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To enhance the morphological stability of NiGe, a material of interest as source drain-contacts in Gebased field effect transistors, Ta or W is added as either interlayer or capping layer. The efficacy of this
Ta or W addition is evaluated with pure NiGe as a reference. While interlayers increase the NiGe
formation temperature, capping layers do not retard the NiGe formation. Regardless of the initial
position of Ta or W, the morphological stability of NiGe against agglomeration can be improved by up
to 100 °C. The improved thermal stability can be ascribed to an inhibited surface diffusion, owing to Ta
or W being located on top of NiGe after annealing, as confirmed by means of transmission electron
microscopy, Rutherford backscattering spectrometry, and atom probe tomography. The latter also shows
a 0.3 at. % solubility of Ta in NiGe at 450 °C, while no such incorporation of W is detectable.
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Germanium has been considered as a replacement for Si in metal-oxide-semiconductor
field effect transistor (MOSFET) channels,1–4 because of its higher carrier mobilities and
lower processing temperatures. The lower processing temperatures also make Ge an
especially interesting candidate for the upper-tier device layers in monolithically integrated
three-dimensional circuits as an example.
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Nickel germanide is studied as a material for

contact metallization of the source and drain terminals of a Ge-MOSFET, owing to its low
resistivity and compatibility with a self-aligned process.6,7 The formation of the desired lowresistivity phase NiGe usually occurs via the high-resistivity, metal-rich phase ε-Ni5Ge38–10
and NiGe is also the last phase to form. The applicability of thin NiGe layers, however, is
limited by the tendency to agglomerate (i.e to break up into islands) at lower temperatures
than its NiSi counterpart in Si-MOSFETs.10 Agglomeration degrades the electrical
connectivity and can thereby cause contact failures. Since the driving force for agglomeration
is the minimization of the total free energy by eliminating grain boundaries and minimizing
interfaces,11–13 thinner NiGe layers tend to agglomerate at even lower temperatures.10
Enlarging the process temperature window by suppressing agglomeration is thus important for
the integration of NiGe into future down-scaled Ge-based CMOS technology nodes.

Previous efforts to suppress the agglomeration of thin NiGe layers focused on either the
addition of metals or on modifying the Ge substrate. The addition of alloying elements
including Pt (from an alloyed target with 1 at.% Pt14 or using co-sputtering resulting in Pt
contents of 0 to 20 at.%15) or Pd (layered structure of 2 nm Pd and 10 nm Ni16) stabilized the
layers as a result of the formation of respective ternary germanides by 50 to 100 °C. These
ternary germanide alloys have higher melting points and possess larger (absolute) Gibbs free
energies from the effect of mixing than pure NiGe. The alloying with Zr17,18 or Ti19 was
proven to be equally effective, but due to the formation of Zr or Ti-rich capping layers after
annealing. On amorphous Ge-substrates, NiGe was shown to agglomerate at a higher
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temperature compared to on crystalline Ge, due to missing destabilizing effects of axiotaxial
textures.20 In the present study, the influence of adding Ta or W to the system of Ni and Ge
prior to annealing is investigated. Tantalum and W have been selected because they do not
form germanides below 700 and 900 °C, respectively.6 Both Ta and W diffuse more slowly
than Ge and Ni, hence their use as markers for studying the reactive diffusion in Ni/Ge was
reported in previous studies.21 Such slow-diffusing species tend to segregate at interfaces as
well as at grain boundaries and can thereby inhibit the agglomeration.22 Apart from this, the
formation of ternary phases or alloys with Ni and Ge is unlikely with both Ta and W. For Ta,
a rise in agglomeration temperature by 50 °C was reported when co-depositing Ni and Ta on
Ge.23 However, the 30 nm thick Ni layers used in ref.
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are too thick to be relevant for the

integration in future down-scaled devices. A reported beneficial property of W is its capability
of reducing the Ge out-diffusion on patterned substrates when implanted into NiGe.24

In this study, 2.2 µm thick Ge layers were epitaxially grown on (100) Si-on-insulator
substrates.25 Prior to metal deposition, the substrates were cleaned using a solution of
H2O2/NH4OH/H2O at a ratio of 1/1/5000 for 60 s followed by a 40 s dip in 0.5 % HF.26 All
metal depositions were carried out by magnetron sputtering at a pressure of 4.5 mTorr and
with an Ar flow of 40 sccm. Nickel was deposited with an RF power of 150 W. Tantalum and
W were deposited using a pulsed DC process with a pulse-off time of 0.5 µs, a pulse
frequency of 250 kHz and at 45 W. No intentional substrate heating was used. The Ni
thicknesses ranged from 5 to 12 nm, while Ta or W was deposited as an interlayer or a
capping layer with thicknesses ranging from 0.2 to 3 nm without breaking the vacuum. The
amounts of deposits were controlled by deposition time and calibrated by means of
Rutherford backscattering spectrometry (RBS) using alpha particles at an energy of 2 MeV
and a scattering angle of 170°. To avoid channeling through the substrate during RBS
measurements, the incident angle of the ion beam was -5° off the substrate normal and the
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sample tilt was changed randomly within 1°. After the deposition, the substrates were sliced
into pieces of 1.5 cm by 2.0 cm and annealed to temperatures ranging from 150 to 650 °C in
nitrogen atmosphere using rapid thermal processing (RTP) with a ramp rate of 10 °C/s and a
soaking time of 30 s. The sheet resistance, Rsh, was measured before and after the depositions
as well as after the RTP using a four-point probe setup. Selected samples were furthermore
analyzed using scanning electron microscopy (SEM), transmission electron microscopy
(TEM), and atom probe tomography (APT).

