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Ultrathin highly uniform Ni(Al) germanosilicide layer with modulated B8 type

Ni5(SiGe); phase formed on strained Si, _,Gey layers

Linjie Liu,"?° Lei Jin,* Lars Knoll," Stephan Wirths,' Alexander Nichau,' Dan Buca,’
Gregor Mussler,’ Bernhard Hollander,’ Dawei Xu,"?*® Zeng Feng Di,? Miao Zhang,?
Qing-Tai Zhao,"® and Siegfried Mantl’

'"Peter Griinberg Institute 9, Forschungzentrum Jiilich, 52425 Jiilich, Germany

State Key Laboratory of Functional Material for Informatics, Shanghai Institute of Microsystem
and Information Technology, CAS, Shanghai 200050, China

3University of Chinese Academy of Sciences, Beijing 100049, China

*Peter Griinberg Institute 5, Forschungszentrum Jiilich, 52425 Jiilich, Germany

(Received 9 October 2013; accepted 15 November 2013; published online 5 December 2013)

We present a method to form ultrathin highly uniform Ni(Al) germanosilicide layers on
compressively strained Si;_,Ge, substrates and their structural characteristics. The uniform Ni(Al)
germanosilicide film is formed with Ni/Al alloy at an optimized temperature of 400°C with
an optimized Al atomic content of 20at. %. We find only two kinds of grains in the layer. Both
grains show orthogonal relationship with modified B8 type phase. The growth plane is identified
to be {10-10}-type plane. After germanosilicidation the strain in the rest Si;_,Gey layer is conserved,
which provides a great advantage for device application. © 20/3 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4838695]

Strained silicon-germanium (SiGe) is a promising semi-
conductor material for nanoelectronics,'™ due to its high
hole mobility and compatibility with existing Si technology.®
Thin SiGe layer has been used as high hole mobility channel
in p-type metal-oxide-semiconductor field effect transistors
(MOSFETs).”® Embedded SiGe at source/drain which cre-
ates uniaxial compressive strain in short Si channel
p-MOSFETs has also been applied industrially to enhance
the hole mobilities.” The band-gap engineering by tuning of
the Ge content and the layer thickness also offers many
applications for SiGe in optoelectronics, such as photodetec-
tors,10 modulators,“ solar cells,12 and quantum cascade
lasers."? For all these applications, metal contacts on SiGe
are very critical. Low resistivity contacts with homogeneous
layers and smooth contact/SiGe interfaces are needed for de-
vice applications, especially nanometer devices'® in order to
reduce the resistance and minimize the device variability. In
a Si based MOSFET Nickel (Ni) silicides are widely used at
source/drain (S/D) for their advantages of low resistivity,
low Si consumption, and simple process. In contrast, achiev-
ing homogeneous Ni germanosilicide (NiSiGe) layers with
smooth interfaces is challenging due to Ge segregation,
multi-phase formation, thermal agglomeration, and the elas-
tic strain influence of the strained SiGe layer.'”™"” The mor-
phology and thermal stability of germanosilicide on relaxed
SiGe layers can be improved by incorporation of impurities,
like carbon'® or metal elements,'”?® and using different
annealing methods such as laser annealing?' and microwave
annealing.”> However, formation of homogeneous germano-
silicide layers on strained SiGe without strain relaxation,
which has more potential use, is still a challenge.

In this work, we present a method to form homogeneous
Ni Germanosilicide layers with low resistivity and smooth
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germanosilicide/SiGe interface on strained SiGe substrates.
We identify a modulated B8 type phase of Nis(SiGe)s grow-
ing on strained SiGe layer.

Fully compressively strained 15 nm thick Sig ¢4Geg 36 and
10nm Siy55Geg 45 layers epitaxially grown by reduced pres-
sure chemical vapor deposition (RPCVD) method* on Si
(100) substrates were used. After cleaning and HF dip, the
metal stack composed of multi Al/Ni layers was deposited by
sputtering. The stack consists of 3 cycles of Al and Ni layers,
starting with Al deposition. The total thickness of Ni was
maintained at 5.7 nm, while the thickness of Al was varied by
changing the deposition rate in order to adjust the atomic per-
centage of Al to 10 at. %, 20 at. %, and 30 at. % among the
{Al/Ni} layers. The germanosilicidation was then triggered by
forming gas annealing for 15s at 300°C, 400 °C, 500 °C, and
600 °C, respectively. The unreacted metal was subsequently
etched in H,SOy4 solution.

