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ABSTRACT

Heterojunction and superlattice formation is essential for many potential applications of semiconductor nanowires in nanoscale optoelectronics.
We have developed a hybrid pulsed laser ablation/chemical capor deposition (PLA-CVD) process for the synthesis of semiconductor nanowires
with longitudinal ordered heterostructures. The laser ablation process generates a programmable pulsed vapor source, which enables the
nanowire growth in a block-by-block fashion with a well-defined compositional profile along the wire axis. Single-crystalline nanowires with
longitudinal Si/SiGe superlattice structure have been successfully synthesized. This unique class of heterostructured one-dimensional
nanostructures holds great potential in applications such as light emitting devices and thermoelectrics.

The success of semiconductor integrated circuits has beersemiconductor nanowires or nanotubes have invariably dealt
largely hinged upon the capability of heterostructure forma- with homogeneous systems with a few exceptions of het-
tion through carefully controlled doping and interfacing. In erostructure formation including heterojunctions between
fact, the 2-dimensional (2D) semiconductor interface is carbon nanotubes and silicon/carbide nanowftésand p-n
ubiquitous in optoelectronic devices such as light emitting junction on individual carbon nanotuésr GaAs/Ga -
diode, laser diodes, quantum cascade lasers, and transistorgn,As nanowired314 Recently, a sequential electrochemical
Heterostructure formation in 1-dimensional (1D) nanostruc- method was reported to synthesize metal bar-coded micro-
tures (nanowires) is equally important for their potential yods?15 This method, however, yields polycrystalline prod-
applications as efficient light emitting sources and better cts with less than ideal interfaces. Here, we report a hybrid
thermoelectrics.® While there are a number of well-  ised laser ablation/chemical vapor deposition (PLA-CVD)
developed techniques (€.g., molecular beam epitaxy) for thepocess for the synthesis of semiconductor nanowires with
fabrication of thin film heterostructures and superlattices, a periodic longitudinal heterostructures. Single-crystalline nano-

general synthetic scheme for heterojunction and superlattice, ires with Si/SiGe superlattice structure are obtained and
formation in 1D nanostructures with well-defined coherent thoroughly characterized using electron microscopy.

interfaces is currently still lacking. Previous studies on . .
y 9 Figure 1a shows our nanowire growth apparatus. A (111)
* Corresponding author. Email: p_yang@uclink.berkeley.edu Si wafer coated with a thin layer of Au was put inside a
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crystalline wires (Figure 1b). The concept of heterostructured
nanowires requires accurate compositional profile and in-
terface control at the nanometer or even atomic level while
maintaining a highly crystalline and coherent interface along
the wire axis. Based on our fundamental mechanistic

SiCI+H, @ Residue Gas understanding of VLS nanowire growth,this level of
control is made possible here through successive feed-in of

m S different vapor sources. To synthesize Si/SiGe superlattice

B AY SiGey aloy nanowires, Ge vapor was generated in pulsed form through

(1) (2)

~

(b)

the pulsed ablation of a pure Ge target with a frequency-
doubled Nd:YAG laser (wavelength 532 nm, 6 Hz, power
density 10 J/crh per pulse). The reaction temperature

typically ranged from 850C to 950°C. At this temperature,

a Au thin film forms a liquid alloy with Si and spontaneously

Figure 1. Schematic illustration of the experimental setup (a) and breaks up into nanometer sized droplets (Figure 1b (1)). Si
vapor-liquid—solid sequential nanowire growth mechanism (b). species continuously deposit into AGi alloy droplets where
Figure (b) shows different stages of the block-by-block nanowire (he Si nanowire growth is initiated upon supersaturation

growth process: (1) alloying process between Au thin film and Si . - . . .
species in substrate/vapor; (2) growth of pure Si block when the (Figure 1b (2)). Durmg_thls growth process, if the laser is .
laser is off, only Si species deposit into the alloy droplet; (3) growth turned on, Ge vapor will be generated and both Ge and Si

of SiGe alloy block when the laser is on, both Si and Ge species species will be deposited into the alloy droplets. The SiGe
deposit into the liquid droplet; (4) growth of Si/SiGe superlattice alloy then precipitates from the solid/liquid interface (Figure
structure by turning on and off the laser beam periodically. During 11 (3)). By periodically turning the laser on and off (this

the experiment, the flow rate of Hs 100 sccm, the ratio of Si¢l . s .
and H is 0.02 and the system pressure is at one atmosphere. The>®YUENCE can be readily programmed), Si/SiGe superlattice

laser beam is focused on the target with an energy density of 101 formed on every individual nanowire (Figure 1b (4)) in a

Jlcn? per pulse.

quartz furnace tube as substrate. A gas mixture paitl
SiCl, was continuously introduced into the reaction tube.
Nanowire growth is based on the well-known vaplquid—
solid (VLS) mechanism (Figure 1b) with Au as solvent at
high temperaturés° This process starts with the dissolution

block-by-block fashion. The entire growth process resembles
the living polymerization synthesis of block copolymer.
Figure 2a shows a scanning electron microscopy (SEM)
image of the synthesized nanowire array. For this sample,
the Au film thickness on Si (111) substrate was 20 nm.
During the growth process, the laser was periodically turned
on for 5 s and off for 25 s, and the cycle was repeated for

of gaseous reactants in nanosized liquid droplets of the metall5 min. As previously shown, Si nanowires grow preferably

solvent, followed by nucleation and growth of single

along the [111] directioA? which results in the oriented
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Figure 2. (a) SEM image of the heterostructured nanowire array on Si (111) substrate. The scale jar. iSHe inset shows the tip of

