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ABSTRACT

We report the synthesis of three-dimensional single-crystalline branched nanowire heterostructures, where the backbones and branches are
assembled with ZnS and CdS, respectively. Growth of branch and backbones with control over the compositions was enabled via sequential

seeding of gold nanocluster catalysts. Elemental mapping data confirmed that branched nanowire heterostructures were synthesized with the

intended chemical modulation, CdS branches on ZnS backbones. Transmission electron microscopy studies showed that the growth of
heterostructure branches occurs epitaxially from the backbone while maintaining single-crystalline structure. This unique class of heterostruc tures
holds great potential in assembling electronics and photonics in three dimensions.

Low dimensional semiconductor nanowires are emerging asability to synthesize nanostructures with arbitrarily long
attractive building blocks for the assembly of electronic and branche%® which can be subsequently used for device
optoelectronic device systerhis Fabrication of nanowire-  applications including interconnects. In the present study,
based hierarchical systems is only meaningful if synthetic we report the synthesis of single crystalline branched
control over the morphology, position, and composition of nanowire heterostructures, where the backbones and branches
nanowires is achieved. For example, in optoelectronic were assembled with ZnS and CdS materials respectively
devices, control over the composition and diameter of via the well-known vapotliquid—solid (VLS) proces$? The
nanowires allows for the tuning of the bandgaps of the structure and the composition of the branched nanowire
materials, which determines the absorption and emissionheterostructures were characterized by scanning and trans-
characteristics. The complexity and hence the functionality mjission electron microscopy (SEM, TEM) techniques, and
of the nanowire-based systems can be further enhanced byt was observed that the CdS branches grow epitaxially from
precisely controlling the morphology and structural param- zns nanowire backbones. Branched nanowire homostructures
eters. Recently, s_ynthet_ic methods have been reported t035sembled from ZnS and CdS were also synthesized to
assemble three-dimensional branched and hyperbranchegiemonstrate the generality of our growth technique and to

structures using a variety of materials and techniques ynqerstand the structure of single crystalline branched II
including self-assembled dendritic growth of nanowfirés VI nanowire materials.

and growth of multibranched nanowire structures via se-
guential seeding of catalyst§. The reported branched
nanostructures, however, are compositionally uniform thereby
limiting their functionalities. Assembly of more complex } . )
branched nanowire heterostructures with control over the of ”_Vl. materials ranges fr_om far-mfrared to ultraviolet,
nanowire backbone and branch compositions and dimensions"’lnd their h_eterostructurgs involve a Wlde range of band
can achieve unique functionalities similar to other reported offsgts, ‘,Nh'Ch a@ds variety (_':md flexibility to band gap
nanowire axig! and core-shell heterostructuré@. Re- engineering®> 7 Single crystalline CdS and ZnS nanowires
cently, solution-based syntheses of tetrapod heterostructure§ave demonstrated attractive optical properties, which make

were reported by Alivisatos and co-workers, where composi- theém promising candidates for nanowire-based 1photonic
tion control was achieved over the different branches of the @Pplications, such as, nanoscale la&¥swaveguides; and

tetrapodt3 However, gas-phase growth methods offers the avalanche photodetectd®Rational synthesis of CdS and
ZnS nanowire heterostructures with control over their

* Corresponding author. E-mail: riteshag@seas.upenn.edu. composition and_ morphology will allow for the assembly of
T These authors made equal contribution in this study. complex nanowire-based systems. For example, branched

Nanowires synthesized from M|l materials are of
particular interest primarily because of their wide range of
optoelectronic properties. The spectrum of energy band gap
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Figure 1. Schematic illustrating the synthesis of nanowire branched
heterostructures. ZnS backbone nanowires are grown first via
seeding of Au catalyst. CdS branch nanowires are then grown from
secondary deposited Au catalyst on the previously grown ZnS
nanowires.

nanowire heterostructures assembled with different materials §
on each branch and backbone are expected to be useful in
nanowire-based smart optical waveguides and interconnectdrigure 2. (A) SEM image of ZnS nanowire backbones. (B)
in three dimensions due to the inherent dimensionality of HRTEM image of a ZnS nanowire and its corresponding two-

