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ABSTRACT: Solid and hollow structures of Cu2−xTe nano-
crystals are synthesized by the injection of a Te−TOP solution
at different reaction times. Both types of Cu2−xTe nanocrystals
exhibit an intense absorption peak (localized surface plasmon
resonance (LSPR)) in the near-infrared region, arising from
excess holes in the valence band, and high molar extinction
coefficients of 2.6 × 107 M−1 cm−1 at 1150 nm and 8.1 × 107

M−1 cm−1 at 1200 nm are demonstrated for the solid-type and
hollow-type Cu2−xTe nanocrystals, respectively. The exper-
imentally observed extinction spectra and calculated extinction spectra based on the electrostatic approximation are studied. The
LSPR responses in the near-infrared (NIR) region for both solid and hollow Cu2−xTe nanocrystals are affected by the refractive
index of the medium, whereas the NIR resonance shift is more obvious in the hollow-type Cu2−xTe nanocrystals. Furthermore,
the localized surface plasmon band of the Cu2−xTe nanostructures can be tuned by post processing via oxidation and reduction
methods (controlling their degree of copper deficiency).

■ INTRODUCTION

The localized surface plasmon resonance (LSPR) response of
colloid nanocrystals has enabled a vast array of applications
such as surface-enhanced spectroscopy,1 biological and
chemical sensing,2 lithographic fabrication,3 biomedicine,4 and
photovoltaic devices.5 Metal nanoparticles have been the major
materials of interest over the past several decades. However,
recent studies found that surface plasmon resonance is not
limited to metals but occurs in other materials as well, including
conducting metal oxides,6 transition-metal oxides,7 and high
self-doping semiconductor (copper chalcogenide) nanocryst-
als.8−15 These materials also exhibit metallic behavior and a
tunable plasmonic response owing to an appreciable free carrier
density. For example, Toshiharu et al. demonstrated that the
indium tin oxide nanoparticles exhibit surface plasmon
resonance in the near-infrared (NIR) region, the position of
the NIR absorption band can be tuned by Sn doping to control
the surface electron carrier densities or changing the solvent to
change the dielectric constant of the surrounding medium.6

Another example of copper chalcogenide nanoparticles, mainly
Cu2−xS and Cu2−xSe, with carrier concentrations of ∼1021 cm−3

are affected by the Cu-defect density, resulting in LSPR in the
NIR region, and have been applied to photothermal
therapy.16,17 These novel plasmonic nanomaterials also exhibit
shape-dependent localized surface plasmon resonance which is
similar to the metal nanocrystal. For instance, Andrea et al.
reported that the anisotropic nanoparticle, Cu2−xS nanodisks,
possess two distinct LSPR peaks due to in-plane and out-of-
plane dipolar resonances; the LSPR peaks of nanodiscs can be
adjusted by changing the diameter and the height of the Cu2−xS
nanodisks.18 Nonetheless, relatively few investigations of closely

related materials such as Cu2−xTe nanocrystals have been
reported.
Copper telluride is a highly degenerate p-type semiconductor

with a band gap that can be tuned by varying the
stoichiometry,19 which has the potential to be applied to
photovoltaic devices because its direct band gap (1.18 eV) is
suitable for uses as a light absorption layer in solar cell
devices.20 It has been demonstrated that the incorporation of
Cu2−xTe in CdTe solar cells improves their NIR transmittance
and produces a conductive back contact material for high-
efficiency CdTe-based solar cells.21 In addition, among the
copper−chalcogen systems, the binary Cu−Te system is a very
complex example.22 There are different crystal structures
depending on relative stoichiometry (e.g., CuTe, Cu3Te2,
Cu4Te3, Cu7Te4, and Cu2Te),

23−27 and in the nonstoichio-
metric Cu2−xTe cases, several polymorphic transitions occur
such that it is difficult to acquire pure products having a single
phase.28 Therefore, only few reports evaluating copper
tellurides have been published, including the solvothermal
method,23 hydrothermal method,29 microwave-assisted syn-
thesis,30 sonochemical synthesis,25 and electrochemical syn-
thesis,31 but the materials produced by the above-mentioned
methods normally appear in the form of large or uncontrolled
aggregates.
In 2012, several successful methods with high quality for the

preparation of copper telluride nanocrystals begin to appear,
including copper telluride nanoparticles,32 nanocubes,33 hollow
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type nanoparticles,34 nanorods, and tetrapods,35 wherein the
hollow type copper telluride nanocrystals exhibit promising
ability to detect carbon monoxide due to the special hollow
structure. The Cu2−xTe nanocrystals also display a LSPR peak
in the IR region due to copper deficient, which is similar to
Cu2−xS and Cu2−xSe nanocrystals.32

