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ABSTRACT

Ge1−xSnx thin films with a Sn content of x≥ 0.1 present a direct bandgap, which is very interesting for the fabrication of efficient photonic
devices. The monostanogermanide phase, Ni(GeSn), is promising to form ohmic contact in GeSn-based Si photonic devices. However, the
formation kinetics of Ni stanogermanides and the incorporation of Sn in Ni–GeSn phases are not fully understood. In this work, Ni thin
films were deposited on Ge and Ge0.9Sn0.1 layers grown in epitaxy on an Si(100) substrate using magnetron sputtering technique. In situ
x-ray diffraction measurements were performed during the solid-state reaction of Ni/Ge and Ni/Ge0.9Sn0.1. 1D finite difference simulations
based on the linear parabolic model were performed to determine the kinetics parameters for phase growth. The nucleation and growth
kinetics of Ni germanides are modified by the addition of Sn. A delay in the formation of Ni(GeSn) was observed and is probably due to
the stress relaxation in the Ni-rich phase. In addition, the thermal stability of the Ni(GeSn) phase is highly affected by Sn segregation.
A model was developed to determine the kinetic parameters of Sn segregation in Ni(GeSn).

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0220979

I. INTRODUCTION

Silicon photonics has now become a key technology in the actual-
generation communication systems and data interconnections.1–5 The
advantage of this technology is the possibility of using the CMOS
technology for the integration of photonic components allowing
low costs and high production volume.3 CMOS technology already
allows the integration of photonic devices such as Si nitrides-based
waveguides, SiGe-based optical modulators, and Ge- and
SiGe-based photodetectors.6–10 Recently, several companies have
started manufacturing these photonic components.11–13 However,
efficient CMOS-compatible lasers remain the biggest challenge for
silicon photonic light sources.3,14,15 Indeed, as Si, Ge, and SiGe are
indirect bandgap semiconductors, the absorption and emission of a
photon are almost inefficient because of the energy loss caused by
the phonons. SiGe offers a lattice constant that can be tuned by
adjusting the Ge content. However, the lattice mismatch with Si is
large for high Ge concentrations, which can introduce defects
during the epitaxial growth on Si.16,17 In recent years, Ge1−xSnx
alloys have attracted attention for the realization of devices

compatible with Si technology, operating in the medium infrared
(MIR) and near infrared (NIR) spectrum region.18–22 These alloys
have the advantage of being group IV semiconductors, and they are
compatible with CMOS processes. The addition of tin, which is a
zero bandgap semi-metal in the α-Sn phase (gray tin) with a
diamond structure, can transform Ge into a direct gap semiconduc-
tor. The Ge1−xSnx alloy is expected to exhibit a direct bandgap for
Sn concentration larger than about 10 at. % (x = 0.1), which is very
promising for the fabrication of an efficient laser.23–29

However, there is a large difference in lattice parameter
between the Sn and the Ge diamond structures. As the lattice
parameter of Sn (0.649 nm) is about 14% greater than that of Ge
(0.565 nm),30–32 the lattice parameter of the alloy increases with
increasing Sn content.33–35 To produce a single-crystal Ge1−xSnx
alloy, substrates with a lattice parameter close to the one of
Ge1−xSnx are required. However, the growth of semiconductors is
carried out on an Si substrate in CMOS technology. Because of the
large lattice mismatch between the Si substrate (aSi = 0.543 nm)36,37

