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Cation exchange synthesis and optoelectronic
properties of type II CdTe–Cu2�xTe nano-
heterostructures†
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Francesco Scotognella,c Francesco Tassone,e Christina Scheu,db Hui Zhang,f

Alexander O. Govorov,f Jessica Rodŕıguez-Fernández*ab and Jochen Feldmannab

Rod-shaped CdTe–Cu2�xTe nano-heterostructures with tunable dimensions of both sub-units and a type II

band alignment were prepared by Cd2+/Cu+ cation exchange. The light absorption properties of the

heterostructures are dominated by the excitonic and plasmonic contributions arising, respectively, from

the CdTe and the Cu2�xTe sub-units. These results were confirmed over a wide range of sub-unit length

fractions through optical modelling based on the discrete dipole approximation (DDA). Although

assuming electronically independent sub-units, our modelling results indicate a negligible ground state

interaction between the CdTe exciton and the Cu2�xTe plasmon. This lack of interaction may be due to

the low spectral overlap between exciton and plasmon, but also to localization effects in the vacancy-

doped sub-unit. The electronic interaction between both sub-units was evaluated with pump-probe

spectroscopy by assessing the relaxation dynamics of the excitonic transition. In particular, the CdTe

exciton decays faster in the presence of the Cu2�xTe sub-unit, and the decay gets faster with increasing

its length. This points towards an increased probability of Auger mediated recombination due to the high

carrier density in the Cu2�xTe sub-unit. This indication is supported through length-fraction dependent

band structure calculations, which indicate a significant leakage of the CdTe electron wavefunction into

the Cu2�xTe sub-unit that increases along with the shortening of the CdTe sub-unit, thus enhancing the

probability of Auger recombination. Therefore, for the application of type II chalcogenide–chalcogenide

heterostructures based on Cu and Cd for photoenergy conversion, a shorter Cu-based sub-unit may be

advantageous, and the suppression of high carrier density within this sub-unit is of high importance.
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Introduction

Synthesis strategies to design colloidal heterostructures that
combine materials with different functionalities have gained
increasing attention in recent years.1–3 The combination of a
semiconductor and a metal in one nano-heterostructure is of
particular interest because nano-heterostructures with the
distinctive excitonic and plasmonic properties of both coun-
terparts can be obtained.3,4 Such a combination of very different
materials in one nanostructure may result in new physical
properties.1,2,4–9 For instance, metal–semiconductor hybrids
have been demonstrated to trigger redox reactions when used
for photocatalytic fuel generation.2,10–16 Another interesting
aspect of the metal–semiconductor nanostructures is in the
exciton–plasmon interaction and in the resulting effect of Fano
interference,17–20 which can be used to tailor the optical trans-
mission of a nanomaterial. Semiconductor–semiconductor
nano-heterostructures are of fundamental interest as well. A
control over the size, shape or interface area enables a careful
engineering of the relative band alignments of both semi-
conductors and thus enables a tight control over the physical
J. Mater. Chem. C, 2014, 2, 3189–3198 | 3189
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and optical properties of the hybrid nanostructures.21–34 For
instance, in type I core/shell heterostructures the particular
band alignment of both semiconductors results in the
connement of the charges in the core material.31,33,35 In
contrast, in heterostructures with a type II staggered band
alignment the charges may spatially separate aer photoexci-
tation,36,37 and thus this makes them interesting for photovol-
taic and photocatalytic applications. In either case a fast charge
separation and a slow recombination of charges are key
requirements.33,37 Type II heterostructures consisting of
cadmium- and copper-based chalcogenides as semiconductor
materials have been highlighted as good candidates for pho-
toenergy conversion and special attention has been given to
anisotropic nano-heterostructures resulting from the combi-
nation of CdS and Cu2�xS.37–39

One strategy to obtain semiconductor–semiconductor
nano-heterostructures consists of exploiting the existence of a
highly reactive surface of a nanocrystal (NC) made of a semi-
conductor A to favor the epitaxial growth of a semiconductor
B.40,41 Another approach to fabricate semiconductor–
semiconductor nano-heterostructures with given shapes and
composition, and a well-dened hetero-interface, is given by
cation exchange.42–50 During this process the cations in an
ionic solid can be replaced by other cations.42 In most cases,
when performed on anisotropic nanocrystals, cation exchange
occurs preferentially from one direction.38,42,44–46,48 In this way
it is possible to create nano-heterostructures made out of two
dissimilar semiconductors and to exert a certain control over
the size of both sub-units by controlling the amount of the
exchanging cation added.38,42–49 An additional benet of this
approach is that the initial shape of the NC is preserved during
the ion exchange process and sharp hetero-interfaces are
obtained.42,44,47,48,51 Thus, cation exchange is a fast and effi-
cient, single-step approach, performed at room temperature,
and in a straightforward manner, yet with a high control over
the growth of the respective sub-units.42

