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The synthesis, structure, and optical properties of one-dimensional heteroepitaxialzorild) O
semiconductor nanowires grown by a catalyst-driven molecular beam epitaxy technique are
discussed. The structures form spontaneously in a Zn, Mg an®{flux, consisting of a single
crystal, Zn-rich Zp_,Mg,0(x<0.02 core encased by an epitaxial ZjMg,O(y>0.02 sheath.

High resolution Z-contrast scanning transmission electron microscopy shows core diameters as
small as 4 nm. The cored structure forms spontaneously under constant flux due to a bimodal
growth mechanism in which the core forms via bulk like vapor-liquid-solid growth, while the outer
sheath grows as a heteroepitaxial layer. Temperature-dependent photoluminescence shows a slight
blueshift in the near band edge peak, which is attributed to a few percent Mg doping in the nanoscale
ZnO core. The catalyst-driven molecular beam epitaxy technique provides for site-specific nanorod
growth on arbitrary substrates. D04 American Institute of Physid®Ol: 10.1063/1.1774237

l. INTRODUCTION single electron transistofs, biological and chemical

sensors? electron emitters® optical emitters and
The synthesis and properties of one-dimensidid®))  detectors®!’

semiconductor nanowire structures is of significant interest.  |n this paper, the properties of 1-D heteroepitaxial struc-

In recent years, nansowire growth has been reported usingyres are described. In particular, the structural and optical

several technlgqe?s, and has included ¢ TUMEroUS properties of coredZn,Mg)O nanowires, formed via self-

semmgonductoré’,g including the oxides G#s,”" IN0s"  z5sembled bimodal growth, are discussed. ZnO is among the

SnG,,” and ZnO. Despite significant progress, major chal- o interesting and important semiconducting oxitfes.

lenges in the manipulation of nanowire materials remain; ~ic an n-type, direct band gap semiconductor v

The fabrication of integrated systems using nanowire mate53_35 eV. Electron doping via defects originates from Zn

.”al requires the S|te-_speC|f|c growth or pIg_cement of NANOWs o rstitials in the ZnO lattice. The intrinsic defect levels that
ires on relevant device platforms. In addition, the formation

) . lead to n-type doping lie=0.05 eV below the conduction
of complex, multicomponent structures and interfaces ar A .
) . . and. The room temperature Hall mobility in ZnO single
needed for low-dimensional structures and electronic de- . . . .
rystals is among the highest for the oxide semiconductors,

vices. In thin-film semiconductor research, the formation of°

-1 1 . . .
heteroepitaxial interfaces has proven to be useful in the den the order of 200 cfv™ s™. The exciton binding energy

velopment of numerous device concepts, as well as in thEor ZnO is on the order of 60 meV, yielding _efﬁment lumi-
investigation of low-dimensional phenomejr‘?a.Unfortu- nescence at room temperature. The synthesis of ZnO nanow-

nately, such heterostructures have rarely been realized ouf€S and nanorods has been demonstrated using vapor-phase

side of the conventional 2-D planar thin-flm geoméfry. transport 'via ~a vapor-liquid-solid mechanisth, gas _

Nevertheless, the synthesis of 1D linear heterostructures f€actions,’ and oxidation of metal in the pores of anodic

scientifically interesting and potentially useful, particularly if @lumina membranes. Room-temperature ultraviolet lasing

a technique is employed that allows for spatial selectivity invia optical pumping has been demonstrated with ZnO nano-

nanowire placement. Addressing these challenges coultpds on deposited Au catalyst using a high-temperature va-

prove useful in realizing integrated device functionality in- por transport procesS. Recently, we reported on catalyst-

volving semiconducting nanowires for a number of applica-driven molecular beam epitaxVBE) of ZnO nanorod$?

tions, including nanoscale electric field-effect transistérs, The process is site specific, as single crystal ZnO nanorod
growth is realized via nucleation on Ag films or islands that

3Author to whom correspondence should be addressed; electronic maifil€ deposited on a Sperminated Si substrate surface.
dnort@mse.ufl.edu Growth occurs at relatively low substrate temperatures, on
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FIG. 1. Field-emission scanning electron microscopy image of caZedMg)O nanorods grown on Ag-coated Si. The conditions for growth vilgre
=400°C Zn pressure =810"° mbar, Mg pressure =4 107 mbar, Q/O; pressure =X 10" mbar. The Mg source was shuttered with a 60 s open/ 60 s
closed cycle.

