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ABSTRACT: Doped semiconductor nanocrystals are an
emerging class of materials hosting localized surface plasmon
resonance (LSPR) over a wide optical range. Studies so far
have focused on tuning LSPR frequency by controlling the
dopant and carrier concentrations in diverse semiconductor
materials. However, the influence of anisotropic nanocrystal
shape and of intrinsic crystal structure on LSPR remain poorly
explored. Here, we illustrate how these two factors collaborate
to determine LSPR characteristics in hexagonal cesium-doped
tungsten oxide nanocrystals. The effect of shape anisotropy is
systematically analyzed via synthetic control of nanocrystal
aspect ratio (AR), from disks to nanorods. We demonstrate
the dominant influence of crystalline anisotropy, which
uniquely causes strong LSPR band-splitting into two distinct peaks with comparable intensities. Modeling typically used to
rationalize particle shape effects is refined by taking into account the anisotropic dielectric function due to crystalline anisotropy,
thus fully accounting for the AR-dependent evolution of multiband LSPR spectra. This new insight into LSPR of semiconductor
nanocrystals provides a novel strategy for an exquisite tuning of LSPR line shape.
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Localized surface plasmon resonance (LSPR) in metal the primary means to tune the @y, of these nanocrystals has
nanoparticles or nanostructures has been extensively been to vary the doping level by controlling the concentration
studied and utilized practically for sensing and manipulation of vacancies (e.g, Cu,_S, InN, WO,;_)""'™"° or extrinsic
of light."~* Gold and silver are typical LSPR host materials as dopants (e.g, Sb:SnO,, Sn:InO,, Al:ZnO, P-doped Si)."*""" N
their high free electron densities (~10**/cm®) create can thus be varied by 2 orders of magnitude, a tunability that
resonances in the visible region.” Employing an anisotropic has no parallel in classical metal plasmonics. Moreover, N and
particle shape allows for tuning of the LSPR, giving rise to therefore @y, can be modulated postsynthetically by chem-
variable resonance frequency (@) via LSPR band-splitting ical,"" electrochemical,””*" or photoelectrochemical””** charg-
that is inaccessible with (pseudo-) spherical particles. For ing and discharging. Photoelectrochemical charging, or photo-
instance, by changing the aspect ratio (AR) of gold nanorods, doping, in which photoexcited holes are scavenged to stabilize
the longitudinal LSPR mode can be shifted to the near-infrared conduction band electrons, was used to compare the @y, in
(NIR), while the transverse mode remains in the visible.” Sn:In,O; with different Sn doping levels that had been
In doped semiconductor nanocrystals, highly variable carrier postsynthetically adjusted to have comparable N.** The Digp
density, N (10'® ~ 10”/cm?), enables @y, over the entire varied with Sn concentration, highlighting that composition
infrared region.”'" However, the connections between LSPR impacts LSPR properties beyond the role of dopants in
properties and materials composition and structure are still balancing the charge of free carriers.
being established for this novel class of plasmonic materials. While rapid progress has been made to understand how
Especially as a broad range of doped semiconductor nanocrystal variable doping influences LSPR of semiconductor nanocryst-
compositions (e.g, group IV elements, metal oxides, metal
chalcogenides, and nitrides) are studied for plasmonic Received: April 3, 2016
applications,”'? there is a pressing need to rationalize and Revised:  April 28, 2016
control the widely tunable LSPR in the infrared range. So far, Published: May 16, 2016
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Figure 1. Hexagonal cesium-doped tungsten oxide (h-Cs:WO,) nanocrystals with different aspect ratios. (a—c) Transmission electron
micrographs (TEM) of h-Cs:WO; nanocrystals in the shape of (a) platelets, (b) iso-prisms, and (c) rods. The bottom right insets in a—c are size
distribution histograms for the average height (dark color bars) and width (light color bars) of nanocrystals. Average sizes are listed in Table 1. (d—f)
Powder X-ray diffraction (XRD) patterns for the h-Cs:WO; nanocrystal samples corresponding to a—c. The insets in d—f are high-resolution XRD
patterns of the gray regions, containing the (002) and (020) peaks that exhibit size-dependent broadening corresponding, respectively, to the height
and width of nanocrystals. (g—h) Illustration of the h-Cs:WOj lattice structure projection on the (g) basal plane and (h) prismatic plane: Cs (gold),
W (blue), and O (red). (i) Schematic illustration of nanocrystal shape corresponding to a—c showing the conventions used in this paper.