In this work we have selected CdTe and Cu2�xTe as the
semiconductors of choice for the preparation of type II nano-
heterostructures via cation exchange. CdTe as a typical II-VI
semiconductor exhibits strong excitonic properties at the
nanoscale when the NC size lies in the region of the exciton
Bohr radius.52–56 This is due to the local connement of the
electron–hole pair to barriers governed by the NC dimensions.56

On the other hand Cu2�xTe, in analogy to other copper chal-
cogenides, belongs to the class of vacancy-doped semi-
conductors.57–59 This special characteristic originates from
vacancies in the structure that ultimately lead to a highly
increased carrier (hole) density on the order of 1021 cm�3, and
therefore to localized surface plasmon resonances in the near
infrared (NIR) region.57–67 Here we will show how the progressive
exchange of Cd2+ in the initial CdTe nanorods (NRs) by Cu+ ions
leads to well-dened CdTe–Cu2�xTe nano-heterostructures. By
performing a length-fraction dependent investigation, we
addressed the role of the excitonic and plasmonic contribution
to the optical response of the entire system, while taking into
account the type II band alignment of the semiconductor–
semiconductor nano-heterostructure and its highly increased
3190 | J. Mater. Chem. C, 2014, 2, 3189–3198
carrier density. All such factors are strongly relevant for any
physical interpretation and in particular with respect to a
possible application of this material system in photoenergy
conversion applications.
Experimental
Synthesis of CdTe NRs

We synthesized CdTe NRs according to the work of Shieh et al.68

First, the Cd precursor was prepared by degassing a mixture of
0.114 g CdO, 0.43 g TDPA (n-tetradecylphosphonic acid) and 7 g
of TOPO (trioctylphosphine oxide) at 120 �C for one hour. The
mixture was heated to 350 �C under nitrogen until the solution
turned clear. The Te precursor solution was prepared by dis-
solving 0.255 g Te in 10 mL TOP (trioctylphosphine [TOP] ¼ 0.2
M) under vigorous stirring at 150 �C for ca. 1 h in a N2 lled
glovebox. The temperature of the Cd precursor solution was
lowered to 290 �C for injection of 0.5 mL of the Te–TOP
precursor. Aer injection the temperature dropped to 280 �C.
Thereaer the temperature was increased to 290 �C, followed by
the subsequent injection of 0.5 mL Te–TOP solutions every 2
min until a total of 4 mL were injected. Aer reaction the
solution was allowed to cool down to 70 �C when 15 mL of
anhydrous toluene were added to the reaction mixture with the
aid of a syringe. The resulting CdTe NR solution was transferred
to a glovebox for handling. The sample was precipitated 2� with
30 mL of anhydrous ethanol followed by centrifugation (6000
rpm, 5 min). The NRs were nally redispersed in 10 mL of
anhydrous toluene.
Preparation of CdTe–Cu2�xTe nano-heterostructures via
cation exchange

We used tetrakis(acetonitrile)copper(I) hexauorophosphate
([(CH3CN)4Cu]PF6, Sigma Aldrich) as the Cu+ source. All steps
were performed in a N2 lled glovebox and anhydrous solvents
were used in all preparation procedures. Oleylamine (OAm) was
acquired from Sigma Aldrich and degassed for 24 h before use.
To perform the ion exchange reaction we rst determined the
concentration of a known CdTe NR dilution by following stan-
dard procedures as described in ref. 69 for spherical NCs. This
provided an upper limit to determine the amount of Cu+ to be
added. For ion exchange, the [(CH3CN)4Cu]PF6 is rst dissolved
in methanol to a concentration of 4 mg mL�1. In a typical
exchange reaction, 3 mL of methanol, 1.5 mL of toluene and an
exact amount of Cu+ solution (typically 25, 50, 75, or 100 mL) in
methanol are mixed and stirred. Then 30 mL of a CdTe NR stock
dispersion ([CdTe] � 0.06 mmol L�1) are added. Complete
exchange is achieved by adding a 10� stoichiometric excess of
Cu+ with respect to the amount of Cd2+. To compensate for the
loss of ligands upon exchange of Cd2+ by Cu+ surface atoms and
to stabilize the NRs aer redispersion, 100 mL of oleylamine are
added to the initial colloidal solution. Once the reaction is
completed the colloidal dispersion is transferred to centrifu-
gation tubes and the NRs are centrifuged at 6000 rpm for 5 min.
The supernatant is discarded and the dark brown precipitate
This journal is © The Royal Society of Chemistry 2014
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containing the ion exchanged NRs is redispersed in 1 mL of
toluene or tetrachloroethylene (TCE) for further experiments.
Fig. 1 (a–c) TEM images, and (d–f) corresponding XRD patterns of
pure CdTe NRs (a and d), CdTe–Cu2�xTe heterostructures obtained
upon partial cation exchange (b and e) and Cu2�xTe NRs resulting from
complete cation exchange (c and f). The reference stick pattern in (d)
corresponds to bulk CdTe with zincblende structure and in (f), to bulk
Cu2�xTe with weissite crystal structure. (g) STEM image of a partially
exchanged CdTe–Cu2�xTe nanorod sample. (h) Intensity of the Cd-L
edge (red curve) and the Cu-K edge (blue curve) of a scan along a
single CdTe–Cu2�xTe nanorod as indicated by the white arrow in (g).
Characterization

