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ABSTRACT

Improving the thermal stability of Ni/GeSn intermetallics is of great importance to avoid surface degradation and Sn segregation. For this
purpose, we studied the effects of pre-amorphization by ion implantation (PAI) of GeSn layers prior to metallization. The impact of Si, Ge,
C, or Ge + C PAI was evaluated in terms of phase sequence, morpohological, and electrical evolution during the solid-state reaction. The
overall phase sequence, followed by in situ x-ray diffraction, was comparable with or without PAI and went as follows: the Nis(GeSn);
hexagonal phase was obtained first, followed by the mono-stanogermanide phase: Ni(GeSn). Nevertheless, the threshold temperature for
phase formation varied. These variations, depending on the nature of the implanted ions, can be related to kinetic and/or thermodynamic
factors as supported by the analysis of bibliography for silicides and germanides. Additionally, it was reported that the use of Si or Ge
implantation did not significantly impacted the surface morphology of the layers. On the other hand, the implantation of C positively
impacts the surface morphology evolution by delaying Sn long-range diffusion and Ni(GeSn) agglomeration. This trend was then highly

beneficial for preserving electrical stability in an enhanced process window.

I. INTRODUCTION

The use of GeSn layers is interesting for electronic or opto-
electronic applications. For electronic applications, this material
can be used (i) as source and drain stressors in Ge Metal Oxide
Semiconductor Field-Effect Transistors (MOSFETs) (ii) as the
channel material of high mobility p-MOSFETs and (iii) in innova-
tive architectures like fin field-effect transistor (FinFETs) or Tunnel
Field-Effect Transistors (TFETs).'” On the other hand, opto-
electronic applications can greatly benefit from the indirect-direct
bandgap transition that can be achieved with Sn introduction in
the Ge lattice.”

Nickel (Ni) intermetallics have been proposed in order to
contact GeSn-based electronic or opto-electronic devices, thanks to
the low temperature required for their formation and the low
values of contact R, and sheet Ry, resistances achieved.””” However,
the phase stability of Ni-stanogermanides is low: high defect densi-
ties together with agglomeration and Sn segregation were evidenced
with the increase of the annealing temperatures.”"™'" These stabil-
ity problems can negatively impact the electrical properties of the
intermetallics, reducing the quality and reliability of contacts.

Similar problems were observed for Ni-silicides: NiSi resistiv-
ity collapses due to the agglomeration and nucleation of a higher
resistivity phase (NiSiy). The addition of alloying elements such as
Pt or Co was shown to enhance silicides, thermal stability.”’”
Recently,”’m we had demonstrated that the addition of 10 at. % of
Pt into the Ni metallization layer stabilized the surface morphology,
the electrical properties, and delayed Sn segregation of GeSn-based
systems. The addition of 10at.% of Co can also push toward
higher values the Sn segregation temperature for Ni/GeSn interme-
tallics.'” Another alternative approach involves modifying the
semiconductor layer prior to the metallization step by
Pre-Amorphization Implantation (PAI). For silicides, this addi-
tional process increased the thermal stability of the Ni-silicide and
decreased its interface roughness with silicon.'” Tsui et al'’
showed that the implantation of high doses of Ge resulted in very
smooth NiSi/Si interfaces with higher thermal stability, while the
NiSi, phase formation was delayed. Mao et al.'>*’ demonstrated
that Ge PAI promoted Ti-silicidation and Ti-germanosilicidation at
lower temperatures while improving the electrical properties.
On the other hand, Liu et al’' examined the impact of C



pre-stanogermanidation implant with a dose of 1 x 10> cm™2 and
energies of 2keV in GeSn layers with 4 at. % of Sn in substitutional
sites. They showed that the thermal stability could be increased by
this method. Additionally, surface degradation was delayed and
electrical properties were improved.

Ion implantation is, thus, envisioned as an alternative to
improve stability in high Sn at. % content GeSn-based layers in
order to benefit from high quality metallic contacts. This study
evaluated the effect of the pre-amorphization implantation by Si,
Ge, C or Ge + C in GeSn with 10at.% of Sn content prior to Ni
metallization. The impact of these processes in terms of phase
sequence and morphological and electrical properties was analyzed
during the solid-state reaction.

Il. EXPERIMENTAL

GeSn layers having a thickness of 60 nm with 10 at.% of Sn in
substitutional sites were epitaxially grown at 325°C, 1.33 x 10* Pa
on Ge-buffered Si (1 0 0) substrates using reduced pressure chemi-
cal vapor deposition (RPCVD). Sn content was measured from
-260 XRD scans around the (4 0 0) Ge reflection assuming the fact
that GeSn layers were fully compressively strained on Ge strain
relaxed buffers (SRBs) underneath.”” PAI was conducted in a con-
ventional 300 mm ion implanter. The following parameters were
used: 2.8 x 10 at/cm? of Si at 10keV, 1 x 10 at/cm? of Ge at
20keV, 3.5 x 10" at/cm? of C at 5keV, or a combination of Ge + C.
These parameters were adjusted to obtain an amorphous GeSn
thickness of 25-30 nm by simulations. The simulations were made
with the CTRIM code, which has been properly detailed by Posselt
and Biersack.” A calibration was made by Koffel for pure Ge.”*
With it, it is possible to calculate the profile of implanted ions, the
profile of generated defects, and even the position of the amorphous/
crystal limit. We considered for our case that the GeSn layers would
have similar properties to pure Ge. Then, a surface preparation with
Ar plasma for 60s was performed followed by the deposition, at
room temperature, of 10nm of a Ni layer capped with 7 nm of
TiN by magnetron sputtering. Ar plasma conditions were optimized
in a previous study”” and were chosen to minimize the impact on
the surface.