als, the effect of anisotropic particle shape has been
inconsistently reported and has only rarely been quantitatively
rationalized.”"** As stated above, shape anisotropy is well-
established as a dominant means of LSPR tuning in metal
nanoparticles, which motivates investigation of shape effects in
plasmonic semiconductor nanocrystals. Faceted octahedral
In:CdO nanocrystals exhibited multiband LSPR that were
well matched by simulated spectra in which deconvoluted
dipolar spatial modes contributed to the line shape,°
whereas WO,_, nanorods and Cu,_,Te platelets, rods, and
tetrapods have not shown LSPR band-splitting despite their
highly anisotropic morphologies.">”” In the case of Cu,_,S
nanodisks, two widely separated peaks were observed and
assigned to in-plane and out-of-plane modes, though the peak
shifts with changing AR were unexpectedly small.”® Meanwhile,
only one AR-dependent resonance peak was observed for
covellite CuS nanoplatelets, which was assigned to the in-plane
mode.”* To rationalize the literature on copper chalcogenide
nanocrystal LSPR, the question of how the anisotropic
(layered) crystal structure influences LSPR properties has
been raised.””*® After all, unlike classical plasmonic metals,
which are typically isotropic, compound semiconductors
commonly exhibit anisotropic crystal structures. Hence, we
sought to understand how nanocrystal shape anisotropy and
the underlying crystalline anisotropy might collaborate to
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produce the observed optical properties of these emerging
plasmonic nanomaterials.

In this study, h-Cs:WO; nanocrystals were investigated as a
prototypical material since the hexagonal structure exhibits
strong crystalline anisotropy. We modified our previously
reported synthesis of h-Cs:WO, nanocrystals®” to gain control
over AR, producing hexagonal prisms with AR from 0.3 to 2.
Figure la—c displays the transmission electron microscopy
(TEM) images for three representative samples, namely,
platelets, iso-prisms, and rods with an AR of 0.32, 0.87, and
1.69, respectively. XRD patterns (Figure 1d—f) verify that they
share the same hexagonal crystal phase (ICSD number 56223).
AR is defined as the height (H) of the prism divided by the in-
plane width (W) parallel to the basal (002) plane (Figure 1g—
i). For each sample, W, H, and AR values of individual
nanocrystals were assessed from multiple TEM images
(Supplementary Figure S1). The histograms of W and H
(insets in Figure la—c) clearly show the distinct morphology of
each sample, despite the obvious size heterogeneity. ARs were
also calculated via the Scherrer formula,® with the (002) and
(020) XRD peaks exhibiting size-dependent broadening
corresponding to H and W, respectively, and found to be
generally consistent with the results of TEM analysis (insets in
Figure 1d—f, Table 1, and Table S1). The Scherrer-derived AR
was employed in all subsequent analysis considering the
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Table 1. Nanocrystal Dimensions Obtained by Analyzing
TEM Images and XRD Patterns

Scherrer analysis

size analysis by TEM of XRD data

nanocrystal  height (H)  width (W)  aspect ratio aspect ratio
sample ?nm) (nm) (AR)
platelet 70 £ 3.0 214 + 5.3 0.46 + 0.17 0.32
iso-prism 9.8 £ 1.8 9.0+ 13 094 £ 0.17 0.87
rod 11.3 + 3.0 S5+ 1.5 2.10 + 0.44 1.69

possible statistical errors from the limited number of nano-
crystals measured by TEM.

The optical absorption spectra of the three representative
colloidal samples vary systematically with AR (Figure 2a). The
platelet spectrum (AR = 0.32) contains two peaks—a high-
frequency peak (wy,;) at 14140 cm™" and a low-frequency peak

blue lines, green circles in Figure 2b). According to the
established model for LSPR band-splitting developed in the
context of classical metal nanoparticles,®" @y, of the platelets is
expected to be the longitudinal LSPR (out-of-plane) mode and
Wy, is to be the transverse (in-plane) mode. Assuming
dielectric isotropy, as in conventional plasmonic metals, the two
peaks are expected to coincide (A@y, = 0) when AR ~ 1, and
to crossover and separate once again when AR > 1 (blue stars
in Figure 2b). Instead, we observe a striking deviation from this
expectation, with A, continuously decreasing, without
crossover, even as the AR increases to well over 1 (Figure 2a,
green circles in Figure 2b). This result suggests that intrinsic
crystalline anisotropy may strongly modify the expectations for
LSPR of anisotropically shaped nanocrystals, even qualitatively
changing the interpretation and assignment of multipeaked
spectra. According to the Drude model,

