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ABSTRACT: Localized surface plasmon absorption features arise at high doping
levels in semiconductor nanocrystals, appearing in the near-infrared range. Here we
show that the surface plasmons of tin-doped indium oxide nanocrystal ﬁlms can be
dynamically and reversibly tuned by postsynthetic electrochemical modulation of
the electron concentration. Without ion intercalation and the associated material
degradation, we induce a > 1200 nm shift in the plasmon wavelength and a factor of
nearly three change in the carrier density.
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ocalized surface plasmon resonance (LSPR) features of
metallic nanostructures have been leveraged for sensors,
surface enhanced spectroscopy, and light-trapping in photovoltaic cells.15 Unlike metals, plasmon resonance frequencies of
doped semiconductors can be modiﬁed by changing the material’s composition, creating new opportunities for plasmonic
manipulation of light. In fact, well-deﬁned LSPR features have
recently been observed in the optical (infrared) spectra of highly
doped semiconductor nanocrystals (NCs), especially transparent conducting oxides such as tin-doped indium oxide (ITO).68
These optical characteristics are of great interest since the
position of the plasmon peak can be adjusted on the basis of
the chemical doping level. However, chemical tuning of the
plasmon is ﬁxed by the composition of the material, which cannot
generally be dynamically modiﬁed. While it was shown very
recently that the LSPR of copper deﬁcient Cu2S and Cu2Se NCs
shifts in response to oxidizing or reducing chemical treatments,
this composition-driven optical response relies on the unusually
high mobility of Cu+ ions and the mechanisms for reversing
oxidative doping remain uncertain.9,10
Here, we show that the surface plasmon resonance of ITO NC
ﬁlms can be dynamically tuned through fully reversible electrochemical doping, hence realizing the promise of electrical
manipulation of semiconductor LSPR features. Electrochemical
doping of CdSe NC ﬁlms was previously shown to bleach the
exciton peak at the onset of the visible band gap absorption and
to introduce a new intraband absorption peak in the far-infrared
r 2011 American Chemical Society

region.11,12 However, the LSPR modulation of our ITO NCs is a
collective response of the free electrons, more analogous to the
electrochemical response of Au or Ag LSPR.13,14 In such metal
nanostructures, acute screening by a high-background charge
density limits the shift of the LSPR peak to 10 or 20 nm, at most.
Here, we show that the ITO NC LSPR can shift dynamically
across a range covering much of the near-infrared (NIR)
spectrum (including telecommunications wavelengths), opening
the door to potential applications including controlling optical
coupling into or out of nanoplasmonic devices or tuning
plasmonic enhancement of spectroscopic signatures.15 In this
report, we elucidate the potential for these ﬁlms to dynamically
modulate transmittance of solar infrared radiation. Considering
their excellent visible transparency, such modulation oﬀers a
unique opportunity for a dynamic coating on advanced, energysaving “smart windows.”
To prepare these coatings, we ﬁrst synthesized colloidal ITO
NCs of variable size and doping level by balancing precursor
reactivity and adjusting the indium and tin content in the
feedstock (Figure 1ad, Supporting Information Figure S1,
S2, and Table S1). Our modiﬁcations of literature procedures6,7
are described in the Supporting Information. The resulting NCs
are capped with organic ligands that facilitate dispersion in
hydrophobic solvents. Transmission spectra of these dispersions
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Figure 1. Transmission electron microscopy images of ITO NCs of
varying size (nm): (a) 4.1 ( 0.6, (b) 7.4 ( 1.4, (c) 10.2 ( 1.7, and (d)
12.1 ( 1.5. (e) Extinction spectra of NCs with varying tin content (%) in
solvent dispersions.

reveal well-deﬁned LSPR peaks whose position relates to the
doping level (Figure 1e). The frequency of the LSPR (ωLSP) is
proportional to the bulk plasmon frequency (ωP), which varies as
the square root of the free carrier concentration (n).1
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ne2
ωLSP  ωP ¼
ð1Þ
m ε 0
Here, our synthetic variation of the tin content manipulates n,
which in turn adjusts ωLSP. The LSPR resonance frequency
varies much less strongly with size,1 which is therefore available as
a pseudoindependent variable in tuning the properties of our
active coatings.