The phase formation sequence and crystalline evolution were
monitored by in situ x-ray diffraction (XRD) using an Empyrean
PANalytical x-ray diffractometer equipped with a copper (Cu Ka)
source, a linear detector (PIXcel'?), and an HTK 1200 Anton Paar
furnace under secondary vacuum (pressure was maintained at
about 0.1 Pa to avoid atmospheric contamination). 6-26 scans were
performed with a 2° offset in @ in order to attenuate the symmetric
(4 0 0) substrate reflection. Profiles were acquired from 50 to
700 °C with 5 °C steps and a scanning time of 7 min per tempera-
ture step.

In addition, samples were annealed in a rapid thermal anneal-
ing (RTA) furnace in a N, environment for 30s at temperatures
ranging from 150 to 550 °C. Then, complementary 6-260 scans
using a Cu source were performed using an X'Pert Pro PANalytical
x-ray diffractometer. Phase analysis was performed with the
HighScore Plus software from PANalytical using the International
Centre for Diffraction Data (ICDD) PDF-4 database. For samples
annealed by RTA, the evolution of the surface morphology and the

electrical properties were quantified by tapping mode atomic force
microscopy (AFM) in a Bruker FastScan equipment and sheet
resistance (Ry;) with a four-point probe meter.

Energy-dispersive x-ray spectrometry (EDS) measurements
were performed using a probe-corrected FEI Titan microscope
operated at 200 kV. EDS spectra were acquired using the four win-
dowless silicon drift detectors (SDD) integrated into the pole piece,
which enabled x-ray detection over a 0.8srad solid angle. EDS
spectra were acquired, thanks to a Gatan Microscopy Suite 3
(GMS3) software with a dwell time of 0.05s. The pixel size was
approximately 1 nm for all maps.

lll. RESULTS AND DISCUSSION
A. Impact on phase formation sequence

The phase sequences followed by in situ XRD of a reference
sample (i.e., without any PAI treatment but processed and analyzed
under the same conditions as PAl-treated samples), and a C
PAl-treated sample are shown in Fig. 1 as contour maps. The y
axis shows the temperature, and the x axis shows the diffraction
angles. Whatever be the sample analyzed, from the as-deposited
state and at low temperatures, characteristic peaks of TiN (1 1 1) at
36.4°, Ni (1 1 1) at 44.9°, Si (4 0 0) and Ge/GeSn (4 0 0) around
67.0° were observed.

As far as the reference sample is concerned and since the
as-deposited state, diffraction peaks at 46.5° and 86.0° are discern-
ible. In agreement with previous results, these peaks were due to the
growth of the £-Nis(GeSn); rich phase.'” At around 120°C, these
peaks progressively shifted toward higher 260 angles, and the Ni layer
was totally consumed. This shift was linked to stoichiometry varia-
tions, ie., lattice constant fluctuation of the hexagonal metastable
£-Nis(GeSn); phase when the Ge(Sn) composition varied."’

At 220 °C [marked by a dashed line in Fig. 1(a)], the diffraction
peaks linked to the Ni-rich phase dissipated and new diffractions
peaks appeared at 42.3°, 44.9°, and 53.6°. They were due to the for-
mation of the Ni-mono-stanogermanide phase Ni(GeSn). This phase
remained stable up to 660 °C. At this temperature, the dissipation of
the diffraction peaks was related to a phase destabilization when
reaching temperatures close to the NiGe-Ge eutectic point.”®

For the sample treated with C PAI, the phase sequence is,
overall, the same. Some discrepancies were, however, observed. In
particular, the diffraction peak due to Ni vanished as early as 95 °C
and at 105°C two diffraction peaks linked to the Ni-rich phase
appeared at 44.6° and 46.5°. These peaks progressively shifted
toward slightly higher 260 angles above 150 °C. At 270 °C [marked
by a dashed line in Fig. 1(b)], the diffraction peaks linked to the
Ni-rich phase dissipated and new diffraction peaks appeared at
450° and 53.4°. They were due to the formation of the
Ni-mono-stanogermanide phase Ni(GeSn). This phase remained
stable up to 680 °C.

In order to study the potential impact of the PAI step on phase
formation sequences, similar in situ XRD analyses were performed
on Ni/GeSn systems with Si, Ge, or Ge + C implantation prior to
metallization. Figure 2 presents the main differences observed.

The phase sequence is, overall, the same for all the systems. The
Ni layer was consumed to the benefit of a Ni-rich phase Nis(GeSn);
which was later consumed to form the Ni-mono-stanogermanide
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For the reference sample, the Ni consumption was observed at
120 °C, whereas for samples treated by PAI, the Ni XRD peak van-
ished at 95 °C. It can also be observed that the Ni peak intensity of =
7 the reference sample is greater than that of the PAI samples. In
addition to the difference between non-implanted sample and
implanted samples, one can notice a slight difference between
4 samples implanted with C and samples implanted with Ge or Si.
Performing PAI on semiconductor substrates modifies the crystal-
line structure, with disorder promoting the generation of defects
(vacancies and interstitial sites, amorphous region).27 In addition,
the ion mass can affect the amorphization mechanism.” Yet, the
local properties of the amorphized GeSn layer can vary depending
on the ion size, chemical properties, and concentration.

