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The thermal stability of NiGe films formed on epitaxial Ge on Si substrates was improved from
450 to 550 °C by simply adding an ultrathin ��1 nm� Ti layer during Ni deposition, either as an
intermediate layer between Ni and Ge or as a capping layer on Ni. The improvement was attributed
to the formation of ternary Ni1−xTixGe phase near the NiGe surface, which acts as a capping layer
to suppress agglomeration of the underlying NiGe film at an elevated temperature, as well as
modification of the NiGe grain boundaries. The resistivity of NiGe is also slightly reduced by the
Ti incorporation, making this method very promising for the germanium technology. © 2007
American Institute of Physics. �DOI: 10.1063/1.2768203�

Germanium is an attractive material both for being
metal-oxide-semiconductor transistor channel material for its
high carrier mobility1 and being infrared photodetector’s ab-
sorbing layer at �=1.3–1.55 �m due to its small direct en-
ergy band gap of 0.8 eV.2 As in the conventional Si technol-
ogy where self-aligned metal silicide is used for the source/
drain contact and local interconnect, self-aligned metal
germanide should be also necessary for the Ge devices fab-
rication. NiGe is one of the most promising candidates due to
its low resistivity, low formation temperature, and feasibility
for self-aligned fabrication.3–5 However, one major drawback
of NiGe is its low thermal stability due to agglomeration,
about 500–550 °C for NiGe on bulk Ge and even lower for
that on polycrystalline or amorphous Ge.6–8 It was reported
that the thermal stability of NiGe on bulk Ge may be im-
proved by Zr alloying to Ni.9 However, Zr is not a com-
monly used metal in the conventional self-aligned silicide
process. On the other hand, in a viewpoint of compatibility
to the well developed Si technology as well as being cost
effective, epitaxial Ge on Si is more promising than the bulk
Ge. High quality heteroepitaxial Ge film has been grown on
Si recently using molecular beam epitaxy2 or ultrahigh
vacuum chemical vapor deposition10 �UHVCVD� in spite of
�4% lattice mismatch between Ge and Si. In this letter, we
demonstrated that the thermal stability of NiGe on epitaxial
Ge can be significantly enhanced by simply adding an ultra-
thin Ti��1 nm� layer during Ni deposition, either as an in-
termediate layer or as a capping layer.

The strain-relaxed Ge epilayer was grown on Si sub-
strate using a recently developed two-step UHVCVD epitax-
ial technology.11 First, �30 nm Ge buffer layer was depos-
ited at 250–350 °C using diluted GeH4 source, and then
�100 nm Ge epilayer was grown at 600–700 °C. No cy-
cling annealing was carried out after the growth. The as-
formed Ge epilayer has been confirmed to have high quality
with the dislocation density of �107 cm−2 and the surface
rms roughness of �1.0 nm in a 10�10 �m2 scanning
area.11 After dipping the wafers in a diluted HF solution to
remove the native oxide, they were immediately loaded in a
sputtering system where Ni and Ti were deposited sequen-
tially without breaking the vacuum. Three sets of samples

were deposited: pure Ni��9 nm�, Ni��9 nm� /Ti��1 nm�
�Ti as an intermediate layer between Ni and Ge�, and Ti
��1 nm� /Ni��9 nm� �Ti as a capping layer on Ni�. Ni–Ge
reaction on the blank and patterned wafers was performed
through ex situ rapid thermal annealing �RTA� at 350 °C for
30 s in N2 ambient, followed by selectively etching �SE� in a
diluted HNO3 solution to remove unreacted metal. Then, the
wafers were split to small pieces and each piece was per-
formed by second RTA in vacuum for 30 s at various tem-
peratures ranging from 350 to 700 °C. In other experiment,
the wafers were accumulatively annealed in N2 ambient for
30 s at temperatures of 350, 400, 500, and 600 °C.

