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ABSTRACT: Nanoscale tetrapods were synthesized with inde-
pendently tunable core and arm sizes and aspect ratios from a
spectrum of quantum dot seeds, including ZnTe, CuInS2, InP,
InP/ZnS, and Cd3P2. The range of II−VI, I−III−VI, III−V, and
II−V seeds included both cubic and tetragonal lattices,
demonstrating the versatility of CdS arm growth upon surfaces
with accessible (111) planes, including those with distorted those
with distorted structures. Except for the Cd3P2 seeds, where the
effect is inconsequential, cation exchange in the core was observed
to occur concurrently with arm growth to give alloyed cores in the
final tetrapods. This result supports recent work characterizing the
composition of core/shell quantum dots composed of distinct cations and presents a challenge to achieving clean interfaces in
nanoscale semiconductor heterostructures grown by using traditional solvothermal methods. Conversely, the robust Cd3P2/CdS
tetrapod architecture represents a rare example of near-infrared (NIR) emission in a multipod heterostructure. NIR-emissive
tetrapod heterostructures were successfully obtained from Cd3P2 cores in combination with both high and low aspect ratio CdS
arms.

■ INTRODUCTION

The synthesis of nanomaterials of various shapes and sizes is
well established, and the importance of size and structure
tunability is comprehensively understood.1−14 However,
methodologies for assembling multicomponent heterostruc-
tures with independently tunable components are less
ubiquitous.15 Despite heterostructure design being an ideal
strategy to tune charge carrier localization and enhance the
function of semiconductor nanomaterials, synthetic techniques
to access a broad spectrum of material combinations with
independently customizable dimensions are currently under-
developed.16,17 In addition to being practically useful in the
fabrication of optoelectronic devices, heterostructure design is
also foundational to developing a more robust, fundamental
understanding of charge localization in complex systems.18,19

The simplest and most well-studied heterostructure is the
spherical core/shell motif.20−24 These systems have an outer
shell that serves as a protective layer capable of passivating
surface traps and defects to enhance luminescence.25−32

Consequently, core/shell structures have become important
luminescent materials across a spectrum of advanced
technologies, including displays, solid-state lighting, and
biological imaging.8,24,33,34 However, while the core/shell
motif is a leading architecture for enhancing emission,34−36

this structure presents several disadvantages for applications
where charge extraction is necessary, such as photocatalysis. In

a core/shell system, the handles for modulating the
optoelectronic properties are limited since core size and shell
thickness are the primary tunable parameters.24,34,37,38

Furthermore, increasing shell thickness inhibits the ability to
regenerate charge carriers within the core using external
chemical reagents or an applied electrochemical potential.39−41

This can lead to undesirable effects such as unsuccessful
catalytic turnover or photodegradation.42−44

Dot-in-rod and rod-rod heterostructures begin to address
these challenges by having exposed or nominally shelled faces
to enable more efficient quenching of charge carriers after
separation.45,46 Within these motifs, the rod length and
location of the dot or seed can be controlled.14,47,48 The
width of the rod, however, is determined by the width of the
seed with a limited number of exceptions.47 Moreover, 1-D
nanostructures require a wurtzite crystal seed to serve as a
scaffold for rod elongation, and many nanomaterials do not
have easily accessible wurtzite crystal phases by colloidal
synthetic approaches.49−53 Composition variation in semi-
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conductor nanorods achieved via cation exchange broadens the
number of accessible products; however, wurtzite-related
crystal structures are once again necessary.54 Thus, the
spectrum of material combinations and the tunability of dot-
in-rod and rod-rod architectures are limited to materials with
accessible wurtzite crystal phases.
Tetrapod assemblies represent a potentially versatile

heterostructure configuration capable of addressing the
shortcomings of 0-D and 1-D structures. One major advantage
of the tetrapod architecture is the customizability of the cubic
phase seed. A wide variety of nanomaterials can be
straightforwardly synthesized in the cubic phase with tunable
sizes to serve as cores.55−57 In addition to controlling the size
of the core, both the arm length and width can also be
modified, even independently of the core size.17,58,59

Furthermore, both the exposed arm or nominally shelled
core components may be accessible to enable charge carrier
replenishment in type II heterostructures.
Most tetrapod studies focus exclusively on materials from

the II−VI family.60 Initial tetrapod syntheses were products of
polytypism in which the small energy difference between cubic
and wurtzite phases (>10 meV) enabled initial nucleation of
zinc blende spherical cores followed by elongation of wurtzite
arms upon each core’s (111) facets.13,59,61,62 Seeded growth
approaches, especially in the case of CdSe/CdS, have received
a significant amount of attention for their tunable optoelec-
tronic properties and greater synthetic control over yield and
tetrapod morphology when separating the core and arm
synthetic steps.8,16,63,64 The seeded tetrapod growth approach
gives access to greater structural complexity by expanding the
narrow window of synthetic conditions, such as temperature,
ligand concentration, and precursor amount. However, even
CdSe/CdS tetrapod systems are inherently limited to a narrow
range of overall energetics, toggling between type I and quasi-
type II systems.65−68

