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The formation and thermal stability of nickel germanide on germanium substrate were examined by both electrical and
physical characterization methods. Low resistivity (14 m� cm) mono-nickel–germanide was formed at a low temperature of
400�C on Ge substrate. The sheet resistance of nickel germanide changed with the germanide formation temperatures and had
a similar characteristic as nickel silicide. However, the thermal stability study shows that NiGe formed on Ge substrate has a
poorer thermal stability than NiSi on Si substrate, which is due to the lower activation energy of agglomeration in NiGe (2:2�
0:2 eV) compared to NiSi. [DOI: 10.1143/JJAP.44.L1389]
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Germanium is always an interesting material for metal
oxide semiconductor field effect transistor (MOSFET)
applications because of its high intrinsic mobility (two times
higher for electrons and four times higher for holes as
compared to those in Si). However, the inferior thermal
stability and water solubility of germanium oxide hinder
the real application of Ge MOSFET. Owing to recent
developments of replacing high dielectric constant (high-k)
material over thermally grown SiO2 as a new gate dielectric
in Si complementary metal oxide semiconductor (CMOS)
devices, Ge as a channel material has attracted a great
interest for high-performance logic circuit application. Ge
MOSFETs with germanium oxynitride, ZrO2 and HfO2

dielectrics have been successfully demonstrated.1–3) How-
ever, very high series resistance was observed in these Ge
MOSFETs, which severely degraded the device perform-
ance. Self-aligned silicide is essential in current deep-sub
micron very-large-scale-integration (VLSI) circuit fabrica-
tion to reduce the parasitic resistance. Titanium silicide
(TiSi2), cobalt silicide (CoSi2) and nickel silicide (NiSi)
have been extensively studied. Titanium silicide was widely
used in sub-micron CMOS technologies, however, it has
been replaced by cobalt silicide for the sub 0.25 mm nodes.
Ni silicide, considered as the material choice for the future
nodes, has several advantages over Ti silicide and Co silicide
which include: low temperature silicidation, no bridging
failure property, small mechanical stress, low silicon con-
sumption, and one step silicidation process.4) Similarly, Ni
shows advantages to form germanide for Ge MOSFET
application over other materials. It has been reported that
high processing temperatures are required to form low-
resistivity titanium germanide (>800�C) and cobalt germa-
nide (>500�C), while nickel germanide can be formed at a
low temperature of 270�C.5) Such a low processing temper-
ature is effective to prevent the degradation of high-k gate
stack on germanium substrate and makes nickel germanide
more suitable for Ge device fabrication.

In this work, the formation of nickel germanide on single
crystal germanium substrate by rapid thermal processing
(RTP) is investigated over a wide range of temperatures
(250–700�C). Thermal stability is studied using electrical

(sheet resistance measurement) and physical (scanning
electron microscopy, SEM) characterization methods. Acti-
vation energy of morphological degradation due to agglom-
eration is determined for NiGe on single crystalline
germanium substrate.

NiGe formation was carried out on n-type (0.45–0.51
� cm) (100) germanium substrates. First, the substrates were
dipped in diluted HF solution (1 : 20) to remove the native
oxide and passivate the surface with hydrogen. After that,
the substrates were transferred into an E-beam evaporator
with a base pressure of 5� 10�7 mbar. Ni films with
different thicknesses were deposited at room temperature.
Following that, nickel germanide was formed by RTP at
temperatures ranging from 250 to 700�C under N2 at
atmosphere. After annealing, the unreacted Ni was removed
by diluted HNO3 (1 : 20). To study the thermal degradation
behavior, several NiGe samples, formed at the same
condition (400�C, 30 s), were subsequently annealed at
different temperatures from 450 to 650�C. A four-point
probe was used to measure the sheet resistance of the nickel
germanide films. Rutherford backscattering spectroscopy
(RBS), with a 2MeV Heþ ion beam of approximate 5m2

raster-scanned over a square pad of 50� 50 mm2, was used
to measure the thicknesses of as-deposited Ni and Ni
germanide films as well as the film composition. SEM was
employed to examine the morphology of the films.