To enable dynamic modulation of the LSPR, the NCs were
processed into electrically conducting ﬁlms, approximately
150 nm thick (Figure 2a). Deposition of uniform, nonscattering
ﬁlms by spin coating from a mixture of hexane and octane was
facilitated by the hydrocarbon ligands which cap the surfaces of
the NC. However, these ligands form highly insulating barriers
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Figure 2. Processing NCs (4.1 nm diameter, 16.8% Sn) into conducting
ﬁlms. (a) Schematic of the process and photo of resulting ﬁlm on quartz.
(b) Optical spectra of ITO NCs in tetrachloroethylene dispersion
(black), a ﬁlm as-deposited (red), a ﬁlm after formic acid ligand
exchange (blue), and following 250 C annealing in argon (green).
Data points <2500 nm represent visibleNIR spectra, using quartz
substrates, while those >2500 nm are taken from FTIR spectra on silicon
substrates. Note that peaks due to CH bond stretching at 3500 cm1
are eliminated by the ligand exchange process.

between adjacent NCs and must be eliminated. Simple air
annealing caused the LSPR feature to disappear, consistent with
the trapping of free carriers by ﬁlling structural oxygen
vacancies.16 Instead, we displaced the original, bulky oleic acid
ligands with small molecules by submerging the NC ﬁlm in a
solution of formic acid, resulting in mass-action driven ligand
exchange within the ﬁlm.17 Formic acid is volatile and can be
desorbed by low-temperature annealing in an inert environment
(Supporting Information Figure S3). The sheet resistance of the
ﬁlm drops with annealing temperature up to 500 C, but it is
already suﬃciently low following a 200 C anneal to conduct inplane over centimeter-scale sample dimensions (Supporting
Information Figure S4). For subsequent investigations, we
annealed the ﬁlms at 250 C, which reproducibly gave wellconducting ﬁlms with a low thermal budget.
At each stage of ﬁlm deposition and processing, the absorption
peak shifted to longer wavelength (Figure 2b), raising questions
about possible changes in the free carrier concentration and the
structure of the NC ﬁlms. First, we veriﬁed that the crystallite size
remains ﬁxed; the X-ray diﬀraction pattern and peak widths remain
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Figure 3. Optical properties of ITO NC ﬁlms during electrochemical
modulation. (a) Bias-dependent optical density of a ﬁlm composed of
4.1 nm diameter, 16.8% Sn NCs. (b) Change in optical density between
1.5 and 4 V for various NC sizes, each with 4.65 ( 0.25% Sn. (c)
Plasmon frequency (ωP) and carrier concentration (n) versus applied
potential, derived from the results in (a). Circles show results of ﬁtting
using various starting conditions while blue triangles show average
values. All potentials are referenced to a Li/Li+ electrode in 0.1 M
LiClO4 in propylene carbonate.

unchanged following annealing (Supporting Information Figure S5).
Next, we employed an extended Drude model to ﬁt the optical
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transmission spectra. The model (discussed more extensively in the
Supporting Information) considers possible changes in the carrier
concentration, the dielectric environment, the volume fraction of the
NCs, as well as variations in damping that might arise as the NC
surfaces are chemically modiﬁed.18,19 Excellent ﬁts are achieved to
the experimental data (Supporting Information Figure S6) from
which we conclude that the shifts in the absorption peak can be
primarily ascribed to an increasing ITO volume fraction from
extremely low in the solvent dispersion, to 0.35 in the asdeposited ﬁlm containing oleic acid ligands, and ﬁnally to 0.47
in the ligand exchanged and annealed ﬁlm (Supporting Information Table S2). The increasing ITO volume fraction both
enhances coupling between adjacent NCs, which are brought
into more intimate contact with each processing step and raises
the average dielectric environment surrounding the NCs.20,21
Notably, there is very little change in the plasmon frequency,
and therefore in the free carrier concentration, during ﬁlm
processing.
