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G
ermanium is an appealing alterna-
tive material for high-speed nano-
electronic and nanophotonic de-

vices due to its high carrier mobility and
compatibility with current Si-based micro-
electronics.1,2 As complementary metal
oxide semiconductor (CMOS) transistors
continue to scale to shorter channel lengths
and higher current levels, attention to prop-
er contact materials becomes crucially im-
portant to minimize series resistance and
achieve high performance.1,3 Transition metal
germanides are the natural candidates for
contacting and interconnecting Ge and
have been intensively studied.1,3�6 In parti-
cular, nickel monogermanide (NiGe) exhi-
bits a number of superior properties
comparedwith other germanides, including
low resistivity, low formation temperature, a
wide temperature stability window, and
facile chemical processing;1,7 therefore, it
is the most commonly used germanide in
Ge-based devices.1,3,7,8 Nanoelectronic de-
vices built with Ge nanowires (NWs) have
demonstrated high performance.9,10 For Ge-
based nanoelectronics, nanoscale metal ger-
manides could be the natural contact and/or
gatematerials.5 Despite extensive studies on
the formation and properties of nickel ger-
manides in bulk or thin films,1,7,8,11,12 there
has been no report thus far on the synthesis
and property investigation of one-dimen-
sional (1D) nickel germanide NWs.
In the context of their formation and

nanoelectronic applications, NWs of metal
germanide can be compared to NWs of
silicides. NWs of many silicides have been
synthesized via bottom-up strategy and
used as robust building blocks in a number
of applications.13 The one-dimensionality
of the NW morphology coupled with the
unique properties of silicides makes them
ideal candidate materials for application
in field emission,14,15 thermoelectrics,16,17

spintronics,18,19 and self-aligned metallic
gates in graphene transistors.20 Controlling
the stoichiometric composition and crystal-
lographic phase of silicide and germanide
NWs is rather difficult due to the complex
phase formation behavior. The Ni�Si binary
system is fairly well studied with six equilib-
rium phases and five metastable phases.21

Every equilibrium nickel silicide phase
(NiSi2,

22 NiSi,14,23�26 Ni3Si2,
27 Ni2Si,

25,28�30

Ni31Si12,
31 and Ni3Si

32,33) has been synthe-
sized in the NW morphology, but little is
known about why a certain phase is ob-
tained under specific conditions, that is,
whether the NW growth is governed by
diffusion or other kinetically limited pro-
cesses. The Ni�Ge binary system is less
studied but displays similar complexity,11

including four equilibrium phases (NiGe,
ε0-Ni5Ge3, Ni2Ge, and Ni3Ge) and five meta-
stable phases (Ni3Ge2, Ni19Ge12, ε-Ni5Ge3,
δ-Ni5Ge2, and γ-Ni3Ge) (Figure S1, Support-
ing Information).34 In fact, controversy sur-
rounds the phase field between NiGe and
Ni2Ge, which consists of ε0-Ni5Ge3, Ni3Ge2,
Ni19Ge12, and ε-Ni5Ge3,

35 all variants of the
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ABSTRACT We report the synthesis, phase transformation, and electrical property measurement

of single-crystal NiGe and ε-Ni5Ge3 nanowires (NWs). NiGe NWs were spontaneously synthesized by

chemical vapor deposition of GeH4 onto a porous Ni substrate without the use of intentional

catalysts. The as-grown NWs of the orthorhombic NiGe phase were transformed to the hexagonal

ε-Ni5Ge3 phase by thermal annealing induced Ni enrichment. This controllable conversion of

germanide phases is desirable for phase-dependent property study and applications, and the

observation of novel metastable ε-Ni5Ge3 phase suggests the importance of kinetic factors in such

nanophase transformations. Electrical studies reveal that NiGe NWs are highly conductive, with an

average resistivity of 35( 15 μΩ 3 cm, while the resistivity of ε-Ni5Ge3 NWs is more than 4 times

that of the NiGe phase. NWs of nickel germanides, particularly NiGe, would be useful building blocks

for germanium-based nanoelectronic devices.