In the case of metal nanomaterials, it is well-known that the
LSPR peaks are significantly affected by the size and shape of
metal nanomaterials, as well as surrounding medium.36

Compared to metal-based nanomaterials, the optical properties
of the copper-chalcogenide-based nanoparticles still need future
study, but an alternative way to modulate their LSPR peaks is
by controlling the copper deficient in their structure. The
wavelength of the LSPR peaks can be tuned by varying the
degree of copper deficiency via a reduction or oxidation
process. For example, a tunable plasmon absorption band can
be carried out by reduction (tetrakis(acetonitrile)copper(I)
hexafluorophosphate) or oxidation (Ce(IV) ammonium
nitrate) of Cu2−xSe nanocrystals to change the copper
stoichiometry.11

Here, we report the designed colloid synthesis of high-quality
plasmonic Cu2−xTe nanocrystals (NCs) and Cu2−xTe hollow
nanocrystals (HNCs). These nonstoichiometric Cu2−xTe NCs
and Cu2−xTe HNCs show strong surface plasmon resonance
with molar excitation compatible with the NIR region because
of excess holes in the valence band resulting from copper
deficiencies. The NIR plasmonic response of colloidal Cu2−xTe
NCs and Cu2−xTe HNCs allowed stepwise tuning by addition
of a reducing agent, diisobutylaluminum hydride, which
decreased the number of free carriers (decreasing number of
copper deficiencies), or oxidation in air, which increased the
number of free carriers (i.e., increasing number of copper
deficiencies).

■ EXPERIMENTAL SECTION
Chemicals. All chemicals were used as received from the

Aldrich, Co., including copper(II) acetylacetonate (Cu(acac)2,
99.99%), elemental Te (99.99%), oleylamine (OLA, 70%),
hexane, toluene, ethanol (99.5%), anhydrous toluene, hexane,
chloroform, tetrachloroethylene (99%), diisobutylaluminium
hydride solution (1 M) in toluene, and trioctylphosphine
(TOP, 90%).
Synthesis of Cu2−xTe Nanocrystals. In a reaction of

Cu2−xTe NCs, 6 mL of OLA and 0.3 mmol of Cu(acac)2 (0.078
g), in a 50 mL three-neck flask were purged by argon for 30
min. The mixture was then heated to 120 °C for 1 h. Next, the
temperature of the mixture was raised to 220 °C. Once the
temperature reached 220 °C, 1.5 mL of a 0.1 M TOP−Te
solution (stock solution of Te was prepared in an argon-filled
glovebox by dissolving 0.025 g of Te in 2 mL of TOP at 150 °C
for 1 h) was injected into the reaction flask immediately. The
reaction was held at 220 °C for 1 h under argon with
continuous stirring. The flask was rapidly cooled to room
temperature by a cold water bath. The nanocrystals were
isolated by centrifugation at 8000 rpm with addition of 5 mL of
toluene and 15 mL of ethanol for 10 min. The washing
procedure was repeated twice to remove unreacted precursors
and byproducts. The isolated nanocrystals were dispersed in
toluene for further characterization.
Synthesis of Cu2−xTe Hollow Nanocrystals. To synthe-

size Cu2−xTe HNCs, 6 mL of OLA and 0.3 mmol of Cu(acac)2
(0.078 g), in a 50 mL three-neck flask were purged by argon for
30 min. The mixture was then heated to 120 °C for 1 h. Next,

the temperature of the mixture was raised to 220 °C and kept at
220 °C for 1h. Thereafter, 1.5 mL of a 0.1 M TOP−Te solution
was injected into the reaction flask. The reaction was held at
220 °C for 30 min under argon with continuous stirring. The
flask was rapidly cooled to room temperature by a cold water
bath. The nanocrystals were isolated by centrifugation at 8000
rpm with addition of 5 mL of toluene and 15 mL of ethanol for
10 min. The washing procedure was repeated twice to remove
unreacted precursors and byproducts. The isolated nanocrystals
were dispersed in toluene for further characterization.

