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Nickel germanide contacts are expected to play an important role in Ge-based electronics similar to
that of their nickel silicide counterparts in Si devices. Here we have studied the solid state reaction
between Ni contact pads and Ge nanowires. We observe the formation of axial nickel germanide
segments after annealing at temperatures as low as 300 °C for 2 min. The nickel germanide
segments are polycrystalline, without an epitaxial relationship to the Ge nanowire, in contrast to
observations of epitaxial nickel silicide formation from Si nanowires. The crystal structure of the
nickel germanide phase is consistent with the Ni,In prototype structure. Annealing above 400 °C
results in fracture in the nickel germanide segment; however, nickel germanide segments as long as
1.7 pm can be formed by annealing at 400 °C for 5 min. © 2010 American Institute of Physics.

[doi:10.1063/1.3533808]

Germanium nanowires (GeNWs) have attracted consid-
erable interest for applications such as field-effect
transistors' and chemical and biological sensors.” Germa-
nium NWs in particular are interesting because of the higher
carrier mobilities of Ge compared to Si.> Furthermore, Ge
has a larger exciton Bohr radius than Si, making quantum
confinement effects more readily observable in larger-
diameter GeNWs. However, electrical contacts may limit the
performance of semiconductor nanowire devices because of
the nature of the Schottky barrier present at the metal/
semiconductor interface.

Silicides—intermetallic phases that often form through
the solid state reaction of Si and a metal layer—are quite
commonly used as contacts in Si-based technology because
of their compatibility with the self-aligned silicide (salicide)
process. In Si-based technology, NiSi is a common Ohmic
contact because of its low electrical resistivity, reasonable
thermal stability, and ability to form in small dimensions.” In
the binary Ni-Si system, a number of intermetallic phases
can and do form in thin-film contacts, and great attention has
been paid to the phase formation sequence when Ni films
react with Si wafers.

For Ge-based electronics, it is reasonable to expect that a
process analogous to the Ni-salicide process for germanide
formation would be useful for contacts to Ge-based devices.®
Due to the relative immaturity of Ge-based technology, con-
siderably less work has been completed to understand the
phase formation sequence and thermal stability of phases in
the Ni-Ge system compared to those in the Ni-Si system. For
the reaction of Ni thin films on Ge wafers, the observed
phase formation sequence begins with the formation of a
Ni-rich germanide [orthorhombic NizGe,7 hexagonal NizGe,8
monoclinic NisGes,” or hexagonal Ni;Ge, (Ref. 10)], and
researchers have reported the formation of the different
phases listed above under similar annealing conditions. Next,
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NiGe forms'' and remains thermally stable up to tempera-
tures in excess of 500 °C when agglomeration of the film
begins. The Ni-rich germanides are not reported to form with
an epitaxial relation to the Ge substrate, but NiGe has been
reported to form f:pitaxially.12

Previous researchers have studied the reaction of Ni and
SiNWs."*™' In contrast to the reaction of Ni films on Si
wafers, sequential phase formation is not reported in Ni/
SiNW reactions, and the formation of metastable phases not
commonly seen in thin-film reactions has been observed."”
Different silicides form depending on the SINW growth di-
rection and other factors, but many of these phases grow
with an epitaxial relation to the SiNW."*"'% Solid state reac-
tions of Ni films with GeNWs may also differ from their
thin-film counterparts, and limited work has been performed
on germanide formation in any metal-GeNW system, with
the notable exception of Cu;Ge contacts to GeNWs.'¢

In this paper, GeNWs were grown by the vapor-liquid-
solid method from 3 nm thick Au films on oxidized Si wa-
fers. GeH, was used as the precursor gas for the GeNW
growth. The growth temperature was 300 °C, the reactor
pressure was 50 Torr, and the growth time was 80 min.
GeNWs were then sonicated from the growth substrate into
isopropanol, and electron-transparent contacts were fabri-
cated by a method described in detail elsewhere.'” In the
present work, a deionized water soak for 90 s was used to
remove the native oxide on the GeNWs prior to e-beam
evaporation of 80 nm thick Ni contacts, which differs from
the use of buffered hydrofluoric acid to remove the native
oxide on SiNWSs. Samples were then annealed ex situ in a
rapid annealing furnace (AG Associated Heat Pulse 610) in
ultrahigh purity Ar at temperatures of 300, 350, 400, 450,
500, and 600 °C for 2 min each. Transmission electron mi-
croscopy (TEM) was performed using a JEOL EM-2010F
field-emission TEM with a Gatan double-tilt holder.

