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ABSTRACT: We present a generalized cation−anion codop-
ing methodology for the synthesis of monodisperse, doped
metal-oxide nanocrystals (NCs) that exhibit near-infrared
localized surface plasmon resonance (LSPR) with the highest
reported quality factors. We demonstrate that, in addition to
the use of common cation dopants, the incorporation of
fluorine into the lattice as an anion dopant can further increase
the free-carrier concentration within individual NCs; this
supports the cooperative effects of mixed cation−anion doping
in shifting the LSPR to higher energies. As a result, this
method allows the LSPR of doped metal-oxide NCs to become
tunable across a significantly broader wavelength range (1.5−
3.3 μm), circumventing the prior limitations on the highest
possible LSPR energies associated with single-element doping for a given oxide host. The strategy of cation−anion codoping can
offer new possibilities for the chemical design of doped semiconductor and metal-oxide NCs with tailored LSPR characteristics.

1. INTRODUCTION
Doping, the process of introducing foreign atoms or impurities
into a host lattice, has been widely used for engineering the
properties of nanoscale materials in a controlled manner.1−7

Many semiconductor and metal-oxide nanocrystals (NCs) can
exhibit metallic optical properties in the near-infrared (NIR)
and the mid-infrared (MIR) regions when appropriately
doped.8−14 Unlike conventional plasmonic materials (e.g., Au
and Ag) that have a fixed free-electron concentration, the
carrier density and thus the absorption features arising from the
localized surface plasmon resonance (LSPR) of these emerging
plasmonic NCs can be readily tuned by adjusting the doping
level. As a result, their unique characteristics are being
harnessed for an increasing number of new applications and
technologies, such as surface-enhanced infrared absorption
(SEIRA),15 LSPR sensing,16 smart windows,17,18 low-loss
optical metamaterials,19,20 and bioimaging and therapeutics.21,22

Recently, the tuning of LSPRs at NIR and MIR frequencies
has been demonstrated for a wide variety of doped NCs,
including metal chalcogenides,22−33 phosphides,34 nitrides,35

phosphorus-doped silicon,36 nonstoichiometric oxides,37−39

and extrinsically doped oxides.17,40−46 For many types of
cation-doped plasmonic NCs, it has been observed that, at
relatively low doping levels, the LSPR wavelength continuously
blue-shifts as the concentration of the cation dopants is
increased, which indicates that the majority of dopant atoms are
effective in generating free carriers.17,40,41,44 However, above a
certain dopant concentration, further increases of the doping

level often no longer lead to blue-shifts of the LSPR band, and
in some cases red-shifts have been observed.40,44,47 These
results suggest that at relatively high dopant concentrations, an
increasing fraction of the dopant atoms becomes optically
inactive. In other words, increasing doping concentrations no
longer contributes to increased free carriers in the NCs.
High doping levels in metal-oxide NCs, especially when the

dopant concentration approaches the solid−solubility limit in
the host lattice, can cause significant distortion of the lattice,
which usually results in a loss of control over NC size and shape
and the formation of secondary phases.41,44 Additionally, the
crystal defects that accompany high doping levels often act as
trapping centers for free carriers;48−50 this limits the ability of
the dopant to provide free carriers and thus reduces the carrier
concentration. Although the choice of inorganic precursors and
ligands can drastically influence the kinetics of precursor
decomposition and the doping efficiency, it appears that there
exists an upper limit on the accessible carrier densities that
result from varying the cation-dopant concentration in almost
all extrinsically doped metal-oxide NCs that have been
reported; this limit is important because it ultimately
determines the highest possible LSPR energy for these NCs.
For example, Kanehara et al. reported that the LSPR
wavelength of Sn-doped In2O3 (ITO) NCs can be tuned
from 1.6 to 2.2 μm by changing the Sn-doping level.40 Our
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group recently demonstrated for In-doped CdO (ICO) NCs
that the LSPR wavelength is tunable from 1.9 to 3.5 μm
depending on the In concentration.44 Similar observations have
been reported for Al-doped ZnO (AZO) and Ga-doped ZnO
(GZO) NCs, for which the shortest LSPR wavelengths are
found to be approximately 3 μm.41,45 To harness the full
potential of these alternative plasmonic NCs, the ability to
synthetically tailor the LSPR frequency over a wide spectral
range for a given host material is of utmost importance.
Over the past decades, fluorine doping has been extensively