Characterization. The XRD diffraction pattern was
determined on a Rigaku, Ultima IV X-ray diffractometer
using Cu Kα radiation operated at 40 kV and 20 mA. TEM,
HRTEM, SAED, and EDS were performed on JEOL, JEM
2100F and FEI-TEM, Philips Technai G2 operating at an
accelerating voltage of 200 kV equipped with an Oxford INCA
EDS, respectively. Samples for TEM imaging were prepared by
drop casting the nanocrystals dispersed in toluene onto a 200
mesh carbon-coated copper grid. The XPS measurements were
obtained on a a PHI Quantera SXM using a focused
monochromatic Al X-ray (1486.6 eV) source at a system
pressure of 10−9 Torr. The samples for XPS were made by
deposition of a nanocrystal suspension in toluene on Si
substrates. Electrical transport measurements for Cu2−xTe NCs
films were obtained by a Keithley 236 semiconductor parameter
analyzer using silver paste to form the contact pads between the
probes and the nanocrystal films. UV−vis−NIR absorption
spectra were obtained using a Hitachi U-4100 spectropho-
tometer with the nanocrystals dispersed in tetrachloroethylene
or toluene.

Calculations of the Nanocrystal Extinction Spectra.
The extinction spectra of the Cu2−xTe NCs and Cu2−xTe
HNCs can be theoretically calculated by quasi-static approx-
imation of Mie scattering theory, as described in the
following.13 For spherical particles, the extinction spectrum
σE(ω) is given by σE(ω) = σA(ω) + σS(ω), where σA(ω) is the
absorption cross section and σS(ω) is the scattering cross
section.
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In the above equations, k is the wave vector of the incident
light, R is the particle radius, εm is the dielectric constant of the
medium (for tetrachloroethylene, εm = 2.25), and ε(ω) is the
dielectric function of the material. The dielectric function is
described by ε(ω) = ε1(ω) + iε2(ω). The ε1(ω) and ε2(ω) are
given by:
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In above equations, ωP is the bulk plasma frequency of
Cu2−xTe, Γ is the free carrier damping, ε∞ is the high-energy
dielectric constant of Cu2−xTe, and ω is light frequency. The
value of ωP, ε∞, and Γ were taken from ref 35.
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The Cu2−xTe HNCs are treated as core/shell particles. The
extinction spectrum, QE(ω), of Cu2−xTe HNCs can be
calculated by:37
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where εs is the dielectric function of the shell layer, εc is the
dielectric constant of the core, and εm is the dielectric constant
of the medium (in our system, εc = εm = 2.25). The volume
fraction of the shell layer, g, and the size parameter, x, are given
by:
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where Ro is the outer radius of Cu2−xTe HNCs, λ is the
wavelength of light, and Ri is the inner radius of Cu2−xTe
HNCs.
Reduction Process of the Cu2−xTe Nanocrystals and

Cu2−xTe Hollow Nanocrystals. The reduction process was
carried out under argon atmosphere. First, a spectrum of
absorption was measured by dispersing the nanocrystals in
anhydrous toluene (0.12 mg/mL) in a 1 cm airtight screw cap
quartz cuvette cell. Subsequently, 10 μL of reduction agent
(diisobutylaluminium hydride solution 0.1 M in toluene) was
added into the nanocrystal solution, and the absorption spectra
were recorded immediately afterward. For both types of
Cu2−xTe NCs, the reduction process usually needed to be
repeated three times to fully eliminate the LSP band in the NIR
region.
Oxidation Process of the Cu2−xTe Nanocrystals and

Cu2−xTe Hollow Nanocrystals. The oxidation process was
carried out under ambient atmosphere. The screw cap of the
same batch of nanocrystal solution after full reduction was
removed, and oxidization was performed under ambient
atmosphere. The absorption spectra of the nanocrystal solution
were recorded with time during the oxidation process. For the
solid and hollow type Cu2−xTe nanocrystals, 3 h and less than 1
h, respectively, are required to fully recover the LSP band.
Calculation of the Molar Extinction Coefficient. The

molar extinction coefficient of Cu2−xTe NCs and Cu2−xTe
HNCs were calculated from the Beer−Lambert law by

measuring the experimental absorbances for various concen-
trations of nanocrystals in trichloroethylene.