(a)lspz) at 6480 cm™". The resulting peak separation (Aa)lsp) of - - 5;2 . Ne>
7660 cm ™" is quite large. As AR increases, @y redshifts, while ep(@) = e (w) - 2 S , = =
@y, blueshifts, resulting in a decrease in A, (orange and w =y oM.
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Figure 2. LSPR of h-Cs:WO; nanocrystals. (a) Experimental optical absorption spectra of h-Cs:WO; nanocrystal samples of platelets (green), iso-
prisms (orange), and rods (blue) dispersed in tetrachloroethylene showing the aspect ratio-dependence of LSPR. (b) Plot of LSPR peak splitting
(Aa)lsp) vs particle aspect ratio obtained experimentally with synthesized nanocrystals (open circles) and by theoretical modeling assuming isotropic
(blue stars) or anisotropic (pink stars) dielectric functions. (c) Theoretically simulated LSPR spectra for platelet-, iso-prism-, and rod-shaped
nanocrystals (top to bottom) using the anisotropic dielectric function of h-Cs:WO5. Solid lines show the overall absorption profiles, summing one
longitudinal mode (dashed lines) and two identical transverse modes (dotted lines). The insets show the simulated dipolar surface charge
distributions at each peak frequency of the longitudinal and transverse modes. (d) Color map of the simulated near-field enhancement for a rod

excited at the two LSPR peak frequencies.
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Figure 3. Redox-mediated modulation of LSPR. (a—b) Dynamic optical absorption spectra of h-Cs:WO; platelets undergoing (a) oxidation by
exposure to air for up to 24 h and (b) reduction by incremental addition of hydrazine. (c—d) Simulated evolution of LSPR for (c) oxidation and (d)
reduction. (e) The simulation was performed assuming oxidation proceeds by the growth of a fully oxidized shell with unchanged carrier density in
the core, and reduction by the growth of fully reduced shell upon the previously oxidized volume. The inset in ¢ is a plot of the longitudinal mode
peak intensity (red dots) and peak position (black squares) versus unoxidized core volume during simulated oxidation, both showing an

approximately linear relationship.

dielectric permittivity (€;,) and bulk plasma frequency (5;) are

determined by free carrier concentration (N), elementary
electronic charge (e), the permittivity of free space (&), high-

frequency permittivity (€, ), damping (7), and electron

effective mass (m,), the last three of which can vary with
direction in crystals with anisotropic structures. In case of bulk
h-Cs:WO;, density functional theory calculations® and

. . 33 precs
reflection spectroscopic measurements™ have shown that m,,

_E;, and ¥ are all strongly dependent upon the lattice direction.
In particular, the significantly lower m, along the c-axis
compared to that parallel to the basal plane results in the
longitudinal @, being 1.5 times higher than the transverse w,,.
LSPR of h-Cs:WOj; nanocrystals should accordingly exhibit a
similar anisotropy in ), in addition to the effect of shape
anisotropy. The unexpected observation of a substantial peak
splitting (Aayg, = 4000 cm™") when AR & 1 (Figure 2b) is thus
a natural consequence of the strong crystalline anisotropy of h-
Cs:WO;. The revised calculation of Aw,y, vs AR, employing an

anisotropic ‘a_); (pink stars in Figure 2b), matches well with the

experimental data (green circles in Figure 2b).

In order to theoretically investigate the implications of such
an interplay of shape and crystalline anisotropies, electro-
magnetic field simulations were performed by setting
anisotropic dielectric functions along different lattice directions
(see the SI for computational method details) and varying the
AR of the nanocrystal (Figure S3). In the simulated LSPR
spectra (Figure 2c) the longitudinal and transverse modes are
visibly separated when AR = 0.32 and 0.87 and overlay only
when AR = 1.69, which is in good agreement with the
experimental data (Figure 2a). The deconvoluted spectra
showing each LSPR mode (dashed and dotted lines in Figure
2¢) and the surface charge distribution profiles reveal that each
peak corresponds to a distinct dipolar mode (Figure 2c, insets
and Figure S5). By contrast, simulated spectra for an isotropic
dielectric function (Figure S4) exhibit two modes that overlap
over the entire range of AR (from 0.2 to 1.8) due to smaller
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Aw,g, and that have strongly divergent peak intensities at low or
high AR, yielding a single strong peak and a shoulder. These
results confirm that crystalline anisotropy is a major contributor
to the LSPR band-splitting and overall line shape in h-Cs:WO,.

Furthermore, the near-field intensity maps (Figure 2d and
S6) illustrate that up to 400-fold enhancement is achievable for
both longitudinal and transverse modes in a given anisotropic
h-Cs:WO; nanocrystal. This is a unique attribute of anisotropic
crystalline hosts as isotropic hosts inevitably give rise to
unbalanced field enhancement for the different modes. This
balanced dual-mode LSPR property enables effective concen-
tration of infrared light over a broad energy range and through
a substantial region of space spanning all solid angles around
the nanocrystal.