Without any PAI treatment, the as-deposited Ni was highly
textured, ie., the intensity of the diffraction peak observed at
44.9 °C was high. For the PAI-processed samples, the substrate dis-
order caused by implantation can impact the Ni microstructure,

Ni(GeSn)
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FIG. 1. In situ XRD patterns measured during the solid-state reaction of 10 nm Ni Nis(GeSn); growth destabilization
of Ni and Geg ¢Sng.1: (a) without PAIl and (b) with C PAI. System consumption growth (°C) (°C)
Reference 120°C As-deposited 220 660
Ge PAI 95°C 120°C 200 680
phase Ni(GeSn). Nevertheless, phase thermal stability differences Si PAI 95°C 120°C 225 680
were observed and are summarized in Table I. C PAI 95°C 105 °C 270 680
Figure 3 shows the evolution of the Ni (1 1 1) diffraction peak  Ge 4+ C PAI 95°C 105 °C 215 680

intensity for each system.
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FIG. 3. Comparison of the intensity evolution, with temperature, of the Ni
(11 1) XRD peak for the reference system and systems with Si, Ge, C, or
Ge + C PAL

i.e,, the Ni film was less textured. The peak intensity (that, in a first
order, can be linked to a degree of texturation) appeared to be also
dependent on the ion mass/size.

Thus, the initial microstructure of Ni is probably governed by
the initial state of the GeSn layer. Then, the microstructure of Ni
might have an impact on the texture of the Ni-rich phase, which
will, in turn, have an influence on the final texture of the mono-
stanogermanide phase. This assertion is supported by the analysis of
the out-of-plane orientations of the Ni-rich phase and the mono-
stanogermanide phase (see Fig. 1). The number, the position, and

o-GeSn

Ge + CPAI

the relative intensities of diffraction peaks related to these phases are
different between the reference sample and the samples treated by
PAL A full analysis of this phenomenon is out of the scope of the
current study but, with all proportions guarded, it might be linked to
the texture inheritance reported for the Ni/Si system.””" Briefly,
texture inheritance between one phase and another allows a reaction
pathway with a lower activation energy than the expected formation
through thermodynamically stable phases.

Finally, as the intensity of the Ni diffraction peak was much
weaker for the PAI-treated samples than that for the reference
sample (see Fig. 3), the extraction of the intensity values after 95°C
was difficult. Thus, the Ni consumption values reported in Table I
for PAI samples could be slightly underestimated.

For the reference system, the Ni-rich phase appeared since the
occurrence of the as-deposited state, whereas for all PAl-treated
samples, the Ni-rich phase was observed around 105-120 °C. This
can be due to solid-state amorphization (SSA) in which, upon
annealing, the first interlayer formed is an amorphous phase, even
when one or both initial phases are (poly)crystalline.’” Transmission
Electron Microscopy, coupled with Energy-Dispersive Spectroscopy
(TEM/EDS) analyses of Ge and Ge + C PAI samples in Fig. 4,
revealed indeed the presence of an intermixing layer in which Ni,
Ge, and Sn atoms were present even when no other intermetallic
phase was identified by XRD.

PAI treatment can promote the formation of a layer by SSA
that will later (after going over the 105-120 °C threshold tempera-
ture in our case) crystallize to form a Ni-rich layer. The presence of
foreign species (Si, Ge, C, or a combination of these species) can
impact the nucleation of the first crystalline phases. In addition, the
impact of substrate damage caused by the implantation on the
Ni-rich phase temperature window was already reported for the Ni/
Si system.”” In our case, the temperature at which the Ni-rich
phase disappeared for the samples treated by Ge and Si implanta-
tion is almost equivalent to the one observed for the reference
sample. On the contrary, the temperature window of the Ni-rich
phase is extended when C implantation is used.

FIG. 4. Cross-sectional TEM images, coupled with an EDS analysis of Ni/GeSn samples with Ge PAI (top row) and Ge + C PAI (bottom row), in the as-deposited state.
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Concerning the Ni(GeSn) growth, a variation of the threshold
temperature for phase formation (and, thus, Ni-rich phase disap-
pearance) was observed, when the implanted ion varied (see
Table I). For the reference sample, the Ni(GeSn) phase appeared
after annealing up to 220 °C. Ge PAI decreased the threshold tem-
perature for the Ni(GeSn) growth (200°C). Meanwhile, Si PAI
slightly increased the growth temperature (225 °C). Finally, C PAI
postponed the phase growth up to 270°C. As for the Ni-rich
phase, the impact of implantation on the stability of the mono-
phase was observed for the Ni/Si system.”

Performing PAI processes promotes the generation of defects
(vacancies and interstitial sites, amorphous regions).”” Mass trans-
port in solids is mediated by these kinds of defects (vacancies,
interstitial or complex associations of these defects).”””” Then, the
increase of defects in the implanted area can influence the reaction
kinetics. Changes could be noticed either through a direct impact
on the nucleation of the phases or through a modification of the
atomic diffusion characteristics, which might modify the phase
sequence during the solid-state reaction.”

Kittl et al. showed that Ge pre-amorphization accelerated
Ni-silicide reaction, while N pre-implantation slowed it down.””
Additionally, Ge PAI can  promote Ti-silicidation,’
Ti-germanidation,”® and Ti-germanosilicidation'” at lower temper-
atures. Jon implantation before silicidation can modify surface/
interface energies and, thus, the diffusion kinetics and diffusion
rates for phase growth. Ge ion implantation is expected to produce
a uniform amorphous layer (the PAI process is an
out-of-equilibrium uniform process).'® Then, the presence of
amorphous layers with an enhanced amount of defects can result
in a Ni uniform reaction at lower temperatures. For silicides, the
NiSi growth rate on an amorphous Si region is higher than the one
on a crystalline Si region.'” These characteristics enabled the
growth of the NiSi phases at lower annealing temperatures.
Variations on the NiSi — NiSi, transformation were also encoun-
tered. A high accumulation of Ge in the NiSi/Si interface delayed
the NiSi, growth rate. As Ni-silicide grows, an amount of Ge atoms
is repelled out of the silicide layer and pileup at the silicide/Si inter-
face. The Ge concentration can alter the Ni-silicide growth rate to
produce a smooth interface, change the interface energies, and
delay the phase transformation.'® Mao et al. also verified Ge accu-
mulation along the TiSiGe/Ge interface, when studying
Ti-germanosilicidation by means of TEM coupled with Electron
Energy Loss Spectroscopy (EELS) analysis and secondary-ion mass
spectrometry (SIMS) depth profiles.'” Here, Ge PAI enhanced the
formation of the mono-stanogermanide phase at lower tempera-
tures either when used alone or when combined with C PAI

