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ZnSe-Si Bi-coaxial Nanowire Heterostructures™*

By Chunrui Wang,* Juan Wang, Quan Li, and Gyu-Chul Yi

We report on the fabrication, structural characterization, and luminescence properties of ZnSe/Si bi-coaxial nanowire hetero-
structures. Uniform ZnSe/Si bi-coaxial nanowire heterostructures are grown on silicon substrates by the simple one-step ther-
mal evaporation of ZnSe powder in the presence of hydrogen. Both ZnSe and silicon are single-crystalline in the bi-coaxial
nanowire heterostructures, and there is a sharp interface along the nanowire axial direction. Furthermore, secondary nanostruc-
tures of either ZnSe nanobrushes or a SiO, sheath are also grown on the primary bi-coaxial nanowires, depending on the ratio
of the source materials. The experimental evidence strongly suggests that bi-coaxial nanowires are formed via a co-growth
mechanism, that is, ZnSe terminates specific surfaces of silicon and leads to anisotropic, one-dimensional silicon growth, which
simultaneously serves as preferential nucleation sites for ZnSe, resulting in the bi-coaxial nanowire heterostructures. In addi-
tion, the optical properties of ZnSe/Si nanowires are investigated using low-temperature photoluminescence spectroscopy.

1. Introduction

One-dimensional (1D) semiconductor nanostructures have
attracted considerable research attention because of their great
potential for fundamental research on the effect of dimension-
ality and size on physical properties, as well as for electronic
and optoelectronic nanodevice applications.l!! In recent years,
various methods,”” including laser-assisted catalytic growth,
chemical vapor deposition, metal-organic chemical vapor de-
position (MOCVD), and thermal evaporation have been devel-
oped to fabricate 1D semiconductor heterostructures, such as
GaAs/GaP* Si/SiGe,”® InAs/InP*! Zn0O/Zn,sMg,,0,"
TiO»/Sn0,,”# Si/Ge,™ NiSi/Si! and GaN/ZnO.#* The
formation of 1D heterostructures is also believed to be of
importance in tailoring the physical properties of 1D nano-
structures.”! For example, resonant tunneling and single-elec-
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tron tunneling behaviors were observed from InAs/InP nano-
wire heterostructures.”! A quantum-confinement effect is
present in ZnO/ZnysMg,,0 nanorod heterostructures, where
the thickness was controlled precisely, down to the monolayer
level.”!! Heterostructures with various compositions and inter-
faces have already demonstrated distinctive performances in
nanodevice applications.[zc]

ZnSe, which has a well-known wide, direct bandgap (bulk
crystal E,=2.7 eV at 300 K),P! is potentially a good material
for short-wavelength optoelectronic devices, including blue
laser diodes (LDs), light-emitting diodes (LEDs), and photo-
detectors.*®! ZnSe-based microstructures have been widely
investigated for their potential optoelectronic applications, in-
cluding high-density optical storage and full-color displays.[7'9]
Controlling the size and dimensions of ZnSe may lead to
further novel properties.!'” Inspired by this, various 1D forms
of ZnSe nanowires (nanorods) and nanoribbons have recently
been fabricated.""! 1D silicon nanowires in particular are very
attractive, given their key role in the semiconductor industry
and hence the existing set of known fabrication technologies.[u]
It is known that single-crystalline silicon nanowires can be
readily grown by the disproportionation of SiO powder at ele-
vated temperature.[13] Nanometer-scale, 1D, silicon-based het-
erostructures are of general interest. Disproportionation, using
silicon nanowires as templates, may result in the formation of
various 1D, silicon-based heterostructures.”™! Nevertheless,
multistep deposition, involving a change of the source materi-
als or the reactor temperature, is usually troublesome. Re-
cently, Si-ZnS and Si-ZnSe biaxial nanowires and ZnS-Si—
ZnS triaxial nanowires were fabricated by Hu et al. via the
two-stage thermal evaporation of mixed SiO and ZnS or SiO
and ZnSe powders.”! Those nanostructures are expected to
open a new field of Group II-VI/Si-based nano-heterostruc-
ture research.

In our previous study, we demonstrated that Si-core/CdSe-
sheath nanocables could be synthesized in a silicon substrate
via the thermal evaporation of CdSe.'"! However, an amor-
phous layer was present at the silicon—CdSe interface. Herein,
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we report a modification of this method; evaporating ZnSe in
the presence of H,, which results in ZnSe/Si bi-coaixal nano-
wire heterostructures, with an abrupt interface between the
two nanomaterials (along the axial direction) directly growing
on silicon substrates. By controlling the weight of ZnSe source
material, we observed the secondary growth of ZnSe nano-
branches on the primary bi-coaxial nanowire (with excess
ZnSe)—resulting in ZnSe nanobrushes; and an amorphous
SiO, sheath outside the bi-coaxial nanowire (with a ZnSe defi-
ciency)—resulting in (ZnSe/Si)-core/SiO,-sheath nanocables.
Furthermore, we have proposed a growth model for the forma-
tion of nanowire heterostructures.