In theory, seeded tetrapod architectures should be accessible
from any seed with accessible (111) faces for (0001) wurtzite
arm elongation.59,69 The ideal criteria for a generalizable
synthetic route to tetrapod heterostructures are twofold: the
ability to use any material combination to assemble
heterostructure tetrapods and the ability to individually control
the size and shape of each subcomponent. These ultimately
enable fine-tuning of the heterostructure’s optoelectronic
properties. This should apply to seeded growth of wurtzite
II−VI materials upon III−V, I−III−IV, and II−V systems.
Thus far, reports of ZnTe/CdS, CuInS2/CdS, and InP/ZnS/
CdS have been documented.63,64,70,71 However, it is also
known that cation exchange between cadmium and indium,
copper, or zinc in chalcogenide lattices is readily facilitated
under typical nanomaterial growth conditions.72−74 In light of
cation exchange, a primary goal of this work was to re-examine
tetrapod growth in known systems and expand the range of
accessible tetrapod products beyond the II−VI system.
First, we present a versatile synthetic approach to obtain

tetrapod nanostructures with tunable arm dimensions from a
spectrum of seeds (ZnTe, CuInS2, and InP). Despite these
seeds serving as scaffolds for tetrapod synthesis, we found that
many cores are highly susceptible to cation migration and
exchange. We explored the impacts of cation diffusion within a
model tetrapod assembly system formed from InP/ZnS core/
shell seeds. Despite retaining a phosphide lattice at the core to
serve as a scaffold for tetrapod arm growth, cation exchange
could not be fully mitigated. Finally, we have demonstrated the

first near-IR emissive tetrapods synthesized from II−V seeds
while tuning the size and shape of the core and arm
components independently of one another.

■ EXPERIMENTAL SECTION
Materials. All glassware was dried in an oven overnight at 160 °C

before use. All manipulations were performed by using standard
Schlenk or glovebox techniques under dry N2. Zinc acetate (99.99%),
zinc chloride (99.99%), zinc stearate (technical grade), cadmium
oxide (CdO, 99.9%), cadmium chloride (99.99%), cadmium acetate
(Cd(OAc)2, 98%), indium acetate (99.99%), indium chloride (98%),
copper iodide (≥99.5%), metallic tellurium (Te, 99.997%), selenium
(Se, 99.999%), sulfur (S, 99.5%), superhydride (LiBH(CH2CH3)3)
solution in THF (1 M), tris(diethylamino)phosphine (97%),
trioctylphosphine (TOP, 97%), octylamine (99%), oleic acid (OA,
90%), myristic acid (≥99%), dodecanethiol (98%), and oleylamine
(70%) were purchased from Sigma-Aldrich and used as received
without further purification. Octadecylphosphonic acid (ODPA, 99%)
was purchased from PCI Synthesis and used as received. 1-
Octadecene (ODE, 90%) was purchased from Sigma-Aldrich and
distilled prior to use. Trioctylphosphine oxide (TOPO, 90%) was
purchased from Sigma-Aldrich and twice recrystallized from
acetonitrile until no impurities remained by 31P and 1H NMR
spectroscopy. Methanol, ethanol, 2-propanol, acetonitrile, ethyl
acetate, toluene, and pentane were purchased anhydrous and/or
dried over CaH2 and stored over 3 Å molecular sieves prior to use.
P(SiMe3)3 was synthesized as reported previously.75

Synthesis of CdSe Quantum Dots (QDs). CdSe QDs were
prepared according to a literature procedure.76 TOPSe was
prepared by dissolving 0.060 g of Se in 0.84 g of TOP (1.01 mL)
and 4.16 mL of ODE until the solution turned completely clear. Next,
0.134 g of CdO, 1.20 mL of OA, and 8.00 mL of ODE were added to
a 50 mL three-neck flask. The mixture was degassed for 30 min at
room temperature before heating to 240 °C under N2. Once the
cadmium solution was completely clear (5−10 min, indicating
formation of cadmium oleate), 5 mL of TOPSe was injected
rapidly. Particles with a diameter of 4.0 nm were obtained by
quenching the reaction (removing the heating mantle) after ∼5 min.
The nanocrystals were purified by repeated precipitation/resuspen-
sion in MeOH and toluene five times. The first two precipitation steps
required ethyl acetate as a cosolvent to remove ODE.