the order of 300—500°C, making it amenable to integratiorlength approaching Lm. The growth temperature was
on numerous device platforms. With this approach, nanorod00°C. Energy-dispersive spectrometry confirmed the pres-
placement can be predefined via location of metal catalystnce of Mg in the nanorod composition, as seen in Fig. 2.

islands or particles. Typical growth times foZn, Mg)O on the Ag-coated silicon
was 2 h with growth temperatures ranging frof,
Il. EXPERIMENTAL DETAILS =300-500°C. The site specificity for nanowire growth using

o ] this technique is evident in Fig. 3, showing FE-SEM images
The heteroepitaxial cored nanostructures described heig (zn, Mg)O nanorods on a Ag-patterned substrate grown in
are based on th&Zn,Mg)O alloy system, and were synthe- 5 Znpressure of $10°mbar, a Mg pressure of 4

sized using the catalysis-driven molecular beam epitaxy, 1g-7 mbar, and an @O pressure of %10 mbar.

method. Details of the growth experiments are reported e'“{Zn,Mg)O nanorods form only on the Ag-coated regions.
where. An ozone/oxygen mixture was used as the oxidizingrhe potential for growing single nanorods on selected loca-
source. The cation flux was provided by Knudsen effusionjgns is exemplified in Fig. 4, where single ZnO nanorods are
cells using high purity (99.9999% Zn metal and cleated on Ag nanoparticles dispersed on a

Mg (99.95% as the source materials. The substrates were Sjo,-terminated Si surface. In order to acquire these images,
wafers with native Si@ terminating the surface. No effort

was made to remove the native oxide or to terminate the 3000
surface with hydrogen. jn
=
& 2000
IIl. RESULTS AND DISCUSSION 8 jo
=3
Site-selective nucleation and growth of cored nanorods & 1000 -
was achieved by coating Si substrates with Ag islands. For a E =
nominal Ag film thickness of 2@, discontinuous Ag islands 0 S A
are realized. On these small metal catalyst islands, 0 2 4 6 8 10

. Energy (keV)
(Zn,Mg)O nanorods were observed to grow. Figure 1 shows
an FE-SEM micrograph of these nanorods, indicating a FIG. 2. Energy dispersive spectrometry data (@n,Mg)O nanorods.
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FIG. 3. Field-emission scanning electron microscopy image of cored
(Zn,Mg)O nanorods grown on a patterned Ag-coated Si substrate. The con-
ditions for growth wereT;=400°C Zn pressure =810% mbar, Mg pres-
sure =4x 107" mbar, Q/O; pressure =% 10™* mbar. Note thatZn, Mg)O
nanorod nucleation occurs only on the catalyst-coated regions.

the sample was coated with a thin layer of carbon to avoid
charging effects. From the high-resolution image, the nano-
rod cross section appears to be cylindrical, although any
faceting of the side walls may be obscured by the carbon
coating. The thickness of the nanorods shown is on the order
of 30 nm, although the carbon coating may exaggerate this
thickness.

The formation of the(Zn,Mg)O nanorods includes the
v-1-s mechanism described earlier, although heteroepitaxial
growth occurs as well as will be seen. Figure 5 shows a
Z-contrast scanning transmission electron microsc@py
STEM) image of an individua(Zn, Mg)O nanorod grown at
400°C, with a Zn pressure of>310°® mbar, a Mg pressure
of 4X 10" mbar, and an @ O; pressure of X 10™* mbar.
The Mg flux was cycled on and off every 60 s, which wasalso tapered along the length, being thicker at the base than
inconsequential to the nanorod structure. Evident in the imon the tip, with an average diameter on the order of 10 nm.
age is a small particle embedded at the tip of the rod. Thisis As reported elsewhere, a radial segregation of the Zn and
similar to what is observed for other nanorod synthesis thaMg occurs during growtfi’ A Zn-rich core surrounded by a
is driven by a catalytic reaction, where catalyst particles beMg-rich sheath is observed as seen in Fig. 6. As discussed
come suspended on the nanorod tip. The diameter of thelsewhere, in bulk material, the solubility of Mg in ZnO is
catalyst particle is~<6 nm. Note that, at the nanorod tip, the relatively low, on the order of 4 at %.In contrast, Mg
contrast in the Z-STEM image is relatively uniform, indicat- content as high as ZrMgo 30 has been reported to be