; ; . : dimensional Fourier transform (inset). (C) Low-magnification TEM
the structures, and multicolored light emitting diodes, and image of Au catalyst deposited on ZnS nanowires. (D) SEM image

nanolasers obtained from single coherent structures. of branched structures showing multiple branches spread out from
Our growth method of ZnS (CdS) nanowires is based on each backbone nanowire. (E) SEM image of an isolated branched
metalorganic chemical vapor deposition (MOCVD) process structure showing Au catalysts at the tips of the branches, marked
using single molecular precursors, where zinc (cadmium) by arrows.
diethyldithiocarbamate (Zn{ENEt),, CA(S2CNE)),) is
used to grow ZnS (CdS) nanowir€sThe strategy to  samples. The reciprocal lattice peaks determined from two-
synthesize branched nanowire heterostructures is illustrateddimensional Fourier transform of the image can be indexed
in Figure 1. First, the nanowire backbones with control over to wurtzite-ZnS structure showing that the nanowire axis is
their composition and diameters were grown in a horizontal aligned along the [100] direction, consistent with previous
tube furnace with monodisperse gold nanoclusters (uncon-studies of ZnS nanowired. TEM diffraction studies on a
jugated Au sols, Ted Pella) as catalysts on Si substrate vialarge number of individual ZnS nanowires also confirmed
the VLS method. Zn(&NEL), precursor was placed at the that the majority of the nanowires 80%) grew along [100].
upstream side of the flow tube and the furnace temperature To enable the growth of branched nanowire heterostru-
was slowly raised to 950C (substrate temperature850°C). cures, the as-grown ZnS nanowires on Si substrate were
After the temperature of the furnace was stabilized, the seeded with Au catalyst by dipping the substrate in Au
precursor was slowly pushed into higher temperature zonecolloidal solution followed by air-drying the sample. A low-
of the furnace, and the nanowire growth was continued for magnification TEM image of a few isolated ZnS nanowires
20 min. In the following step, the substrate was taken out of following Au catalyst deposition reveals dark particles
the furnace and was dipped into Au nanocolloids for attached to ZnS nanowires (Figure 2C). The particles were
secondary catalyst deposition and placed back into theidentified to be Au by energy-dispersive X-ray spectroscopy
furnace at the same position. Finally, the branched hetero-(EDS), indicating that Au nanoparticles were successfully
structures were grown by introducing CaCMEL), precur- deposited onto ZnS nanowires. The heterostructure branches
sor with the furnace temperature set at 74D (substrate  were then grown by placing the ZnS nanowires with
temperature 660C). The rest of the procedure was same as secondary catalyst deposited onto them in the growth furnace
that for ZnS nanowire growth. All the growths were carried with a flow of CdS precursor materials. The growth
out under Ar flow of 100 sccm at a base pressure of 300 conditions such as growth temperature and carrier gas flow
Torr. rate were optimized to obtain good quality CdS branches
The morphology of the grown nanowires was examined on ZnS backbones. The branched nanowires were found to
using a scanning electron microscope (SEM) equipped in abe densely grown on the Si substrate as observed in the SEM
dual beam focused ion beam system (FEI strata DB 235 FIB).image (Figure 2D). Although precise control over the position
Figure 2A shows a SEM image of ZnS nanowires which of secondary Au catalysts on the backbone nanowires cannot
serve as backbones grown on a Si substrate by using Aube achieved, the density of branches on the backbone
nanocluster catalyst with an average diameter of 100 nm.nanowires can be controlled by varying the concentration
The diameters of nanowires range approximately from 80 of Au colloid solution used to seed the branch growth (data
to 120 nm, and the nanowire lengths are typically greater not shown), which is also in agreement with other reported
than 10um. Further structural analysis of nanowires were studies of branched homostructure nanowirfest higher
performed using a 200 keV transmission electron microscope magnification (Figure 2E), the Au nanopatrticles are clearly
(TEM, JEOL 2010F). The lattice-resolved high-resolution seen at the tips of the branches (marked by arrows in Figure
TEM (HRTEM) image (Figure 2B) reveals that the ZnS 2E), with the diameter distribution of the branches being
nanowires are single crystalline and structurally uniform. The similar to the size distribution of the Au catalyst 400
measured lattice spacing of 0.38 nm corresponds to thenm). Supply of CdS precursors without secondary Au catalyst
spacing between (100) planes as known from bulk ZnS deposition leads to nonuniform coating of CdS on the pre-
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B 7,5 Zn region, a strong Zn K edge is detected, while the Cd signal
a cd !\Au is barely visible. In contrast, a Cd L edge signal is dominant
Al MAL in the branch region, while the Zn K edge signal is nearly
absent. The signal of ¢hS K edge is uniformly distributed
b,‘ I lr & over the entire structure as expected. ThekvBaK edge
Al MM, signal from the branch region is due to the smaller diameter
c \ (~40 nm) of the branch compared to that of the backbone
~T‘—‘--ﬁl s/ |I|h-._......,___...__-,‘t._...,. (’\“120 nm)'
1 3 5 7 9 Quantitative analysis of the chemical compositions was
Energy [KeV] further performed by EDS point scanning using a nanometer-