utilized to improve the optical quality and the charge-carrier
mobility in transparent conducting oxide (TCO) thin films,50

such as F-doped SnO2,
51,52 F-doped ZnO,53 F- and In-codoped

ZnO,54 and F-doped CdO.55−58 From a theoretical perspective,
fluorine doping in TCOs possesses several unique advantages
over using cationic metal dopants. First, because the ionic
radius of F− (1.33 Å) is slightly smaller than that of O2− (1.40
Å) and the fluorine atom is more electronegative than the
oxygen atom,59 the substitution of oxygen in the lattice by
fluorine can readily occur. Second, according to the classical
Drude model, the bulk plasmon frequency is proportional to
the square root of the free-electron concentration.24 At high
cation-doping levels in various TCOs, it has been observed that
scattering by ionized impurity centers and the presence of
nonionized defects can limit the highest achievable carrier
concentrations.17,40,41,44 Alternatively, because a fluorine atom
has one more valence electron than an oxygen atom, fluorine
atoms can act as electron donors when they replace oxygen
atoms. Third, in contrast to the effects of substitutional cation
doping, the electronic perturbations induced by fluorine doping
are largely localized to the filled valence band, which consists
primarily of oxygen atomic orbitals.50 As a consequence,
impurity scattering and the decrease in the electronic mobility
of conduction band electrons can be minimized. Despite these
distinct advantages of fluorine doping in TCOs, to our
knowledge, the use of fluorine doping to engineer the
plasmonic properties of doped metal-oxide NCs remains
largely unexplored, and an experimental demonstration of
utilizing cation−anion codoping to vary the LSPR energies in
doped metal-oxide NCs is still lacking.
In this work, we report for the first time that the

simultaneous incorporation of commonly used cation dopants
and the anion dopant fluorine can result in advantageous and
cooperative effects for increasing the effective carrier concen-
tration and, therefore, can greatly expand the wavelength
tunability of LSPRs in doped metal-oxide NCs. The synthesized
fluorine- and indium-codoped CdO (FICO) NCs and fluorine-
and tin-codoped CdO (FSCO) NCs display remarkably sharp
LSPRs that are continuously tunable between 1.5 and 3.3 μm.
This method of cation−anion codoping overcomes the
difficulty in achieving high LSPR energies that is associated
with using a single cation dopant for doped CdO NCs. More
generally, this approach offers a promising route to modify the
charge-carrier density and thus to expand the LSPR wavelength
range in many related doped metal-oxide NC systems.

2. RESULTS AND DISCUSSION
Monodisperse FICO NCs are synthesized by thermal
decomposition of cadmium acetylacetonate and indium fluoride
in a mixture of oleic acid and 1-octadecene at the reflux
temperature of the reaction mixture (∼316 °C). The
transmission electron microscopy (TEM) image in Figure 1a
shows an example of 17.1 nm FICO NCs synthesized using 5%

InF3. The high-resolution TEM (HRTEM) image in Figure 1b
reveals that the FICO NCs are single-crystalline. The lattice
fringes with a measured interplanar spacing of 0.272 nm
correspond to the {111} planes of the CdO structure. For
relatively low InF3 concentrations (<5%), the size of the FICO
NCs can be readily adjusted between 10 and 30 nm by
changing the molar ratio between the total metal content and
oleic acid in the reaction solution (M:OA). The tunability in
NC size becomes limited at higher InF3 concentrations (>10%,
Figure S1). It is also found that increasing the amount of oleic
acid while keeping all other synthetic parameters unchanged
generally leads to larger NCs (Figures 1c and S1). Figure 1d
shows the small-angle X-ray scattering (SAXS) patterns of two
differently sized FICO NC samples dispersed in toluene, along
with the SAXS patterns simulated for ensembles of spherical
particles with an average diameter of 32.0 ± 3.6 and 19.8 ± 1.8
nm, respectively. The SAXS ringing patterns and the excellent
fit quality indicate that the FICO NCs are as monodisperse at
the ensemble level as they appear in TEM micrographs. The
powder X-ray diffraction (XRD) patterns in Figure 2 reveal that
the FICO NCs adopt the cubic CdO-type crystal structure. The
XRD patterns show no evidence for the presence of secondary
phases such as metal fluorides. For FICO NCs synthesized
using different percentages of the InF3 precursor (up to 25%),
negligible shifts in the XRD peak positions are observed.
The FICO NCs exhibit an intense and broadly tunable LSPR