Synthesis of ZnTe QDs. ZnTe QDs (8 nm) were synthesized by
using a modified literature procedure.72 In a 50 mL three-neck flask,
0.26 g (1.4 mmol) of zinc acetate was mixed with 4 mL (12.7 mmol)
of OA and 20 mL of 1-ODE. The mixture was degassed for at least 30
min before being heated to 200 °C under N2. After 1 h a clear
solution formed, and the temperature was dropped to 160 °C. The Te
precursor was prepared by adding 1.6 mL of superhydride solution (1
M in THF) and 2 mL of oleylamine to 1.0 mL of TOPTe (1.0 M
Te in TOP). This tellurium precursor was stirred for 1 h at room
temperature until the solution became homogeneous and sub-
sequently injected rapidly into the zinc solution at 160 °C. The
temperature was increased to 190 °C and maintained for 60 min
before quenching the reaction by cooling to room temperature. Excess
solvent and volatile organics were removed by vacuum distillation at
180 °C. The ZnTe nanorods were purified by repeated precipitation/
resuspension in EtOH and pentane five times. The resulting ZnTe
QDs have an aspect ratio of 2. Note of comparison to other
procedures: similar procedures have been used to give ZnTe nanorods
with aspect ratios of ≥3. The present synthesis stirred the tellurium
precursor for longer times (1 h as opposed to 20 min), and vacuum
distillation was performed at a higher temperature (180 °C vs 150
°C).

Synthesis of Copper Indium Sulfide QDs. CIS-QDs were
synthesized by using a literature procedure.77 First, 73 mg (0.25
mmol) of indium acetate, 47.5 mg (0.25 mmol) of copper iodide, and
4 mL of dodecanethiol were added to a 50 mL three-neck flask. The
flask was purged with N2 for 30 min and subsequently heated while
stirring to 120 °C over 20 min. The solution was maintained at 120
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°C for an additional 10 min, until a clear yellow solution was formed.
The solution was then heated to 230 °C and gradually changed color
from yellow to dark red. After refluxing for a set time (1−30 min), the
reaction was quenched by removing the flask from heat.
Synthesis of InP Spherical QDs. Indium phosphide QDs were

synthesized via a two-step synthetic procedure reported previously.78

Briefly, 0.93 g (3.20 mmol) of indium acetate and 2.65 g (11.6 mmol)
of myristic acid were heated under vacuum at 100 °C in a 100 mL
three-neck flask for 12 h to generate indium myristate. After indium
myristate was formed, the apparatus was placed under N2, and 20 mL
of toluene was added. This solution was heated to 110 °C, and a
mixture of 465 μL of tris(trimethylsilyl)phosphine (P(SiMe3)3) and
10 mL of toluene was quickly injected to form InP magic size clusters
(MSCs). InP MSC formation was monitored by UV−vis absorbance
until no changes were observed. Purification of MSCs was achieved by
repeated precipitation with acetonitrile and resuspension in toluene.
For storage, solvent was removed, and MSCs were stored dry in
glovebox. To obtain 3.0 nm InP QDs, 200 mg of MSCs was dissolved
in 2 mL of ODE and injected into a N2-purged 100 mL three-neck
flask with 38 mL of additional ODE at 270 °C. Growth for 20 min
yielded 3.0 nm InP nanoparticles. Excess ODE was removed by
vacuum distillation at 150 °C, and QDs were purified by multiple
resuspension in toluene and precipitation with ethanol.
Synthesis of InP/ZnSeS QDs. InP/ZnSeS core/shell QDs were

prepared according to a previous report.79 Briefly, 50 mg (0.003
mmol) of myristate-ligated InP MSCs, In37P20(O2C(CH2)12)51, was
dissolved in 1 mL of ODE and injected into a N2-purged 25 mL three-
neck flask with 5 mL of additional ODE at 290 °C. Growth for 15 min
yielded InP cores as determined by UV−vis and photoluminescence
spectroscopy. The reaction temperature was reduced to 220 °C, and a
solution of zinc stearate prepared by suspending 0.171 g (1.124
mmol) in 5 mL of ODE was injected into the reaction. After 15 min
after temperature equilibration, TOPSe (0.112 mL, 0.112 mmol)
was added slowly over the course of 1 min, and the reaction
equilibrated for 20 min. Next, TOPS (1.011 mL, 1.011 mmol) was
added slowly over the course of 5 min, and the reaction equilibrated
for 15 min. The temperature was then set to 300 °C, and the
photoluminescence was monitored until no further increases were
measured (40 min following TOPS injection). The reaction was
cooled to room temperature, and the ODE was removed under
vacuum distillation. The solid was suspended in toluene and
centrifuged (7000 rpm for 10 min) to isolate the supernatant,
which was then precipitated with acetonitrile. The precipitate was
then resuspended in minimal toluene and purified by gel permeation
chromatography.
Synthesis of Tetrahedral InP and InP/ZnS QDs. InP/ZnS

core/shell QDs were prepared by following a procedure by Tessier et
al.80 Briefly, 100 mg (0.45 mmol) of indium(III) chloride and 300 mg
(2.2 mmol) of zinc(II) chloride were mixed in 5.0 mL (15 mmol) of
technical grade oleylamine in a 50 mL three-neck flask. The reaction
mixture was degassed at 120 °C for an hour and then heated to 180
°C under N2. At 180 °C, 0.45 mL (1.6 mmol) of tris(diethylamino)-
phosphine was swiftly injected. For tetrahedral InP QDs, quench
reaction after 30 min.
For core/shell InP/ZnS, at 20 min, 1 mL of TOP-S (2.2 M) was