Optical characterization. UV-vis-NIR extinction spectra of all
NCs were measured in 1 cm path length NIR quartz cuvettes
using a Cary 5000 UV-vis-NIR spectrophotometer. All sample
preparation procedures were carried out in a N2 lled glovebox.
Anhydrous solvents were used in all cases. The NRs were redis-
persed in tetrachloroethylene for measurements in the NIR.

Structural characterization. Wide-angle powder X-ray
diffraction (XRD) patterns were collected using a Bruker D8
diffractometer with a Cu Ka X-ray source operating at 40 kV and
40 mA and a Vantec 2000 area detector. The assignment of
crystalline phases was based on the reference les in the Powder
Diffraction File (PDF-2) database from International Center for
Diffraction Data (ICDD). For XRD characterization the NRs were
precipitated, redispersed in a very low amount of toluene and
drop-casted onto a glass cover slip. The cover slip was placed on
a hotplate at �100 �C to allow for fast solvent evaporation.

Electron microscopy characterization. Transmission elec-
tron microscopy (TEM), scanning transmission electron
microscopy (STEM) and energy dispersive X-ray spectroscopy
(EDX) measurements were performed on an FEI Titan 80-300 S/
TEM equipped with an EDAX EDX detector. TEM grids were
prepared by drop-casting 5 mL of the corresponding NR sample
in toluene onto a carbon-coated Cu TEM grid. The remaining
solvent was removed with a lter paper.

Transient absorption measurements. For transient absorp-
tion spectroscopy we used a system based on a Ti-Sapphire
chirp pulse amplied source, with a maximum output energy of
about 800 mJ, repetition rate of 1 kHz, central wavelength of 780
nm and pulse duration of about 180 fs. Excitation pulses at 670
nm were generated by non-collinear optical parametric ampli-
cation in b-barium borate (BBO), with pulse duration around 100
fs.70 Pump pulses were focused in a 200 mm diameter spot.
Probing was achieved in the visible region by using white light
generated in a thin sapphire plate. Chirp-free transient trans-
mission spectra were collected by using a fast optical multi-
channel analyzer (OMA) with dechirping algorithm. The
measured quantity is the normalized transmission change, DT/T.
The excitation energy was kept at �20 nJ, in order to prevent
saturation of the optical transitions. All measurements were per-
formed at room temperature with the NRs dispersed in toluene.

Effective mass calculations. We used the nite element
method to solve the Schrödinger equation for the electron
envelope function resulting from the effective mass approxi-
mation.71 We considered bulk effective masses for electrons in
CdTe and Cu2�xTe of 0.0963m0 and 0.0476m0, respectively. The
effective mass of the latter was estimated according to the k$p
theory from a band gap energy (Eg) of 1.04 eV. We used a
conduction band offset (DEc) between CdTe and Cu2�xTe of 0.34
eV, as determined via XPS and UPS measurements on bulk
Cu2�xTe layers deposited on bulk CdTe lms (Eg ¼ 1.49 eV).72

For details on the CdTe–Cu2�xTe band alignment, see the
schematic representation in Fig. 4d.
This journal is © The Royal Society of Chemistry 2014
Results and discussion

We synthesized CdTe NRs as a starting material, following a
standard procedure for CdTe NR synthesis.68 In short, a Te–TOP
precursor solution is injected into a Cd precursor solution
prepared in TDPA and TOPO at 290 �C with subsequent injec-
tions every 2 minutes (see Experimental section for details). A
typical TEM image of the obtained CdTe NRs (Fig. 1a) shows the
formation of uniform NRs with an average width of 5 nm and an
average length of 21 nm. To prepare the CdTe–Cu2�xTe nano-
heterostructures, an excess of Cu+ ions in solution is added to
the CdTe NRs to trigger the cation exchange reaction. Typically,
3 mL of methanol, 1.5 mL of toluene and an exact amount (25,
50, 75, or 100 mL) of the Cu+ stock solution ([(CH3CN)4Cu]PF6 in
methanol, 4 mg mL�1) are rst stirred in a glovebox. Thereaer
30 mL of the CdTe NRs in toluene ([CdTe] � 0.06 mmol L�1) are
added to the mixture and stirred for 1–2 additional min. This
way, depending on the amount of Cu+ precursor added, we
obtain rod-shaped heterostructures with CdTe and Cu2�xTe
sub-units of varying sizes. By adding a 10� stoichiometric
excess of the Cu+ precursor with respect to the amount of Cd2+,
complete ion exchange occurs (i.e., Cu2�xTe NR formation).57