To actively modulate their surface plasmon resonance, the NC
ﬁlms were positioned as the working electrode in an electrochemical cell and in situ transmission spectra recorded as a
function of the applied potential. Because of the onset of strong
absorption bands of the electrolyte, the in situ measurements
were limited to a spectral window of 4002200 nm. The optical
spectrum of the ﬁlm at its open circuit voltage shows minimal
change compared to its spectrum in an air environment, consistent with the change in dielectric environment and indicating
that no chemical reactions occur at the NC surface (Supporting
Information Figure S7). As we apply a negative bias, the SPR
peak shifts to higher energy and becomes more intense
(Figure 3a). Both changes are consistent with the modulation
of the free carrier concentration, n, which would shift the
plasmon resonance frequency, as in eq 1, and increase the
extinction at the LSPR peak proportionally.1 This result stands
in stark contrast to earlier reports of the spectroelectrochemical
response of nanocrystalline Sb-SnO2 ﬁlms.22,23 In that case, the
applied potential induced negligible shift, only changing the
intensity of the plasmon absorption feature. It was suggested
that a high density of surface traps led to a strong depletion of free
carriers near the surface and a variation in the thickness of this
depletion region was proposed to account for the nearly constant
ωLSP even as electrons were injected or extracted. The strong
shifting of the LSPR peak we observe suggests that our ITO NC
ﬁlms are relatively free of such surface defect sites.
In fact, we propose that the modulation of the surface
plasmon resonance in our ITO NC ﬁlms is more analogous to
that found in metallic nanostructures14 and is related to that
demonstrated recently at the planar interface of ITO with a
dielectric layer.24 In the latter case, the free carrier concentration in a thin (∼5 nm) accumulation region was modulated by
applying a potential between the ITO ﬁlm and a counter
electrode on the opposite side of the dielectric layer. Since we
observe plasmon resonance shifts to both shorter and longer
wavelength than the initial state, we suggest that accumulation
and depletion regions, respectively, are formed near the surface of the NCs. This hypothesis predicts greater modulation
for smaller NCs, whose entire volume can lie within the
strongly modulated accumulation/depletion region. Indeed,
comparing NCs of similar chemical doping level, the magnitude of the change in extinction between the two extremes of
applied bias tracks with NC diameter (Figure 3b). Thus, for
small, highly doped NCs we can strongly modulate the
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Figure 4. Analysis of ﬁlm performance as a dynamic, spectrally selective
window coating. (a) Transmission spectra at 1.5 (bleached) and 4 V
(colored) for various ﬁlm thickness (150, 310, and 460 nm shown in
blue, red, and black, respectively) of 4.5 nm, 16.9% Sn NCs. (b) The
portion of the AM 1.5G solar spectrum transmitted in the bleached and
colored states of the 310 nm thick ﬁlm. (c) Comparison between the AM
1.5G luminous solar spectrum and the luminous solar transmittance for
the bleached and colored states.
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plasmon frequency, and the associated free carrier concentration, throughout the volume of each NC and of the overall ﬁlm.
We can quantitively evaluate these dynamic changes by ﬁtting
the spectra of the electrochemically modulated NC ﬁlm using the
extended Drude model (again, discussed in the Supporting
Information). Absolute transmittance of the entire electrochemical cell is used for the modeling in order to properly account
for the interfaces. For the free parameters associated with the
ITO nanocrystal ﬁlm, conﬁdence in the values was evaluated by
starting with various initial conditions and keeping all parameters
within physically reasonable bounds. We found that ωP converged reliably to near the same value regardless of the starting
conditions, so that ωP and n could be extracted as a function of
the bias applied in the electrochemical cell (Figure 3c and
Supporting Information Figure S8). The free carrier concentration changes by nearly a factor of 3, resulting in almost a factor of
2 change in the plasmon frequency between the two extremes.
Such large changes in plasmon resonance could be applicable to
micrometer-scale plasmonic devices, or might even be leveraged at
the single-nanocrystal level.2,14 Unlike the case of a planar ITO ﬁlm,
the transmission through the NC ﬁlm changes dramatically since
there is far greater surface area. We note that the contrast ratio for
transmittance of 1.55 μm light, relevant to telecommunications,
exceeds 12:1 (∼11 dB) without any optimization. By adjusting the
chemical doping level, modulation of any speciﬁc wavelength in the
NIR could be maximized.