Nickel germanide formation was first studied over a wide
range of temperatures. Figure 1 shows the sheet resistance
(Rsh) of nickel germanide as a function of annealing
temperature with Ni film thickness (nominal) of 10 and
20 nm. For comparison, the sheet resistance of the silicide
formed by reaction of nominal 20 nm Ni on single crystal
silicon is also characterized and shown in Fig. 1. The curves
of the germanide sheet resistance on Ge substrate seem
similar to that of silicide on Si substrates. All the films
exhibit high sheet resistances at low temperatures due to the
formation of Ni-rich phases (predominantly Ni2Si or
Ni2Ge).

4,6) At elevated temperatures, the sheet resistance
maintains at a minimum value over a range of temperatures
(400–550�C for germanide, 400–700�C for silicide with
20 nm Ni). The resistivity of NiGe is extracted to be
14 m� cm, which is comparable with the resistivity of NiSi
(14 m� cm) but is lower than the resistivity of NiSiGe�E-mail address: elezhucx@nus.edu.sg
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(18 m� cm).7,8) The low sheet resistance within this temper-
ature range indicates that mono-germanide and mono-
silicide were formed. The RBS analysis confirms that the
atomic ratio of Ge to Ni is 1 : 1 corresponding to mono-
nickel–germanide (Fig. 2). RBS was also employed to
measure the thickness of formed germanide film. The
thickness ratio of the NiGe films to the as-deposited Ni
films is 2.55, from a series of NiGe samples with different
as-deposited Ni thickness. When the annealing temperature
increases further, a sharp and slight increase in the sheet
resistance (Rsh) of NiGe and NiSi were observed due to the
thermal degradation of germanide and silicide, respectively.
It is noticed that the thermal degradation of germanide films
occur at lower temperatures than that of NiSi films (Fig. 1).
Hsu et al. reported similar results on NiGe on single- and
poly crystalline Ge substrtes.9)

It is well known that the thermal degradation of NiSi at
high temperature includes two mechanisms: agglomeration
and phase transformation.7) The desired low-resistivity phase
NiSi tends to transform to high-resistivity NiSi2 above
700�C which accounts for the high sheet resistance plateau
around 800�C. Further increasing annealing temperature will

cause the initial continuous silicide film to break up into
discrete silicide islands. In contrary, the NiGe shows a
different degradation characteristic with NiSi. The nickel
germanide does not transform to Ge-rich phase after
annealing since no Ge-rich phase (>50 at. % Ge) exists in
the equilibrium phase diagram.10) Morphological degrada-
tion due to the agglomeration is the only mechanism of
thermal degradation in NiGe. The agglomeration in NiGe
starts with grain boundary grooving and results in islands
formation, as the same as silicide agglomeration.11) The
agglomeration is driven by the minimization of the total
surface/interface energy of the germanide and germanium
substrate.12) Figure 3 shows the SEM pictures of NiGe films
formed with different annealing temperatures. Combining
the sheet resistance curves shown in Fig. 1, the keeping
increasing sheet resistance with the annealing temperature is
due to the severe agglomeration until it thermally breaks into
discrete islands. In addition, it is noted from Fig. 1 that the
temperature at which agglomeration occurs decreases with
reduced film thickness. This is also consistent with the
grooving model of agglomeration.

The dependence of thermal stability of NiGe on both
annealing temperature and time was studied by monitoring
the sheet resistance variation. The germanide films were first
formed by the same RTP condition (400�C, 30 s). Following
that, the samples were subsequently annealed at different
temperatures and durations. Figure 4 shows the sheet
resistance ratio (Rsh=Rsh0) of NiGe, formed with 10 and
20 nm Ni on Ge substrates, as a function of annealing time at
varying temperatures, where Rsh0 is the initial sheet
resistance value measured after NiGe formation annealing
and Rsh is the sheet resistance measured after the second
annealing. All the sheet resistance ratios increase with
annealing time at different annealing temperatures. A higher
annealing temperature leads to a faster increase in Rsh=Rsh0.
These results are consistent with the morphological degra-
dation due to agglomeration. To further characterize the
thermal degradation of NiGe, the activation energy of
agglomeration was estimated. Figure 5 shows the Arrhenius
plots of ln �0ðTÞ as a function of 1=kT for NiGe formed with
10 and 20 nm Ni on germanium substrates, where �0ðTÞ is
degradation time defined as the time at a given temperature
(T) corresponding to a 20% increase in sheet resistance (Rsh)

Fig. 1. The sheet resistance of NiGe formed at temperatures ranging from

250 to 700�C for 30 s. The sheet resistance was measured after removing

the unreacted Ni by wet etching after reaction. The nominal 10 and 20 nm

Ni films were deposited on (100) single crystalline Ge and Si substrates.