2. Results and Discussion

2.1. ZnSe/Si Bi-coaxial Nanowire Heterostructures

Figure 1a is a scanning electron microscopy (SEM) image of
as-grown ZnSe/Si bi-coaxial nanowire heterostructures, show-
ing good uniformity and wire-like morphology. These nanowire
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Figure 1. a) SEM image of as-synthesized nanowires (sample 1), scale
bar: 1 um. b) XRD patterns of samples 1-3, respectively, which indicate
the existence of cubic silicon and ZnSe (both hexagonal, H, and cubic, C).
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heterostructures have diameters of less than 100 nm and
lengths of several tens of micrometers.

The crystal structure of the nanowire heterostructures was
investigated using X-ray diffraction (XRD), as shown in Fig-
ure 1b. All the diffraction peaks are indexed to cubic silicon
and ZnSe (both hexagonal and cubic) within experimental
error, indicating that the as-grown nanomaterial is composed
of silicon and ZnSe. No characteristic peaks from other crystal-
line forms were detected in the XRD pattern. The SEM and
XRD results demonstrate that the as-grown product is a
composite material of ZnSe and silicon with wire-like morphol-
ogy.

Detailed microstructures of the as-grown nanowires were
further investigated using transmission electron microscopy
(TEM) and selected-area electron diffraction (SAED). Fig-
ure 2a shows a low-magnification TEM image of typical ZnSe/
Si nanowire heterostructures prepared by the one-step thermal
evaporation of ZnSe (sample 1). The light-dark contrast along
the nanowire radial direction indicates its bi-coaxial nature.
Each bi-coaxial nanowire heterostructure shows a uniform
diameter along its whole length. The typical diameter of these
bi-coaxial nanowires is 80-100 nm, and the diameters of the
silicon sub-nanowires and ZnSe sub-nanowires range from
30 to 40 nm and 60 to 70 nm, respectively. Two sets of diffrac-
tion spots were observed in the SAED pattern taken from indi-
vidual nanowire heterostructures. One set comes from cubic
silicon, and the others can be indexed to either hexagonal ZnSe
(h-ZnSe; Fig. 2b) or cubic ZnSe (c-ZnSe; Fig. 2d), for different
nanowires. It is also notable that the /- and c-ZnSe sub-nano-
wires prefer to grow along their [002] and [112] crystalline di-
rections, respectively, whereas silicon sub-nanowires normally
grow along their [112] crystalline direction.

High-resolution TEM (HRTEM) images clearly show crystal
structures at the ZnSe/Si interfaces of the corresponding nano-
wires (Figs. 2c,e). In the nanowires examined, both ZnSe and
silicon in bi-coaxial nanowire heterostructures were single-
crystalline. A clean and abrupt interface between silicon and
ZnSe was observed, regardless of whether ZnSe is hexagonal
(Fig. 2¢) or cubic (Fig. 2e). The bicrystalline nature of the
nanowire was further clarified by a cross-sectional TEM image
(Fig. 2f) and its corresponding elemental maps (Figs. 2g-i),
which were measured at the SiK (1839 eV), ZnL (1020 eV),
and SeL edges (1436 eV), respectively. The bi-coaxial nano-
wire heterostructure has a circular cross-section, with a sharp
interface between the silicon and the ZnSe. Unlike the report
of Hu et al.! and our previous work,' no intermediate layer
or amorphous layer was observed at the ZnSe/Si interface. The
elemental mapping from the cross-section of the bi-coaxial
nanowire heterostructure also demonstrates that the bi-coaxial
ZnSe/Si has a well-defined radial compositional profile.

Energy-dispersive X-ray analysis (EDX) spectra taken from
the light and dark regions also suggest that they are composed
of silicon and ZnSe (the copper signal comes from the TEM
grid), respectively, which is consistent with the XRD results, as
shown in Figure 3. The trace amount of oxygen originates from
unavoidable oxygen adsorption on the surface due to exposure
to air during sample processing.”!
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Figure 3. EDX spectrum taken of the individual bicrystalline nanowire het-
erostructure shown in Figure 2a. The trace amount of oxygen possibly
originates from unavoidable oxygen adsorption due to exposure to air dur-
ing sample processing.