Note that to avoid NR destabilization arising from the loss of
ligands upon Cd2+/Cu+ cation exchange, oleylamine is added to
the starting CdTe NRs. In any case, regardless of partial (Fig. 1b)
or complete (Fig. 1c) cation exchange, the initial nanorod shape
and size (Fig. 1a) is preserved.
J. Mater. Chem. C, 2014, 2, 3189–3198 | 3191
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Fig. 2 Absorption spectra of (a) the initial CdTe NR sample; (b–e)
CdTe–Cu2�xTe heterostructured NRs obtained upon partial cation
exchange (the amount of Cu+ added, and thus, the contribution of the
Cu2�xTe sub-unit increases from (b) to (e)); and (f) the completely
exchanged Cu2�xTe NRs. All spectra were measured in
tetrachloroethylene.
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The initial CdTe NRs are assigned to bulk CdTe with zinc-
blende structure as determined via XRD (Fig. 1d). The XRD
patterns of partially and fully exchanged NRs are shown in
Fig. 1e and f, respectively. The XRD pattern of the completely
exchanged nanorods is assigned to the weissite crystal structure
of Cu2�xTe (Fig. 1f), as recently reported by us.57 The XRD
pattern of the partially exchanged nanorods (Fig. 1e) clearly
shows a contribution of both, the initial CdTe zincblende and
the nal Cu2�xTe weissite crystal structures. This analysis
indicates that the partially exchanged sample is composed in
part of remaining CdTe and cation exchanged Cu2�xTe. To
conrm this we performed scanning transmission electron
microscopy (STEM) measurements. With this technique it is
possible to scan a single nanorod with a focused electron beam
and collect the emitted X-rays, performing strongly localized
energy dispersive X-ray analysis (EDX). Sensitive to the transi-
tions occurring in the core electrons, this technique allows the
determination of a distribution of elements along the structure.
Representative data are shown in Fig. 1g and h. An EDX line
prole (Fig. 1h) along one of the NRs (see white line in the STEM
image (Fig. 1g)) indicates that cation exchange occurs in this NR
preferentially from one side, yielding a clearly heterostructured
CdTe–Cu2�xTe NR with a ca. 1 : 1 length ratio of both semi-
conductors. We would like to note here that even though in
most NRs cation exchange starts from one of the NRs' tips, as
shown in Fig. 1g and h, in some other NRs cation exchange
starts simultaneously from both tips. We have also observed
that in some of the CdTe–Cu2�xTe NRs analysed, not all Cd2+

ions could be completely removed (despite thorough sample
washing), in turn leading to altered EDX spectra. We have also
noted that upon electron beam exposure for HRTEM imaging,
the Cu2�xTe sub-units degrade, i.e., their crystal phase gets
destroyed (Fig. S1,† ESI). Nevertheless, taken altogether, our
results indicate that well-dened CdTe–Cu2�xTe NRs can be
obtained upon partial cation exchange.

A typical absorption spectrum of the starting CdTe NRs is
given in Fig. 2a. The spectrum is dominated by a sharp excitonic
peak at 689 nm that reects the quantum connement of the
CdTe NRs, the width of which is in the range of the exciton Bohr
radius (�7.3 nm) in bulk CdTe.52,73 Fig. 2b–e show the spectra of
four batches of partially exchanged (CdTe–Cu2�xTe) hetero-
structured nanorods. To denote the increasing contribution of
the Cu2�xTe component in the CdTe–Cu2�xTe heterostructures
from Fig. 2b to e, we indicate in the corresponding insets the
volume of the Cu+ stock solution added. All four spectra are
characterized by an excitonic peak at ca. 689 nm. For CdTe–
Cu2�xTe nanorods with a smaller portion of Cu2�xTe (i.e., with a
smaller amount of Cu+ added, Fig. 2b and c) the excitonic peak
from the CdTe sub-unit is clearly dened. However, with
increasing amounts of Cu+ added the contribution of the exci-
tonic peak becomes gradually less apparent at the same time
that the NIR plasmon band (arising from the increasing
Cu2�xTe sub-unit) starts to dominate the spectral behaviour of
the CdTe–Cu2�xTe heterostructures (Fig. 2d and e). Aer full
exchange (Fig. 2f) the excitonic peak is completely suppressed
and replaced by the typical absorption spectrum of pure
Cu2�xTe NRs, dominated by a featureless absorption in the
3192 | J. Mater. Chem. C, 2014, 2, 3189–3198
visible region and a strong plasmon resonance in the NIR
region.57,58 The above results are interpreted as follows. In the
CdTe–Cu2�xTe heterostructures the excitonic peak at ca. 689 nm
is present due to the remaining CdTe sub-unit, which becomes
smaller with an increasing exchange of Cd2+ by Cu+ ions (from
Fig. 2b to e). On the other hand, the stronger contribution of the
NIR resonance indicates an increasing Cu2�xTe part in the
heterostructure.58,61