Fig. 2. RBS spectrum of NiGe formed at 500�C with nominal 20 nm

initial Ni. From the simulation curves of RBS data, the sample

composition maintains a constant as Ni : Ge ¼ 1 : 1.

Fig. 3. SEM pictures of nickel germanide formed at annealing temper-

ature of (a) 400, (b) 500, (c) 600, and (d) 700�C. The initial Ni thickness

is 15 nm.
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from its initial sheet resistance (Rsh0). From Fig. 5, the
activation energy of NiGe agglomeration is estimated to be
2:2� 0:2 eV. The activation energy value of NiGe agglom-
eration is smaller than the reported values of NiSi. By
measuring the degradation of sheet resistance of NiSi films,
Chamirian et al. reported the activation energy values to be
2:5� 0:25 eV and 2:6� 0:3 eV for the n+ and p+ Si(100)
substrates, respectively.13) Colgan et al. also reported that
the activation energy of the NiSi agglomeration was 2:9�
0:2 eV with the same method.14) Okubo et al. reported
activation energy at 2:8� 0:4 eV by calculating exposed-Si
area.15) They suggested that the activation energy of NiSi
agglomeration corresponds to the energy needed for adding
a Si atom to the epitaxial Si that grows between NiSi grains.
The lower activation energy of the NiGe agglomeration
could be attributed to the lower activation energy of Ge
epitaxy than Si epitaxy.16)

In summary, the formation and thermal stability of NiGe
were examined. Low resistivity (14 m� cm) NiGe was
formed at a low temperature of 400�C. The NiGe shows a
poorer thermal stability than NiSi. The agglomeration in
NiGe accounts for the thermal degradation after high

temperature annealing with the activation energy of 2:2�
0:2 eV.

Acknowledgment

The work was supported by Singapore ASTAR grant R-
263-000-267-305.

1) H. Shang, K.-L. Lee, P. Kozlowski, C. D’Emic, I. Babich, E. Sikorshi,

M. Ieong, H.-S. P. Wong, K. Guarini and W. Haensch: IEEE Electron

Device Lett. 25 (2004) 135.

2) H. Shang, H. Okorn-Schmidt, K. K. Chan, M. Copel, J. A. Ott, P. M.

Kozlowski, S. E. Steen, S. A. Cordes, H.-S. P. Wong, E. C. Jones and

W. E. Haensch: IEDM Tech. Dig., 2002, p. 441.

3) C. O. Chui, H. Kim, P. C. McIntyre, K. C. Saraswat: IEDM Tech. Dig.,

2003, p. 18.3.1.

4) T. Morimoto, T. Ohguro, H. S. Momose, T. Iinuma, I. Kunishima,

K. Suguro, I. Katakabe, H. Nakajima, M. Tsuchiaki, M. Ono, Y.

Katsumata and H. Iwai: IEEE Trans. Electron Devices 42 (1995) 915.

5) S. P. Ashburn, M. C. Ozturk, J. J. Wortman, G. Harris, J. Honeycutt

and D. M. Maher: J. Electron. Mater. 21 (1992) 81.

6) M. Wittmer, M.-A. Nicolet and J. W. Mayer: Thin Solid Films 42

(1997) 51.

7) E. G. Colgan, M. Maenpaa, M. Finetti and M.-A. Nicolet: J. Electron.

Mater. 12 (1983) 413.

8) C. Isheden, J. Seger, H. H. Radamson, S.-L. Zhang and M. Östling:
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Fig. 4. Evolution of NiGe sheet resistance with annealing time for

samples with (a) 10 and (b) 20 nm as-deposited Ni.

Fig. 5. Arrhenius plots of degradation time for NiGe films with 10 and

20 nm as-deposited Ni. The degradation time is defined as corresponding

to a 20% increase in sheet resistance.
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