Axial nickel germanide segments begin to form after 2
min at 300 °C, as shown in Fig. 1(a). The average length of
the nickel germanide segment after 2 min at 300 °C is 20

© 2010 American Institute of Physics

Downloaded 28 Aug 2013 to 142.58.101.27. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.3533808
http://dx.doi.org/10.1063/1.3533808

263116-2 Dellas et al.

100 'nm

nm. After annealing at 350 °C for 2 min, the nickel ger-
manide segment is observed to increase in length to 230 nm
on average [Fig. 1(b)]. The axial nickel germanide segment
is polycrystalline with grain boundaries that extend across
the entire cross-section of the NW. Selected area electron
diffraction (SAED) patterns (Fig. 2) taken from individual
grains of nickel germanide were matched to the Ni,In proto-
type structure with the space group P63/ mme."” We mea-
sured lattice parameters of a=3.95 A and ¢=5.18 A, which
is in relatively good agreement with values determined by
x-ray diffraction (a=3.947 A and ¢=5.037 A) for different
phases of nickel germanide in the Ni,In prototype structure.
Interestingly, we find that nickel germanide grains are mis-
aligned from each other by only 2°-3°. The low angle of the
grain boundaries, suggestive of low-energy interfaces, may
explain why different grains are able to form during the
growth of the nickel germanide segment. Furthermore, we
find that the growth direction of the GeNW does not affect
the phase formation. For GeNWs with [111], [112], and
[110] growth directions the same nickel germanide phase is
observed, unlike the SINW growth direction dependence of
solid-state reactions between Ni and SiNWs."

The match of the SAED patterns from the TEM to the
prototype structure Ni,In suggests that the stoichiometry of
the nickel germanide phase is Ni,Ge; however, there are a
number of different phases reported with very similar crystal
structures, including Ni,Ge, NisGe;, Ni;oGe|,, Ni;;Ge;,, and
Ni3Gez.17 The NiyIn structure is similar to the NiAs proto-
type structure with the exception that there is an additional
Ni sublattice present in the Ni,In structure. The difference

FIG. 2. TEM image of a Ni contact pad on a GeNW annealed at 400 °C for
2 min showing formation of an axial nickel germanide segment. The inset is
a SAED pattern taken from the nickel germanide segment and is indexed as
the Ni,In prototype structure.
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FIG. 1. (a) TEM image of a Ni contact pad on a GeNW
annealed at 300 °C for 2 min and (b) TEM image of a
sample annealed at 350 °C for 2 min. The darker con-
trast in the GeNW near the nickel germanide/GeNW
interface is caused by strain.

between the Ni,Ge stoichiometries listed above is due to va-
cancies on one of the Ni sublattices, causing deviation from
the ideal Ni:(Ge or In) stoichiometry of 2:1. According to
Ellner et al.,18 vacancies on one of the Ni sublattices result in
different stoichiometries in the B8 phase region of the Ni-Ge
system. Work performed by Larsson and Withers' using
electron diffraction suggested that these vacancies may be
ordered in many of the phases, giving rise to the different
stoichiometries of the related nickel germanides; however,
we have not been able to identify any ordering, as might be
revealed by electron diffraction spots in addition to those
expected from the Ni,In prototype structure. We do not rule
out the possibility that vacancies are present; however, based
on the work of Larsson and Withers, the phase that seems
most consistent with diffraction data obtained herein is
Ni;Ge,. Larsson and Withers reported that this phase was the
only one within the B8 region of the Ni-Ge phase diagram to
display no additional ordering or superstructure.