So far we have shown that a partial exchange of Cd2+ by Cu+

in the CdTe NRs results in CdTe–Cu2�xTe heterostructures,
whose optical properties are dominated by the optical charac-
teristics of the single components. A precise regulation of each
contribution in the heterostructure is obtained by controlling
the amount of Cu+ added, and is attested by their respective
This journal is © The Royal Society of Chemistry 2014
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Fig. 3 (a) Calculated (DDA modelling) absorption spectra of a CdTe
(black solid curve) and of a Cu2�xTe (black dashed curve) half rod
(10.5 � 5 nm ¼ length � width, see text for details). The spectrum in
blue corresponds to a CdTe–Cu2�xTe heterostructured nanorod (21�
5 nm) consisting of two CdTe and Cu2�xTe half rods with the above
indicated dimensions. (b) Calculated absorption spectra (DDA) of
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spectral signatures, namely the excitonic and plasmonic reso-
nances. Now the question arises on how the systematic
exchange of CdTe by Cu2�xTe affects the optoelectronic
response of the CdTe–Cu2�xTe heterostructures. As a starting
point we thoroughly analyzed the steady state absorption
spectra in the exciton and plasmon resonance regions. Indeed,
slightly broadened excitonic resonances can be distinguished
along with the introduction of the Cu2�xTe component. We
assign this broadening to an increased background absorption
in that spectral region originating from the overlapping inter-
band transitions of Cu2�xTe (see Fig. S2† in the ESI). Further-
more, any observed shi of the excitonic or plasmon resonances
in the heterostructures (see Fig. S3† in the ESI) might be
explained by an altered surface chemistry aer the cation
exchange process due to the supplementary addition of surface
ligands (namely oleylamine, see Experimental section for
details) to preserve colloidal stability during the process.74–78

This altered surface chemistry might give rise to changes in the
charge carrier density of the vacancy-doped sub-unit, and in
turn result in a slightly modied optical response. This is
particularly apparent in the localized surface plasmon reso-
nance (Fig. S3c,† ESI).79 We also remark here that upon partial
cation exchange the photoluminescence (PL) from the CdTe
sub-units in the CdTe–Cu2�xTe NRs gets signicantly quenched
and blue-shis (Fig. S4,† ESI). These changes in PL cannot be
solely ascribed to the presence of the newly formed plasmonic
(Cu2�xTe) sub-unit, but also to changes in the surface chemistry
of the NRs occurring upon cation exchange. The impossibility to
separate both effects makes it difficult to evaluate the effect of
the plasmonic Cu2�xTe sub-unit on the PL of the excitonic CdTe
one. This is the reason why we have mainly focused on the
analysis of the steady state absorption spectra of the
heterostructures.

A way to analyze the mutual inuence of the CdTe exciton
and the Cu2�xTe plasmon resonance in the heterostructures
regardless of surface coverage is through optical modelling. As
the plasmon resonance is generally described by electrody-
namic theories as collective oscillations of the electron
cloud,80,81 we used the DDA (discrete dipole approx-
imation)82–84,§ to uncover electrodynamic effects that manipu-
late the optical response of the heterostructures. Note however
that this model does not take into account an electronic
‘contact’ between the two materials, but treats the combined
structure as if an innite potential barrier were present at the
hetero-interface. Nevertheless this approach leads to a reason-
ably good description of the steady state absorption of the
combined system. The modelling of the heterostructures was
performed by calculating the optical spectra of a single CdTe–
Cu2�xTe nanorod hybrid with a variable length of the Cu2�xTe
sub-unit and a xed total length. The DDA method solves
Maxwell's equations incorporating local dielectric functions of
the nanorod sub-units. To model the Cu2�xTe part we used an
empirical dielectric function of bulk Cu2�xTe.85 Note that in a
previous study we have shown that with this dielectric function
§ The DDA code was taken from the open source at http://www.astro.princeton.edu/
�draine/DDSCAT.html (accessed December 2012).