2.2. Secondary Growth of Nanostructures on ZnSe/Si Bi-
coaxial Nanowire Heterostructures

2.2.1. ZnSe Nanobranches Grown on ZnSe/Si Bi-Coaxial
Nanowire Heterostructures

A similar one-step evaporation approach was used to grow
ZnSe nanobranches on ZnSe/Si bi-coxial nanowires (sam-
ple 2), except that an excess of ZnSe source material (in com-
parison with that of sample 1) was used. Although EDX
(Fig. 4b) and XRD (Fig. 1c) results suggest that the chemical

Adv. Funct. Mater. 2005, 15, 1471-1477
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Figure 2. a) TEM image of typical nanowires from sample 1.
b) SAED pattern of a single nanowire, which can be indexed to
Si<110> and h-ZnSe<120> zone axes. ¢) HRTEM image taken
at the ZnSe/Si interface corresponding to Fig. 2b. d) SAED
pattern taken from another nanowire, which can be indexed to
Si<110> and the ¢-ZnSe<110> zone axes. €) HRTEM image
corresponding to Fig. 2d, showing the twin boundary (inter-
face) between silicon and ZnSe. f) TEM image of the cross-
section of the bicrystalline nanowire. g—i) Corresponding ele-
mental maps of silicon, zinc and selenium, performed using
the SiK (1839 eV), ZnL (1020 eV), and Se L edges (1436 eV),
respectively.
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Figure 4. a) SEM image of sample 2. Inset: a high-magnification SEM im-
age depicting nanobranches with diameters of =30 nm grown on the
nanowire, scale bar: 200 nm. b) EDX spectrum of sample 2 shown in (a).

composition and crystallinity of sample 2 are similar to those
of sample 1, that is, sample 2 is also a composite material of sil-
icon and ZnSe, their morphology differs tremendously, as
shown in Figure 4a. The SEM image in the inset of Figure 4a
shows as-grown nanomaterial with a comb-like (or brush-like)
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morphology, that is, many nanobranches have grown perpen-
dicularly out of a long nanowire.

Figures 5a,b show TEM images of the nanobranches on a
nanowire. The TEM images reveal the formation of numerous
nanobranches grown on the bi-coaxial nanowire heterostruc-

(a)

Figure 5. a,b) TEM images of sample 2, revealing nanobranches grown on
the bicrystalline nanowire. c) SAED pattern taken from the nanowire
marked in (b), which can be indexed to Si<110> and the h-ZnSe<120>
zone. d) HRTEM image of the nanobranches.

tures with relatively uniform diameters (about 30 nm). If the
electron beam is parallel to the bi-coaxial nanowire interface,
heterostructures like those shown in Figure 5b are formed;
otherwise, heterostructures like those shown in Figure 5a are
formed. The SAED pattern (Fig. 5c) taken from an individual
nanowire (marked in Fig. 5b) is similar to that of sample 1, that
is, two sets of well-correlated diffraction spots corresponding
to silicon and ZnSe, respectively. The HRTEM image shown in
Figure 5d confirms that these nanobranches are ZnSe with the

Figure 6. a) SEM image of as-prepared sample 3, scale bar:
1 um. b) TEM image of a (ZnSe/Si)-core/SiO,-sheath nano-
cable (sample 3), scale bar: 100 nm. c—f) Elemental maps of
oxygen, silicon, zinc, and selenium, taken at the OK (532 eV),
SiK (1839eV), ZnL (1020 eV), and Sel edges (1436 eV), re-
spectively.
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same crystalline orientation as the ZnSe sub-nanowires in the
primary bi-coaxial nanowires.

“Comb-like” ZnO structures were observed by Hashimoto
and Yamaguchi,[15] but the mechanism that drives their growth
was not elaborated until recently."! The positively charged
Zn(0001) surface is chemically active and the negatively
charged O(0001) surface is relatively inert, resulting in the
growth of long fingers along [0001].") Anisotropic growth ap-
pears to be a common characteristic for the wurtzite family.
Similar saw-tooth (or comb-like) growth has been observed for
ZnS!! and CdSe,"® and is suggested to be induced by the
Zn- and Cd-terminated (0001) surfaces, respectively.®!

2.2.2. ZnSe/Si-Core/SiO-Sheath Nanocables

Different nanostructures were fabricated by using less ZnSe
source material than for the growth of sample 1, while keeping
the other experimental conditions identical. Figure 1d shows
the XRD pattern of the as-grown product (sample 3), indicat-
ing the same XRD peak positions as those in samples 1 and 2.