λ λ= ϵA LC( ) ( )

In the above equations, A is the absorbance at specific
wavelength λ, ϵ is the molar extinction coefficient, L is the path
length of the cuvette (1 cm), and C is the concentration of
nanocrystals in solution (mole L−1). The mass contribution (X)
from surface ligands was measured by thermogravimetric
analysis (TGA, Figure S8).

= × −C C X(1 )wt,m wt

Cwt is the weight concentration of the nanocrystals with
surface ligands (g L−1) and Cwt,m is the true weight
concentration of the nanocrystals (g L−1). The concentration
(L mole−1) of nanocrystals is calculated using the following:
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MNC is the molar weight of the nanocrystals (g mol−1), NA is
Avogadro’s constant (mol−1), R is the average radius of the
nanocrystals, assuming the nanocrystals are spherical (for the
case of Cu2−xTe HNCs, R

3 = Ro
3 − Ri

3, where Ro is the average
outer radius, Ri is the average inner radius). On the basis of the
TEM and XRD results, we assume that the radius for Cu2−xTe
NCs is 4.4 nm. For the equation, ρ (g cm−3) is the density of
the Cu2−xTe NCs (7.27 g cm−3). Figure 4 shows the
absorbance spectrum of the Cu2−xTe NCs and Cu2−xTe
HNCs with different nanocrystal concentrations and linear
fits of Beer−Lambert Law to the absorbance at various
wavelengths. Using the true Cu2−xTe mass, the molar extinction
coefficient is calculated by:
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Determination of the Optical Band Gap. The direct
optical band gap Eg of copper telluride can be determined with
the relation.

ν α ν− =B h E( g) h n

Where α is the absorption coefficient, hν is the incident photon
energy, n is 2 for a direct transition, Eg is the optical band gap
and B is a constant. The experimental values of (αhν)2 against
hν are plotted in Figure 7a.

Figure 1. Reaction scheme for the formation of Cu2−xTe NCs and Cu2−xTe HNCs (with surface plasmonic responses) by injecting Te−TOP into a
hot Cu(acac)2/OLA solution at different reaction time.
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■ RESULTS AND DISCUSSION
The Cu2−xTe NCs and Cu2−xTe HNCs were synthesized by
injecting a Te−TOP solution into a hot Cu(acac)2/OLA
solution at different injection times, as shown in Figure 1. To
form Cu2−xTe NCs, the Te−TOP solution was injected into
the Cu(acac)2/OLA solution heated to 220 °C. At the
beginning of the synthesis, small nanocrystals with an average
diameter of approximately 4 nm appear before the injection of
Te−TOP. The XRD pattern and UV−vis−NIR absorbance
spectra of these small nanoparticles (Figure S1) confirm that
they are Cu2O NCs. Following rapid injection of Te−TOP at
this time, copper oxide transforms to Cu2−xTe NCs while the
solution rapidly transforms from black to dark green.
Figure 2a shows a TEM image of Cu2−xTe NCs having good

monodispersity with an average diameter of 8.8 nm and the

standard deviation of 1.8 nm, which is in agreement with the
value obtained from X-ray diffraction (Figure 2d). A detailed
crystal structure of the Cu2−xTe NCs was determined by
selected-area electron diffraction (Figure S2a) and is consistent
with the hexagonal phase of Cu2−xTe. HRTEM (Figure 2b and
Figure S3) and its fast Fourier transform (Figure 2c) provide
more detailed structural information for the individual
nanoparticles with distinct lattice fringe patterns, indicating
the high crystallinity of the nanocrystals. It can be observed that
the interfringe distance of 0.36 nm corresponds to the (200)
planes of the hexagonal Cu2−xTe form. XRD (Figure 2d) of the
Cu2−xTe NCs confirms that they were formed after the
injection of Te−TOP. No other phases, such as Cu, CuO,
Cu2O, or Te, and other stoichiometric crystalline phases, such
as CuTe, Cu3T2, or Cu7Te4, were found.
The Cu2−xTe HNCs were generated by the injection of Te−