ing uniform cation distribution. However, the rod diameter ismetastable in the wurtzite structure for epitaxial thin films.
For this composition, the band gap of ZnO can be increased

to ~3.8 eV. For(Zn,Mg)O nanorod growth, it appears that
both (hence bimodal growth modes are relevant, but for
different regions in the rod. Under low temperature MBE
growth conditions, a solubility-driven segregation occurs
during the catalyst-driven core formation, with the core com-
position determined by bulk solid solubility. Subsequently,
an epitaxial sheath grows with Mg content and crystal struc-
ture determined by epitaxial stabilization. The net result is
the growth of(Zn,Mg)O nanorods that are not uniform in
composition across the diameter, but distinctly cored. Figure
6 shows a high resolution Z-STEM image of a nanorod
grown under the conditions described. The lattice image for
the nanorod specimen indicates that the rod is crystalline
with the wurtzite crystal structure maintained throughout the
FIG. 4. Field-emission scanning electron microscopy image of individualCf0SS Section. Theaxis is oriented along the long axis of the
ZnO nanorods grown on Ag nanoparticles dispersed on the Si substrate. rod. The higher contrast for the center core region clearly

FIG. 5. Z-contrast scanning transmission electron microscopy ifeagé a
(Zn,Mg)O nanorod with(b) a Ag catalyst particle at the rod tip.
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FIG. 7. Z-contrast scanning transmission electron microscopy image of re-
gions of a nanorod showin@) a crystalline core and sheatt) an amor-
phous sheath, an@) an amorphous sheath with no evidence of crystallinity
in the core.

growth. This occurs since the substrate is the source of heat
during nanorod formation. Sheath material deposited on the
tip of longer rods during the latter part of the synthesis pro-
cess will do so at a lower local temperature than the material
closer to the substrate.

In order to assess crystalline quality and investigate pos-
sible quantization effects, the optical properties of the cored
nanorods were examined using photoluminescene. Spectra
were taken over the temperature range 6 K—300 K. A
He-Cd (325 nm) laser was used as the excitation source. For
the low temperature measurements, the sample was cooled
using either a helium flow or closed cycle cryostat. Figure 8
shows the photoluminescence spectra taken at various tem-
peratures for the cored nanorod specimens. For ZnO(raxls
Mg), the photoluminescene results are consistent with lumi-
nescence reported for near band edge emission in cr)?gtals,

—
o

FIG. 6. Z-contrast scanning transmission electron microscopy images of
cored (Zn,Mg)O nanorods. The high contrast of the cqe indicates a
significantly higher Zn content for the core relative to the sheath. The higher
resolution imageb) of the core indicates the wurtzite structure for the core
and sheath material.

indicates a higher cation atomic mass. The structures consist
of a zinc-rich Zn_,Mg,O core (small x) surrounded by a
Zm Mg, O (largey) sheath containing higher Mg content.
While the nanorod imaged in Fig. 6 is crystalline across
the entire cross section, other rods exhibit sheath properties
that vary along the length. In particular, consider the nanorod
shown in Fig. 7. In this case, the core and sheath are both
crystalline in one region of the rod. However, as one pro-
ceeds along the length, the crystallinity changes. In particu-
lar, for the rod considered, the sheath region becomes either
polycrystalline or amorphous as one approaches the rod tip.
Still further down the nanowire, the image suggests a lack of
crystallinity for both the core and sheath, although the lack
of crystallinity in the sheath may effectively obscure imaging
of the core region. This change in crystallinity change along

the length of the rod may reflect the fact the temperaturg g, g photoluminescence at various temperaturegaonear band edge
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gradient will develop along the nanowire length during and(b) visible emission from coren,Mg)O nanorods.
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epitaxial films?® and larger diameter ZnO nanorddsThe  More generally, the spontaneous bimodal growth mode dem-
free exciton emission dominates luminescence, with a roornenstrated foZn,Mg)O may prove applicable in the synthe-
temperature peak at 3.30 eV. At room temperature, the spesis of heteroepitaxial cored nanowire-materials where ther-
tra for the coredZn,Mg)O nanorods is also dominated by modynamics and epitaxy impose different cation or anion
the free exciton luminescence. However, the peak in lumisolubility limits.

nescence at room temperature is at 3.35 eV, which is blue-

shifted relative to that seen in pure Zn@eak at 3.30 eY ACKNOWLEDGMENTS
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