This journal is © The Royal Society of Chemistry 2014
the NIR absorption properties of vacancy-doped copper tellu-
ride NCs of various shapes can be modelled and are in good
agreement with the experimental results.57 For the CdTe sub-
unit, we used the following dielectric constant: 3CdTe ¼ 31,bulk +
id32, where the real part 31,bulk corresponds to bulk CdTe and is
taken from the Palik tables,86 and the imaginary part d32 was
extracted from tting the calculated absorption to the experi-
mental data for CdTe nanorods from Fig. 2a. The calculated
spectra of the CdTe nanorods very closely reproduce the
experimental ones. Thus, this approach allows us to describe
empirically the size-quantization of excitons in CdTe nanorods.
Fig. 3a (blue curve) displays the calculated absorption spectrum
of a CdTe–Cu2�xTe nanorod of 21 � 5 nm (length � width). The
heterostructured nanorod consists of two cylindrical segments
of CdTe and Cu2�xTe equally sized (length � width ¼ 10.5 �
5 nm). For simplicity, both segments will be termed “half rods”
hereaer. Their absorption spectra are shown as solid (CdTe
half rod) and dashed (Cu2�xTe half rod) black curves in Fig. 3a.
The CdTe half rod shows a strong excitonic peak at 685 nm,
CdTe–Cu2�xTe NRs with the following length ratios (upwards):
LCdTe : LCu2�xTe ¼ 1 : 0, 2 : 1, 1 : 1, 1 : 2, 0 : 1. (c) Geometrical
sketch (upwards) of the CdTe–Cu2�xTe NRs, whose spectra are
depicted in (b).
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Fig. 4 (a) Transient absorption spectra of pure CdTe NRs (reference
sample, top panel) and two CdTe–Cu2�xTe heterostructured NRs with
increasing plasmonic contributions from the middle to the bottom
panel. In all cases the time delay from the solid to broken curves is 0.1,
1, 4 and 10 ps. (b) Color-coded differential transmission dynamics for
the three samples shown in (a) around the maximum bleach signal at
�690 nm (corresponding to the 1st excitonic transition at 689 nm). All
curves are normalized at the maximum DT/T intensity. (c) False-colour
representation of the electron wavefunction of the CdTe sub-unit
from a CdTe–Cu2�xTe NR having a total length of 21 nm and a CdTe
sub-unit length of 16.8 nm (LCdTe : LCu2�xTe ¼ 5 : 1, top) and 2.6 nm
(LCdTe : LCu2�xTe ¼ 1 : 7, bottom). Note the electron wavefunction
spread into the Cu2�xTe sub-unit in the heterostructure with a shorter
CdTe. (d) CdTe electron wavefunction spread into the Cu2�xTe sub-
unit as a function of the length of the CdTe sub-unit. The inset
represents the CdTe–Cu2�xTe band alignment, as determined from
ref. 72.
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while the spectrum of the Cu2�xTe half rod is dominated by a
broad plasmon resonance in the NIR centered at 935 nm. The
spectrum of the heterostructured CdTe–Cu2�xTe nanorod
results from the spectral addition of both half rods and as
shown in Fig. 3a, both the excitonic and plasmonic contribu-
tions are well dened in the heterostructure, in agreement with
the experimental results. Fig. 3b displays the calculated
absorption spectra of CdTe–Cu2�xTe heterostructured nano-
rods (whose total length and width are 21 and 5 nm, respec-
tively) having different length (L) fractions of each material.
Specically they have the following LCdTe : LCu2�xTe length ratios
(upwards): 1 : 0, 2 : 1, 1 : 1, 1 : 2 and 0 : 1 (see Fig. 3c). The
results in Fig. 3b reproduce qualitatively the experimental
spectra shown in Fig. 2b: depending on the length ratio of each
material the intensity of the excitonic and plasmon peaks varies
accordingly. Notably, the plasmon resonance in the hetero-
structured NRs remains rather unaffected by an increase in
Cu2�xTe length-fraction (Fig. 3b and c, upwards), but also by the
addition of the CdTe sub-unit. In a strongly plasmonic material
one would expect a fundamental inuence of the size,87,88 but
also of the refractive index of the surrounding medium.89–92

CdTe has a refractive index much larger than the solvent or
ligands surrounding the heterostructures. Therefore one would
expect a strong red-shi of the plasmon resonance of Cu2�xTe
upon contact with the CdTe sub-unit in the heterostructures.
Both given ndings indicate a weak plasmonic response of the
Cu2�xTe moiety. This might be explained by carrier localization
effects inuencing the plasmonic response of the material, as
recently reported by us.57 Charge carriers in Cu2�xTe NCs, and
in general in vacancy-doped copper chalcogenide NCs, show an
essential degree of localization, i.e., a Lorentz-like response.57

This differs from the essentially free behaviour of electrons in
plasmonic nanoparticles of noble metals (Drude-like), and in
turn, results in a weaker plasmonic response in Cu2�xTe.
Remarkably, the calculated spectra qualitatively reproduce the
experimental ones (note that any slight difference in the plas-
mon band position from sample to sample, see Fig. 2, may likely
arise from slight differences in the degree of vacancy-doping of
the Cu2�xTe moieties), and in fact they arise from the contri-
bution of the individual sub-units (see Fig. 3a). This indicates a
relatively weak ground state interaction between the optical
excitations of the CdTe and Cu2�xTe sub-units. This weak
ground state interaction might be explained by the low spectral
overlap between the excitonic band of CdTe and the plasmonic
resonance of Cu2�xTe.3 Furthermore, carrier localization effects
in Cu2�xTe nanocrystals typically result in a low electric eld
enhancement, as recently shown,57 which might in turn
contribute to a weak interaction.