KEYWORDS: nickel germanide . nanowire . phase transformation . nanoelectronics .
resistivity
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same parent B8 structure and often collectively re-
ferred to as “Ni5Ge3”. These related phases are not
easily distinguished using X-ray diffraction (XRD) tech-
niques (Figure S2, Supporting Information) and there-
fore typically require careful single-crystal XRD or
electron diffraction (ED) investigations for explicit
phase identification. Such complex phase behavior is
common among germanides and likely contributes to
the scarcity of NW reports;only NWs of selected
phases of manganese germanides36 (as part of syntax-
ial growth of Ge NWs), cobalt germanides,15 and an
iron silicide�germanide alloy37 have been reported to
our knowledge. Such complexity also makes phase-
controlled formation of silicide/germanide NWs rather
difficult. Yet such control is highly desirable in order to
investigate their phase-dependent properties and ex-
plore their applications. Nickel germanide NWs with
low resistivity would be attractive contact materials in
nanoelectronics or high-performance field emitters.
In this paper, we report the facile synthesis and

structural characterization of NiGe NWs for the first
time. Further, the successful phase transformation
from NiGe to ε-Ni5Ge3 NW was demonstrated by
thermal annealing induced Ni enrichment. We further
investigate their phase-dependent transport proper-
ties, finding the resistivity of ε-Ni5Ge3 NWs to be more
than 4 times that of the NiGe phase. The strongly
phase-dependent electrical properties further under-
score the importance of phase control from the per-
spective of practical applications.

RESULTS AND DISCUSSION

The NiGe NWs were synthesized by pyrolyzing GeH4

over Ni foam substrates in a home-built chemical vapor
deposition (CVD) system (Figure 1a).19,38 Macroporous
Ni foam (Figure 1b), a low-cost, commercially available
material, serves as an ideal substrate for NW growth

due to its high surface area. Porous substrates with
functional materials grown on the surface can be
highly desirable for applications where a high surface
area facilitates full utilization of the active materials,
such as electrochemical energy storage.39 NWs grew
spontaneously from the Ni foam substrates in these
CVD reactions without the use of an intentional cata-
lyst. The best NW morphology was obtained at a
growth temperature of 350 �C and a pressure of 4 Torr.
Various growth temperatures (300�400 �C) and

pressures (4�15 Torr) leading to morphological evolu-
tion of the nanostructures were investigated (Figure 2)
in order to better understand the NW growth process
and obtain high-quality nickel germanide NWs (i.e.,
with uniformdiameter and relatively high density). At a
growth temperature of 300 �C and pressure of 15 Torr,
NWs were occasionally observed on the substrate, but
the density was very low (Figure 2a). We attribute the
lowNWdensity to limitedGeH4 decomposition at 300 �C.
GeH4 is a common vapor precursor for vapor�
liquid�solid (VLS) growth of Ge NWs,40�42 which was
generally carried out in the temperature range of
275�320 �C to suppress NW tapering by uncatalyzed
Ge sidewall deposition.40�42 In our case, CVD synthesis
at a temperature of 300 �C leads to a low NW density
likely due to limited nucleation, although this condi-
tion does produce sparse NWs with uniform diameters
(Figure 2a). Increasing the growth temperature to 350 �C
to enhanceGeH4 decomposition results in dramatically
increased nanostructure density but simultaneous in-
crease in nonspecific sidewall deposition to yield
nanocones (Figure 2b). Lowering the total system
pressure helped to suppress the sidewall deposition
and obtain NWs in high density and with uniform
diameters, with the best results obtained at a tempera-
ture of 350 �C and a pressure of 4 Torr (Figure 2c).
Attempts to increase the NW density by further raising
the temperature led to much higher GeH4 decom-
position rates and resulted in thin film deposition
(Figure 2d).
We have carried out detailed structure and phase

analyses of the as-grownNWsproduced under the best
conditions (Figure 2c) and determined that these NW
products of interest have theNiGephase (Figure 3). The
characterizations of the nanocones seen in Figure 2b,
which aremostly made of Ge, are shown in Figure S3 in
the Supporting Information. Energy-dispersive spec-
troscopy (EDS) of an individual NW (Figure 3e) indi-
cates that the NW is composed of Ni, Ge, and O. The
small O peak likely originates from the surface GeOx

layer visible in the transmission electron microscopy
(TEM) image (Figure 3d). Peaks of Cu and Al come,
respectively, from the Cu grid and Al stage used for EDS
analysis. Compositional analysis of eight NWs revealed
an average Ni atomic percentage of 53( 1%, with the
most probable phase being NiGe. Furthermore, ED
patterns taken along two different zone axes of the

Figure 1. (a) Schematic diagram highlighting the CVD reac-
tion of GeH4 with a porous Ni foam substrate to form nickel
germanide NWs. (b) Low-magnification scanning electron
microscopy (SEM) image of the porous Ni substrate before
reaction.
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NW (Figure 3b,c) agree with the standard ED patterns
along the [101] and [001] zone axes of the orthorhom-
bic NiGe structure (space group Pnma; a = 5.381 Å,
b = 3.428 Å, c = 5.811 Å). The ED patterns and the
lattice-resolved high-resolution TEM (HRTEM) image

(Figure 3d) clearly show that these NWs are single-
crystalline. Measured lattice spacings (both from the
calibrated ED pattern and HRTEM image) of 0.27 and
0.34 nm correspond to the (200) and (010) planes of
orthorhombic NiGe, respectively.