Concerning the use of Si PAI, Guihard et al. showed by time-
resolved x-ray diffraction that for a given implantation dose
(1 x 10 Si/cm?) and amorphized thickness, the silicide phase
sequence can be importantly impacted. Additionally, the Ni depos-
ited thickness had an impact as well. First of all, a large tempera-
ture delay in the formation of the metal-rich phases was noticed.
Then, NiSi (obtained from 30 nm Ni deposition) growth tempera-
ture underwent an abrupt increase. Meanwhile, for samples with
10 nm of Ni deposition, the delay was less important. Finally, PAI
samples had a lower onset temperature for NiSi, phase transforma-
tion. In general, the NiSi phase stability temperature range was

shortened and the NiSi, phase appeared at lower temperatures.”
Ozcan et al.”® also verified a modulation on the phase sequence
when Si PAI, either at room or at —100°C, was used prior to
Ni-silicide formation. The interest of performing PAI at low tem-
peratures was to increase the damage to the crystal structure. Their
results showed a NiSi formation at lower temperatures, by about
25 °C, compared with the non-amorphized substrate. Yet, they con-
sidered the impact of Si PAI on kinetics to be negligible and stated
that Si implantation into a Si substrate was not expected to have
such a significant impact on the diffusion of Ni or Si. In our case,
Si PAI slightly delayed the formation of the Ni(GeSn) phase.

Ozcan et al. showed, by in situ XRD, that C PAI at room tem-
perature delayed NiSi formation by approximately 15°C.° Luo
et al. also evidenced a delay on the NiSi, phase formation.” It is
then likely that the presence of C in the growing silicide film
delayed the diffusion of metal and Si atoms during the silicidation
reaction.’ Verifying a delay on NiSi formation was, however, not
possible. Indeed, Luo et al. studied phase sequences by means of ex
situ 6-26 scans with the first annealing conducted at 425°C. At
these temperatures, NiSi formation was already verified, yet the
transformation  temperature from the Ni-rich to the
Ni-monosilicide phase was impossible to obtain. Concerning ger-
manides and stanogermanides, Liu et al. evidenced that C PAI can
induce certain NiGe or Ni(GeSn) preferred crystalline orientations
during the solid-state reaction.”"*"*> However, their ex situ 6-20
scans were only acquired at high temperatures. Then, the impact of
the phase sequence was difficult to determine. In our case, C PAI
delayed the Ni(GeSn) phase formation up to 270 °C.

The various interactions that the different implanted ions and
the GeSn substrate can have during the amorphization should be
considered. A previous study from Rice had already questioned the
impact that different ion implants, with differing masses and
atomic sizes, might have on the formation of nickel silicides. ® Rice
evaluated and compared the impact of different implanted species,
fluorine (F), argon (Ar), and nitrogen (N) on Ni-silicide formation
and property evolution. Variations on (i) the amorphous surface,
(ii) the amorphization depth in the Si substrate, and (iii) Ni diffu-
sion rates were observed when the implanted ion changed.”’

In our case, the PAI parameters of the different ions were
adapted to obtain the same amorphous GeSn thickness. It was veri-
fied that, indeed, the a-GeSn layer thickness was comparable for
different samples (see Fig. 4). The local properties of the amorph-
ized GeSn layer can yet vary depending on the ion size, chemical
properties, and concentration.

Dopant concentration can be controlled by the modification
of the implantation parameters (dose and energies). Indeed, ion
fluences and, consequently, the ion concentration in the layers can
have an impact on the structural and morphological evolution of
thin films.”* The implantation parameters varied from one species
to the other to have a comparable amorphized thickness. Then, for
a comparable thickness, the ion concentration can vary from one
system to the other. This variation on concentration can explain
the differences observed due to a variation of segregation or distri-
bution of the implanted ions within the intermetallic.

It is well known that the ion mass can affect the amorphiza-
tion mechanisms.”® It has also been reported that lighter atoms (C,
for instance) generate less damage than heavier ones (Ge, for



example).’® Then, due to (i) the diversity of amorphization pro-
cesses used combined to (ii) the hypothesis made for amorphiza-
tion process simulation, we cannot fully ensure that the
amorphization in the implanted layer is exactly the same for all the
species. Such variation can result in damage fluctuations and differ-
ent diffusion behaviors. The enhancement of diffusion is, however,
dependent on the size/mass of the implanted species as already
mentioned.

The chemical and/or physical interactions occurring between the
implanted elements and the intermetallics during the solid-state reac-
tion have also to be considered. Differences on incorporation, distribu-
tion, and/or segregation of these elements could modify the phase
sequence. Once a crystalline intermetallic is formed [the Nis(GeSn);
rich phase in our case], the mechanism for atom transport might
vary. Indeed, the overall mass transport can be impacted by disloca-
tions, grain boundaries (GBs), surface, and interface diffusion of the
atoms.”* Ge implanted atoms were observed to accumulate/segregate
at both the NiSi/Si'® and Ti(SiGe)/Ge interfaces.'” C, however, is
expected to accumulate/segregate at the intermetallic/substrate inter-
faces and at grain boundaries (GBs).”*** The occurence of this segre-
gation/accumulation might modify atom diffusion and thermal
stability. Secondary-ion mass spectrometry (SIMS) depth profiles
proved that implanted C species were distributed in Ni-silicides,"’
Ni-germanides,”*** or Ni-stanogermanides’’ or accumulated at the
NiSi/Si," NiGe/Ge,""** and Ni(GeSn)/GeSn interfaces.”’ Moreover,
implanted C was observed to segregate at the interfaces of Si/SiGe/Si
multi-layered structures. C coming from Co/C/Si and C/Co/Si inter-
layers™® and Ni/SiC reactions’” migrated at GB as well.