After the first 350 °C RTA and SE, all samples showed
smooth surface. The rms roughness is about 0.7–0.9 nm as
measured from atomic force microscopy �AFM� for a scan-
ning area of 5�5 �m2, similar to the initial Ge epilayer. The
roughness after the second vacuum RTA is shown in Fig. 1 as
a function of temperature. For the pure Ni samples, the
roughness starts to increase at 450 °C, reaches to 1.7 nm at
500 °C, and abruptly reaches to 8.9 nm at 550 °C, whereas
the Ti incorporated samples moderately increase their rough-
ness from 1.2 nm at 500 °C to 3.5 nm at 650 °C. The
samples after the accumulative RTA process exhibit similar
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FIG. 1. �Color online� rms roughness determined from AFM in a scanning
area of 5�5 �m2 as a function of second vacuum RTA temperature for
NiGe films formed from Ni�9 nm�, Ni�9 nm� /Ti�1 nm�, and
Ti�1 nm� /Ni�9 nm�. The inset shows rms of Ni�9 nm� and
Ni�9 nm� /Ti�1 nm� samples after accumulative RTA in N2 ambient, its
slightly faster increase rate with temperature may arise from its longer ac-
cumulated annealing time.
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trend, as shown in the inset of Fig. 1. Moreover, different
sets of samples exhibit different roughened surface mor-
phologies, as observed from the AFM images in Fig. 2 for
the 550 °C annealed pure Ni sample and 650 °C annealed Ti
intermediated sample. Figure 3 compares scanning electron
microscopy �SEM� images of the three sets of samples just
before and after the surface being significantly roughened,
i.e., pure Ni samples annealed at 450 and 500 °C and Ni/Ti
and Ti/Ni samples annealed at 500 and 600 °C. The pure Ni
samples show NiGe grain coarsening at 450 °C, and clearly
agglomerates into isolated islands with the size of �130 nm
at 500 °C. The NiGe island formation was confirmed by the
energy dispersive x-ray �EDX� fluorescence spectroscopy
measurement, as both Ni and Ge signals were detected
within the island area whereas no Ni �only Ge� signal was
detected outside the island area. For the Ti intermediated
samples, the surface is also textured, but no island formation
even at 600 °C, as being consistent with the AFM observa-
tion. For the Ti capped samples, grain growth and agglom-
eration also occur at 600 °C, but not as significant as the
500 °C annealed pure Ni sample. Both Ni and Ge signals
can be detected by EDX at any location of the 600 °C an-
nealed Ni/Ti and Ti/Ni samples, indicating that the NiGe
films are still continuous.

The sheet resistances �Rsq.� of NiGe are plotted in Fig. 4
as a function of annealing temperature for the aforemen-
tioned three sets of samples. Rsq. is stable up to 450 °C for
the pure Ni samples, and the stable range extends to 500 °C
with the ultrathin Ti incorporation. The abrupt Rsq. increase
of the pure Ni samples can be attributed to the formation of
isolated islands. However, the Rsq. increase of the Ti incor-
porated samples may arise from other mechanism besides the
NiGe agglomeration because the NiGe film is still continu-
ous after 600 °C annealing. A possible mechanism is Ge
outdiffusion to the NiGe surface and then oxidization.12 This
conjecture is partly confirmed by the fact that no Ni signal
can be detected by EDX on the surface of 700 °C annealed
NiGe samples with and without the Ti incorporation. Taking
both resistivity and surface roughness into account, the ther-
mal stability of NiGe can be extended to 550 °C by the
ultrathin Ti incorporation, about 100 °C higher than that
formed from pure Ni.

The formed NiGe films have thickness of approximate
23 nm, as observed from cross-sectional transmission elec-
tron microscopy �XTEM� on three 450 °C annealed samples.
The resistivity is then calculated to be 24, 18, and 19 �� cm
for NiGe formed from pure Ni, Ni/Ti, and Ti/Ni, respec-
tively, close to the reported value �16–24 �� cm�.5,6 The
slightly different resistivities among these three samples may
be ascribed to their different NiGe grain sizes. From XTEM
images, clear grain boundary can be observed, for instance,
see Fig. 5�a�. The distance between two grain boundaries can
be roughly estimated to be �180 nm for the pure Ni sample

FIG. 2. �Color online� AFM surface morphologies with the scanning area of
5�5 �m2 of �a� 550 °C annealed Ni�9 nm� sample, it contains regularly
distributed isolated islands with a rms of 8.9 nm, and �b� 650 °C annealed
Ni�9 nm� /Ti�1 nm� sample, it contains some irregularly distributed hills and
grooves with a rms of 3.7 nm.

FIG. 3. SEM images of NiGe films formed from �a� Ni�9 nm� after 450 °C
annealing, �b� Ni�9 nm� after 500 °C annealing, �c� Ni�9 nm� /Ti�1 nm� af-
ter 500 °C annealing, �d� Ni�9 nm� /Ti�1 nm� after 600 °C annealing, �e�
Ti�1 nm� /Ni�9 nm� after 500 °C annealing, and �f� Ti�1 nm� /Ni�9 nm� af-
ter 600 °C annealing.