dropwise injected. At 60 min, the temperature was increased from 180
to 200 °C. At 120 min, 1 g of Zn(stearate)2 in 4 mL of octadecene
(ODE) was dropwise injected, and the temperature was increased
from 200 to 220 °C. At 150 min, 0.7 mL of TOPS (2.2 M) was
dropwise injected, and the temperature was increased from 220 to 240
°C. At 180 min, 0.5 g of Zn(stearate)2 in 2 mL of ODE was dropwise
injected, and the temperature was increased from 240 to 260 °C. At
210 min, the reaction was arrested and cooled to room temperature.
Both InP and InP/ZnS were purified by repeated precipitation and
resuspension in 2-propanol and toluene, respectively, four times.
Indium phosphide tetrahedron-shaped quantum dots were obtained
by quenching the reaction after 20 min of InP growth instead of
adding TOP-S.
Synthesis of Cd3P2 QDs. The 3.5 nm Cd3P2 cores were

synthesized based on a prior report.81 Briefly, 0.692 g (3.0 mmol)

of Cd(OAc)2 and 0.910 g (7.05 mmol) of octylamine were added to 8
mL of toluene in a 50 mL three-neck flask. This solution was heated
30 °C, and 2 mL of (P(SiMe3)3) solution (0.5 M in toluene) was
injected rapidly. The reaction temperature was maintained at 30 °C
for 24 h before the solution was removed from heat, precipitated with
ethanol, and resuspended in toluene five times.

Synthesis of Tetrapods with CdS Arms. Core/CdS tetrapod
heterostructures were synthesized by using modifications of existing
literature procedures.17,82 Briefly, 2.65 g of TOPO (99%), 0.05175 g
of CdO, 0.5 mL OA, and either 135 mg of ODPA (for thin arms) or
54 mg of ODPA (for thick arms) were degassed at 150 °C for 1.5 h in
a 50 mL three-neck flask. The reaction mixture was heated to 350 °C
under N2, and the reddish-brown solution turned colorless.
Separately, a stock solution of TOPS was made from 70 mg of
sulfur with 6 mL of TOP (0.364 M). 0.6 mL of TOPS was mixed
with 2.5 × 10−9 mol of QDs as determined by the optical absorbance
of the QD solution. Size and concentration quantification of QD cores
have been reported previously for CdSe,83 ZnTe,72 InP,84 and CIS.77

Upon reaching the desired injection temperature of 350 °C, 1.8 mL of
TOP was added, and the temperature was allowed to recover to 350
°C before the mixture of TOPS and QDs was swiftly injected.
Anisotropic CdS arms were grown at this temperature for 10 min. The
heating mantle was removed, and the solution was cooled to room
temperature. The core/CdS tetrapods were purified by repeated
precipitation in methanol and redispersion in toluene five times.

Sample Characterization. UV−vis absorption spectra were
obtained by using an Agilent Cary 5000 spectrophotometer, and
fluorescence measurements were obtained on a Horiba Jobin Yvon
FluoroMax-4 fluorescence spectrophotometer and an Edinburgh FLS
1000 fluorometer. Near-infrared photoluminescence was acquired on
a home-built spectrometer by using amplitude-modulated excitation
and phase-sensitive detection. Emission was separated with a
monochromator and then detected by using a dual-band Si/InGaAs
photodetector, and all traces were corrected for detector response.
Samples were irradiated with a modulated (200 Hz) 365 nm LED or
550 nm LED by using appropriate long pass filters to remove
scattered pump light prior to entrance into the monochromator. A
PerkinElmer Optima 8300 inductively coupled plasma−optical
emission spectrophotometer was used for elemental analysis. TEM
images were obtained on an FEI Technai G2 F20 microscope. EDX
data were typically obtained after plasma treating samples. Plasma
treatment was performed on previously prepared TEM grids, sample
side up, using H2/O2 in a 50:50 ratio for 4 min. Imaging was
performed immediately afterward. Analysis of TEM images was
performed using ImageJ software. Powder X-ray diffraction data were
recorded on a Bruker D8 Discover instrument with the IμS 2-D XRD
system.

■ RESULTS AND DISCUSSION

Tetrapods were synthesized via hot injection of the seed QDs
and sulfur precursor into a bath of in situ prepared cadmium
precursor at 350 °C with a variable ratio of oleic and
octadecylphosphonic acid (Figure 1). The aspect ratio of the

Figure 1. General reaction conditions for the synthesis of thick and
thin arm tetrapods. TEM of example thick and thin arm tetrapods
grown from ZnTe seeds.
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arms was tuned by adjusting the ratio of octadecylphosphonic
acid to oleic acid used to form the cadmium precursorhigher
amounts of more strongly binding octadecylphosphonic acid
give thinner arms as has been previously demonstrated in the
literature.17