FIG. 1 Dependence of the sheet resistance on the RTP temperature after addition of 0.5 nm Ta
or W interlayer to (a) 8 nm Ni, and (b) 5 nm Ni.
The addition of Ta or W as an interlayer between Ge and Ni is found to affect the process
temperature window of NiGe, which corresponds to the temperature range where the lowest
Rsh can be measured, see FIGs. 1 and 2. The process temperature window is limited by the
completion of the NiGe formation at its lower end and by the beginning of agglomeration at
the upper end. Both ends are influenced by the initial Ni thickness (FIG. 1) and the interlayer
thickness (FIG. 2). In FIG. 1(a), when a 0.5 nm Ta or W interlayer is added to 8 nm of Ni, Rsh
is seen to first increase and then to decrease between 150 and 300 °C at which reactive
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diffusion takes place between Ni and Ge. Nickel, the dominant diffusing species during the
initial formation of Ni5Ge3,21 needs to diffuse through the Ta or W interlayer in order to react
with Ge. The high Rsh is thus caused by the formation of the high-resistivity phase Ni5Ge3
from the Ni layer of much lower resistivity and the Ge-substrate. With pure Ni as well as with
a Ta interlayer, the highest Rsh is observed at 200 °C while it occurs at 250 °C with a W
interlayer. Similarly, the temperature for completing the NiGe formation is 300 °C for pure Ni
as well as for the Ta interlayer samples, whereas with W the NiGe formation is not completed
until the temperature is increased to 350 °C. For 12 nm Ni, the same behavior as in FIG. 1(a)
has been observed (data not shown). The observed higher temperatures for the formation of
Ni5Ge3 and NiGe with the W interlayer indicate that W blocks the Ni diffusion more
efficiently than Ta does. At the given annealing conditions with fixed ramp rates and soaking
times, the delayed Ni5Ge3 formation leads to a raised temperature for completing the NiGe
formation. For example, compared to 250 °C, the Rsh of the W interlayer sample at 300 °C is
reduced which indicates that the NiGe formation may already have started, but is far from
being completed. The beginning of agglomeration is indicated by the rise in Rsh and occurs at
500 °C when pure Ni is used, but at 550 °C when a Ta or W interlayer is added.

In FIG. 1(b), when a thinner Ni layer of 5 nm is used, the temperature of complete NiGe
formation is increased to 350 °C for the Ta interlayer case. Compared to using 8 nm Ni and a
Ta interlayer this is an increase of 50 °C, which can be explained by the formation of NiGe
from Ni5Ge3 becoming nucleation-controlled as reported earlier.10 The critical Ni5Ge3
thickness above which NiGe would spontaneously grow was estimated to be 8.3 nm
(corresponding to 4.7 nm of unreacted Ni);8,10,27 below this thickness, the nucleation of NiGe
requires a higher temperature. Comparing the sample with 5 nm Ni and Ta to the pure 5 nm
Ni case, however, the temperature of complete NiGe formation is increased by 50 °C as well.
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This suggests that the complete NiGe formation is delayed by a combination of an inhibited
Ni diffusion through the Ta interlayer and a nucleation-controlled NiGe formation.

FIG. 2 (a) Dependence of the sheet resistance on the RTP temperature for 5 nm Ni samples.
With added Ta and W interlayers, the complete NiGe formation is delayed to higher
temperature by 50 °C. The agglomeration of NiGe layers is suppressed by the presence of Ta
and W. (b) Horizontal bars for the process temperature windows in which non-agglomerated
NiGe is formed, i.e. when the sheet resistance does not exceed 150 % of its minimum value.
When the interlayer thickness is increased to 1 nm while the Ni layer is kept at 5 nm, the
temperature of complete NiGe formation is similarly shifted to 350 °C for both Ta and W as
shown in FIG. 2(a). However, using thicker Ta or W interlayers improves the resistance to
agglomeration of the NiGe. In FIG. 2(b), the process temperature windows for the formation
of morphologically stable NiGe layers from 5 nm Ni are depicted as horizontal bars for
interlayer thicknesses between 0.2 and 2 nm. Here, the layers were defined as
morphologically stable when Rsh does not exceed 150 % of its minimum value. A change in
interlayer thickness does not change the temperature of complete NiGe formation except
when a 2 nm W interlayer is used, see FIG. 2(b); NiGe is not fully formed even after a
prolonged annealing at 450 °C for 120 s (data not shown). Hereby, the observation that W
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inhibits the Ni diffusion more efficiently than Ta is further supported. The upper end of the
process temperature window, however, requires further scrutiny and is discussed below.