The morphology of sample 3 was also similar to that of sam-
ple 1. As shown in Figure 6a, however, TEM images of the in-
dividual nanowires exhibited light-dark contrast corresponding
to the core-sheath region of an individual nanowire hetero-
structure.'” The core was similar to the ZnSe/Si bi-coxial
structure of sample 1 with a diameter of 100 nm. A 25 nm
amorphous sheath was observed outside the bi-coaxial nano-
wire core.

The spatial distribution of different compositional elements
was also clarified by elemental mapping (Figs. 6¢-f), which was
performed using the OK (532 eV), SiK (1839 eV), ZnL
(1020 eV), and Se L edges (1436 eV), respectively. Zinc and se-
lenium are located in the core region, and silicon in the core
and sheath region. The oxygen signal was located in the sheath
region. The oxygen and silicon content was much higher in
sample 3 (core-sheath structures) than in samples 1 (bi-coaxial
nanowires) and 2 (nanobrushes). EDX data (Fig. 7) reveal that
the sheath is composed of silicon and oxygen, and the core is a

Adv. Funct. Mater. 2005, 15, 1471-1477
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Figure 7. EDX spectrum of the (ZnSe/Si)-core/SiO,-sheath nanocable
shown in Figure 6b. The oxygen and silicon contents in the (ZnSe/Si)-
core/SiO,-sheath nanocable are much higher than those in samples 1
and 2.

composite material of silicon and ZnSe, which is consistent
with the structural analysis shown in Figure 6b. The oxygen, sil-
icon, zinc, and selenium elemental mappings from this core—
sheath structure (Fig. 6¢c—f) further demonstrate that ZnSe/Si
bi-coaxial nanowire structures have a well-defined composi-
tional profile and an abrupt interface.

2.3. Growth Mechanism

The experimental results suggest that these ZnSe/Si bi-coax-
ial nanowire heterostructures are grown via a co-growth vapor-
transfer mechanism, that is, ZnSe in the vapor phase, which is
transferred to the lower temperature zone, in which silicon
simultaneously presents and condenses together to form the
specific bi-coaxial configuration. In detail: the 1D growth of sil-
icon in the bi-coaxial nanowires is governed by a physical prin-
ciple similar to the oxide-assisted mechanism where the silicon
source (silicon substrates)!'"*! is provided by the disproportion-
ation reaction of silicon oxide.l*®'”] However, unlike oxide-
assisted silicon nanowire growth, it is not the oxygen that ter-
minates specific surfaces of silicon and determines the specific
anisotropic silicon nanowire growth (usually with a growth di-
rection along the silicon [112] crystalline direction).?! Instead,
ZnSe in the vapor phase plays an important role, as supported
by several observations: 1) zinc and selenium present at the
ZnSe/Si interface (Figs. 2g-i), which terminate the specific sur-
faces of silicon; 2) silicon sub-nanowires in bi-coaxial nano-
wires usually grow along their [112] crystalline direction
(Fig. 2c,e); 3) the presence of hydrogen is important, as it
effectively decreases the oxygen concentration in the gas atmo-
sphere, otherwise an amorphous oxide layer is present at the
interface of the wires."¥ Once the specific surfaces of silicon
are terminated, the ZnSe serves as preferential sites for homo-
phase nucleation, resulting in ZnSe/Si bi-coaxial nanowires.

The specific cross-sectional configuration of bi-coaxial nano-
wire heterostructures (Fig. 2f) may be caused by a thermody-

Adv. Funct. Mater. 2005, 15, 1471-1477
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namic factor—the bi-coaxial nanowire grows in a way that
minimizes its interfacial energy.[21] Both hexagonal (metasta-
ble) and cubic (stable) ZnSe phases are present, presumably
owing to the high deposition temperature” and the deposition
process which deviated from thermal equilibrium. The lack of
orientation relation between h-ZnSe and silicon may be ex-
plained in terms of the large lattice mismatch and the different
crystalline symmetry between the two materials.

The co-growth mechanism is further supported by experi-
mental observations from samples 2 and 3. When there is
either an excess or deficiency of source material, the co-growth
process is terminated, and secondary growth of the extra ZnSe
(or SiO,) starts on the primary bi-coaxial nanowires. The for-
mation of extra ZnSe nanobranches only on the ZnSe sub-
nanowires of the bi-coaxial nanowire may result from the an-
isotropic crystal structure of ZnSe. In comparison, the SiO,
that forms a uniform sheath outside the bi-coaxial nanowire
may result from its isotropic nature.

