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Twin-Related Branching of Solution-Grown ZnSe Nanowires
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ZnSe nanowires were grown by the solutidiguid—solid mechanism at 35T in either trioctylamine
(TOA) or trioctylphosphine oxide (TOPO) using bismuth nanocrystals as seeds. Approximately half of
the nanowires produced in TOA had short ZnSe branches off their sidewall surfaces, whereas nanowires
grown in TOPO did not exhibit branching. The ZnSe nanowires with branching grew predominantly in
the <112> direction with a large number df111} twins extending down their length. The branches
grew epitaxially from the sidewall surface in thel11> direction with a large concentration of lamellar
{111 twins. The absence of sidewall nucleation and branching from ZnSe nanowires grown in TOPO
can be explained by the stronger surface passivation from TOPO relative to that of TOA.

Introduction ZnO nanobelts and nanowir@¥ MgO nanowires?zZnS

, ) . _nanostructure¥, and ZrCd,—«Se nanocomB$, and the
Semiconductor nanowires are promising hanoscale bu'ld'vapor—liquid—solid (VLS) growth mechanism (CdSe!s

ing blocks for new technologiddNanowires have extremely ZnS (seeded by Au particled,and CdS (seeded by Sn
high aspect ratios{1000) and surface area-to-volume ratios particles}”). Branched growth has also been intentionally

and can be produced with nanoscale diameters with size-j,y,ceq by depositing seed metal particles on the nanowire
tunabli properties resulting from quantum confinement gjqewa)l surfaces after their synthesis, followed with a second
effects? The anisotropic structure of the nanowires, along ;| g growth step. This process has been demonstrated for
with their lack of grain boundaries, might facilitate efficient branched Gaf® Si (seeded by Au particle§)GaN (seeded
charge (i.e., eIectr_ons, holes, excitons) and spin transport OVely Ni particles) and InAs nanowires (seeded by Au particles
rglatlvely !ong Qstances; and furthe.rmore,. they can be followed by Mn seed particlesy. Although branching has
dispersed in various solvents, maklrlg I pos.S|bIe'to Manipu- heen observed in these various systems, the factors that limit
late them at room temperature for integration with organic o encoyrage branching off nanowire surfaces are not well
materials and flexible substratééNanowires with increas- understood. Herein, we report the SLS growth of ZnSe
ingly complex geometrical structure, such as branched g yires seeded by Bi nanocrystals and find that the solvent

nanowires, could provide additional tunability of material . < an influential role in branch nucleation and growth off
properties and further increases in the surface area—to—volume}he nanowire surfaces.

ratio, which might be useful in chemical sensing applications,
for example, that rely on the surface adsorption of various
analytes for detection.

Branching has been observed in nanowires grown via the
solution—liquid—solid (SLS) mechanism (such as PbSe, T ] _ .
CdSe, and CdTe nanowires seeded by Au/Bi core/shell ®) X\é?'ég?é’l_'\/lz%negé_G"An‘ X.i Hao, Y.; Zhang, Nlanotechnolog003

particles);® the vapor-solid growth mechanism (such as (10) Lao, J. Y.; Huang, J. Y.; Wang, D. Z; Ren, Z..F..Mater. Chem.
2004 14, 770-773.

(11) Hao, Y.; Meng, G.; Ye, C.; Zhang, X.; Zhang, L. Phys. Chem. B

ZnSe is a wide band gap (2.7 eV) semiconductor, which
makes ZnSe nanowires suitable for applications such as blue/
green optoelectronic devicésZnSe nanowires have been
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produced by vapor-pha®8e® and solution-phasé 3" routes.