Figure 3. Structural characterizations of the as-grownnickel germanideNWswith orthorhombicNiGe phase. (a) Low-magnifi-
cation TEM image (inset is a typical magnified view of NW tip), ED patterns taken along (b) [101] and (c) [001] zone axes,
(d) HRTEM image and (e) EDS spectrum of the NiGe NWs.

Figure 2. Optimization of the nickel germanideNWgrowth. (a) NWdensitywas very lowwhengrowthwas performed at 300 �C
and 15 Torr, due to the limited GeH4 decomposition. (b) When the growth temperature was increased to 350 �C, dense,
taperedNWswere observed. (c) Reduction of the systempressure to 4 Torr whilemaintaining a growth temperature of 350 �C
resulted in a high density of NWs with uniform diameters. (d) No NWs were observed when the temperature was further in-
creased to 400 �C.
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We have also used XRD to characterize the phases of
the as-grown samples. The representative XRD pattern
of the as-grown sample (Figure 4a, black curve) is
compared to the standard diffraction pattern of orthor-
hombic NiGe (red curve) to reveal the NiGe phase
clearly. A complete indexing of the XRD pattern
(Figure S4, Supporting Information) reveals another
three phases: Ge (cubic; a = 5.6576 Å), Ni (cubic; a =
3.5238Å), and likely ε0-Ni5Ge3 (monoclinic, space group
C2; a = 11.628 Å, b = 6.737 Å, c = 6.264 Å, β = 52.11�).
However, the ED patterns of the NWs we analyzed
(such as those in Figure 3b,c) did not match the ED
patterns of any ε0-Ni5Ge3 phases. Furthermore, it is
unlikely that the NWs are pure Ge or Ni since both Ge
and Ni are always detected during EDS analysis of all
NWs examined (Figure 3e). Taken together, the results
of the XRD, EDS, ED, and HRTEM analyses suggest
that the as-grown NWs are of the orthorhombic NiGe
phase, but there are other germanide phases (ε0-Ni5Ge3)
and some Ge films formed on the surface of the Ni
substrate.
The growth mechanism(s) of the NiGe NWs remains

to be understood, but some observations and spec-
ulations can be presented below. Decomposition of
GeH4 into Ge vapor occurs at elevated temperatures,
probably with the catalytic assistance of the Ni
substrate.43 Ge will react with the Ni substrate, forming
nickel germanide films, particles, or potentially NW
nuclei. Since the only source of nickel is the porous
Ni substrate, the thin film or NW growth necessarily
have to proceed with continuous Ni diffusion from the

substrate to the surface or other growth front, which is
rather reasonable since Ni is a well-known fast diffuser
in Ge.44 This situation is somewhat analogous to some
of the previously reported nickel silicide NW syntheses,
where SiH4 is decomposed over Ni films to formNWs of
selected nickel silicide phases.14,25,28 The growth of
those silicide NWs is also not completely understood,
although some suggestions have been made.13,14,25,28

It appears that the NiGe NWs do not grow via the com-
mon VLS or vapor�solid�solid (VSS) mechanisms45

since the tips of the NWs never show signs of the
catalytic particles (Figure 2c) that are characteristic of
such catalyst-driven growth. As shown above, a low
supersaturation is required to initiate 1D growth to
limit the number of nucleation sites and favor high-
quality NW growth (Figure 2c), as has also been
observed in previous reports.14,46 Only thin film depo-
sition was observed when the growth was performed
at conditions of high supersaturation (Figure 2d). This
might hint at dislocation-driven NW growth,47�49 but
no strong supporting evidence has been observed
thus far. The continuous 1D growth of NiGe needs to
be maintained by preferential axial elongation with
limited radial growth. It seems that Ni might diffuse to
the tips of the growing NWs and interact/react with the
pyrolyzed Ge species to form the germanide phase,
with the interface at the tip being a much more
reactive center for reasons not presently understood.
However, Ge nanocones (or strongly tapered NWs) are
obtained when the radial deposition rate is still rela-
tively large (Figure 2b), and this can be effectively
suppressed by reducing the vapor pressure. The ob-
servation of nanocones (Figure 2b) is in fact a strong
piece of evidence for growth from the NW tip since the
sidewall deposition would be thickest on the part of
the NWs formed first. NiGe NWs with uniform diam-
eters were finally obtained at the optimized growth
conditions, which favored fast tip growth rate and
suppressed sidewall deposition.50