feature in the NIR region (Figure 3a). Notably, the LSPR peaks
for FICO NCs are highly symmetric, which is distinct from
those observed in other types of plasmonic metal-oxide NCs,
such as ITO and AZO NCs.8,17,40,41,46 This could be explained
by the screening effect due to the relatively high value of the
high-frequency background dielectric constant in CdO.60 As
shown in Figure 3a, a progressive blue-shift of the LSPR

Figure 1. (a) TEM and (b) HRTEM images of 17.1 nm FICO (4.5%
In) NCs synthesized with 5% InF3 and a metal-to-oleic-acid molar
ratio (M:OA) of 1:4. (c) TEM image of 28.4 nm FICO (4.3% In) NCs
synthesized with 5% InF3 and M:OA = 1:5. (d) Experimental and
simulated SAXS patterns for the FICO NCs shown in (a, b) and (c).
Scale bars: (a) 50, (b) 3, and (c) 50 nm.
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wavelength is seen as the amount of InF3 is increased.
Importantly, the LSPR wavelength for FICO NCs can be
readily tuned from 1.5 to 3.5 μm, which overcomes the
difficulty in realizing LSPR wavelengths shorter than 1.9 μm for
ICO NCs synthesized using the precursor indium acetate.44

Therefore, the use of the metal-fluoride precursor InF3 allows
the simultaneous incorporation of indium and fluorine, both of
which are capable of contributing free carriers through
aliovalent substitutional doping of the cation and anion
sublattices, respectively. The LSPR quality factor for these
FICO NCs, defined as the ratio of the LSPR energy to the

plasmon line width, falls in the range of 6.5−12.2 (Table 1),
which is the highest reported to date among all
semiconductor- and doped-metal-oxide-based plasmonic
NCs.10,24,27,35,37,40,41,44,46

The direct optical bandgap of the FICO NCs can be
estimated from the plot of (αhν)2 versus hν (α: absorption
coefficient; hν: photon energy) by extrapolating the linear
portion of the curve to α = 0 (Figure 3b,c).35,41,44 The
monotonic increase in the bandgap energy along with
increasing InF3 doping can be attributed to the Burstein−
Moss shift,61 which is due to the occupation of the low-lying
energy levels of the conduction band at high carrier
concentrations.
To determine the chemical composition of the FICO NCs, a

combination of analytical techniques was employed. The ratio
between In and Cd in the NC samples was analyzed by
inductively coupled plasma optical emission spectrometry
(ICP-OES). As shown in Table 1, the measured In% reflects
reasonably well the amount of indium precursor used in NC
synthesis. In contrast, the chemical analysis of fluorine can be
nontrivial. Using the ion-selective electrode method, it was
found that the fluorine content of the FICO NC samples
correlates well with the amount of fluorine in the reaction
precursors (Table 2). Compositional analysis performed using

Figure 2. Powder XRD patterns of ICO NCs synthesized using 5%
indium acetate and FICO NCs synthesized using various amounts of
the InF3 precursor. The pattern at the bottom (represented as vertical
bars) shows the XRD peak positions and the relative intensities of bulk
CdO. Each pattern has been normalized to the peak intensity of its
strongest peak.