Fanfair and Korgel

temperature for 15 min. In a separate reaction flask, 30 mg of

Furthermore, branched ZnSe structures have been observetlaBH,; was dissolved in 3.4 mL of ethylenediamine by heating to

by Yao et al. (branched sub-micrometer ZnSe witeahd
Golberg et al. (branched ZnSe nanoroddjlere, we show

that the solvent used for the SLS growth process is very

important-nanowires grown in trioctylphosphine oxide

(TOPO) do not exhibit branching, whereas nanowires grown

in trioctylamine (TOA) have significant nanowire sidewall
branching. Additionally, twinning in the nanowires appears
to be intimately involved in branch growth, promoting

45 °C and stirring for 15 min. This NaBjreducing solution is
then cooled to room temperature and rapidly injected into the Bi-
(1) 2-ethylhexanoate/TOP/dioctylether solution. Over the course
of minutes, the reaction mixture changes from a milky white to
black color. The reaction mixture is removed from the Schlenk line
after stirring for 30 min. The Bi nanocrystals are isolated by
precipitation with~5 mL ethanol and then centrifugation at 8000
rpm for 5 min. The supernatant is discarded, and the Bi nanocrystals
are stored in a nitrogen-filled glove box.

<112>-oriented nanowire growth that subsequently exposes  znse Nanowire Synthesis in TOAA four-neck reaction flask

reactive{ 111} sidewall surfaces that seed the growth of the
branches.

Experimental Details

Materials. Tri-n-octylphosphine (97%, TOP), TOPO (99%),

was attached to a Schlenk line and charged with 3 mL of TOA
and either 11.7 or 23.4 mg of ZnO, depending on the desired Bi/
Zn mole ratio of either 1:20 or 1:40, respectively. The TOA/ZnO
mixture was dried and degassed by heating the reaction flask to
100 °C under vacuum for 1 h. The reaction flask was backfilled
with nitrogen, and then either 2Q0L (Bi/Zn=1:20) or 370uL

bismuth (lll) 2-ethylhexanoate, and selenium powder were used (Bi/Zn=1:40) of OA was added. This mixture was stirred for an

as received from Strem. Zinc oxide (99.999%), oleic aci6@%,
OA), ethylenediamine, dioctylether00%), sodium borohydride,

additional 30 min under vacuum and then backfilled with nitrogen
and heated to 350C. After approximately 20 min of stirring at

and TOA (98%) were used as received from Sigma-Aldrich, and 350°C, the solution changed from milky to clear as a soluble-OA
all other solvents were used as received from Fisher Scientific Zn complex formed. Once the hot (33G) TOA/ZnO/OA mixture

without further purification. For all nanowire growth reactions, a
reagent solutionfdl M elemental Se in trir-octylphosphine (TOP
Se) was first prepared in a nitrogen-filled glove box by dissolving
0.395 g of elemental Se in 5 mL of TOP.

Bi Nanocrystals.Bi nanocrystals were prepared under a nitrogen
atmosphere on a Schlenk line as described previdQdBy(lil)

became clear, a solution of 1.5 mg of Bi nanocrystals, 244f

1 M TOP-Se, and 36Q.L of toluene (for a Bi/Zn mole ration of
1:20) prepared in the glovebox was rapidly injected by syringe into
the reaction flask. Alternatively, a solution of 1.5 mg of Bi
nanocrystals, 287L of TOP—Se, and 21%L of toluene can be
injected for a Bi/Zn ratio of 1:40. The temperature drops by

2-ethylhexanoate was reduced at room temperature in a mixture of~10 °C. When the mixture returns to 35C, it is stirred for an

TOP and dioctylether with NaBHin ethylenediamine. In one
reaction flask, 0.1 mL of Bi(lll) 2-ethylhexanoate and 0.15 mL of
TOP were added to 11 mL of dioctylether and stirred at room

(21) Chan, S. K.; Liu, N.; Cai, Y.; Wang, N.; Wong, G. K. L.; Sou, I. K.
J. Electron. Mater2006 35, 1246-1250.
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(23) Li, Q.; Gong, X.; Wang, C.; Wang, J.; Ip, K.; Hark, Bdv. Mater.
2004 16, 1436-1440.
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Lett. 2003 82, 3330-3332.