One can recognize that the experimental spectra (Figure 2a)
are broader than the simulated ones (Figure 2c) and that the
relative peak intensities are not precisely reproduced. A possible
reason for these discrepancies is the polydispersity in the size
and shape of nanocrystals that is obvious from TEM images
(Figure la—c). Simulation parameters were thus adjusted to
examine the validity of our model to describe these nonideal
ensembles of nanocrystals. First, a Gaussian average of the
nanocrystal AR (with fixed volume) was applied using the
measured standard deviations from TEM (Table 1), resulting in
broadened LSPR spectra for all three shapes (platelets, iso-
prisms, rods; Figure S7). It was also found that the longitudinal
mode, corresponding to the lower m,, varies nonlinearly and
more rapidly with changing AR in both intensity and peak
position compared to the transverse mode, resulting in a higher
relative intensity at the longitudinal peak (Figure S7). Second,
the experimentally realized morphologies exhibit substantial
“bites” taken out of the lateral facets, especially in the platelets.
This morphology was mimicked by simulating the LSPR
spectrum of a distinctively shaped platelet. Compared to the
pristine shape, there was no noticeable change in the peak
positions while a broadening of the transverse mode peak was
observed (Figure S8). Therefore, the minor differences
between experimental and simulated spectra can be accounted
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for by size and shape heterogeneity within each nanocrystal
sample.

Considering that post-synthetic modulation of LSPR is a key
feature of plasmonic semiconductor nanocrystals, we sought to
understand how shape and crystalline anisotropy influence the
spectral evolution of h-Cs:WOj; nanocrystals subjected to
oxidation and reduction. It is well-known that free carriers in
vacancy doped tungsten oxides are highly sensitive to oxygen
partial pressure, where high levels of atmospheric oxygen can
drive the insertion of oxygen, thus diminishing the free electron
population.®* This effect, usually limited to the near-surface
regime in bulk materials, has been shown to overwhelm the
entire volume of small WO, nanocrystals, and therefore the
LSPR may be greatly diminished in intensity in oxidative
conditions.>> We tracked the oxidation-induced quenching
and redshift of LSPR in h-Cs:WO; nanocrystals as a function of
air exposure (Figure 3a). Moreover, by addition of hydrazine as
a reducing agent, the oxidized nanocrystals could be reduced
again, recovering the original line shape and peak positions
(Figure 3b). The correlated response of the two peaks supports
our description of the spectra as two distinct LSPR modes
originating from the same free carriers; by contrast, if the two
peaks reflected distinct electronic states they would have
differing responses to the oxidation and reduction processes.
The moderate peak shifts, while the peak intensities are
strongly modulated, are inconsistent with a homogeneous
depletion of N (Figure S9a), but can be reproduced instead by
assuming that oxidation proceeds from the surface. This was
modeled by creating an oxidized, fully depleted shell and a
shrinking core with unchanged carrier density, as depicted in
Figure 3e. Similarly, the reduction process was modeled with a
reduced shell growing progressively inward from the surface
(Figure 3e). The simulated evolution of the LSPR spectra based
on this redox mechanism (Figure 3c—d), in which peaks
experience a moderate linear shift due to the dielectric
environment imposed by the growing shell (Figure 3c, inset),
is highly consistent with the experimental observations (Figure
3a—b). Although the redox-mediated LSPR evolution in
semiconductor nanocrystals has typically been described as a
homogeneous modulation of N,"**! our results suggest this
model should be revisited to ensure a realistic view of the
electronic changes within the nanocrystals that underlie
observed LSPR modulation.

To conclude, colloidally synthesized hexagonal phase
Cs:WO; nanocrystals exhibit strong aspect ratio-dependent
LSPR absorption peaks that can only be explained via a
cooperative influence of crystalline and shape anisotropies. This
finding highlights the limitations of conventional treatments of
LSPR that assume isotropic dielectric constants and attribute
multimodal peaks uniquely to shape anisotropy effects. This
understanding extends our ability to rationally tune LSPR line
shape and near-field enhancement via synthetic control of
shape and crystalline anisotropies of semiconductor nanocryst-
als. Such control may prove useful by enhancing light-matter
interactions across a broad spectral and spatial region, leading
to the advances in developing switchable optical devices,
sensors, and waveguides. In particular, the demonstrated
multimodal LSPR with near-equal intensities of h-Cs:WOj;
nanocrystals covers the near-infrared (NIR) region of great
importance in photonic, solar, and clinical applications while
maintaining high visible transparency due to its wide band gap.
Such an optical performance with the additional functionality of
dynamic, reversible modulability is promising for sensing
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applications®® and for energy saving NIR-selective electro-
chromic windows,*>” which also motivates the additional
study of the optical response of this doubly anisotropic
nanomaterial to chemical or electrochemical stimuli.
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