In brief, a Ta or W interlayer causes the NiGe agglomeration temperature to increase by
50 to 100 °C for all studied thicknesses, see FIGs. 1 and 2, wherein the 1 nm W case leads to
the most stable NiGe layers. The TEM micrographs in FIGs. 3(a) and 4(a)-(b), the APT data
in FIGs. 3(b) and 4(c), and the RBS results (not shown here) confirm that the Ta or W layer
initially located close to the Ge substrate is present on top of the formed NiGe layers after
annealing, thereby affirming the predominant Ni diffusion during the reaction. It is plausible
that the surface Ta or W decelerates the Ni surface diffusion and thus helps to stabilize the
NiGe layers against agglomeration.

FIG. 3 (a) Cross-sectional TEM image of Ge / 0.5 nm Ta / 5 nm Ni after RTP at 400 °C. (b)
Reconstructed APT data of Ge / 1 nm Ta / 5 nm Ni after RTP at 450 °C.
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FIG. 4 (a) Cross-sectional TEM image of Ge / 0.5 nm W / 5 nm Ni after RTP at 400 °C. (b)
High-angle annular dark-field STEM of the same sample. (c) Clip of reconstructed APT data
of Ge / 1 nm W / 5 nm Ni after RTP at 450 °C.
Apart from the observation of Ta or W being located on the surface, Ta or W could also
be present in the NiGe grain boundaries. Unfortunately, the prepared APT samples do not
contain any grain-boundaries for such a study. Nevertheless, Ta is found to be uniformly
distributed within the NiGe layer formed after a 450 °C anneal of the sample with a 1 nm Ta
interlayer and 5 nm Ni. The atomic composition is determined to be Ni1.0Ge1.0Ta0.003, see
FIG. 3(b) for the reconstructed atom probe data. This result indicates a solubility of Ta in
NiGe of 0.3 at.% at 450 °C. In an otherwise comparable sample with a 1 nm W interlayer, no
W lattice incorporation in the NiGe can be concluded within the detection limit of APT, see
FIG. 4(c). Even though a W concentration of 0.2 at.% is indicated by the APT analysis
software, no W peaks are present above the noise in the mass spectrum. Compared to the
aforementioned incorporation of Pt or Pd, the Ta content in NiGe is very low. Consequently, a
significant effect of Ta lattice incorporation on the morphological stability of NiGe is
8

unlikely. Neither Ta nor W is found at the Ge/NiGe-interface, which is expected as a result of
Ni being the dominant diffusion species during the Ni5Ge3 formation; the subsequent NiGe
formation would just proceed beneath the surface Ta or W.

FIG. 5 Comparison between a 1 nm W interlayer and a 0.7 nm W capping layer for the Nigermanide formation with a 5 nm Ni layer.
While the agglomeration of NiGe layers is shown to be inhibited due to Ta or W being
moved to the NiGe surface after annealing, the disadvantage of the interlayer configuration is
a raised temperature for completing the NiGe formation, which reduces the process
temperature window. Capping Ta or W layers are therefore used to evaluate their efficacy in
expanding the NiGe process temperature window. Since W shows better results than Ta in
stabilizing the formed NiGe layers, the focus is placed on the W capping layer and the results
are depicted in FIG. 5. As expected, both the interlayer and capping layer configurations lead
to the same improvements with respect to increasing the agglomeration temperature despite a
difference in W thickness of 0.3 nm. The temperature of complete NiGe formation, however,
is unaffected in the presence of the W capping layer as compared to the pure Ni reference. As
seen in FIG. 2(b), a 0.3 nm difference in W interlayer thickness would not alter the NiGe
formation temperature and the comparison in FIG. 5 is hence valid. Thus, the largest
extension of the process temperature window for an initial Ni thickness of 5 nm is 100 °C and
obtained with a 0.7 nm W capping layer.
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To summarize, the process temperature window of NiGe layers formed from initial Ni
thicknesses from 5 to 12 nm could be modified by the addition of Ta or W layers. Whether
these layers were added as interlayer or capping layer did not influence the agglomeration
temperature, since Ta or W was always found to be located on top of the NiGe layers after
annealing. The temperature of complete NiGe formation, however, was increased by 50 °C
with the interlayer scheme while it remained unchanged with a capping layer scheme. The
largest extension of the process temperature window of 100 °C was observed when a 0.7 nm
thick W capping layer was used. The suppressed agglomeration most likely arose from a
decelerated surface diffusion, since it was found independent of the initial Ni thickness. It is
worth noting that a minute amount of Ta was incorporated into the NiGe lattice, while W was
not.
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