The electrochemical modulation of transmittance through thin
ﬁlms, as demonstrated here, is of particular interest for dynamic
“smart window” applications. In this case, the NC ﬁlm is eﬀectively
part of a macroplasmonic device, operating on nanoplasmonic
principles. The heat load derived from solar infrared radiation could
be dynamically modulated in response to the changing outdoor
environment, while visible light transmittance is maintained for
daylighting use.25 In contrast, the conventional electrochromic
window coatings reported in the literature and now emerging on
the market most strongly modulate visible light, with a more modest
dynamic range for NIR transmittance.26
In order to explore the potential performance of a dynamic,
spectrally selective window coating based on LSPR modulation, we
measured the dynamic transmittance of NC ﬁlms as a function of
ﬁlm thickness (Figure 4a). In thicker ﬁlms the surface plasmon
absorption becomes saturated, providing a sharper edge between
high and low transmission and minimizing the NIR transmittance at
negative bias. However, the maximum NIR transmittance at positive
bias and the visible transmittance, in general, are adversely aﬀected.
These trade-oﬀs lead to an optimal thickness at which the dynamic
range of NIR transmittance is maximized, with minimal impact on
visible transmittance.
The implications of these dynamic optical properties for smart
window performance can be evaluated by convoluting the
transmittance spectra of the 310 nm thick NC ﬁlm with the
solar spectrum (Figure 4b). The shaded regions show the portion of the solar spectrum transmitted when the ﬁlm is in
the “bleached” state (positive bias) and “colored” state (negative bias). It is apparent that NIR light is strongly modulated
while visible light is largely transmitted in both states. Integrating
these curves, we ﬁnd a 21% diﬀerence in transmittance overall
and 35% diﬀerence in transmittance of the NIR portion of the
solar spectrum between the two states. This already represents
a substantial modulation of solar heating for a window, with
further gains potentially available by additional optimization of
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dx.doi.org/10.1021/nl202597n |Nano Lett. 2011, 11, 4415–4420

Nano Letters
nanocrystal size, chemical doping level, coupling, and ﬁlm
thickness. Meanwhile, there is only 6% modulation of the solar
insolation visible to the human eye (Figure 4c); even in the
colored state, over 92% of this light remains available to oﬀset the
need for electric lighting.
An important requirement of plasmonic switching, whether
applied to macro- or microscale devices, is stability under
repeated cycling. In fact, this is a critical factor limiting the application of many otherwise promising electrochromic technologies
to smart window coatings.26 Preliminary durability testing of our
NC ﬁlms shows virtually no change in their electrochemical
properties over multiple chargedischarge cycles (Supporting
Information Figure S9), and CdSe NC ﬁlms have been cycled at
least 10 000 times without degradation.12 The stability of our
ﬁlms is consistent with the mechanism proposed above in which
an accumulation/depletion layer is reversibly switched near the
NC surface. Unlike a conventional electrochromic coating26 or
the plasmonic Cu2S and Cu2Se NCs recently reported,9,10 this
operating principle does not involve cation migration through
the active material. In other words, the switching is capacitive and
our coating operates like the electrode of a supercapacitor
whereas conventional electrochromic ﬁlms are more analogous
to battery electrodes.
The hypothesis of capacitive switching was tested by
comparing the spectroelectrochemical response of a NC ﬁlm
in Li+ containing electrolyte (used in all the experiments
described thus far) to its behavior in a tetrabutylammonium
(TBA+) electrolyte. Unlike Li+, TBA+ is physically too large
to intercalate, leaving only capacitive contributions.23 The
charging proﬁle recorded by cyclic voltammetry is similar for
the two electrolytes, and the total charge injected and
extracted is nearly identical (Supporting Information Figure
S10). Even more telling, the NIR optical responses are
indistinguishable (Supporting Information Figure S11).
Clearly, intercalation is not required to achieve the extreme
modulation of plasmon resonance that we observe. A principle degradation pathway for battery and electrochromic
electrode materials, namely strain from repeated intercalation
and deintercalation,26 is thus completely circumvented by the
capacitive operating mechanism. The coloration eﬃciency is
also improved by several fold over conventional electrochromic ﬁlms (Supporting Information Figure S12).
The eﬃcacy of compensating injected carriers capacitively,
without intercalation, is not limited to the choice of ITO as an
electrode material; it is rather a direct consequence of nanostructuring on the single-digit nanometer scale. Any material
that undergoes a change in optical properties upon charging
and discharging, including other plasmonic NCs but also
conventional electrochromic materials like WO3, could in
principle be operated in this manner.27 Hence, our results
suggest a new paradigm for the design of nanocrystal-based
electrochromic electrodes that are robust to cycling, greatly
expanding options for material selection to achieve targeted
optical response characteristics for smart windows and other
applications of optical modulation.
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