The C solubility in Ni, Ge, or Sn is low. The NizC metastable
phase can be obtained only at high temperatures (above 1600 °C)
and would require the incorporation of around 25at.% of C to
form the phase.”® For Si-C systems, only the silicon carbide (SiC)
compound exists.” The amount of C dissolved in Ge has been
observed to be low and no evidence of a compound formation was
acquired during Ge-C reactions.”” Meanwhile, Sn can dissolve only
traces of carbon which precipitates upon cooling as graphite.”’
Then, the incorporation of implanted C in Ni/GeSn intermetallics
should not be favorable and C atoms are expected to be expelled
from the lattice. On the other hand, Ge and Si atoms could be, to
some extent, incorporated into the Ni-rich or Ni(GeSn) lattice.

There is an important difference in the atomic radii of the dif-
ferent implanted ions. For species used for this study (Si, Ge, and
C), the difference in atomic radii (a,) goes as follows: a, C = 67 pm
< a, Si = 1l1pm < a, Ge = 125pm. This parameter might
promote a preferential arrangement of the atoms during the phase
sequence, as schematically presented in Fig. 5.

The effect of Si PAI on phase nucleation is ambiguous. n
our case, a slight Ni(GeSn) growth delay was observed when Si PAI
was used. The intermediate size of Si compared with Ge and C and
its partial solubility in the phases might enable it to homogeneously
distribute in different areas of the intermetallic layer at grain
boundaries and at the Ni(GeSn)/GeSn interfaces (see Fig. 5). Then,
the phase sequence was only slightly impacted.

The larger Ge atomic size and its partial solubility in the
phases might prevent it from accumulating at the GB. Implanted
Ge will then be incorporated into the phases or will pileup around
interfaces (see Fig. 5), modifying the interface states and interface

36,39 1

energies, which could be beneficial for the growth of the Ni(GeSn)
phase at lower temperatures.

Thanks to their low dimension and their very low solubility, C
atoms are expected to preferentially segregate at GB (see Fig. 5). In
a previous work,”” we showed by means of transmission electron
microscopy (TEM) images, coupled with energy-dispersive x-ray
spectroscopy (EDS) and electron energy loss spectroscopy (EELS)
analysis, that Sn segregation occurs around GB. Segregated Sn
acted as a diffusion barrier, more precisely as a “stuffed barrier.”
This phenomenon hampered diffusion, delaying the Ni(GeSn)
growth when the Sn content increased. C is, thus, expected to also
distribute around GB and act as a diffusion barrier, which might
reduce the Ni diffusion rate and hamper the Ni(GeSn) phase for-
mation. The diffusion barrier effect, whatever be the nature of the
ion, can be enhanced with the ion concentration. Indeed, a higher
concentration of C compared with Ge or Si at GB can further
prevent Ni diffusion. In addition to this diffusion impact, carbon,
due to its very low solubility, can have an impurity effect, impact
the reaction path, and modify the nucleation barrier by modifying
the interface and surface energies. A similar behavior was observed
with nitrogen in the Ni/Si system.”

Combining Ge + C PAI was quite interesting. Compared with
C PAI, the temperature for Ni(GeSn) formation was reduced.
Compared with Ge PAI, the Ni(GeSn) phase formation was
delayed, however. We then expected Ge and C to behave as they
will when used alone. C segregation around GB can then reduce
atom diffusion for phase formation, while Ge accumulation at the
interface might modify the interface energies, helping to nucleate
the Ni(GeSn) phase at lower temperatures. The result was then a
competition phenomenon that allowed the system to be in an inter-
mediate regime (see Fig. 5).

In summary, in this section, the impact of various ion implan-
tations on the Ni/GeSn solid-state reaction was discussed in terms
of species diffusion, impact on substrate, species solubility, and sub-
sequent impact on chemical and physical interactions. It was
reported that the phase sequence and the temperature for phase
growth were impacted by PAIL These variations, depending on the
nature of the implanted ions, can be due to kinetic and/or thermo-
dynamic factors as supported by the analysis of bibliography for
silicides and germanides. Section III B will be dedicated to the
impact of PAI processes on Sn segregation.

B. Impact on Sh segregation

As highlighted in the Introduction, one of the biggest issues of
Ni/GeSn intermetallics is their high metastability. Due to the low
solid solubility of Sn in the Ge lattice, i.e., less than 1 at. %, Sn seg-
regation can easily occur if annealing temperatures exceed the Ge-
Sn eutectic point (231 °C), the Sn melting point (232 °C), or the
GeSn epitaxy temperature. PAI is an out-of-equilibrium thermody-
namic process, however. The possibility of Sn atoms having to
demix or separate might be low then. However, due to the loss of
long-range order, Sn might not remain in the Ge lattice during the
phase sequence. Then, it is important to check if PAI resulted in
Sn segregation since the occurrence of as-deposited state for the
Ni/GeSn samples. It must be underlined that, in this section, the
term Sn segregation only refers to long-range diffusion of Sn.
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FIG. 5. Schematics representation of Si, Ge, and C ions implanted in a GeSn layer during the phase sequence.