sized probe (Figure 3B) on three different regions specified
in Figure 3A, i.e., (a) backbone, (b) junction, and (c) branch.
In the backbone region (a), Zn and S peaks are dominant
while the Cd peak intensity is negligible. The Zn and S are
present in the expected stoichiometric ratio (%=Zrb2.3;
% S = 47.7) Similar energy spectra were consistently
observed on every randomly selected spot throughout the
0 40 80 120 backbone region. The EDS data from the junction region
Distance [nm] (b) reveals that Zn and Cd peaks are at similar heights,
i . i implying that an alloyed state of —x is obtained locall
Figure 3. (A) 3TE¥émaged0f Elbrancheld nanowire -heterOStrL;Ctﬁre dug )t/o 'the interdiffu.}s/ion of Zn ar%h CldX In the branch region
grown on a (0] gria. emental mapping images o the o X . )
branched nanowire indicate spatial distribution of Zn K, S K, and (C), stoichiometric composition of Cd and S was also detected
Cd L edges. Scale bar, 200 nm. (B) EDS point scanning data from (% Cd= 48.9; % S= 51.1) with a negligible Zn peak. This
the (a) baCkka”dez (?&)Ju(fg)tlggTaEﬁ (©) bra?iﬂ f?QIOtr_lS Offthe study clearly suggests that backbone and branched regions
nanowire markedin (). Image of the Junction ota ot the nanowires are indeed ZnS and CdS nanowires
typical branched nanowire heterostructure. Scale bar, 10 nm. . . . . . . '
Crystalline shell structure of CdS is marked by the arrow. The inset 'SPectively, with a certain level of interdiffusion of Zn and
is SAED obtained from the branch region. (D) EDS line scanning Cd at the junction region.
E)rvc\’lf'r'ﬁa%':]itf'i‘ceazgrr??rg&nm;ee%??hss;gf] (J)l\j\;}fetlont[]e?t:onlélljnss?'t isa  structural analysis of the branched nanowire heterostruc-
- Wi e Ine : : :
. - : <. ture junction was performed by HRTEM (Figure 3C).
scanning orientation specified. Scale bar, 100 nm. . . .
g P Significantly, the HRTEM image shows that the entire