Starting from 2.5 × 10−6 mmol of QDs (between 7.0 × 10−4

and 0.025 mmol total cations for 3 and 10 nm InP quantum
dots, respectively, as a representative sample), 0.4 mmol of
cadmium and 0.2 mmol of sulfur precursor are required for
arm growth. Considering the orders of magnitude higher
concentration of precursor compared to the seeds, we
performed a set of control reactions to look for independent
nucleation of CdS tetrapods under the reaction conditions.
This is especially necessary given that cadmium sulfide is
known to exhibit wurtzite−zinc blende polytypism.59 In the
absence of seed QDs, CdS arm growth conditions gave rise to
nanorods bearing one bulbous end (Figure 2). A minor

population of tetrapods was observed in the absence of seeds,
representing <1% and <5% of the total observed nanostruc-
tures in the ensemble by TEM analysis for thick and thin arm
morphology conditions, respectively. Additional ensemble
images are shown in Figure S1 of the Supporting Information.
Measurements of CdS arm length for all tetrapod samples
(including the unseeded CdS arm control) are included in
Table S1. Elemental analysis using ICP-OES gave a roughly 2:1
Cd:S ratio for both the thin and thick nanorod morphologies.
Steady-state photoluminescence showed dominant trap
emission (between 600 and 1000 nm) with a small component
of band edge emission (∼490 nm) as shown in Figure S2.
These results demonstrate the need for QD seeds to facilitate
tetrapod growth.
We next re-examined the synthesis of CdSe/CdS tetrapods

to establish a baseline for tetrapod synthesis, purification, and
analysis.16,17,68 Notably, this work highlighted the challenge of
probing the composition of tetrapod structures because, unlike
core−shell systems where the core and shell components are
often on the same order of magnitude by volume, tetrapod
arms are typically multiple orders of magnitude greater in
volume than the core. Thus, it was unsurprising that powder X-
ray diffraction (XRD) analysis of conventional CdSe/CdS
tetrapods gave features dominated by CdS, as shown in Figure
S3. These observations are corroborated by previous reports of
CdSe/CdS tetrapod systems.16

Moving forward within the II−VI heterostructure family, we
were interested in ZnTe/CdS tetrapods because the offset bulk
band alignment is an attractive type II heterostructure and

because of our previous observations of facile zinc for cadmium
cation exchange in related heterostructures.72 Beginning with 8
nm oblong ZnTe seeds (aspect ratio of 2), highly
monodisperse tetrapods were obtained as shown in Figure 3.

TEM images of ZnTe seeds are provided in Figure S4. Similar
to a prior report documenting ZnTe/CdS tetrapod hetero-
structures, broad red-shifted optical features were observed, as
can be seen in Figure 3.64 This red-shifted luminescence was
previously attributed to successful formation of the desired
type II heterostructure; however, by ICP-OES analysis, we
observed partial cation exchange in the final tetrapod products
after a 10 min arm growth period. Starting from 1.1:1 Zn:Te
cores, this ratio diminished to 1:5 and 1:3 in the thick and thin
arm morphologies, respectively. Weak signals from zinc and
tellurium in the core by EDX indicate that some ZnTe
character may remain as shown in Figure S5. Taken together,
optical and elemental characterizations suggest the formation
of alloyed core Zn1−xCdxTe/CdS heterostructures.
Similar to ZnTe, copper indium sulfide (CIS) also has a

predicted type II or quasi-type II band alignment with
CdS.70,85−87 In addition, CIS nanocrystals have emerged as
an alternative to cadmium- and lead-based materials due to
their tunable photoluminescence across the visible and near-
infrared spectrum, low toxicity, and large absorption cross
section.88−94 However, CIS has seen limited use in
heterostructure development, likely due to its tetragonal crystal
structure.70 This elongated lattice allows us to test the
versatility of CdS arm growth by providing a distorted (111)
plane as the surface for seeding wurtzite CdS arm growth. With
moderate success, we synthesized tetrapods from 3 and 6 nm
CIS cores. The larger 6 nm cores resulted in a greater yield of
more uniform CIS/CdS tetrapod structures (Figure 4). This is

Figure 2. TEM images of CdS arms grown in the absence of
nanocrystal seeds. Thick arm (A) and thin arm (B) morphology
conditions. Measurements of particle dimensions are included in
Table S1.

Figure 3. TEM images of ZnTe/CdS tetrapods with thick (A) and
thin (B) arm morphologies along with the absorbance and emission of
the ZnTe cores and ZnTe/CdS tetrapods (C). Measurements of arm
dimensions are included in Table S1.
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likely due to more well-defined and less strained (111) planes
in the larger CIS nanocrystal seeds. Optical characterization for
CIS seeded tetrapods and TEM of thin arm tetrapods is
included in Figures S6 and S7. Cation exchange between
cadmium and zinc for copper is known to occur in sulfide
lattices.15 Surprisingly, however, indium also appears to be
mobile under our synthesis conditions. Elemental analysis of
CIS/CdS tetrapods by ICP-OES showed no detectable levels
of indium, suggesting that all indium from the core was
removed by cation exchange during arm growth. The
remaining copper content in both the thin and thick arm
tetrapods assembled from both 3 and 6 nm CIS was 0.1% in a
system that is 2:1 Cd:S. The starting 3 and 6 nm CIS cores
were both slightly copper and cation rich with compositional
ratios of 1.2:1.0:1.7 for Cu:In:S, similar to prior reports.77,95