FIG. 4. �Color online� Sheet resistance as a function of second RTA tem-
perature for NiGe films formed from Ni�9 nm�, Ni�9 nm� /Ti�1 nm�, and
Ti�1 nm� /Ni�9 nm�. The alphabetized points correspond to the SEM images
shown in Fig. 3.

FIG. 5. High-resolution XTEM images of 450 °C annealed NiGe films
formed from �a� Ni�9 nm�, �b� Ni�9 nm� /Ti�1 nm�, and �c�
Ti�1 nm� /Ni�9 nm�. The component ratio determined from EDX at various
locations is also shown.
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and �320 nm for the Ti incorporated samples. Since the
grain boundary can affect carrier transport, less grain density
�due to larger grain size� results in a smaller resistivity. This
is another benefit for the ultrathin Ti incorporation.

Figure 5 shows high-resolution XTEM images and el-
emental ratio at various locations determined from EDX for
three 450 °C annealed samples. The ratio of Ni and Ge is
about 1.6–1.8 for all three samples and at all locations, indi-
cating that the formed germanide phase is Ni5Ge3. This
phase was also observed for NiGe formed on amorphous and
polycrystalline Ge.4,5,13 For the Ti incorporated samples, Ti
signal was detected, with higher concentration at closer sur-
face region. Moreover, the Ti intermediated sample has
higher Ti concentration than the Ti capped sample. This can
be understood from the kinetics of Ni–Ge reaction. During
the reaction of Ni–Ge system, Ni diffuses through the formed
NiGe layer and reacts with Ge at the NiGe/Ge interface. The
intermediate Ti layer is expelled to the surface and may alloy
into the NiGe to form ternary Ni1−xTixGe phase. For the Ti
capped sample, part of Ti may remain unreacted during the
first RTA and be removed by the subsequent SE, thus the Ti
amount is reduced. Moreover, the Ti layer may reduce the
NiGe growth rate by suppressing the supply rate of Ni to the
NiGe/Ge interface, which may let the NiGe grain to grow to
a large size, as in the case of Ni–Ti–Si system where epitax-
ial NiSi can be formed by an ultrathin Ti intermediate
layer.14

The mechanism of Ti induced NiGe thermal stability en-
hancement may firstly be attributed to the ternary Ni1−xTixGe
at the surface, which acts as a capping layer to constrain the
agglomeration of underlying NiGe film during the second
RTA. Secondly, Ti alloying can decrease the Gibbs energy of
the NiGe grain and/or change its grain boundary structure,
thus improve the thermal stability, as in a Ni–Si system
where it was reported that a small amount of Pt incorporation
can improve the NiSi stability due to the reduction of the
Gibbs energy.15 Thirdly, less grain boundary density of the Ti
incorporated NiGe films may also contribute their higher
thermal stability because the driving force for NiGe agglom-
eration is the reduction of interfacial energy at the grain
boundaries.16 For NiGe formed on bulk Ge, we suspect that
the same Ti induced thermal stability enhancement should
also exist because the mechanisms for the enhancement still
take effect.

From the AFM and SEM observations, we can find that
Ti as an intermediate layer can suppress the NiGe agglom-
eration more effectively than Ti as a capping layer, but they
exhibit similar thermal stability �roughness and resistivity�.
This may arise from the Ge epilayer related degradation due
to agglomeration of the underlying Ge epilayer and/or out-

diffusion of Ge atoms, which takes effect at about 550 °C
for our samples.

Furthermore, it was reported that thinner NiGe on bulk
Ge has lower thermal stability.7 Similar trend is also found
for our pure Ni samples on epitaxial Ge, as the pure
Ni�5 nm� sample after 500 °C RTA has agglomerated to iso-
lated islands with a rms of 5.95 nm, similar to the 550 °C
annealed pure Ni�9 nm� sample. On the other hand, the
Ni�3 nm� /Ti�1 nm� sample after 500 °C RTA has a rms of
0.85 nm, as smooth as the initial Ge film. Its thermal stability
seems even slightly better than the Ni�9 nm� /Ti�1 nm�
sample, probably due to its relatively large Ti ratio near the
NiGe surface.

In conclusion, simply adding an ultrathin Ti layer during
Ni deposition on epitaxial Ge on Si can significantly improve
thermal stability and also slightly reduce resistivity of the
formed NiGe film. The improvement is attributed to ternary
Ni1−xTixGe phase formed at the NiGe surface as well as
modification of the grain boundary in the NiGe film. The
effect becomes more significant for thinner NiGe films,
making this method very promising in the germanium
technology.
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