In any case, the presented optical modelling serves as a
unique way to reproduce the absorption spectra of hetero-
structures with excitonic and plasmonic contributions, whilst
neglecting any electronic interaction between the sub-units. An
electronic interaction might for example result in broadening/
weakening of the excitonic transitions or below gap absorption
due to indirect transitions from the valence band of Cu2�xTe to
the conduction band of CdTe. In our heterostructures, however,
these features might be covered by the intense plasmonic
3194 | J. Mater. Chem. C, 2014, 2, 3189–3198
signature from the Cu2�xTe sub-unit (Fig. S2,† ESI). A way to
access the effect of such electronic interactions is pump-probe
spectroscopy. In the following we will primarily set our focus on
the excitonic response of the system. Despite the weak/negli-
gible ground state interaction, it is expected that the addition of
the Cu2�xTe sub-units largely inuences the photoinduced
process. We used pump-probe spectroscopy to investigate the
charge carrier dynamics in the CdTe–Cu2�xTe heterostructures.
We were particularly interested in the dynamics of the excitonic
transition (arising from the CdTe) and its changes when
increasing the size of the Cu2�xTe sub-unit, i.e., with an
increasing plasmonic contribution. Fig. 4a displays the
measured transient spectra at different times ranging from 100
to 10 000 fs (from solid to broken curves) for a sample con-
sisting of pure CdTe NRs (reference sample, top panel), and two
CdTe–Cu2�xTe heterostructures with increasing plasmonic
contribution (middle and bottom panels, respectively). In all
cases the transient spectra at early times are dominated by
bleach signals at �690 nm, typically assigned to state-lling of
the main excitonic transitions in a semiconductor NC.93
This journal is © The Royal Society of Chemistry 2014
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Additional photoinduced absorption (PA) signals are present
due to a pump induced Stark shi of the electronic levels
resulting from electric elds induced by localized carriers.93,94

The main bleach signal corresponds to the 1st excitonic transi-
tion at 689 nm. While in the pure CdTe NR sample this signa-
ture is still strongly present within the rst 10 ps (Fig. 4a, top
panel), a faster decay is observed in the CdTe–Cu2�xTe hetero-
structures. The heterostructure with a smaller Cu2�xTe sub-unit
(Fig. 4a, middle panel) shows a bleach signal that rapidly decays
within the rst 10 ps. In the heterostructure with a larger
Cu2�xTe sub-unit (Fig. 4a, bottom panel) this signature has
vanished within the rst hundreds of femtoseconds. The
dynamics at the maximum bleach signal for all three samples
are given in Fig. 4b and clearly demonstrate that with increasing
Cu2�xTe contribution the dynamics of the 1st excitonic transi-
tion are faster. We also remark here that the temperature of the
lattice upon excitation increases by only tens of degrees.95 In
this regime, the diffusion of Cu+ ions is not substantially acti-
vated. Furthermore, the lattice temperature returns to room
temperature within 1 ms. Therefore, we do not expect a signif-
icant diffusion of Cu+ ions into the CdTe sub-units during our
pump-probe experiments.

In the following we try to discuss possible mechanisms that
can affect the carrier dynamics in our system. Our CdTe–Cu2�xTe
NRs are heterostructures with a type II band alignment72 (see the
inset in Fig. 4d), and thus their optoelectronic propertiesmust be
largely inuenced by that, as thoroughly reported for other
systems.21–34 Upon photon absorption, the hole relaxes into the
Cu2�xTe sub-unit, breaking the exciton and separating charges
across the heterostructure. We assume, however, that the hole
transfer from the CdTe sub-unit to the Cu2�xTe sub-unit cannot
explain the observed enhanced decay of the DT/T-signal (Fig. 4b)
with increasing the size of the Cu2�xTe sub-unit. The reasons for
that are two-fold. First, hole transfer is expected to be even faster
than the observed decays.93,96,97 Second, the holes are expected to
contributemuch less than the electrons to the bleaching signal of
the CdTe exciton. Thus transferred holes cannot explain the
pronounced and even complete recovery of the signal as observed
in Fig.4a and b.