Since the NiGe NW growth proceeds by continuous
Ni diffusion from the underlying substrate to the NW
tip and subsequent reaction with Ge, annealing the as-
grown samples at a higher temperature should pro-
mote further Ni diffusion from the porous substrate,
allowing the NWs to undergo further reaction with Ni
and phase transformation. Fast Ni diffusion was also
observed in Si NWs, and continuous Ni diffusion could
lead to the successive formation of multiple nickel
silicide phases and transformation between them.51

Annealing our as-grown samples at a higher tempera-
ture of 500 �C for 2 h in helium atmosphere (flow rate 8
sccm, pressure 4 Torr) resulted in little obvious mor-
phological change (Figure 5a), although some surface
roughening was occasionally observed in some NWs
(Figure S5, Supporting Information). However, the NW
phase is transformed from the orthorhombic NiGe
phase to a hexagonal ε-Ni5Ge3 phase (space group

Figure 4. XRD patterns from the samples (a) before and
(b) after annealing. The red lines indicate the standard dif-
fraction peaks for (a) orthorhombic NiGe and (b) hexagonal
ε-Ni5Ge3 phases. The completely indexed XRD patterns are
shown in Supporting Information.
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P63/mmc; a = 3.913 Å, c = 5.064 Å) by annealing.52 XRD
patterns from the annealed samples (Figure 4b) reveal
significant contribution from a hexagonal ε-Ni5Ge3
phase (Figure 4a) along with some Ni, NiGe, Ni2Ge
(orthorhombic, space groupPnma; a=5.11Å,b=3.83Å,
c = 7.26 Å), and Ni3Ge (cubic, space group Pm3m;
a = 3.57 Å) phases (Figure S4, Supporting Information).
To explicitly identify the NW phase, we studied a
number of NWs using ED and HRTEM. The ED patterns
of the annealed NWs (Figure 5b,c) are clearly in agree-
ment with the hexagonal ordering expected from
ε-Ni5Ge3 structures. The ED patterns can be readily
indexed to the [211] and [311] zone axes of the
hexagonal B8 ε-Ni5Ge3 parent structure (a ∼ 4 Å and
c ∼ 5 Å).35 The ED patterns and the lattice-resolved
HRTEM image (Figure 5d) show that the ε-Ni5Ge3 NWs
are single-crystalline (the surface oxide was partially
removed when exposed to the convergent TEM elec-
tron beam, as shown in Figure S6, Supporting
Information). Measured lattice spacings of 0.20 and
0.28 nm (from both the calibrated ED pattern and
HRTEM image) correspond to the expected lattice
spacing between the (112) and (011) planes of the
hexagonal ε-Ni5Ge3 phase, respectively. Importantly,
we observed no evidence of superstructure reflections
in the ED patterns of any wires examined, which would
have suggested the monoclinic ε0-Ni5Ge3 and Ni19Ge12
phases. Furthermore, EDS spectra of individual an-
nealed NWs (Figure 5e) show the Ni:Ge signal intensity
ratio to be higher than that observed for the as-grown
NWs (Figure 3e), indicating a higher Ni concentration in

the annealed NWs. Quantitative EDS analyses on eight
annealed NWs revealed an average Ni atomic percent
of 67.7 ( 0.8%. The combination of all of our analysis
results, including XRD, ED, HRTEM, and EDS, verifies
that the annealed NWs possess the metastable B8
phase of hexagonal ε-Ni5Ge3.