TOP into the Cu(acac)2/OLA solution heated at 220 °C for 1
h, as shown in Figure 1. The Cu NCs had already formed
before the injection of Te−TOP (Figure S4 shows the TEM
images of the Cu NCs as well as their XRD pattern and UV−
vis−NIR absorbance spectra). After the injection of the Te−
TOP solution, Cu2−xTe HNCs were formed. Concurrently, the
color of the solution turned from dark red to dark green. Figure
3a shows a TEM image of the Cu2−xTe HNCs, whereby the
center of the Cu2−xTe HNCs appears brighter after telluride
addition, indicating that most of the nanocrystals have voids
inside them. Some voids are not located at the center of the

Cu2−xTe HNCs, and some shells appear to be partially
fractured. These Cu2−xTe HNCs possess irregular surface
shapes. The SAED pattern of the Cu2−xTe HNCs (Figure S2b)
is also consistent with the hexagonal phase of Cu2−xTe, and
TEM image shows that the average outer diameter of the
Cu2−xTe HNCs is 16.5 nm with a standard deviation of 2.7 nm.
HRTEM (Figure 3b and Figure S5) and its fast Fourier
transform (Figure 3c) show that the lattices of the Cu2−xTe
HNCs in the shell are arranged in different directions and also
confirm that the shells of the Cu2−xTe HNCs are multicrystal-
line. Figure 3d shows an XRD pattern of the Cu2−xTe HNCs. It
can be observed that all reflection peaks are consistent with
those of a hexagonal structure [space group (P3m1) (156)]
with lattice constants a = 8.342 Å and c = 21.69 Å, which are in
good agreement with the published data for Cu2−xTe (JCPDS
file no. 10-0421 for Cu2−xTe). The XRD pattern, in which no
other diffraction peaks are observed, indicates the purity of the
Cu2−xTe HNCs. We have collected additional products at
different reaction times after the injection of Te−TOP to
observe intermediate states. The Cu core disappears in 15 s
after the injection of Te−TOP, and only very few filament-like
bridges connecting the Cu core inside the crystals and the
telluride shell were observed (Figure S6, black arrow), the
phenomenon has been observed in many cases.38,39 The
filament-like bridges in the crystals are nearly absent in 1 min
after the injection of Te−TOP. Thus, the formation of the
Cu2−xTe HNCs was complete by this time, and further
prolonging the reaction would not afford any changes in the
amount of products. With respect to the Cu2−xTe HNCs
growth development, initially, thin layers of Cu2−xTe grow onto
the Cu core surface, and then the nanoscale Kirkendall process
occurs at the interface between the Cu core and telluride shell.
Overall, it took approximately 1 min to completely convert Cu
NCs into Cu2−xTe HNCs. If Te transport (inward) is negligible
compared with Cu transport (outward) through the telluride
shell, the final hole size of the Cu2−xTe HNCs will closely
match that of the original Cu NCs. However, we found that the
outer diameter of the Cu2−xTe HNCs (16.5 nm) is greater than
that of the initial Cu NCs (13.5 nm), indicating that the volume
of the Cu2−xTe HNCs is approximately 1.8 times greater than

Figure 2. (a) TEM image of Cu2−xTe NCs. (b) HRTEM image of a
single Cu2−xTe NC and (c) its fast Fourier transform. (d) XRD
pattern of Cu2−xTe NCs.

Figure 3. (a) TEM image of Cu2−xTe HNCs. (b) HRTEM image of a
single Cu2−xTe HNC and (c) its fast Fourier transform. (d) XRD
pattern of Cu2−xTe HNCs.
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that of the initial Cu NCs. Furthermore, the average inner
diameter (5.9 nm) of the Cu2−xTe HNCs is smaller than the
diameter of the initial Cu NCs. This indicates significant inward
diffusion of Te atoms or inward deformation of the shell during
the growth process. Some broken shells were clearly observed
(Figure S6, red arrow). We speculate that this is caused by
significant inward deformation or phase changes (lattice-
mismatch-induced stress).40,41 These broken shells created
some gaps allowing material exchange between the core Cu
NCs and liquid Te−TOP through the gaps, further accelerating
the hollowing process. EDS (Figure S7) of the Cu2−xTe NCs
and Cu2−xTe HNCs shows the presence of Cu and Te with an
average atomic ratio of (Cu/Te) approximately 2. This is in
contrast to LSPR in the NIR region that results from the
formation of vacancies in the Cu lattice, indicating that the x
value of Cu2−xTe should be greater than 0. We will discuss this
point below.
By estimating the molar NC concentration (C) and