In addition, the co-growth mechanism is supported by an-
other experimental fact. While maintaining identical experi-
mental conditions, we only obtained amorphous SiO, nano-
wires on silicon substrates in the absence of ZnSe source
material, which is similar to the case of SiO, nanowires via
thermal oxidation of silicon wafers.*’!

2.4. Photoluminescence

Figure 8 shows the 10 K photoluminescence (PL) spectra of
the as-grown sample 1 (ZnSe/Si bi-coaxial nanowire hetero-
structures). The strong peak at 1.766 eV and the weak peak at
1.822 eV presumably result from silicon sub-nanowire emis-
sions. A peak has been observed in a similar position in the PL
spectra of luminescent porous silicon,”**®! silicon nano-
wires,?*l and Si-ZnS$ biaxial nanowires.”!! The origin of these
emissions has been interpreted as arising from free-standing

28 27 26 25 24

N
©

PL Intensity (a. u.)

2.4 2.2 2.0 18 16
Photon Energy (eV)

Figure 8. PL spectra of the ZnSe/Si bicrystalline nanowire heterostructures
shown in Figure Ta measured at 10 K with the 442 nm line of a He-Cd
laser as the optical excitation source. The inset shows a PL spectrum mea-
sured on the same specimen at 10 K excited by the 325 nm He-Cd laser
line.
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silicon nanowires wherein two-dimensional quantum confine-
ment of charge carriers has appreciably widened the silicon
bandgap.[24a] The wide band range from 1.999 to 2.350 eV may
involve deep-level emission from ZnSe sub-nanowires. ! This
wide band was also observed in the PL spectra of ZnSe nano-
wires and nanobelts.'*!*¢] The weak peak at 2.782 eV in the in-
set of Figure 8 is attributed to deep, donor-bound excitons (I;)
in ZnSe sub-nanowires,”*?*! the same peak positions were ob-
served in the PL spectra of ZnSe nanowires and nano-
belts.'4!1¢l The 2.694 and 2.665 eV peaks are attributed to do-
nor—-acceptor pair recombination (DAP) with a zero-phonon
peak and the first phonon replica in ZnSe sub-nanowires, re-
spectively, due to the LO-phonon (LO: longitudinal optical)
energy of ZnSe, hwy o =32+0.1 meV.*™

3. Conclusions

ZnSe/Si bi-coaxial nanowire heterostructures and their sec-
ondary nanostructures were grown on silicon substrates by sim-
ple thermal evaporation. The bi-coaxial nanowire heterostruc-
tures exhibited a clean interface between ZnSe and silicon.
Both I; and DAP of the ZnSe sub-nanowires and a strong emis-
sion of the silicon sub-nanowires were observed in the low-
temperature PL spectra of ZnSe/Si bi-coaxial nanowire hetero-
structures. Furthermore, we have proposed a growth model for
the formation of nanowire heterostructures. The design, syn-
thesis, and characterization of nanowire heterostructures or
hierarchical structures is of fundamental importance in control-
ling the mesoscopic properties of new materials and developing
new nanofabrication tools.

4. Experimental

The ZnSe/Si nanowire heterostructures were grown using a high-
temperature vacuum-tube furnace, as described in detail elsewhere
[29]. Briefly, ZnSe (99.99 %, Sigma-Aldrich; 2 g) powder was placed on
an alumina boat in the center region of an alumina tube; silicon sub-
strates were placed in downstream in the tube. The tube was then
pumped down to a base pressure of 2 x 107 torr (1 torr=~133 Pa). Ar-
gon gas containing 5 % H, was introduced into the tube at a constant
flow rate of 50 sccm (sccm: standard cubic centimeters per minute).
The total pressure was kept at 300 torr during the fabrication process.
The furnace was maintained at 1250°C for two hours before it was
cooled to room temperature. A series of samples was fabricated by
changing the weight of ZnSe used. Three representative samples (1, 2,
and 3) were prepared by thermal evaporation of 2, 3, and 0.5 g ZnSe,
respectively: all other experimental conditions were identical.

The structural properties of nanowire heterostructures were investi-
gated using XRD (Rigakau RU-300 with microns CuKa; radiation),
SEM (LEO 1450VP) equipped with EDX, and TEM (Tecnai 20,
200kV, FEG) with a Gatan image filtering (GIF) system attached. Two
different types of samples were prepared for the TEM characterization:
one was a regular sample, prepared by conventional dispersion, fol-
lowed by carbon film fishing; the other was a cross-sectional sample.
Sample preparation details can be found elsewhere [30]. PL spectros-
copy was performed using the 325 or 442 nm line of the He—Cd laser.
Details of the PL. measurements have been described elsewhere [31].
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