(29) Solanki, R.; Huo, J.; Freeouf, J. L.; Miner, Bppl. Phys. Lett2002
81, 3864-3866.

(30) Duan, X.; Lieber, C. MAdv. Mater.200Q 12, 298-302.

(31) Ye, C.; Fang, X.; Wang, Y.; Yan, P.; Zhao, J.; ZhangAppl. Phys.
A: Mater. Sci. Proces2004 79, 113-115.

(32) Zhu, Y.-C.; Bando, YChem. Phys. LetR003 377, 367—370.
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2474.
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373.
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additional 5 min, and then the reaction flask is removed from the
heating mantle and allowed to cool 1660 °C.

ZnSe Nanowire Synthesis in TOPOA four-neck reaction flask
was attached to a Schlenk line and chargedh B8ig of TOPO and
11.7 mg of ZnO. The TOPO/ZnO mixture was heated to 100
and held under vacuum for 1 h. The reaction flask was backfilled
with nitrogen, and 20@L of OA was added. The TOPO/ZnO/OA
mixture was heated to 10@, held under vacuum for 30 min, and
then backfilled with nitrogen and heated to 330. After ap-
proximately 20 min of stirring at 350C, the TOPO/ZnO/OA
mixture changed from milky to clear. A reagent solution of 1.5
mg of Bi nanocrystals, 144L of TOP—Se, and 36@L of toluene
(for a Bi/Zn mole ratio of 1:20) was prepared in the glovebox. Once
the hot (350°C) TOPO/ZnO/OA mixture was clear, this Se
reagent solution was injected by syringe into the reaction flask.
The temperature drops byl10 °C. The mixture is stirred for another
5 min after returning to 3560C and then removed from the heating
mantle and allowed to cool te60 °C.

Nanowire Purification. A volume of 10 mL of toluene was
added to the reaction flask after it had cooled~60 °C. The
reaction product was light green in color. The nanowire product
was centrifuged at 8000 rpm for 10 min, and then the supernatant
was discarded. The precipitate was redispersed in chloroform,
reprecipitated with ethanol, and centrifuged again at 8000 rpm for
10 min. The supernatant was discarded. The reactions give a
relatively high yield of nanowires. For example, in one TOA
reaction,~27% of the ZnSe reactant was converted to the final
isolated nanowire product.

Materials Characterization. Purified nanowires were character-
ized by scanning electron microscopy (SEM), transmission electron
microscopy (TEM), energy dispersive X-ray spectroscopy (EDS),
and X-ray diffraction (XRD). SEM images were obtained from
nanowires on glassy-carbon substrates using a LEO 1530 field
emission gun SEM operating at 3 kV accelerating voltage. TEM
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Figure 1. (A and C) SEM and (B) TEM images of Bi-seeded ZnSe c
nanowires produced in TOA with a Bi/Zn mole ratio of 1:40. The fast

Fourier transform-produced image in the inset in B is of the seed nanocrystal

at the nanowire end: the bright spots index to the (012) and (116) planes

of rhombohedral Bi (JCPDS Card 44-1246). In C, several nanowires are Cu
observed to have short branches along their length.

Zn

0 2 4 6 8 10 12
Energy (keV)

Figure 3. (A) XRD and (B) EDS graphs of Bi-seeded ZnSe nanowires
grown in TOA with a Bi/Zn mole ratio of 1:40. Peaks in A labeled with
“x" and “@” index to Bi and zincite (hexagonal ZnO), respectively. As
confirmed by TEM and EDS, the nanowires are composed of ZnSe, and
ZnO is a reaction byproductW” and “ZB” in A correspond to wurtzite
(JCPDS: 15-0105) and zinc blende (JCPDS: 37-1463) ZnSe, respectively.

