this surface chemistry
was assumed to occur at 0.35 eV below the flat band
conduction band minima. The hydroxyl surface states have
been reported to pin the Fermi level near such energy level;25

(2) at a reducing potential 0.75 eV above the surface state
Fermi potential; as the NCs are reduced the Fermi level shifts
above the OCV Fermi level; and (3) at oxidizing potential 0.75
eV below the surface state Fermi potential; as we oxidize the
NCs the Fermi level shifts below the OCV Fermi level. The NC
surface potential is directly proportional to the applied
electrochemical potential, but as we do not know the exact
correlation between the potentials, these reducing and oxidizing
surface potentials were chosen as good estimates to simulate
the trend in carrier concentration. The simulated band profiles
suggest that the NCs are in the depleted state under OCV with
the depleted shell accounting for 49% of NC volume, which is
consistent with our volume fraction extracted from the core−
shell model (Figure 4a,ii). Under reducing conditions, the
externally added electrons diminish the depleted region to 11%
of the NC volume; while under oxidative conditions, the
removal of electrons extends the depletion region toward the
core of the NCs, increasing the depleted NC volume to 66%.
Thus, in all three situations the NC can be approximated as
having an LSPR active core and a depleted shell that varies in
time until equilibrium is reached with an externally applied
potential. The core−shell model fully captures the response of
the LSPR to variable external potential, further validating its
applicability to rationalize far field and near-field optical
response.
Furthermore, to correlate the change in depletion region and

LSPR modulation, we simulated (with COMSOL wave optics
module) the far- and near-field LSPR properties of our NCs
using the actual carrier concentration obtained through
Poisson’s equation. By using the radial distance-dependent
carrier density profiles, we simulated the far-field LSPR spectra
(Figure 4b) of the spherical NC and obtained remarkable
consistency with the experimental observations. During the
reduction process, the slight blue shift of the LSPR is well
represented as well as the intense change in the magnitude of
absorption. Similarly, the oxidized structure shows a slightly

Figure 4. (a,i) Conduction energy band (solid lines) profile as a
function of Fermi energy level (dashed lines), (ii) carrier
concentration radial profile obtained from the solution to Poisson’s
equation. The depleted shell on the NC surface grows with
increasingly oxidizing potential. (b) Simulated optical absorption
spectra corresponding to the carrier concentration radial profiles in
(a,ii). With increasing depletion width, LSPR spectra red-shift with
substantial reduction in maximum LSPR absorption intensity. (c)
Near-field maps simulated at the peak LSPR frequency corresponding
to each of the LSPR spectra in (b).
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red-shifted peak accompanied by the decrease in LSPR
intensity. With these simulated far-field optical properties and
corresponding carrier distributions, we also simulated the near-
field optical properties inside and around the NCs. In Figure 4c
we show the near-field enhancement intensity around the NCs
for four different cases: the reduced case at two excitation
wavelengths (red box), the neutral case (black), and the
depleted case (blue), all excited at the maxima of the LSPR. We
found that an increase in the depletion thickness leads to a
decrease of the maximum near-field enhancement intensity
when exciting at the peak LSPR frequencies of 5800, 5400, and
5000 cm−1, respectively. This loss in near-field enhancement is
a result of the stronger contribution of the high refractive index
shell. In general, the field enhancement is lower for thicker
shells, such as those created under oxidative conditions (Figure
4c). It is important to note that the electric field enhancement
is largely confined within the shell of higher dielectric, which
might be disadvantageous for sensing applications. Similar field
confinement inside a high dielectric shell has been shown
earlier in silicon nanorod plasmonic systems.35,36 Nevertheless,
the excitation of the near-field at higher wavelengths (or lower
energies) with respect to the LSPR peak allows the field
confinement to extend toward larger geometrical dimensions
and into the surrounding dielectric medium. Though the
maximum field enhancement is slightly lower in this case it
provides a solution to circumvent the confinement of the field
within the volume of the NC. Taken together our results
highlight that a precise understanding of the plasmonic
properties in relation to the extent of depletion is crucial for
practical applications of doped semiconductor NCs in sensing,
surface enhanced infrared absorption, or coupling to other
optical processes such as excitons or phonons.
In conclusion, we have demonstrated reversible electro-

chemical charging and discharging of Sn:In2O3 NCs dispersed
in an electrolyte solution. The observed spectral shifts were
rationalized using a core−shell optical model, by assuming an
active NC core and a depleted shell. The modulation of the NC
LSPR absorbance spectra upon electrochemical charging/
discharging was attributed to the change in the active core
volume fraction. During reduction, the injection of carriers into
the depletion region of the NC results in an increased core
volume, which in turn leads to the substantial increase in
absorption intensity and an only slight blue shift ascribable
largely to decreased effectiveness of dielectric shielding.
Similarly, during oxidation the decrease in absorption intensity
along with LSPR redshift were correlated to the decrease in NC
core volume fraction during oxidation as carriers are extracted
from the outer core region only. In fact the depleted shell
thickness at a specific potential matches well with the
calculations performed on the NC solving Poisson’s equations.
The carrier density distribution within the NC volume was
calculated and used for simulations of the near-field LSPR
properties during the modulation process, suggesting that the
thicker depletion shell reduces the maximum near-field
enhancement around the NC but, moreover, that the near-
field was confined inside the high dielectric shell at peak LSPR
frequency. Our results shed light on the electrochemical
charging and discharging processes of doped NCs and highlight
the importance of surface depletion on their plasmonic
response.
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