EDX of a single tetrapod shows weak signal from copper but
no indium in the 6 nm CIS cores (Figure S8). Thus, both
copper and indium are removed from the core via cation
exchange. Both cation exchange and CdS arm growth begin
rapidly upon addition of all precursors to the reaction vessel,
suggesting that these processes occur concurrently. While CIS
seeds arm growth, the core becomes primarily CdS in the
resulting tetrapod. The photoluminescence spectra show
emission from the tetrapods is dominated by trap emission,
but complete suppression of any CdS band edge emission is
also notable. The presence of copper has been reported to
suppress band edge emission and give a highly red-shifted
luminescence in CdSe, InP, and CIS quantum dots.96−100 The
intensity of broad trap emission from the CdS arm, however,
dominates emission at energies above 650 nm as shown in
Figures S6 and S7.
We next turned to phosphide lattices as scaffolds for

tetrapod growth. III−V/II−VI heterostructure systems are
highly sought after but significantly less studied than their II−
VI/II−VI counterparts. Reports of incorporating InP into

anisotropic structures are uncommon due to its strong
thermodynamic preference for the zinc blende crystal phase,
with the wurtzite phase being only metastable.49 Tetrapods
were seeded by 3.0 nm zinc blende InP cores, as shown in
Figure 5. A prior report noted decomposition of the InP core

under similar tetrapod growth conditions.71 Unsurprisingly,
given this precedent, our InP cores did not retain their initial
structure in the final tetrapods. Starting from 2:1 In:P cores,
the final tetrapod heterostructures showed primarily cadmium
and sulfur compared to only a small percentage of phosphorus
(∼3%) in the final tetrapod structure. However, phosphorus
quantification is complicated by the use of phosphonate
ligands during CdS arm growth. In seedless CdS growth,
product structures typically contained 2−3% phosphorus.
Indium was not observed by elemental analysis using ICP-
OES within detectable limits, which may point to cation
exchange whereby indium is removed and replaced with
cadmium as seen previously.74 Thus, while it is challenging to
directly characterize the core of the tetrapod, these
observations suggest the core of the final tetrapod is primarily
cadmium phosphide in character. The optical properties of InP
seeded tetrapods is shown in Figure S9. The optical properties
are dominated by CdS without any optical transitions that can
be contributed to the InP cores. Single-particle EDX evaluation
of tetrapods showed a broadened signal in the spectral region
associated with cadmium and indium, especially at the core
(Figure 5). This, coupled with a relatively stronger signal from
phosphorus, suggests that there may be minimal indium
phosphide character remaining in the core component of the
heterostructure.

Figure 4. TEM images of CIS nanocrystals and CIS/CdS thick arm
tetrapods: (A) 3 nm CIS, (B) CIS/CdS tetrapods from 3 nm CIS
cores, (C) 6 nm CIS, and (D) CIS/CdS tetrapods from 6 nm CIS
cores. Table S1 includes measurements of arm dimensions.

Figure 5. TEM images of InP/CdS tetrapods with thick (A) and thin
(B) arm morphologies. (C) EDX of the InP/CdS tetrapods obtained
by a point scan positioned at the tetrapod core. Analysis performed
using copper grids. Measurements of arm dimensions are tabulated in
Table S1.
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Tetrahedral-shaped InP QDs were obtained by using
tris(diethylamino)phosphine as the phosphorus precursor
(Figure S10). These faceted QDs retain a zinc blende lattice,
and we postulated that the tetrahedral morphology could
provide four well-defined facets for CdS growth. Tetrapods
seeded from tetrahedral-shaped, amine-capped 3.3 nm InP
were successfully synthesized with an average arm length of
∼49 nm and width of ∼4.7 nm (Figure 6). As expected, the

absorbance profile was dominated by CdS (Figure S11). The
InP cores exhibited both band edge emission at 625 nm and
broad trap emission between 700 and 1100 nm. After arm
growth, there was no longer band edge emission from InP,
despite the expected type I band alignment between InP and
CdS, suggesting the core is no longer uniquely InP. By
elemental analysis only ∼0.02% indium relative to cadmium
remained. On the basis of the dimensions of the core and arms,
we would expect there to be ∼2% indium relative to cadmium
in the tetrapod. Thus, we propose that these tetrapods exhibit
both cation exchange and tetrapod arm growth on similar time
scales as was found in the earlier systems. Regardless of seed
morphology, tetrapod arm growth and cation exchange within
the core occur simultaneously to give tetrapods that are
predominantly Cd3P2/CdS with small amounts of remaining
indium in the core.
The same outcome was observed when starting from thinly

shelled (∼1 monolayer) InP/ZnSeS QDs with a 69% quantum
yield. Once again, tetrapods were obtained, as can be seen in
Figure S12 by TEM, but evaluation by ICP-OES reveals
<0.02% indium, indicating cation exchange is unimpeded. The
corresponding absorbance and fluorescence spectra associated
with these samples are presented in Figure 7 and show the
initially strong luminescence from the InP/ZnSeS core is no
longer present.
To better understand the competing mechanisms of arm