We now discuss that Auger recombination is probably
responsible for the observed pump probe decay dynamics. In
order to address this possibility we evaluated the degree of
electron localization in the CdTe sub-unit through band struc-
ture calculations for heterostructures with different length-
fractions (calculation details are given in the ESI†). The results
for two heterostructures with different length-fractions, namely
LCdTe : LCu2�xTe ¼ 1 : 7 (top) and 5 : 1 (bottom), are depicted in
Fig. 4c. While in both examples the electron is predominantly
found in the CdTe sub-unit, it becomes clear that the shorter
the CdTe sub-unit is, the more the electron wavefunction leaks
into the Cu2�xTe sub-unit. Here, the high level of doping and
carriers in the Cu2�xTe sub-unit might result in a greatly
enhanced probability of Auger recombination. Indeed, in this
process the energy resulting from electron–hole recombination
is transferred to a third particle, namely an electron or a hole.98

Thus, the Auger rate is here proportional to the hole carrier
density. Moreover, since the overlap of the electron and hole
This journal is © The Royal Society of Chemistry 2014
wavefunctions is required for Auger recombination, the Auger
rate increases proportionally to the spreading of the electron
wavefunction in the Cu2�xTe sub-unit, and therefore increases
with decreasing the length of the CdTe sub-unit. In Fig. 4d we
plot the calculated fraction of the electron wavefunction
spreading into the Cu2�xTe sub-unit as a function of the length
of the CdTe sub-unit. We notice that with decreasing CdTe
fraction from 10.5 to 3 nm the fraction of electron wavefunction
spreading into the Cu2�xTe sub-unit increases by an order of
magnitude ultimately facilitating Auger recombination path-
ways. This might explain: (i) the faster recombination dynamics
in the heterostructures compared to the pure CdTe NRs (where
the Auger recombination is presumably suppressed at the very
low excitation densities used in the experiment) and (ii) the
faster recombination dynamics in the heterostructured rods
with shorter CdTe sub-units. However, we remark here that also
energy transfer is conceivable to contribute to the decay
dynamics in our heterostructures, despite the low spectral
overlap between exciton and plasmon absorption. Indeed, such
a non-resonant energy transfer to the surface plasmon of gold
nanorods has been demonstrated to occur from dye molecules
dispersed in the silica shell encapsulating the particles. In that
case energy transfer occurs even though plasmon absorption
lies in the absorption tail of the uorophores.99 Thus, the
assignment of the faster dynamics to an Auger mediated or
energy transfer mechanism in our CdTe–Cu2�xTe hetero-
structures is preliminary at this stage and these two photo-
physical scenarios will be thoroughly investigated in future
work. However, we remark that energy transfer is expected to be
much slower than the hole injection described above, and thus
this favours our interpretation based on an Auger mediated
recombination. In any case, our pump-probe data clearly indi-
cate that the presence of an increasing plasmonic Cu2�xTe sub-
unit in the heterostructures opens a faster decay channel for the
CdTe exciton.

Conclusions

In this work we have demonstrated that cation exchange serves
as a fast and efficient tool to design rod-shaped, type II, nano-
heterostructures based on CdTe and Cu2�xTe. We have shown
that CdTe–Cu2�xTe NRs with sub-units of various length-frac-
tions can be obtained by controlling the amount of the Cu+

precursor added. Those heterostructures show an optical
response with excitonic and plasmonic properties arising from
the corresponding CdTe and Cu2�xTe sub-units. With DDA
electrodynamic modelling of the nanorod absorption as origi-
nating from two independent sub-units, we were able to
reproduce the excitonic and plasmonic peaks in the absorption
spectra of the CdTe–Cu2�xTe NRs, despite their fundamentally
different origin. The experimental and calculated absorption
spectra of the heterostructures reveal a negligible ground state
interaction between the CdTe exciton and the Cu2�xTe plas-
mon. This lack of a ground state interaction might result from
the low spectral overlap between the excitonic transition in
CdTe and the plasmon band in Cu2�xTe. The weak size
dependence and refractive index sensitivity of the Cu2�xTe
J. Mater. Chem. C, 2014, 2, 3189–3198 | 3195
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plasmon resonance in the presence of the CdTe sub-unit might
be explained by charge carrier localization effects in the
Cu2�xTe sub-unit. These localization effects might in turn be
responsible for the weak exciton–plasmon interaction. Never-
theless, we foresee important potential of cation exchange
reactions to create semiconductor–semiconductor hetero-
structures with highly interacting excitons and plasmons
through an appropriate choice of materials. For instance, the
combination of PbSe and Cu2�xSe in a nanorod heterostructure
might result in a larger spectral overlap and as such, in ground
state exciton–plasmon interaction. Furthermore, ultrafast
spectroscopy revealed a faster decay of the exciton in the pres-
ence of the Cu2�xTe sub-unit, and a faster decay the larger the
plasmonic contribution from the Cu2�xTe, i.e., the larger the
Cu2�xTe sub-unit gets. This faster dynamics may be due to an
Auger mediated process, and hence we propose that for
enhanced photovoltaic device performance a shorter Cu-based
sub-unit is benecial and that the suppression of carrier density
within this sub-unit is of major importance. This delivers an
important aspect with respect to the application of type II
chalcogenide–chalcogenide heterostructures based on Cu and
Cd for photovoltaic and photocatalytic applications.
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