one nanowire. The scale bar is 100 nm. (b) STEM image of two nanowires in bright field mode. The scale bar is 500 nm. (c) EDS spectrum
of the Ge rich region on Si/SiGe superlattice nanowires. (d) Line profile of EDS signal from Si and Ge components along the nanowire

growth axis. The experiments were carried out on a Philip CM200 TEM operated at 200 keV.
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epitaxial nanowire array growth on the Si (111) substrate.
The alloy droplet solidifies and appears as a bright spot on
the tip of every nanowire. The inset of Figure 2a shows a
close view of the tip with a flower-like shape, which is
formed during the solidification of the liquid alloy droplet.
The diameters of these nanowires range from 50 to 300 nm.
Figure 2b shows a scanning transmission electron microscopy
(STEM) image of two nanowires in bright-field mode. Along
the wire axes, dark stripes appear periodically, which
originate from the periodic deposition of the SiGe alloy and
Si segments. The electron scattering cross section of the Ge
atom is larger than that of Si. Consequently, the SiGe alloy
block appears darker than the pure Si block. The chemical
composition of the darker area is examined using energy-
dispersive X-ray spectroscopy (EDS) (Figure 2c), which
shows a strong Si peak and apparent Ge dopirit(wt %

Ge). The periodic modulation of Ge doping is further
confirmed by scanning a focused electron beam along the
nanowire growth axis and tracking the change of X-ray signal
from Si and Ge atoms in the wires (Figure 2d). Both Si and
Ge X-ray signals show periodic modulation, and their
intensities are anticorrelated: wherever the X-ray signal from
Ge shows a maximum, the signal from Si shows a minimum,
which confirms the formation of Si/SiGe superlattice along
the wire axis. We note that the abruptness of the Si/SiGe
interface in these nanowires is not ideal at this stage. It is
believed that this could be improved by incorporating more
precise and faster vapor dosing/switching schemes such as

molecular beam processes. Figure 3. HRTEM image of a Si/SiGe superlattice nanowire. The

It must be emphasized that the elastic boundary conditionsinset shows a selected-area-electron-diffraction (SAED) pattern. The
of VLS nanowire heteroepitaxial growth offer the possibility data were collected on an atomic resolution microscope (ARM)
to create dislocation-free interfaces in the superlattice nano-°P€rated at 800 keV.
wires that are not stable in the conventional 2D configuration
achieved by epitaxial film growth on planar substrates. wire is maintained along the entire wire length with few
Although coherent heteroepitaxial films can be grown well linear or planar defects.
beyond the equilibrium critical thickness, the films are  Taken together, the structural and chemical composition
metastable to relaxation by dislocation mechanisms. The VLS data show that the nanowires prepared by our PLA-CVD

nanowire morphology provides an opportunity to markedly method are highly crystalline with Si/SiGe superlattice
extend both the equilibrium and kinetic critical thicknesses, structure a|ong the nanowire axis. The diameters of the

or equivalently, the lattice misfit that can be accommodated nanowires, the concentration of Ge and the period of
at a given thickness, due to the change in boundary chemical modulation can be readily controlled by adjusting
conditions. The highly crystalline nature of our superlattice the reaction conditions. The nanowire diameter is influenced
nanowires is characterized by selected area electron diffrac-by the thickness of the Au layer on the substrate. With 20
tion (SAED) and high-resolution transmission electron nm thick Au thin films, the average diameter of nanowires
microscopy (HRTEM). Figure 3 inset shows an SAED s around 100 nm. If the thickness of Au is reduced to 1
pattern, recorded perpendicular to a nanowire long axis. Thenm, the average diameter can be reduced to 20 nm. The
pattern can be indexed as the diffraction along the [110] zone diameter is also affected by the reaction temperature. Lower
axis of crystalline Si and suggests the nanowire growth doestemperature results in thinner nanowires. The concentration
occur along [111] direction. This is further confirmed in the of Ge in the superlattice is controlled by the ratio of Ge atoms
HRTEM image (Figure 3), which clearly shows the (111) and Si atoms deposited into the alloy droplets. Increasing
atomic planes (separation 0.314 nm) perpendicular to thethe laser intensity or decreasing the flow rate of $i€in
nanowire axis. While the interface contrast can be readily increase the concentration of Ge. In addition, the superlattice
seen in the STEM images (Figure 2a), we were not able to period () is the product of growth ratev§ and laser on-
resolve the interface in HRTEM mode due to low doping and-off period T): L =V x T. Therefore, by reducing the
percentage in SiGe blocks. These HRTEM images, however,growth rate or the laser on-and-off period, we are able to
clearly demonstrate the high crystallinity of the Si/SiGe reduce the superlattice period. Similarly, the ratio of different
superlattice nanowires. Extensive HRTEM imaging indicates compositional blocks can be readily adjusted by varying the
that the monocrystallinity of the Si/SiGe superlattice nano- laser on/off ratio.
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600 n = 2. This observation agrees well with the classical CVD
crystal growth studies on micrometer-sized Si whiskers by
Givargizovi619

The hybrid PLA-CVD method used in our experiment can
be used to prepare various other heterostructures on indi-
vidual nanowires in a “custom-made” fashion since part of
the vapor source supplies (laser ablation) can be programmed.
It will enable the creation of various functional devices (e.qg.,
p—n junction, coupled quantum dot structure, and hetero-
structured bipolar transistor) on single nanowires. These
nanowires could be used as important building blocks for
constructing nanoscale electronic circuits and light emitting
devices. As an example, superlattice nanowires with reduced

phonon transport and high electron mobility are believed to
Figure 4. Correlation between the nanowire growth rate and pe better thermoelectri@g:22
diameter observed in one set of our experiment. During the
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