The germanosilicide layer structure and composition
were investigated based on cross section transmission electron
microscopy (XTEM) and Rutherford backscattering spectrom-
etry (RBS) on samples formed with variable Al content. The
morphology of the germanosilicide formed on Sig 4Geg 36 af-
ter 400 °C annealing is shown in Figure 1. For 10% Al in the
metal stack, the presence of Al at the SiGe surface does not
differentiate the process from the case of pure Ni: A discontin-
uous germanosilicide layer with grains consuming the com-
plete SiGe layer is observed (Figure 1(a)). By analogy, a
SiGe-rich phase of Niy(SiGe), with x <y is most probably
formed. The mediation role of Al in the Ni-SiGe reaction is
seen for 20 at. % (Figure 1(b)) and 30 at. % Al (Figure 1(c)).
The controlled germanosilicide reaction results in the forma-
tion of homogeneous germanosilicide layers with sharp inter-
faces to the left SiGe. For both cases 1lnm of
germanosilicide is formed by consuming about 6.3 nm of the
initial SiGe layer. Secondary ion mass spectrometry (SIMS)
results as shown in the inset of Figure 1(b), indicate that Ni,

© 2013 AIP Publishing LLC
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FIG. 1. TEM micrographs for germanosilicides formed with (a) 10% Al, (b) 20% Al, and (c) 30% Al on 20 nm Sij 4Ge 36 at 400 °C. The layer formed with
20% Al shows the best layer quality with a homogenous layer thickness and very sharp germanosilide/SiGe interface. The SIMS distributions of Ni, Al, Ge,
and Si atoms are shown in the inset of Figure 1(b). In Figure 1(b) the inset TEM image with low a magnification shows a very uniform germanosilicide layer

in a large scale.

Al, Si, and Ge elements distribute homogeneously in the ger-
manosilicide layer formed with 20% Al, which suggests an
uniform phase distribution in the layer. The increase of the Al
content to 30% does not change the thickness of the germano-
sililicide layer (Figure 1(c)). However, according to the TEM
analyses, the highest crystal quality is obtained for 20 at. % Al
(Figure 1(b)). The TEM image in the inset of Figure 1(b) fur-
ther shows that the layer is very uniform in a large scale. For
an Al percentage of 10%, the relatively thicker germanosili-
cide layer indicates strong Ni diffusion. For an Al percentage
of 20%, the Al interface atoms and the larger Al thickness
reduce the Ni amount arriving at the SiGe interface and facili-
tate controlled germanosilicide growth. Al is more favorable
to bond with SiGe, balancing the Ni-Si and Ni-Ge reactions
and suppressing Ge segregation and out-diffusion.'® This is a
precondition for homogeneous layer formation allowing uni-
form Ge incorporation into the thermodynamically favorable
NiSi structure. The sheet resistance for a sample with 20 at. %
Al was measured to be 43.6 ()/sq, while that with 30at. % Al
is 50.6 Q/sq, corresponding to a small specific resistivity of
48 uQ cm and 55.7 u€Q cm, respectively.

While a germanosilicide layer with an Al content of
20 at. % seems to offer the best layer morphology, the forma-
tion temperature was investigated for this particular condition.
Similar Ni-rich phase formation was observed by RBS for
300°C and 400°C formation temperatures, but the lowest
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FIG. 2. Phase transition and layer quality analysis from RBS random and
channeling measurements. Channeling comparison between germanosilicide
layer formed at 300 °C and 400 °C indicates a better crystal quality formed
at 400 °C. The inset shows Germanosilicide layers formed at different tem-
peratures with 20 at. % Al, showing a phase transition from Ni rich phase at
300 °C to mono-germanosilicide phase at 500 °C by the RBS spectra.

channeling yield was found for 400°C annealed samples
(Figure 2), indicating higher crystal quality. The simulation of
the RBS spectrum shows a composition of Nis(Sig4Ge€o.36)3
with a very little amount of Al in the layer. Raising the forma-
tion temperature to 500 °C, the Ni atoms diffuse deeper into
the SiGe layer, seen by the lower and broader random Ni sig-
nal (Figure 2 inset). In conclusion, the germanosilicide phase
transforms from Ni-rich to mono-germanosilicide by increas-
ing the annealing temperature from 300 °C to 500 °C with the
best crystalline quality for 400 °C annealing.