growth and cation exchange, InP cores with ∼8 monolayers of
ZnS were next used to obtain tetrapods. Using thicker shells
offers two potential advantages: (i) preservation of the InP
core by sacrificing the outer layers of zinc to cation exchange
during arm growth and (ii) providing spectroscopic handle for
characterization by elemental analysis and optical spectrosco-
py. The ZnS, if still intact, would give a type I heterostructure
in the tetrapod core, making spatially indirect exciton
recombination unfavorable. Thus, broad red-shifted optical
signatures can be assigned to cation exchange yielding an
indium−cadmium phosphide alloyed core rather than retaining
the original InP/ZnS core−shell structure.

We successfully synthesized tetrapods starting from
carboxylate-capped InP/ZnS (∼6 nm) (Figure 8). Despite

the shorter arms, the absorbance spectrum was still dominated
by CdS (Figures S13 and S14). In contrast, the emission
spectrum underwent a dramatic bathochromic shift and
broadening. Thus, we can be confident that the original
core/shell seed has undergone cation exchange during arm
growth.
Quenching the reaction after 2 min gave triangular-pyramid-

shaped structures where arm growth was arrested prematurely
(Figure S15). The CdS excitonic absorbance features were not
yet fully defined, but the fluorescence spectrum had already
shifted beyond 1100 nm (Figures S13 and S14). XRD of both
the 2 and 10 min samples revealed only hexagonal CdS (Figure
S16). Elemental analysis of these samples along with the
starting InP/ZnS core showed that the ratio of indium to zinc
remained relatively constant after 2 min of growth but
decreased 10-fold after 10 min of tetrapod growth (Figure
S17). This indicates that the thick ZnS shell temporarily serves
as a protective layer to the core while seeding CdS over the
first 2 min of arm growth. We propose that the resultant core is
heavily alloyed with a gradient interface that grows into CdS
arms. Cation exchange within the core is observed simulta-
neously with continued arm growth. The decreasing indium-
to-zinc ratio between 2 and 10 min suggests that indium is
more rapidly removed from the heterostructure as compared to
zinc despite being encapsulated within the ZnS shell. The final
location of zinc cations could not be determined, though zinc
migration and induced disorder in phosphide and sulfide
lattices remain a topic of interest.101,102

Figure 6. TEM images of InP/CdS tetrapods grown from
tetrahedron-shaped InP nanocrystals showing thick (A) and thin
(B) arm morphologies. Table S1 includes measurements of arm
dimensions.

Figure 7. Absorbance and photoluminescence of InP/ZnSeS cores
and InP/ZnSeS/CdS tetrapods with thick and thin CdS arm
morphologies.

Figure 8. TEM images of InP/ZnS(thick)/CdS tetrapods with thick
(A) and thin (B) arm morphologies. Measurements of arm
dimensions are included in Table S1.
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Considering the observed cation exchange of cadmium for
zinc, indium, and copper in our tetrapod systems, we believe
that prior reports of tetrapods with these cations at the core
also do not retain a well-defined structure. Despite excellent
TEM evaluation and spectroscopic analysis that can be
interpreted as heterostructure formation, we instead find that
cation exchange is a dominant mechanism when these cores
are subjected to CdS arm growth conditions. Cation exchange
has been observed previously under similar conditions.72,73,103

While cation exchange does not prevent tetrapod assembly,
significant alloying is observed contrary to the conclusions in
many prior reports. Red-shifting and broadening of the optical
features of reported heterostructures (such as ZnTe/CdS) are
typically attributed to spatially indirect emission of type II
heterostructures between a core and a newly grown shell or
arm. Spatially indirect emission with longer exciton lifetimes
has been reported previously in nanoplatelet and core−shell
type II and quasi-type II, II−IV nano-heterostructures.28,104,105

In a previous report on InP/ZnS/CdS tetrapods, broadened
emission and longer excitation lifetimes were observed and
attributed to spatially indirect emission.71 However, broad,
red-shifted optical features may also be a symptom of cation
exchange. Cation exchange products have been observed to
have broadened emission compared to the original quantum
dot in InP quantum dots treated with cadmium and zinc.106

Furthermore, exciton lifetime measurements may also be an
inconclusive tool for evaluating the difference between
heterostructure and cation diffusion nanostructures. In a
(Zn,Cd)Se system by de Mello Donega and co-workers,
increasing the temperature resulted in a transition from core−
shell to gradient alloy to homogeneous alloy nanostructures.73