existent ZnS nanowires without any indication of growth of junction region is single crystalline without showing any
CdS branches (Supplemental Information). This confirms that Obvious structural defects. The crystalline structure of CdS
the growth of the branch nanowires is also based on the VLS branch (bright part) continues into the junction region (dark
mechanism and branching was initiated from the secondarypart) where the alloyed state of (ah,,S is formed.
deposited Au nanoparticles. The significant feature observedInterestingly, a local thin crystalline shell of CdS was
in the SEM image is that many branches possess preferredypically observed at the heterojunction region as indicated
orientations with respect to the axis of the backbone nanowire by an arrow in Figure 3C, which resulted in a slightly thicker
(Figure 2E) with the branches exhibiting 90° angles interfacial region (as seen in Figure 3). The selective area
between the branch and the backbone axis. This observatiorglectron diffraction (SAED) pattern obtained from the branch
indicates that most of the branches possess a defined relatiofiegion shows that the CdS branch possess single crystalline
with respect to the crystalline structure of the backbone. wurtzite structure with the branch axis aligned along a [002]
However, as seen in Figure 2E, a very small number of orientation, consistent with previous studies of CdS nanow-
branches do not exhibit a 9Gangle with respect to the ires26SAED patterns obtained from different parts of the
backbone nanowire (most likely due to structural defects at branched heterostructure (backbone and alloyed junction)
the junction region) and they tend to fuse with other branches. also revealed reciprocal lattice peaks similar to that of the
Detailed structural analysis of branched nanowire hetero- branch region, suggesting that the branched heterostructure
structures will be discussed later in the paper. is crystalline throughout the entire structure. Previous studies
Chemical composition analysis was conducted with EDS of alloyed CdZn;,S nanowires have shown that single
in scanning TEM (STEM) using a 0.7 nm sized probe to crystalline structures are possible throughout the alloyed
examine if the branched nanowires were grown with chemi- nanowire?’ It is possible that the compositional variation
cal compositions as intended, i.e., ZnS backbone and CdSacross the junction can relieve strain due to relatively large
branches. To enable the analysis of the structures withlattice mismatch between CdS and ZnS8), therefore
minimum structural damage, the branched nanowire hetero-forming single crystalline junctions without obvious structural
structures were directly grown on Mo TEM grid with the defects. The consistently observed® 3hgle between the
same conditions as mentioned above. The EDS elementabranch and the backbone and the observation of single-
mapping images of a branched nanowire heterostructure arecrystalline junction region suggest that the CdS branches
shown in Figure 3A to identify the spatial distributions of grow epitaxially from the crystallographic planes of the ZnS
Zn, Cd, and S in the backbone and branches. In the backbondackbone that lie in the [100] zone axis. The sparsely

Intensity [a.u.]
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observed oblique branches are attributed to the various crystal
misorientations and defects at the junctions, such as twins g
and stacking faults (data not shown).

The chemical composition in the vicinity of the junction
region was studied by EDS line scanning experiments SN
performed on the nanowire shown in Figure 3C, with the iéﬂ
line scanning conducted across the backbone along the length &
of the branch (scanning direction shown in Figure 3D inset). |
A chemical composition profile of Zn, Cd, and S was
recorded as a function of distance, revealing spatial distribu-
tion of Cd and Zn along the scanned region (Figure 3D and §
inset). The backbone region (first@00 nm region) up to AT b'V
the physical junction where the branch starts shows that the s ;

Zn peak is higher than the Cd peak. The presence of Cd in
this region is due to the observed shell structure of CdS and %
also attributed to the diffusion of Cd into the backbone, thus,

ming an alloyed state of Gdn;—«S wherex varies alon . . .
Iﬁr 9 . y tati | tﬁag X h . af200 9 Figure 4. Branched homostructure nanowires (A, B) SEM images
& scanning orientation. In the branch region ( nm of ZnS branched homostructure nanowires showing multiple

in scanning distance), the Cd peak is observed to be relativelypranches grown on the backbones with20® angles between the
much higher than the Zn peak and eventually the Zn signal branches and the backbone. (C) Low magnification TEM image of

disappears after 120 nm. The presence of the small Zna CdS branched homostructure nanowire. HRTEM images of the

content in the first 20 nm of the branch region is attributed 1unction of (D) ZnS, and (E) CdS branched homostructure nanow-
7n diffusion f he backb dthe b h . ires. The insets are two-dimensional Fourier transform of the

to. n diffusion r(')m.t e backbone toward the rgnc région. ¢orresponding TEM images.