measuring the experimental absorbance (Figure 4), one can
obtain a good estimate of the extinction coefficient ϵ(λ) for
these NCs. Figure 5a,b shows typical room temperature UV−
vis−NIR optical absorption spectra and extinction coefficient
ϵ(λ) from the measured absorbance of Cu2−xTe NCs and
Cu2−xTe HNCs dispersed in trichloroethylene. For both
Cu2−xTe NCs and Cu2−xTe HNCs, air exposure does not
induce further spectral changes. Two obvious absorption peaks
are observed. The first is a shoulder observed at wavelengths
below 650 nm, which can be attributed to the direct band
absorption.42−44 The second is a broad and intense absorption
peak centered at 1150 nm for the Cu2−xTe NCs and 1200 nm
for the Cu2−xTe HNCs, respectively. The NIR absorption band
from copper chalcogenides was assigned to surface plasmon

resonance rather than to an indirect interband transi-
tion.8,10,11,32,44 For indirect band gap semiconductors, the
electronic transition from the valence band to the conduction
band is phonon assisted, and the momentum and energy of the
electron−hole pair are changed in the band-to-band transition.
Therefore, their absorption and emission are weak. For
plasmonic nanomaterials, the LSPR is a collective oscillation
of surface free carriers within the Cu2−xTe NCs induced by
interaction with light so as to enhance light absorption and
scattering near the resonance frequency. The obtained molar
extinction coefficients of ∼107 M−1 cm−1 for the Cu2−xTe NCs
and Cu2−xTe HNCs (2.6 × 107 M−1 cm−1 at 1150 nm for
Cu2−xTe NCs and 8.1 × 107 M−1 cm−1 at 1200 nm for Cu2−xTe
HNCs) are consistent with plasmon absorption and are several
orders of magnitude higher than those of strong organic
sensitizers45 and semiconductor quantum dots (lead chalcoge-
nides)46,47 but lower than those of metal nanocrystals.48,49 As
indicated in Figure 5c, there is a slight difference in the NIR
response between the solid and hollow Cu2−xTe nanocrystals. It
is well-known that LSPR is strongly dependent on nanoparticle
size and shape.36 For example, hollow gold nanocrystals exhibit
surface plasmon bands that are tunable by controlling
nanocrystal size and shell thickness.50 Therefore, in our case,
the difference in the position of the surface plasmon band will
also be affected by nanocrystal size and shape. According to
many examples of metal shell-based calculation,51,52 near-field
enhancements within the shell were observed. The effect of
local-field enhancement increases with increasing the radius of
the shell when the shell layers are thick enough. In the case of
Cu2−xTe HNCs, there is some degree of field enhancement
inside the Cu2−xTe HNCs and some portion of the
enhancement coming from surface roughness. In addition,

Figure 4. UV−vis−NIR absorbance spectra of (a) Cu2−xTe NCs and (b) Cu2−xTe HNCs measured at different concentration of nanocrystals in
trichloroethylene. Plots of absorbance vs concentration for (c) Cu2−xTe NCs and (d) Cu2−xTe HNCs at specific wavelength with linear regression
curve.
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TEM results indicate that the shell is polycrystalline (not a
perfect shell); therefore, many pinholes (only few nm) may
exist on the surface, resulting in electromagnetic field
enhancement provided by the hot spots (pinhole), just like
the metal nanoshells cases.52

To further understand the effect of the nanocrystal
morphology on the plasmonic properties, we calculated their
extinction spectra using the electrostatic approximation. Figure
5d shows calculated extinction spectra of Cu2−xTe NCs and
Cu2−xTe HNCs, which both exhibit a similar plasmon band
located in the NIR region. For Cu2−xTe NCs and Cu2−xTe
HNCs, peaks are located at 1090 nm (1150 nm for the
experiment) and 1110 nm (1200 nm for the experiment),
respectively. There are two possible reasons for the disparity
between experimental and calculated extinction spectra, the size
and shape deviation and the surface state of Cu2−xTe NCs. In
addition, the polycrystalline nature (concentration of grain
boundaries and defects) of the Cu2−xTe HNCs should also play
an important role in plasmon response.53 Based on
experimental and calculated extinction spectra, the plasmon
band of Cu2−xTe HNCs would red shift relative to the Cu2−xTe
NCs either in the experimental or calculated extinction spectra.
In the case of Cu2−xTe HNCs, the inside and outside surface
charges generated by the incident electric field should interact
with each other to generate the plasmon response. Therefore,
the plasmon response of Cu2−xTe HNCs should be sensitive to
the inner and outer diameter. This phenomenon is similar to
that occurring in the metal nanoshell, which has a red shift in
the absorption band as the solid metal nanoparticles become
hollow type.50