52

Direct evidence of phase transformation is further
provided by the heterostructured ε-Ni5Ge3/NiGe NWs
obtained by annealing for a shorter period (30 min). A
clear interface between the ε-Ni5Ge3 and NiGe seg-
ments (indicated by red arrow) can be observed in such
a typical heterostructured NW (Figure 6a). ED analysis
verified that the NW tip was of NiGe phase (Figure S7,
Supporting Information), which is consistent with the
Ni diffusion mechanism. HRTEM image of the inter-
facial region (Figure 6b) clearly shows the different
crystal lattices of ε-Ni5Ge3 and NiGe segments. The
observation of this intermediate state of ε-Ni5Ge3/NiGe
heterostructures provides direct view and solid evi-
dence for the diffusion-induced phase transformation
processes.
We further compare this work with previous reports

on nickel germanide thin film synthesis, which mainly
focused on the reactions of Ni thin film with Ge
substrates (“Ni-on-Ge”), as opposed to the “Ge-on-Ni”
reaction in our studies. Four phases (Ni, ε0-Ni5Ge3, NiGe,
andminor Ge)were detected in as-grown samples, and
five phases (Ni, Ni3Ge, Ni2Ge, ε-Ni5Ge3, and NiGe) were
detected in annealed samples (Figure S4, Supporting
Information) on the basis of PXRD. However, we would
like to stress that our TEM, ED, and EDS analyses

Figure 5. Structural characterization of the annealed nickel germanide NWswith hexagonal ε-Ni5Ge3 phase. (a) Low-magnifi-
cation TEM image; ED patterns taken from the (b) [211] and (c) [311] zone axes; (d) HRTEM image; and (e) EDS spectrum of the
ε-Ni5Ge3 NWs.
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(Figure S8, Supporting Information) consistently show
that the observed NWs are purely of NiGe and
ε-Ni5Ge3 for as-grown and appropriately annealed
samples, respectively. The other phases detected in
XRD are from the underlying germanide films (Figure
S9, Supporting Information). The phase formation
sequence observed in previous thin film studies pro-
vides clues as to why such germanide phases and
NWs of certain germanide phases were observed in
our case. In the Ge-abundant Ni-on-Ge reactions of
previous reports, NiGe (the most Ge-rich phase) was
found to be the final stable phase.1,8,12 Here, NiGe
NWs were first obtained because it is the stable phase
in the initial Ge-rich CVD growth conditions,12 as
reinforced by the observation of unreacted elemental
Ge in the XRD patterns. However, in the overall Ni-
abundant Ge-on-Ni reactions in our studies, Ni-rich
phases (such as Ni3Ge and Ni2Ge) could eventually
form after annealing (Figure S9). Given sufficient
reaction time to reach equilibrium, the final phases
depend on the identity and amount of the limiting
reactant species. Thermal annealing leads to Ni en-
richment and hence NW phase transformation to
ε-Ni5Ge3.

11,53 However, the formation of the meta-
stable hexagonal ε-Ni5Ge3 phase instead of the stable
monoclinic ε0-Ni5Ge3 phase likely occurred due to
the particular annealing conditions used, namely
heating above the phase transition between the
equilibrium phase and the metastable phases, an-
nealing for the particular period, and relatively fast
quenching. The observation of the metastable
ε-Ni5Ge3 phase suggests that kinetic factors play

important roles during phase transformation. We
expect that variations in these annealing conditions
could formdifferent Ni5Ge3 structures, and it might be
possible to further increase the Ni concentration,
giving rise to Ni2Ge or Ni3Ge; however, we have not
yet pursued this line of investigation.
Furthermore, we have characterized the electrical

properties of the NiGe and ε-Ni5Ge3 NWs. The linear
two-probe and four-probe I�V curves for both NiGe
NW (Figure 7a) and ε-Ni5Ge3 NW (Figure 7b) devices
indicate Ohmic behavior. The NW resistivities, F, were
calculated using F = RA/l, where R is the measured
resistance, A is the cross-sectional area of the NW
(assumed to be circular in our case), and l is the channel
length. With a diameter of 90.5 nm and a channel
length of 2.57 μm (Figure 7a, inset), the room tempera-
ture resistivity of this representative NiGe NW was
calculated to be 72 μΩ 3 cm for the two-probe mea-
surement and 23 μΩ 3 cm for the four-probe measure-
ment, indicating that the contact resistance is com-
parable to the device resistance. Measurements from a
total of eight NiGe NWs revealed an average four-
probe resistivity of 35 ( 15 μΩ 3 cm. This low four-
probe resistivity is comparable to the reported values
of 17�24 μΩ 3 cm for thin film NiGe samples7,8 and also
comparable to that of metal silicide contacts (NiSi,
CoSi2, and TiSi2) commonly used in current Si micro-
electronics.8,29,54 For the ε-Ni5Ge3 NWs shown in
Figure 7b with a diameter of 117.2 nm and a device

Figure 7. I�V characteristics (two-probe and four-probe) of
representative (a) NiGe and (b) ε-Ni5Ge3 NW devices. Inset
shows representative SEM images of the NW devices. Scale
bars are 2 μm.