Figure 2. (A—C) SEM images of Bi-seeded ZnSe nanowires produced in
TOA with a Bi/Zn mole ratio of 1:40.

images were obtained from nanowires on 200-mesh lacey carbon-
coated Cu grids (Electron Microscopy Sciences) imaged using a
JEOL 2010F field emission gun electron microscope operating at
200 kV accelerating voltage. EDS data was acquired using an
Oxford INCA spectrometer on the JEOL 2010F TEM. XRD data
was acquired from~0.5 mg of nanowires deposited on a quartz
slide using a Bruker-Nonius D8 Avanée260 powder diffractometer
with Cu Ko radiation ¢ = 1.5418 A) and collecting with a
scintillation detector for 16 h with an incremental angle of 0.82

a scan rate of 12min.

Results

ZnSe Nanowires Synthesized in TOAFigures 1 and 2 Figure 4. (A—D) TEM images of Bi-seeded ZnSe nanowires produced in
show SEM and TEM images of ZnSe nanowires obtained TOA with Bi/Zn mole ratios of (A and D) 1:20 and (B and C) 1:40. The
from reactions in TOA. The nanowires have high aspect nanowire growth direction is211>, and the branches grow in thel11>

. . ) . direction, perpendicular to the nanowire trunk.
ratios (>100), with lengths ranging from 1 to 10m and
diameters ranging from 10 to 40 nm. XRD and EDS (Figure corresponds to the (111) d spacing of sphalerite (cubic) ZnSe
3) confirmed that the nanowires are ZnSe. Tthspacing (3.2729 A). Figure 1B shows an example of a ZnSe nanowire
between lattice planes perpendicular to the growth direction with zinc blende crystal structure,<a111> growth direction,
determined by high-resolution TEM was 3.27 A, which and a Bi seed particle at its tip. TEM analysis of 75
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Figure 5. <211>-oriented ZnSe nanowire withl11} twin planes in its
core, as indicated by arrows. Th&11} twins in the branches extend parallel
to the multiple{111} branches in the nanowire core. The inset illustrates
a series of (111) twin planes (dashed lines).

Figure 8. (A and B) TEM images of Bi-seeded ZnSe nanowires produced
in TOPO using a Bi/Zn mole ratio of 1:20.

- 6 TEM | t <1115 -oriented Bi.seeded ZnS _ oriented at 90 with respect to the<111> crystallographic
igure o. Image o -oriente I-seede n>e nanowire . . . . .
produced in TOA using a 1:20 molar ratio of Bi/Zn. This nanowire is viewed dlreCtlon' Althoth the<211> growth direction is less
down the [011] zone axis. Arrows indicate (111) twin planes with241> energetically favorable than the more commerill>
direction. growth direction for nanowires with zinc blende crystal
structure (as observed in GaAand GaP>*3nanowires, for

nanowires showed that 57% of the nanowires have a1~ example){111} twins extending down the nanowire length
growth direction and 43% of the nanowires have 211> can promote the<211>-oriented growth of zinc blende
growth direction. Nanowires were not observed in reactions 5nowires. For instance, this kind ¢L11} twin plane-
in which Bi nanocrystals were not added to the reactions. yirected<211> growth has been observed for gold nanoc-
Further inspection of the SEM images, as in Figures 1C yqia1 seeded Si and Ge nanowifé4 (The diamond cubic
and 2, reveals that the ZnSe nanowires synthesized in TOAgnq zinc blende crystal structures are isostructural.) In fact,
have a large number of short branches along their length.|5meliar {111} twins running down the length of ZnSe
TEM imaging, as in Figures-46, shows that the branches  nanowires with<211> growth direction are commonly
grow from 10 to 35 nm in length off the nanowire surface
and range from 5 to 6 nm in diameter. All of the branches (41) pavidson, F. M., Ill; Schricker, A. D.; Wiacek, R. J.; Korgel, B. A.
have crystallized in thec111> direction and are epitaxially Adv. Mater. 2004 16, 646-649.
interfaced with the nanowire. The branches are also heavily ) 'ff‘ggg‘lg'?g' M., III; Wiacek, R.; Korgel, B. AChem. Mater2005
twinned, with{111} twins bisecting their<111> growth (43) Johansson, J.; Karlsson, L. S.; Svensson, C. P. T.; Martensson, T.:
direction. Furthermore, most of the branches grow perpen- ‘2"6%06512‘*"5'73-_/3505’9993”1 K.; Samuelson, L.; Seifert, Niit. Mater.
dicular to the nanowire growth direction. This branch (44 korgel, B. A.; Lee, D. C.; Hanrath, T.; Yacaman, M. J.; Thesen, A.;
orientation is not possible for nanowires witt111> growth Matijevic, M.; Kilaas, R.; Kisielowski, C.; Diebold, A. GEEE Trans.
direction, and the vast majority of nanowires with sidewall ;5 SDZr\’,’i'(‘j’;’gﬁ" I,;/.Ial\r)ll.J,QI(I)I?GL(:aLg,, %?lgf’;ggémair’ D. D Korgel, B. A.