Hall effect measurements confirmed the p-type conductivity
of the Cu2−xTe NCs, and the carrier concentration for the
sample at room temperature was determined to be 1.25 × 1021

cm−3. The large number of free carriers (holes) confirms the
degenerate (self-doping) semiconducting behavior of Cu2−xTe
(free carrier concentration >1017 cm−3) and explains the large
photon absorption in the NIR region, which reasonably agrees
with previously reported ones.18,19 Hole densities of 1021 cm−3

are typical in copper chalcogenide films and strongly depend on
the method of preparation of the specimens, and consequently
on the value of x, and vary from 1018 to 1021 cm−3.
The plasmonic response of Cu2−xTe NCs and Cu2−xTe

HNCs can be varied by post processing control of the
composition. We added small amounts of a reducing agent, 0.1
M diisobutylaluminum hydride in toluene, stepwise to Cu2−xTe
NC and Cu2−xTe HNC solutions. As a result, the LSP band of
the Cu2−xTe NCs and Cu2−xTe HNCs (x > 0, red curve in
Figure 6a,c) significantly red shifts and decreases in intensity
until it nearly vanishes (x ≈ 0, black curve in Figure 6a,c), and
the interband region transition also red shifts, but the intensity
increases. In addition, we plotted (αhν)2 against hν (Figure
7a); it shows that the direct band gap of Cu2−xTe NCs
decreases with x, which is consistent with the Cu2−xTe thin film
results.54 On the basis of the XPS analysis (Figure S9), we
suggest that the surface of the Cu2−xTe NCs and Cu2−xTe
HNCs has some Cu2+ species from the a thin layer of CuO or
Cu(II) atoms bound to surface ligands. A similar formation was
also observed for Cu2Se NCs

55 and Cu2−xTe NCs.
32 Thus, the

EDS analysis of Cu/Te is often equal to 2. We suggest that
adding the reducing agent may drive the reduction of Cu2+ to
Cu+, so Cu+ can be reinserted into the lattices from the surface
layer (Te atoms form regular lattices, whereas copper atoms are
statistically distributed in disorder, occupying the interstices of
the Te lattice, which makes Cu mobile),56 thus reducing copper
vacancies (i.e., reduction of the number of free carriers) and
decreasing the direct band gap of Cu2−xTe NCs. Therefore, a
gradual red shift and decrease in the intensity of the NIR LSP
band occurs. After the same samples of Cu2−xTe NCs and

Figure 5. Absorbance (dotted line) and molar extinction coefficient
(solid line) for (a) Cu2−xTe NCs and (b) Cu2−xTe HNCs. (c) Molar
extinction coefficients of an organic sensitizer (C105 and Z90744),
carbon nanotubes,58 gold nanostructures (nanoparticles48 and nano-
rods49), lead chalcogenide (PbS46 and PbSe47), and copper
chalcogenide (Cu2−xS

10 and Cu2−xSe
17) nanocrystals at a specific

wavelength. (d) Calculated extinction spectra of Cu2−xTe NCs and
Cu2−xTe HNCs.
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Cu2−xTe HNCs were oxidized under air, respectively, for 3 h
and 50 min, emergence of an optical response in NIR and then
a gradual blue shift and spectral narrowing are observed. On the
other hand, the interband transition region also undergoes a
gradual blue shift, as shown in Figure 6b,d. The time required
for oxidation of Cu2−xTe HNCs was significantly less than that
required for Cu2−xTe NCs. While the oxidation rate depends
on many parameters, we presume that the major difference in
our case is associated with the surface area because the inner
surface of Cu2−xTe HNCs can potentially contribute to the
oxidation rate owing to its internal void core and open hollow
structure (the small O2 molecule could penetrate the
polycrystalline shell through the grain boundaries). As the
oxidation proceeds, exposure to air drives the oxidation of Cu+

to Cu2+, thereby increasing copper vacancies in the Cu2−xTe
NCs (increase in the number of free carriers). Consequently,
the NIR band regains intensity and gradually blue shifts during
oxidation. XRD, TEM, and SAED analyses confirm that before
and after reduction (Figure 8), the crystal structure and

morphology of the Cu2−xTe NCs were the same. LSPR is also
sensitive to the refractive index of the surrounding medium.57