Annealing the Ni/GeNW samples at 400 °C for 2 min
further increases the length of the nickel germanide segment
to 660 nm on average. The nickel germanide segment is
again found to be polycrystalline, and SAED patterns from
each of the grains are matched to the prototype Ni,In struc-
ture. Annealing of the samples at temperatures in excess of
450 °C results in fracture of the nickel germanide segment
near the nickel germanide/GeNW interface, as shown in Fig.
3(a). A high magnification view of the break formed in the
nickel germanide segment is shown in Fig. 3(b). Annealing
samples at 500 or 600 °C for 2 min also results in a break
near the nickel germanide/GeNW interface, and the nickel
germanide segments are similar in length to those observed
after annealing at 450 °C for 2 min. Therefore, regardless of
whether samples are annealed at 450, 500, or 600 °C for 2
min, the break forms shortly after the axial nickel germanide
segment is formed. The Ni supply is then cut off, resulting in
similar nickel germanide segment lengths for all three an-
nealing temperatures.

There are a number of possible explanations for why the
nickel germanide nanowire segments break after annealing at
or above 450 °C, some more plausible than others. One ex-
planation involves unequal fluxes of Ni and Ge. To date, only
one study by Marshall er al. 2 has been performed to identify
the diffusing species in the formation of Ni germanides, spe-
cifically finding that Ni is the dominant diffusing species in
the formation of Ni,Ge. For the particular Ni germanide
formed here, Ni;Ge,, the dominant diffusing species is not
known. Perhaps Ge becomes the dominant diffusing species
in Ni;Ge, at or above 450 °C, eventually leading to the for-
mation of a void in the growing Ni germanide segment near
the Ge NW. However, the break is always about 50 nm away
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from the Ge NW rather than right at the germanide/Ge NW
interface, which leads to some doubt about this explanation.
A less likely explanation is that the germanides segment be-
gins to agglomerate, akin to the agglomeration of NiGe thin
films on Ge wafers at temperatures as low as 500° (Ref. 21)
or the Rayleigh instability observed in other nanowires.”>*
However, the germanides nanowire segment in our study
does not break into beads anywhere else along its length,
making this explanation less likely. Another possible expla-
nation involves stress in the nanowire created by the thermal
expansion mismatch between the nickel germanide segment
and the GeNW. During rapid heating and cooling cycles in
the RTA, perhaps a crack initially forms in the nanowire to
relieve stress. It is also conceivable that more than one of
these factors is at play.

The break in the wires at annealing temperatures of
450 °C and higher does not eliminate the possibility of
forming longer nickel germanide segments. In order to form
longer nickel germanide segments without breaking the
NWs, lower annealing temperatures may be used for longer
times. For example, annealing at 400 °C for 5 min results in
forming nickel germanide segments with average lengths of
1.5 pm. Under these annealing conditions, axial nickel ger-
manide contacts can be incorporated into structures such as
those described by Sarpatwari et al.** in order to study the
Schottky barrier height of axial contacts to semiconductor
NWs or to reduce the access resistance of GeNW transistors.

In summary, we have found that Ni contact pads react
with GeNWs to form axial nickel germanide segments after
annealing at 350 °C for 2 min. Fracture in the nickel ger-
manide segment occurs near the nickel germanide/GeNW in-
terface for annealing temperatures of 450 °C or higher, but
long segments may be grown if the annealing temperature is
limited to 400 °C and longer annealing times are used. The
ability to grow long nickel germanide segments microns in
length will be useful for incorporation of nickel germanide
contacts into GeNW field effect transistors and other nano-
electronic devices.

The authors are grateful for financial support from NSF
through Grant No. ECS-0609282 and the Penn State Center
for Nanoscale Science (Grant No. DMR-0820404) as well as
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FIG. 3. (a) TEM image of a nickel germanide segment
formed after annealing at 450 °C for 2 min showing the
break that forms in the nickel germanide segment. (b)
Higher magnification image of the broken nickel ger-
manide segment showing the rounded surfaces that
form after the nanowire breaks.
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