Figure 4 shows the mapping obtained by TEM coupled with
EDS for Ni/GeygoSng 10 samples with Ge (top row) and Ge + C
(bottom row) PAI in the as-deposited state. TiN, Ni, amorphous
a-GeSn, crystalline c-GeSn, and Ge layers were well identified in
the as-deposited images for both samples. Sn was observed to be
homogeneously distributed in the a-GeSn and c-GeSn layers. The
a-GeSn thickness for the Ge PAI samples was 17 + 1nm, while
for the Ge + C PAI samples, it was 19 + 1 nm. Additionally, inter-
mixing layers with Ni, Ge, and Sn atoms located between the Ni
layer and a-GeSn were present in both samples. No accumulation
of Sn was observed at the interfaces and the surface. Thus, PAI
prior to metallization did not trigger Sn segregation; at least no Sn
diffusion at a long-range scale was evidenced. Ni diffusion hap-
pened since the occurrence of the as-deposited state. For Ge PAI,
the thickness of the intermixing layer was about 8 + 1 nm, while
for the Ge + C PAI sample, it was about 7 + 1 nm. A comparable
initial state was, thus, confirmed for both samples.

As a complement, XRD analyses were systematically performed
on samples in the as-deposited state and annealed, by RTA, from
150 up to 550 °C. The Sn segregation threshold temperature was
extracted from the XRD patterns when peaks related to 3-Sn were
detected. A summary of the obtained results is plotted in Fig. 6.

In the as-deposited state, no Sn segregation was observed by
ex situ XRD scans on the implanted samples, whatever may be the
implanted species. There was no Sn segregation on the reference
sample either. Then, implantation at the energies used did not
destabilize the metastable GeSn layers in terms of Sn segregation.
In this way, XRD analyses comfort the observations made by
TEM/EDS (see Fig. 4). For the non-implanted samples, peaks due
to B-Sn segregation were observed for annealing at 350 °C and
above. Ge implantation did not modify the segregation threshold
and peaks due to S-Sn segregation were observed at temperatures
of 350°C and above as well. Si implantation slightly delayed Sn
segregation for 50-100 °C. Meanwhile, for samples with C PAIL, Sn

Ge+C PAI

C PAI

| Ge PAI

| No PAI |

I % I v I J I v T Y I 4 1
300 350 400 450 500 550 600
Temperature (°C)

FIG. 6. Sn segregation threshold temperatures extracted from XRD analyses of
samples annealed by RTA. N.B.: The values of Sn segregation threshold only
refer to long-range diffusion of Sn.

diffraction lines were not observed up to anneals at 500 °C. C PAI
seemed to push up the Sn segregation threshold by 150 to 200 °C,
which is remarkable for these kinds of layers. Gaiduk et al. showed
that C implantation in the Si/SiSn/Si multi-layers resulted in good
crystalline quality and almost complete (90-95%) incorporation of
the Sn atoms into lattice positions of the Si matrix in which Sn seg-
regation and precipitation was suppressed.”’ The comparison
between SiSn and GeSn systems has to be taken with a note of
caution, however, as the solubility of Sn is different in Si and Ge.

Differences concerning segregation and distribution for the
different ions implanted discussed earlier and schematized in Fig. 5
could explain Sn segregation temperature threshold variations. We
previously showed that Sn segregation in Ni/GeSn intermetallics
occurred in two steps.”’ First, Sn accumulated at grain boundaries
(GBs) and near the intermetallic/GeSn interface. Later, when the
annealing temperatures were high enough, Sn migrated toward the
surface.”’ Ge accumulation at the Ni(GeSn)/GeSn interface would
not modify the diffusion paths for Sn segregation. Then, the Sn
segregation threshold was not impacted. Meanwhile, C preferential
accumulation at grain boundaries could act as a diffusion barrier to
Sn motion, slowing down segregation and postponing it to higher
temperatures. Finally, a portion of Si atoms might accumulate at
GB (see Fig. 5). This distribution is supposed to delay, up to a
certain extent, Sn segregation. Globally, the effects on Sn segrega-
tion could be related to the size of the implanted species as
observed for the phase sequence during the solid-state reaction.

In this section, it was observed that PAI step, prior to Ni met-
allization, generated an amorphous GeSn layer in which Sn
remained homogeneously distributed. Additionally, higher thresh-
old temperatures for Sn segregation were observed in the Si, C, and
Ge + C PAI samples. The accumulation of Si or C atoms at GB can
delay the threshold temperature for Sn segregation. These species
can hamper Sn diffusion and avoid its propagation toward the
surface. It is, however, important to underline that, if the obtained
results did not enable to evidence Sn segregation caused by Sn dif-
fusion (long scale phenomenon), the possibility of local segregation
cannot be totally discarded. The use of more local characterization
techniques such as Atom Probe Tomography (APT) might be very
useful for observing potential Sn clustering or precipitates.

C. Impact on surface morphology

Figure 7 shows AFM images obtained for all types of samples
annealed at various temperatures by RTA. Whatever be the system
studied, at low temperature (i.e., for T < 300 °C), samples exhibited
a cross-hatch pattern along the (110) crystallographic directions.
This pattern resulted from the propagation of the 60° threading
arms of misfit dislocations on (1 1 1) planes.”l’;2 Thus, this surface
morphology directly originates from the epitaxy of GeSn layers on
the Ge virtual substrates underneath. In the as-deposited state, the
Ni and TiN layers were extremely smooth and their deposition did
not modify the original surface morphology. On the other hand,
whatever be the PAI treatment, the cross-hatch pattern was not
affected. The implantation doses were, thus, sufficiently low to
prevent surface degradation. Such behavior was also observed by
Gaiduk et al. when investigating the impact of C implantation on



FIG. 7. AFM images (scan size 5 x 5um?) of the surface of samples annealed at various temperatures for the Ni/GeSn systems without PAl and with different PAI

treatments.

the stability of the Si/SiSn/Si layers, in which the crystalline quality
was preserved after implantation.”'