Figure 3. (a) UV−vis-NIR spectra of spherical FICO NCs dispersed
in CCl4. The percentage of the InF3 precursor and the metal-to-oleic-
acid molar ratios (M:OA) used for NC synthesis are indicated on the
graph. (b, c) Plots of (αhν)2 vs photon energy (eV) for the FICO NCs
shown in (a). The dotted lines represent the fits to the shorter-
wavelength linear regions of individual spectra with the x-axis
intercepts indicated in the legends.

Table 1. LSPR Peak Wavelength (λ) and Energy (E), Full
Width at Half Maximum (ΔE), and Quality Factor (Q) of
LSPR for Spherical FICO NCs

M:OA
initial %

In
measured %

Ina
λ

(nm) E (eV)
ΔE
(eV) Q

1:5 1 1.2 2456 0.505 0.078 6.46
1:5 2 1.8 2180 0.569 0.083 6.82
1:5 5 4.3 1928 0.643 0.084 7.67
1:4 5 4.5 1847 0.671 0.094 7.11
1:4 10 7.1 1755 0.707 0.071 9.90
1:3.5 10 8.3 1726 0.718 0.059 12.23
1:4.5 12.5 9.7 1714 0.723 0.067 10.80
1:4 12.5 9.7 1668 0.743 0.069 10.69
1:3.5 12.5 10.8 1622 0.764 0.077 9.87
1:3.5 20 16.5 1560 0.795 0.083 9.63
1:3.5 22.5 18.3 1544 0.803 0.077 10.46

aMeasured %In: the In content of NCs determined by ICP-OES.

Table 2. Fluorine Content of NCs Analyzed Using Ion-
Selective Electrode

NC precursor % Ina
λ

(nm)b F%c
F/(F +
O)%d

14 nm FICO
spheres

12.5% InF3 10.8 1622 1.97 13.1

16 nm FICO
spheres

2% InF3 1.8 2180 0.38 2.79

40 nm octahedra NaF:Cd =
0.15

<0.1 2318 0.55 3.79

16 nm ICO
spheres

10% In(ac)3 7.35 2102 <0.01% NA

a% In: the In content (mol %) of NC samples determined by ICP-
OES. bλ (nm): LSPR peak wavelength. cF%: the fluorine content
(mass %) of NC samples determined using the ion-selective electrode
method. dF/(F + O)%: calculated mole fraction of fluorine. The
weight percent of NC ligands determined using thermogravimetric
analysis is taken into account for the calculation.
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energy dispersive X-ray spectroscopy (EDS) also confirms the
presence of fluorine in the FICO NCs (Table S1). A decreasing
Cd:F atomic ratio is observed for FICO NCs synthesized with
increasing amounts of InF3.
To gain further insights into the cation−anion codoping and

to prove that fluorine is effective in generating free carriers, a
series of control experiments were performed. First, when
cadmium acetylacetonate is decomposed in the presence of a
fluoride salt (e.g., LiF, NaF), the resulting CdO NCs can also
exhibit a LSPR in the NIR region (Figure S2). These results
suggest that fluorine doping itself can sufficiently increase the
carrier concentration and thus induce a NIR LSPR for the CdO
NCs. They also provide additional evidence that fluorine
doping is responsible for increased carrier concentrations as
opposed to intrinsic defects in CdO such as oxygen vacancies.62

Second, uniform FICO NCs can be synthesized using indium
acetate as the indium precursor and LiF as the fluorine source
(Figure S3). Here, the use of LiF allows the LSPR energy of the
FICO NCs to exceed that of ICO NCs that have a similar
indium-doping level. Hence, fluorine doping in CdO NCs and
cation doping with indium do not seem to interfere with each
other, but rather, they constructively increase the free-carrier
concentration beyond what is possible with indium doping
alone. Third, various indium-halide precursors were examined
for synthesizing doped CdO NCs (Figure 4). InF3 is far
superior to InCl3 and InBr3 for synthesizing monodisperse NCs
as well as for generating high concentrations of free carriers;

these elevated carrier concentrations can be ascribed to the easy
incorporation of fluorine into the CdO structure due to the
similar ionic radii between F− and O2−. The solution-phase
UV−vis-NIR spectra for selected FICO and ICO NCs are
shown in Figure 5. The LSPR energies of the FICO NCs are