Figure 6. (a) TEM image of a heterostructured ε-Ni5Ge3/NiGe
NW. The interface is indicated by a red arrow. (b) HRTEM im-
age of the ε-Ni5Ge3/NiGe interfacial region.
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channel length of 432 nm, the calculated resistivity
is 906 μΩ 3 cm for the two-probe measurement and
234 μΩ 3 cm for the four-probe measurement. Addi-
tional measurements from a total of three ε-Ni5Ge3
NWs revealed an average four-probe resistivity of
132 ( 89 μΩ 3 cm, which is around 4 times of that for
NiGe NWs. This is, to the best of our knowledge, the
first electrical property study of the ε-Ni5Ge3 phase,
probably due to its thermodynamic instability. The
distinct properties of NiGe and ε-Ni5Ge3 NWs also
underscore the importance of understanding the
phase formation and evolution behavior of nano-
scale germanides. For example, NiGe NWs may serve
as excellent device contacts and/or interconnects
due to their low resistivity. However, without careful
processing control, the ε-Ni5Ge3 phase may poten-
tially form, which is much more resistive, resulting in
a significant increase in series resistance and perfor-
mance degradation.

CONCLUSION

In conclusion, we have reported the spontaneous
growth and phase transformation of nickel germanide
NWs along with measurement of their electrical prop-
erties. The growth conditions were carefully optimized
to grow NWs of uniform diameter in high density on
porous Ni foam substrates. The as-grown NWs were
found to be NiGe with orthorhombic crystal structure.
Phase transformation from orthorhombic NiGe to hex-
agonal ε-Ni5Ge3 was achieved by thermal annealing
induced Ni enrichment. Resistivity measurements re-
vealed that the NiGe NWs were highly conductive (35
( 15 μΩ 3 cm), but the resistivity of the ε-Ni5Ge3 NWs
wasmuch higher. Our studies demonstrate a facile and
efficient method for nickel germanide NW synthesis
and phase control. Understanding the germanide NW
phase formation and transformation is of great impor-
tance for their applications in nanoelectronics due to
the structure-dependent properties.

METHODS

Nanowire Growth and Transformation. The Ni germanide NWs
were grown in a home-built CVD system composed of a
horizontal quartz tube furnace with pressure and flow gas
control. Porous Ni foam substrates were sonicated in 5% HCl
for 15 min, rinsed with deionized (DI) water, and dried with N2

gas before theywere placed at the center of the tube furnace for
NW growth. The tube chamber was purged with He gas during
temperature ramping process; the flow gas was then switched
to GeH4 (10% diluted in He, 7�50 sccm) once the temperature
had reached the set point. After a typical growth period of 2 h,
the furnace was allowed to cool to room temperature naturally.
NWs grew spontaneously from the Ni foam substrates in these
CVD reactions without the use of an intentional catalyst. The
best NWmorphology was obtained at a growth temperature of
350 �C and a pressure of 4 Torr. To convert the NW further to the
ε-Ni5Ge3 phase, the as-grown NWs were further annealed at
500 �C for 2 h in He atmosphere using the same CVD setup.

Characterizations. Morphologies of the products were char-
acterized using SEM (LEO 1530). PXRD datawere collected using
Siemens STOE with Cu KR radiation (λ = 1.5418 Å) on as-grown
samples. Detailed structural characterizations of the NWs were
performed using TEM (Philips CM200 and JEOL 2100F). Chemi-
cal compositions of the NWs were analyzed using EDS attached
to the SEM system. For TEM and EDS analyses, the NWs were
dispersed in isopropyl alcohol (IPA) by ultrasonication and then
dropped on a Cu grid coated with lacey carbon film.

Device Fabrication and Measurements. To fabricate NW devices,
the NW suspensions were dispersed on Si/SiO2 (600 nm oxide)
substrates and dried with N2. The substrates are prepatterned
with markers for NW location. Electrodes were defined by
electron beam lithography. After a 15 s etching in buffered HF
to remove surface oxide, Ti/Au (50/60 nm or 50/200 nm)
electrodes were deposited using e-beam evaporation. Room
temperature I�V measurements were conducted using a Cas-
cade Microtech RF-1 probing station and a custom computer-
ized transport setup.
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