The cross-hatch morphology was preserved up to 300 °C,
meaning that the formation of the Ni-rich phase did not modify
the original morphology. At 350 °C, the surface morphology for
the Ni/GeyoSng; reference system changed. Micro-cracks at the
sub-micrometer scale were observed together with an increase of
the surface RMS (root mean squared) roughness values as seen in
Fig. 7. This change was linked to the formation of the mono-
stanogermanide phase, the start of grain-boundary grooving, and
the subsequent agglomeration.

At higher temperatures, the roughness values gradually
increased due to two phenomena: further agglomeration and Sn

segregation. The surface morphological evolution observed for
samples with Si and Ge PAI was very similar and comparable to
the reference sample. Thus, the implantation of these species did
not significantly modify the morphological evolution with tempera-
ture compared with the reference.

The Sn segregation threshold temperature was modified when
Si PAI was used, however. The morphological evolution was, there-
fore, mainly due to the agglomeration of the Ni(GeSn) phase. Sn
segregation increased the morphological degradation. In contrast,
Tsui et al. were able to effectively suppress NiSi agglomeration and
maintain smooth interfaces when Ge PAI was used.'® One impor-
tant aspect to consider is the difference in the degradation mecha-
nisms between silicides and germanides/stanogermanides. For
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FIG. 8. Cross-sectional TEM images, coupled with an EDS analysis of Ni/GeSn samples with Ge PAI (top row) and Ge + C PAI (bottom row), annealed at 350 °C.

silicides, degradation occurs because of two phenomena (i) agglom-
eration of the NiSi layer and (ii) nucleation of the NiSi, phase. An
accumulation of Ge in the NiSi/Si interfaces could (i) modify diffu-
sion kinetics and interface energies, (ii) prevent atom diffusion, and
(iii) modify the Ni-silicide growth rate to produce a smooth inter-
face, which might delay the NiSi, formation."® As a consequence,
the Ni-silicide thermal stability was enhanced.

For germanides/stanogermanides, the growth of such a NiGe,
or Ni(GeSn), is not expected to occur due to thermodynamic
impediments. Degradation of these kinds of films starts due to
grain boundary grooving up to the agglomeration process. Then,
Ge incorporated into the intermetallic phases and/or accumulated
at the Ni(GeSn)/GeSn interface is not expected to influence the
agglomeration process.

Great differences were highlighted in samples with C implan-
tation. The cross-hatch pattern was still visible up to 450 °C anneal-
ing together with low RMS roughness values. At 500 °C, the
grain-boundary grooving started. Finally, at 550 °C, layers agglom-
erated. A similar morphological stability improvement was evi-
denced for C implantation in Si,>° Ge,*"*? or GeSn.”' Here, C
preferential segregation at grain boundaries (due to its very low sol-
ubility in intermetallic phases) might reduce the grain-boundary
grooving rates and delay the agglomeration of the layers. Indeed, C
in GB is likely to influence grain-boundary energy and grain-
boundary diffusion. One can expect that C will enhance the grain-
boundary cohesion and, thus, lower the grain-boundary energy,
delaying the agglomeration process."’

In order to complement the AFM results, TEM-EDS analyses
were performed on samples with Ge and Ge + C PAI and annealed at
350 °C for 30's in a N, environment. The results are shown in Fig. 8.

For the Ge PAI sample, the Ni(GeSn) layer lost its continuity
due to agglomeration at this temperature. The grains were mainly
made of Ni and Ge atoms. Meanwhile, Sn started to accumulate
around the grains and near the surface. An agglomeration of the
GeSn layer underneath was also observed and Sn also started to segre-
gate. Meanwhile, for the Ge + C PAI sample, a very different scenario
took place. A continuous 29 + 1 nm thick Ni(GeSn) polycrystalline
layer was observed in which no agglomeration or Sn segregation hap-
pened. C implantation was, thus, demonstrated to positively impact
the surface morphology evolution by delaying agglomeration and Sn
segregation. In addition, the GeSn layer stayed intact.

The reduction of the grain size of intermetallic phases can

reduce the agglomeration processes.”””* Indeed, models that

explain agglomeration mechanisms in thin films stated that the
grain-boundary grooving was linked to grain size and that a reduc-
tion of the grain size might reduce agglomeration.”””* On the other
hand, the average grain size is smaller for silicides formed on a-Si
than that on single-crystal Si in samples subjected to the same heat
treatments.”” Additionally, a reduction in crystallite size, when PAI
was performed, was observed by different groups. Chen et al
observed this phenomenon when studying the effects of PAI on
Ni-silicide formation,”® Duan et al. did so when using fluorine (F)
PAI on Ge for NiGe formation,” and Mao et al. when analyzing
NiPt-germanosilicidation with Ge PAL’ The full width at half
maximum (FWHM) of the Ni-mono-stanogermanide was, there-
fore, measured from various XRD patterns obtained during in situ
measurements of the different systems. The results are provided in

Fig. 9.
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reference, Si PAI, and Ge PAI systems. According to the Scherrer
equation, the crystallite size is inversely proportional to the
FWHM.”® This means that the grain size of the mono-
stanogermanide was reduced due to C ion implantation into the
layer, which was clearly beneficial for delaying agglomeration and
enhancing the morphological stability of the layers. Our results,
obtained using 6-20 XRD scans, enabled the discussion the grain
size in terms of thickness. The lateral size was not considered since
it implies in-plane measurements. Such a characterization might be
useful for discussing the impact of C impurities not only in terms
of GB diffusion paths but also in terms of GB volume.