branching have grown in the211> direction, which is Phys. Chem. @007, 111, 2929-2935.
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Figure 9. Crystallographic model of &211>-oriented nanowire. The blue and golden spheres represent Zn and Se, respectively.

observed, as in Figures 4D and 5. It should be noted that in ZnSe Nanowires Synthesized in TOPO.Nanowires
many TEM images of<211>-oriented nanowires{111} grown in TOPO did not show branching. Figures 7 and 8
twin planes are not observed because the nanowire must beshow TEM and SEM images of ZnSe nanowires synthesized
imaged precisely down the110> zone axis for themto be  in TOPO. There is no branching from these nanowires. This
visible. In only a few rare cases, as in Figure 6, are the result is consistent with a recent ZnSe nanowire synthesis
branches oriented at an angle to the nanowire growth from Buhro’s group?’ in which ZnSe nanowires grown in
direction. But even in this case, it appears thhtl} twins TOPO did not exhibit branching. The predominant growth
expose reactive surfaces that lead to sidewall branch growth.direction of these nanowires was111>, and <111>-

The large concentration dfl11} twins observed in the  oriented branches cannot grow perpendicular to their growth
nanowires and their branches by TEM is consistent with the direction; however, even nanowires observed withzd 1>
XRD data (Figure 3A). The XRD patterns of ZnSe nanowires growth direction (synthesized in TOPO), as in Figure 8B,
appear to show a mixture of hexagonal (wurtzite) and cubic did not exhibit secondary branch growth from their sidewall
(zinc blende) phasedor example, there is a first-order surfaces.
diffraction peak that can be indexed to the hexagonal (100)
planes of wurtzite ZnSe, which does not have a correspond- Discussion
ing d spacing in zinc blende ZnSe; however, a large ) )
concentration of twins in the sample can also give rise to _ Crystallographic Model for ZnSe Nanowire Branched
such diffraction pattern® A {111} twin occurs by a 60 Growth and the Ro_le of the Sqlvent.TEM imaging of
twist of the crystal lattice along the [111] directiéhThis many ZnSe nanowires grown in TOA revealed that the
twist allows all of the bonds in the crystal to be satisfied branch.es ext.end .predor_mnantly from only one side of the
and thus requires very little energy to occur. As such, twins nanowire. This anisotropic branched growth appears to result
are common extended defects in zinc blende crystals,from three related factors: (1) Branches crystallize epitaxially