consistently higher than those of the ICO NCs that have a
nearly identical indium-doping level (measured by ICP-OES).
These comparative optical studies of FICO and ICO NCs
verify that fluorine doping can produce free carriers in CdO
NCs in addition to those generated by indium doping.
Figure 6 presents the dielectric function retrieved from

spectroscopic ellipsometry measurements on spin-cast films of

FICO NCs. The inset shows a photograph of a spin-cast FICO
NC thin film on a quartz substrate, highlighting the excellent
optical quality of the deposited film. The average transmittance
in the visible region of the FICO NC thin films is found to be
greater than 90%. The oleic-acid-capped FICO NCs in thin

Figure 4. (a−c) TEM images of FICO and ICO NCs synthesized with
M:OA = 1:4 and 5% (a) InF3, (b) 5% InCl3 and (c) 5% InBr3,
respectively. (d) Powder XRD patterns of FICO and ICO NCs shown
in (a−c). The XRD peak positions and the relative intensities
corresponding to the bulk CdO (black lines) and the hexagonal-phase
Cd (red lines) are shown at the bottom. Each pattern has been
normalized to the peak intensity of its strongest peak. (e) UV−vis-NIR
spectra of the FICO and ICO NCs shown in (a−c). The actual % In
values of the NC samples measured by ICP-OES are 4.3% (for 5%
InF3), 5.8% (for 5% InCl3), and 5.2% (for 5% InBr3), respectively.
Scale bars: 100 nm.

Figure 5. UV−vis-NIR spectra of spherical FICO NCs (top) and ICO
NCs (bottom) that have similar In-doping levels (determined by ICP-
OES).

Figure 6. Complex dielectric function (top) and index of refraction
(middle) of FICO NCs extracted from thin-film spectroscopic
ellipsometry measurements in the spectral region from 370 to 1700
nm. The inset shows a photograph of a spin-cast FICO NC film on a
quartz substrate (2.5 cm × 2.5 cm × 1.6 mm). The experimental
transmission spectra of the same NC films used for ellipsometry
measurements are shown at the bottom of the figure.
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films retain the strong NIR absorption and high visible
transmission of the dispersed colloidal NCs. Using the
Maxwell−Garnett effective medium approximation, the polar-
ized variable-angle reflectance data for the FICO thin films are
fitted to extract the dielectric function of the FICO NCs. Both
the dielectric function (ε′ and ε″) and the index of refraction (n
and k) are plotted for three FICO samples with various cation−
anion doping levels (Figure 6, top and middle), along with the
optical transmission of the same films shown at the bottom of
Figure 6. A two-oscillator model was developed to account for
the two prominent spectral features of the FICO NC films: the
bandgap absorption in the blue region of the visible spectrum
modeled with a Lorentz oscillator, and the LSPR in the NIR
region modeled using a Drude oscillator. The FICO NCs
behave as dielectrics in the visible region (ε′ > 0), but
concomitant with the strong LSPR feature, the real part of the
complex dielectric function ε′ crosses zero at 1269 and 1417
nm for FICO NCs synthesized using 20% and 5% InF3,
respectively. At lower frequencies, ε′ becomes negative, a
signature of a metallic response. These features are observed in
all FICO NC films measured (Figure 6) and are similar to those
previously reported for ICO NC films.44 The crossover
frequency, defined as the frequency at which ε′ crosses zero,
blue-shifts with increasing amounts of the InF3 precursor,
which indicates increasing carrier concentrations at higher
doping levels (Figure 6, top). It is worth noting that the
crossover frequencies for the FICO NCs are generally higher
than those of the ICO NCs,44 which also suggests higher carrier
concentrations resulting from the fluorine doping.