In summary, in this section, it was shown that the use of Si or
Ge implantation did not significantly impact the surface morphol-
ogy of the layers. In particular, these species had a limited effect on
the Ni(GeSn) agglomeration process. On the other hand, the
implantation of C positively impacted the surface morphology evo-
lution by delaying Sn segregation and Ni(GeSn) agglomeration.
Due to its very low solubility in the intermetallic phases, C atoms
were mainly confined in the grain boundaries and had a strong
impact on the GB diffusion paths.

D. Impact on the electrical properties

The evolution of the sheet resistance (Ry,) after various RTA
techniques from 150 up to 550 °C was investigated. This should
help us to understand the impact of phase sequence variations and
morphological evolutions on electrical properties. The results for
all systems are presented in Fig. 10.

Whatever be the system observed, from the as-deposited state
and up to 200 °C, the Ry, values remained constant at around 28-
35Q/sq. At 250°C, a slight Ry, increase was observed. This
increase was linked to the Ni-rich phase growth. After this, resistiv-
ities decreased due to the growth of the Ni(GeSn) phase (a less
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FIG. 10. Evolution of the sheet resistance as a function of the rapid thermal
annealing temperature for Ni/GeSn without and with various PAI treatments.

resistive phase of the Ni/GeSn system). At 350 °C, minimum values
were reached for all samples. Beyond 350 °C, a strong increase of
the Ry, values occurred for samples without PAI and with Ge or Si
PALI This behavior can be directly linked to the degradation of the
Ni(GeSn) layers, observed in Fig. 7, and due to agglomeration.
Later on, Sn segregation further degraded the electrical properties.
Thus, as observed for the morphological thermal stability, the Si or
Ge PAI process did not significantly impact the electrical proper-
ties’ evolution with the annealing temperature.

Si PAI on Si substrates degraded NiSi electrical properties.
Ry, values increased more at lower temperatures than that for
reference samples.’® On the other hand, Ge PAI yielded, gener-
ally, lower Ry, for Ti-germanides and Ti-germanosilicides.'”*®
Meanwhile, Ge PAI on Si substrates improved NiSi electrical
thermal stability.'® Indeed, Tsui et al. evidenced a delay on NiSi
agglomeration and NiSi, formation. Indeed, Tsui et al. evidenced
a delay on NiSi agglomeration and NiSi2 formation that were
main reasons for NiSi contact degradation. As evidenced earlier,
Ge or Si PAI is not expected to modify grain boundary grooving
and the agglomeration process during Ni-stanogermanidation.
Then, the degradation of the electrical properties can occur
similar to that for the reference samples.

On the other hand, an increase of the electrical thermal stabil-
ity was evidenced with C PAI in different systems such as
Ni-silicides,””"” Ni-germanides,""** and Ni-stanogermanides.”" Ni/
GeSn samples with C PAI had a larger process window over which
the Ry, values remained low and stable. Indeed, a plateau was
observed from 300 up to 500 °C for the Ge + C PAI sample and
from 350 up to 500 °C for the C PAI sample. The earlier reduction
of Ry, values for the Ge + C PAI system can be related to the Ni
(GeSn) phase growth at lower temperatures. Beyond 500 °C, the
sheet resistance drastically increased because of agglomeration and
Sn segregation.

It was, thus, evidenced that the deterioration of electrical
properties was linked to Ni(GeSn) layer agglomeration, with Sn
segregation worsening than degradation. On the other hand, C
implantation had the ability to delay agglomeration and Sn segrega-
tion, thanks to the preferential segregation/accumulation at grain
boundaries. This phenomenon was then highly beneficial for pre-
serving electrical stability.

IV. CONCLUSIONS

In this work, the impact of Si, Ge, and C PAI on the Ni/GeSn
phase sequence, Sn segregation, and morphological and electrical
properties during the solid-state reaction was analyzed. As far as
the phase sequence was concerned, the overall evolution was com-
parable. The Ni5(GeSn); phase was obtained first, followed by the
mono-stanogermanide phase Ni(GeSn), for all the systems.

The impact of PAI on the Ni/GeSn solid-state reaction was
discussed in terms of species diffusion, impact on substrate, species
solubility, and subsequent impact on chemical and physical interac-
tions. Phase sequence and temperature for phase growth were
impacted by PAI It was discussed that these variations, depending
on the nature of the implanted ions, could be related to kinetic
and/or thermodynamic factors, as supported by the analysis of bib-
liography for silicides and germanides.



The use of Si or Ge implantation had no significant impact on
the surface morphology of the layers. In particular, these species
had a limited impact on the Ni(GeSn) agglomeration process. On
the other hand, the implantation of C positively impacted the
surface morphology evolution by delaying Sn segregation and Ni
(GeSn) agglomeration. Due to its very low solubility in the interme-
tallic phases, C was mainly confined to grain boundaries, with a
strong impact on the GB diffusion paths.

Finally, the deterioration of electrical properties as the RTA
temperature increased was linked to layer agglomeration, with Sn
segregation worsening than degradation. C implantation had the
ability to delay agglomeration and Sn segregation, thanks to prefer-
ential segregation/accumulation at the grain boundaries. This phe-
nomenon was highly beneficial for preserving electrical stability in
an enhanced process window.

The combination of Ge and C PAI prior to GeSn metallization
is, thus, an interesting option for obtaining the less resistive phase,
Ni(GeSn), at low temperatures and with enhanced thermal stability.
This could also act as a solution benefiting from high quality and
stable GeSn-based metallic contacts that are CMOS-compatible and
could be integrated in electronic or opto-electronic components.
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