disrupting the ABCABC layering of close-packed planes and from {111 sidewall facets of<211>-oriented nanowires;
giving rise to a reflection in symmetry, as in ABCAB/ACBA.  (2) the {111} surfaces of ZnSe are polar and terminate
The layer stacking at the twin gives the appearance (at leastPréedominantly with either Zn (the (11dyurface) or Se (the
on an atomic scale) of the characteristic ABABAB stacking (111k surface), and to maintain charge neutrality across the
of the wurtzite phase. If a cubic crystal has enogdh1} nanowire, one side of the wire exposes a (Akl)rface and
twins, XRD data can give the appearance that the samplethe other side exposes a (13 Burface; and (3) TOA bonds
has a mixture of cubic and hexagonal crystal structure, asMore weakly to the Zn-terminated surface than to the Se-
Hamada et & have shown. Lamellaf111} twinning has terminated surface, aIIowmg branching to occur echusngy
been found to commonly occur in nanowires with zinc blende from the (111) surfaces. Figure 9 shows a crystallographic
crystal structure, including Ga&$GaP*243ZnSe? ZnS 48 model of a ZnSe nanowire with @211> growth direction.
and InAs#® Careful examination of many high-resolution The <211> growth direction is expected to result in square
TEM images of the ZnSe nanowires indicates that they are Sidéwall faceting that exposes two opposifilG} and
predominantly zinc blende with a large concentration of {113 surfaces?Since the branches crystallize in tha 11>
{111} twins. The ZnSe nanowire in Figure 1B, for example, direction and epitaxially interface with the nanowire sidewall

exhibits a<111> growth direction with a large concentration Surface, the branches must be growing exclusively from the
of lamellar{11%} twins. {111} sidewall facets. TOA is a tertiary amine that forms

dative bonds with Zn and Se through its lone pair of electrons

(46) Hamada, E.; Cho, W.-S.; Takayanagi, Fhilos. Mag. A199§ 77, on the mtrogen atom. The NSe bond energy (381 kJ
1301-1308. mol-1)5! is stronger than the NZn bond energy? and

(47) Korgel, B. A.Nat. Mater.2006 5, 521—522.

(48) Hao, Y.; Meng, G.; Wang, Z. L.; Ye, C.; Zhang, Nano Lett.2006
6, 1650-1655. (50) Hanrath, T.; Korgel, B. ASmall2005 1, 717-721.

(49) Xu, X.; Wei, W.; Qiu, X.; Yu, K; Yu, R,; Si, S.; Xu, G.; Huang, W.; (51) Speight, J. GLange’s Handbook of Chemistr{6th ed.; McGraw-
Peng, B.Nanotechnology®006 17, 3416-3420. Hill: New York, 2005.
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therefore, sidewall nucleation and branch growth is more the semiconductor surface strongly influences branching. For
likely on the Zn-terminated (114 sidewall surface than on  branching to occur, the ligands must be strong enough to
the Se-terminated (113 yurface. control nanocrystal growth, but weak enough to allow
TOPO bonds to Zn and Se dangling bonds via its two lone secondary nucleation. Twinning is probably central to
pairs of electrons on the O atom. O forms a relatively strong nanocrystal branching as well, which has indeed been
bond with both Zn and Se, as in the-@n (284.1 kJ moi?)>! recently proposed by Manna and co-workerfer CdTe
and O-Se (423 kJ mot) bonds}* whereas N bonds strongly  tetrapod formation and Bando and co-work&ifer ZnSe
to Se, as a N'Se bond (381 kJ mot),5 but not to Zn>? tetrapods. The relative bond strengths between the solvent
Therefore, TOPO better passivates the sidewall surfaces ofand the semiconductor surface and the likelihood of twinning
the nanowires and inhibits branching by adsorbing onto the in the semiconductor are both (probably related) influential
nanowire surface. factors in the branched growth of semiconductor nanocrystals
and nanowires. Understanding how to control these factors
Conclusions will lead to the general availability of a very interesting class
of nanomaterials with extremely high surface area-to-volume

ZnSe nanowires grown by the SLS mechanism using Bi = | L . . .
ratios and directional electronic and optical properties.

nanocrystals as seeds exhibited a significant amount of
secondary nucleation and growth on the nanowire sidewall _
surfaces when TOA was used as a solvent. In contrast, Acknowledgment. We thank Doh C. Lee and Hsing-Yu
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