To explore the generality of the cation−anion codoping
strategy for the synthesis of doped plasmonic metal-oxide NCs,
we have also synthesized F- and Sn-codoped CdO (FSCO)
NCs using cadmium acetylacetonate and tin(IV) fluoride as the
precursors. As shown in Figures 7a and S5, monodisperse
octahedral FSCO NCs can be synthesized under conditions
similar to those for FICO NCs. The size uniformity of the
FSCO NCs is further manifested in the experimental SAXS
pattern, which is in excellent agreement with the simulated
scattering pattern for an ensemble of octahedral-shaped
particles that have an average size (tip-to-tip length) of 27.0
± 2.0 nm (Figure 7c). The FSCO NCs are generally more
faceted and elongated than the FICO NCs. The HRTEM
image of a single FSCO NC reveals an interplanar distance of
0.271 nm, which is consistent with the lattice spacing of the
{111} planes of the CdO structure (Figure 7b). The phase
purity of the FSCO NCs is further confirmed by the powder
XRD pattern (Figure 7d). No other oxide phases, including tin
oxides and cadmium stannates, are found under the synthetic
conditions that have been explored (<20% SnF4). A strong
LSPR is also observed for FSCO NCs in the NIR range (Figure
7e). The LSPR wavelength blue-shifts with increasing amounts
of the SnF4 precursor, indicative of higher carrier concen-
trations as a result of higher levels of tin and fluorine dopants.
Similar to the results discussed above for FICO and ICO NCs,
the LSPR energies of FSCO NCs are found to be much higher
than those of Sn-doped CdO (SCO) NCs with a similar Sn-
doping level (Figure S7). Interestingly, the absorption spectra
of FSCO NCs typically show a small shoulder at energies
higher than the main LSPR peak (Figure 7e), which might be

Figure 7. (a) TEM image, (b) HRTEM image, (c) SAXS pattern and (d) powder XRD pattern of F- and Sn-codoped CdO (FSCO) NCs
synthesized with 10% SnF4. The vertical bars in (d) represent the standard powder XRD pattern of bulk CdO. (e) UV−vis-NIR spectra of FSCO
NCs in CCl4 synthesized using various amounts of the SnF4 precursor. Scale bars: (a) 50 and (b) 5 nm.
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related to the octahedral shape of the FSCO NCs, as similar
spectral features are not observed in the case of spherical FICO
NCs presented above. It is worth mentioning that shape-
dependent LSPR properties of doped metal-oxide NCs have
been reported for plasmonic ICO and CsxWO3 NCs.39,44

Moreover, it is unlikely that higher-order plasmonic resonances
can play a significant role, given the typical sizes of the FSCO
NCs (∼20 nm) and the wavelengths of interest (1500−2500
nm).

3. CONCLUSIONS
In summary, we have described a generalized cation−anion
codoping methodology for the synthesis of monodisperse,
plasmonic, doped metal-oxide NCs. We demonstrate that the
incorporation of the anion dopant fluorine into a host lattice, in
addition to the use of common cation dopants, can further raise
the free carrier concentration within individual NCs, indicating
the cooperative roles of cation−anion codoping that shift the
NC LSPR toward higher energies. As a result, this method
circumvents the prior limitations on the highest achievable
LSPR frequencies associated with changing only the concen-
trations of substitutional cation dopants for a given oxide host;
as a results, it allows the LSPR of doped metal-oxide NCs to be
tunable across a significantly broader wavelength range. Using
FICO and FSCO NCs as two examples, we show that the LSPR
wavelength of the NCs can be continuously adjusted between
1.5 and 3.3 μm, enabling high-quality plasmonic NC building
blocks for a broad wavelength range including the tele-
communication wavelength (λ = 1.55 μm). The FICO NCs
exhibit the highest LSPR quality factor reported so far for NIR
plasmonic semiconductor and doped metal-oxide NCs, making
them ideally suited for applications that rely on local-field
enhancement. The observed bandgap widening (shifts in the
absorption edge to higher energies) with increasing doping
levels can be attributed to the increase in the carrier
concentration. Spectroscopic ellipsometry characterization of
FICO NC thin films reveals negative values for the real part of
the dielectric function in the NIR region, along with a small
imaginary part, signifying a high oscillator strength and low
intrinsic optical losses for the LSPR of FICO NCs. Altogether,
our work opens up new possibilities for the chemical design
and discovery of doped semiconductor and metal-oxide NCs
with tailored LSPRs in the NIR region.
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