Exciton lifetime decreased across this transition. Interestingly,
the emission for the cation exchange products does not
broaden noticeably. However, this is most likely a function of
this particular system that is highly monodisperse and has
likely reached thermodynamic equilibrium. Because both
cation exchange and spatially indirect band gap emission can
have broad PL, there is not a simple and obvious way to see
the difference.
Another important optical feature to keep in mind is CdS

trap emission. Reported red-shifted emission features may
actually be trap emission from the CdS arms. This has been
explored in depth in CdS systems, and the presence of this
strong emissive feature is seen in all of our tetrapod
structures.107−112 Despite the increased trap emission, CdS
band edge emission is suppressed in seeded architectures.
Considering that optical properties alone are inadequate for
unambiguous characterization of heterostructures and cation
exchange systems, further compositional characterization
should be a requirement. In addition to elemental analysis
techniques such as ICP-OES and ICP-MS, EXAFS also
provides valuable insights into the elemental composition of
these types of systems.101,103,113

One system where this general approach to heterostructure
development was successful while retaining clean interfaces
between the core and arm components is Cd3P2/CdS
tetrapods. In this system, ∼3.5 nm Cd3P2 QDs were used to
seed thick and thin arm tetrapods (Figure S18). Cubic Cd3P2
QDs, prepared using tris(trimethylsilyl)phosphine gave tetra-
pods within 10 min of precursor and seed injection. As can be
seen in Figure 9, TEM imaging confirmed the assembly of
tetrapod architectures with both arm motifs.

Evaluation of the optical properties of Cd3P2/CdS tetrapods
confirms electronic communication between the arm and core
components. Absorbance and emission spectra of both the
Cd3P2 core (Figure S19) and Cd3P2/CdS tetrapods (Figure 10

and Figure S20) are located in the Supporting Information.
Cd3P2/CdS tetrapods have a broad, NIR emission character-
istic of Cd3P2 between 900 and 1200 nm and suppression of
band edge emission from CdS when illuminated with 365 nm
light. While the emission peak maximum is relatively
unchanged between the Cd3P2 core and the thick arm
tetrapods, the emission from the thin arm tetrapods undergoes
a hypsochromic shift. A similar pattern has been observed in
CdSe/CdS tetrapods.17 Two explanations for this phenomen-
on have been proposed previously: strong quantum confine-
ment remains present along the short axis perpendicular to the
arm length, and electron wave function leakage does not
extend beyond a certain arm length in quasi-type II
heterostructures.17 However, the hypsochromic shift may
also be due to etching of the seed’s surface prior to arm
growth and the increased, asymmetrical strain induced by the
thin arms relative to their thick arm counterparts.
The emission between 600 and 900 nm is attributed to trap

emission from the CdS arms and is in line with prior
reports.107−112 Because CdS has a high molar extinction
coefficient and accounts for >99% of the tetrapod’s volume, all
excitation at 365 nm is attributed to absorbance within the
arms. The Cd3P2 cores account for <1% of the tetrapod’s
volume and are undetectable by XRD. Furthermore, under
illumination beyond the absorbance edge of CdS with a green

Figure 9. TEM images of Cd3P2(3.5 nm)/CdS tetrapods with thick
(A) and thin (B) arm morphologies. Measurements of arm
dimensions are included in Table S1.

Figure 10. Emission of Cd3P2 nanocrystals, Cd3P2/CdS tetrapods,
and CdS arms with thick and thin arm morphologies. Strong emission
features from the Cd3P2 core are observed at 1100 nm (1.13 eV) prior
to tetrapod assembly. This emission shifts up to 82 meV when
incorporated into tetrapods.
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LED (550 nm), no fluorescence was detected for Cd3P2/CdS
tetrapods or Cd3P2 cores. This indicates strong electronic
communication between the core and arms in this type I
heterostructure configuration where the CdS arms absorb and
emission arises from the Cd3P2 core.
To rule out all interparticle energy and charge transfer

processes, the emissive properties of mixtures of cores and CdS
arms were evaluated. Figure S21 depicts the emission spectra
of solutions of Cd3P2 cores mixed with independent CdS arms
(thick and thin morphologies) in 1:1 optical density ratio at
365 nm along with spectra of the Cd3P2 core and CdS arm
emission spectra. The emission traces of each mixture of arms
and cores closely match the sum of the emission spectra for the
arms and cores independently of one another for both the thin
and thick arm morphologies. This indicates that NIR emission
observed from the Cd3P2/CdS tetrapods arises from CdS arm
absorption and Cd3P2 emission without contributions from
interparticle charge or energy transfer processes.

■ CONCLUSIONS
A seeded growth approach was used to obtain tetrapod
nanostructures. Essentially almost any seed with accessible
(111) planes could be used as a scaffold for tetrapod arm
growth. This approach extends beyond cubic cores to those
with tetragonal lattices that have distorted (111) planes, such
as CIS. However, cation exchange accompanies the process of
arm growth in many systems, precluding access to clean
interfaces and desirable heterostructure band alignments. This
work demonstrates that cation exchange and ion migration
should always be a consideration when designing and
characterizing heterostructures since both processes are often
favorable under the same reaction conditions as crystal growth,
and are not mutually exclusive. Ultimately, we use our general
principles of arm growth to synthesize NIR emissive Cd3P2/
CdS tetrapod heterostructures. Identifying conditions to
suppress ion migration while still enabling wurtzite structure
arm growth would be a productive next step in the synthesis of
anisotropic nanoscale heterostructures.
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