We compared the NIR spectra of the Cu2−xTe NCs (Figure 6a
inset) and Cu2−xTe HNCs (Figure 6c inset) in anhydrous
hexane, anhydrous chloroform, and anhydrous 1,2-dichlor-
obenzene (refractive indices of 1.375, 1.445, and 1.551,
respectively). For both solid and hollow types of Cu2−xTe
NCs, the LSPR peaks are red shifted with increasing refractive
index of the medium, which is in agreement with the LSPR
behavior. This provides an additional way to adjust the NIR
LSPR band of Cu2−xTe NCs by changing the refractive index of
the medium. In addition, the LSPR resonances of hollow type
(hexane: 1134 nm. chloroform: 1190 nm. 1,2-dichlorobenzene:
1257 nm.), have larger red shifts than the solid type (hexane:
1114 nm. chloroform: 1143 nm. 1,2-dichlorobenzene: 1186
nm). This phenomenon can be explained because the Cu2−xTe
HNCs offer more exposed surface area to solvents than the
solid type in the experiments.
Furthermore, we also measured the conductive properties of

Cu2−xTe NC films, which were prepared by drop casting a
nanocrystalline colloidal solution onto glass substrates before
and after reduction. The average film thickness was 25 μm.
Then, a silver electrode was patterned using a silver paste. The
gap and length of the two electrodes were both 5 mm. The
current−voltage (I−V) measurements were taken by employ-
ing a two-probe method using a Keithley 236 Source Meter. As
shown in Figure 7b, the films of the Cu2−xTe NCs were
recorded immediately before and after the reduction process.
We found that the film resistivities of the Cu2−xTe NCs before
and after the completed reduction were 1.78 and 11.78 Ω cm,
respectively, and were dependent on the stoichiometry (x); as x
decreases, ρ increases, which is consistent with the Cu2−xTe
thin film.19

Figure 6. Evolution of the absorbance spectra of (a) Cu2−xTe NCs and (c) Cu2−xTe HNCs in toluene treated by stepwise addition of different
amounts of a reducing agent. Time evolution of the absorbance spectra of (b) Cu2−xTe NCs and (d) Cu2−xTe HNCs during oxidation by exposure
to air. Insets of (a) and (c) show the absorbance spectra of Cu2−xTe NCs and Cu2−xTe HNCs dispersed in hexane, chloroform, and dichlorobenzene
with refractive indices of 1.375, 1.455, and 1.551, respectively.

Figure 7. Plots (αhν)2 vs hν for the Cu2−xTe NCs after synthesis and
addition of various amounts of the reducing agent. (b) Current−
voltage measurements of thin films of Cu2−xTe NCs before (black
line) and after (red line) reduction procedure.
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■ CONCLUSIONS

In conclusion, high-quality Cu2−xTe NCs and Cu2−xTe HNCs
were prepared using Cu(acac)2 in OLA and Te in TOP as the
precursors at 220 °C. Cu2−xTe HNCs were formed by
implementing the nanoscale Kirkendall effect, in which Cu
nanoparticles were formed first followed by the injection of
Te−TOP solution. The optical absorption spectra of Cu2−xTe
NCs and Cu2−xTe HNCs show two obvious absorption peaks;
the low wavelength absorbance is due to interband transition,
and NIR absorptions are due to surface plasmon resonance.
Further, the NIR plasmonic responses of colloidal Cu2−xTe
NCs can be reversibly tuned by stepwise addition of a reducing
agent or oxidation in air and fine-tuned by changing the
refractive index of the medium. In addition, the hollow type
Cu2−xTe NCs is more sensitive to the surrounding medium
than the solid type. This is an effective method for adjusting the
optical properties of optoelectronic devices and materials used
in biomedical applications that require NIR absorption.
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