In the following, we focus our in-depth analyses on the
400°C formed Ni-germanosilices with 20at. % Al. Cross
section and plan view high resolution TEM (HRTEM) were
employed to get a better insight into the crystal structure.
From the cross section results (Figure 3), it was found that
the layer is not single-crystalline, but composed of two types
of grains, denoted as “Grain A” and “Grain B.” By careful
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FIG. 3. X-HRTEM image for the layer formed with 20% Al at 400 °C. Two
type of grains with modulated Nis(SiGe); B8 phase and {10-10}-type
growth plane are distinguished. Zone axes are [001] and (2-110), respec-
tively, with orthogonal relationship.
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analyses of all possible structures containing Ni, Al, Si, and
Ge, the Fast Fourier transforms (FFT) shown in Figure 3
were indexed on the basis of a B8 type phase of
Ni5(SiGe)3.24 Though it has been reported that NisGes pos-
sesses a monoclinic structure, we adopt the hexagonal B8
phase for description convenience. The transformation ma-
trix between monoclinic and hexagonal lattices is given by

h 33 0 h
=1 -1 0
I 1 -1 [

)

/

M H

where (hkl)y and (hkl)y; denote the Miller indexes in the
hexagonal and monoclinic systems, respectively. It can be
clearly seen from Figure 3 that both grain A and grain B pos-
sess a growth front of {10-10}y planes, which, in addition,
have an orthogonal relationship.

The orthogonal relationship of the two domains is con-
firmed by plan-view HRTEM images and their correspond-
ing FFT patterns shown in Figure 4. Two kinds of grains
with a clear grain boundary can be recognized. Periodic
atom planes distribute orthogonal to each other. The fact that
there are only two kinds of highly ordered orthogonal grains
with the same growth plane in the film, explains the low
channeling yield observed by RBS, even when the film has a
different crystalline structure compared to the substrate.

The B8 type Nis(SiGe); phase was here also evidenced
by the 0-20 XRD scan and the pole figure measurements
(inset Figure 5). The SiGe position of the XRD scan (inset
Figure 5) demonstrates that the elastic strain in the unreacted
SiGe layer is conserved after processing. This is further
proved by the absence of misfit dislocations at the SiGe/Si
substrate. NisGe; was found to form simultaneously with
NiGe by Ni reaction with Ge.? It is surprising to show, in
this paper, that a uniform Nis(SiGe); layer with a low resis-
tivity was formed on fully strained SiGe substrates.

The above presented results indicate 20at. % Al and
anneal at 400 °C as the optimum process for germanosilici-
dation of strained Sig4Geg 36 layers. This process was also

FIG. 4. Orthogonal relationship of the two grains is shown in the plan view
HRTEM image. Their FFT diffraction patterns present the same orthogonal
relationship (insets).
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FIG. 5. XRD curve showing the main diffraction peaks of Nis(SiGe);. The 3
Nis(SiGe); peaks correspond to {10-10} plane in the B8 phase. The inset shows
magnified SiGe (004) reflections as evidence of fully strained status of the
unconsumed SiGe layer. The pole figure completes the XRD analyses with clear
evidence of Nis(SiGe); B8 phase with a {10-10}y growth plane through the
(11-20)y reflection. The Si related peaks are (022) reflections, [001] orientation.

applied to strained Sij 55Ge( 45 layer which presents a larger
built-in elastic strain of about 1.9%. An 11nm layer with
high crystalline quality, a smooth surface and an abrupt
interface to the 3.7nm remained SiyssGegss layer was
formed (not shown). We assume that the Al mediated epitax-
ial growth of quaternary silicides is independent on the Ge
contents and incorporated elastic strain in the investigated
range from 36% to 45% Ge, corresponding to 1.5% and
1.9% compressive strain. Since the in-plane lattice constant
of the SiGe layer does not change with the Ge content, we
assume that the B8 type Nis(SiGe); phase has a preferential
{10-10}y growth planes due to the better lattice match with
SiGe. The growth mechanism is still not very clear, which
will be further investigated.

In summary, we have demonstrated homogeneous Ni(Al)
germanosilicide formation if 20% Al is contained in the metal
layer after subsequent annealing at 400 °C. HRTEM analysis
identified only two kinds of grains in the film. Both grains have
modified B8 type phase, and the growth plane is {10-10}-type
plane. The zone axes of the grains have orthogonal relationship.
Al mediation is experimentally proved to promote the growth
of very thin homogeneous quaternary silicides on SiGe layers
with Ge content up to 45at. % and compressive strain up to
1.9%, providing a method for advanced contacts on strained
SiGe for both electrical and optical nanometer devices.
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