It is worth mentioning that the extent of alloying can be

controlled with the temperature used during the branch y, on0h phackbone, and the junction with a clean interface
grovv_th, with higher furr_1ace temperatures (abovés0 °C) between the backbone and the branch. The indexed reciprocal
forming an alloyed region over 150 nm and lower fumace |ayice peaks obtained from the Fourier transforms of the
temperatures (below700°C) not producing single crystal-  oqpective images display the crystalline orientation of each

line junctions. The alloyed region observed in our hetero- p.on-n and backbone (Figure 4D,E). The ZnS branched
structures is comparable to many reports of nanowire-based,,qwire has the backbone axis along the [100] direction

heterostructures in different geometrié$228Further experi- (as discussed earlier) and the branch axis along [010], with
ments are being performed to obtain better control over the aasured lattice spacing determined to be 0.38 nm corre-
chemical composition of the branched heterojunctions. sponding to (100) crystal planes. The crystal orientations of
To further understand the structure of branchedMl the backbone and branch indicate that the angle between the
semiconductor nanowires and to demonstrate the generalitypackbone and the branch is12C® as observed in ZnS
of the growth scheme, branched homostructure nanowireshomostructures. For CdS branched nanowire, the indexed
(backbone and branch are same materials) were synthesizegeciprocal lattice peaks and the lattice spacing of 0.34 nm
from ZnS and CdS materials. For ZnS homostructures, indicate that the backbone is aligned along the [002]
branches and backbones were grown at 960(furnace  direction, while the branch is aligned along the [012]
temperature), and CdS homostructures were grown at@65  direction, in agreement with the-120° angle observed
(furnace temperature) at the same flow rate and base pressurgetween the backbone and branches. The above analysis
mentioned before. Parts A and B of Figure 4 are SEM images suggests that ZnS and CdS nanowire branches grow epi-
of ZnS branched nanowires showing that multiple branching taxially in agreement with previous studies of branched
was realized on backbone nanowires. Au catalysts were alsonanowire structures assembled from—W and group IV
observed at the ends of the branches confirming that thesemiconductors.
branch growth occurred via the VLS mechanism. Signifi-  The structural analysis discussed above provides meaning-
cantly, there exists a defined relationship between the ful insights into the mechanism of the branch growth in the
orientation of the branches and the axis of the backbone,branched nanowire heterostructures. The clean interface at
with the angles between the branches and the backbonehe junction in the branched homostructure is distinct from
varying within a very narrow range (approximatehl 20°), the junction of the branched heterostructures where a thin
sharply in contrast to the-90° angle observed in the case shell (typically <10 nm) of the secondary material on the
of CdS/ZnS heterobranched nanowires. Figure 4C is a low- backbone is observed locally, leading to a distinct interfacial
magnification TEM image of an isolated CdS branched region (Figure 3C). This shell structure can be understood
nanowire displaying an-120° angle between the branches by considering that the surface of the backbone nanowire
and the backbone. The lattice-resolved HRTEM images of acts as a substrate where the two chemically different species
the junction regions of the ZnS (Figure 4D) and CdS (Figure (ZnS and CdS) with a large lattice mismatch interact. The
4E) branched nanowires clearly suggest that these branched\u catalyst deposited on the backbone nanowires acts as
nanowires have single crystalline structure throughout the nucleation sites to collect the secondary material (CdS) which

g 110 002% 012
gnm 100 ' o010 A

. %
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forms an eutectic melt with Au. The collected material then References

undergoes structural relaxation during its growth to overcome
the lattice mismatch by forming structures of intermediate
chemical compositions of Gd.Zn,S. Finally, the local shell
structure results on the surface of the backbone nanowire,
which enables the secondary material to grow into a branched
structure while maintaining its crystalline structure without
structural defects. For the case of homobranched nanowires,
the secondary material grows following the same crystal-
lography of the backbone nanowire resulting in a clean
junction, since it is chemically and structurally identical to
the backbone material. However, more detailed experiments
such as in situ TEM characterization are necessary to

elucidate the exact mechanism of the branch heterostructure

growth, which will be a potentially interesting research
subject in nanostructure growth studies.

In conclusion, we have successfully synthesized branched
nanowire heterostructures based on the VLS mechanism via
sequential seeding of catalysts. The chemical composition
analysis by EDS-TEM study confirms that branched hetero-
structures were successfully synthesized from ZnS and CdS.
Electron microscopy studies indicate that the growth of
heterostructure branches occurs epitaxially while maintaining
single crystalline structure. This new nanowire heterostruc-
ture, distinct from nanowire axidt!* and radial heterostruc-
turest®?® will be useful as nanoelectronic and photonic
building blocks to control the generation and transportation
of carriers and photons in three dimensions.
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