and the Ge1−xSnx alloy (aGeSn > 0.565 nm), the epitaxial growth of
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Ge1−xSnx is very difficult to achieve without generating dislocations
at the interface or in the film. In recent years, several techniques
for growing thin-film semiconductors have enabled to fabricate epi-
taxial layers of Ge1−xSnx of good quality. Molecular beam epitaxy
(MBE) and chemical vapor deposition (CVD) are the best-known
techniques for the epitaxial growth of semiconductors. Although
high-quality Ge1−xSnx alloys have been grown by these techniques,
further research has been conducted on the use of more economi-
cal methods, such as magnetron sputtering. This deposition tech-
nique is widely used for the fabrication of ohmic contacts in
CMOS technology.38,39 It can also be used to deposit insulators,
amorphous and crystalline semiconductor films.40 Magnetron sput-
tering offers great potential for mass production of Ge1−xSnx alloys.
Recent works demonstrated that single crystals of Ge1−xSnx can
also be produced on Si(100) at low temperatures using Ge buffer
deposited by magnetron sputtering.41–45 The produced Ge1−xSnx
layers have similar quality compared to the ones obtained by MBE
and CVD.41–45

From the devices’ point of view, recent experiments have
shown that Ge1−xSnx alloys have higher hole mobility than Ge.46

Han et al. successfully fabricated a Ge1−xSnx channel p-MOSFET
using a CMOS-compatible process at 370 °C.47 Its structure is com-
posed of a source and a drain using nickel stanogermanide as
contact.47 These Ge1−xSnx p-MOSFETs exhibit a hole mobility of
430 cm2/V s that is 66% higher than that of Ge p-MOSFETs, with a
64% reduction in contact resistance.47 Indeed, semiconductor-based
electronic and optoelectronic devices need not only high charge
mobility but also low effective ohmic contact to receive and deliver
signals. Tungsten W is not typically used for contacts in microelec-
tronics due to its tendency not to form compounds with high resis-
tivity. Moreover, its work function is not optimal for some
semiconductor materials, and it usually forms high Schottky barri-
ers.48 The addition of Pt in NiPt alloys significantly enhances the
thermal and chemical stability of the stanogermanide, reducing dif-
fusion issues and improving the overall reliability of the contacts.49

However, a higher resistivity comparing to Ni stanogermanide and
the added complexity for theoretical study can pose challenges.50

For Ge1−xSnx-based devices, Ni stanogermanides have been pro-
posed as ohmic contacts to achieve low contact resistance (Rc) and
low sheet resistance (Rsh).

51–57 However, understanding the forma-
tion kinetics of Ni stanogermanides and the incorporation of Sn
into Ni–GeSn phases is important for devices’ fabrication and reli-
ability and requires extensive studies. Depending on the alloy com-
position, Sn could (i) be soluble in the Ni–Ge phases, (ii) segregate
at grain boundaries, and/or (iii) form Ni–Sn alloys.54,58 Each of
these behaviors will have different impacts on the growth and prop-
erties of the phases such as the thermal budget needed to obtain
the desired phase (i.e., Ni mono-stanogermanide), crystallographic
texture, agglomeration, as well as the electrical properties of the
contact. This paper presents the study of the Ni stanogermanides’
formation. 20 nm of Ni film was deposited on Ge1−xSnx epitaxially
grown on Si(100) by magnetron sputtering. The formation
sequence of the phases with and without Sn as well as the growth
kinetics are studied. The effect of stress relaxation on the formation
of Ni(GeSn) is shown. The kinetics of Sn segregation out of the
Ni(GeSn) phase is also determined, using in situ x-ray diffraction
(XRD) and finite differences simulation.

II. EXPERIMENTS

Two types of samples constituted of Ni/Ge/Si(100) and
Ni/Ge0.9Sn0.1/Ge/Si(100) stacks were prepared for this work [Figs. 1(a)
and 1(b)]: in the following, they will be called Ni–Ge and Ni–GeSn
samples even if their structures are more complex than their given
name. The Si(100) substrates were dipped in a 5% HF solution in

FIG. 1. (a) and (b) Schematics of the Ni–Ge and Ni–GeSn sample configura-
tions prepared by magnetron sputtering: 100 nm of Ge was deposited on
Si(100) at 360 °C for both samples. During the cooling process, 100 nm of
Ge0.9Sn0.1 was deposited on the Ge buffer. Finally, a 20 nm Ni layer was depos-
ited at room temperature on both the Ge and Ge0.9Sn0.1 layers. Cross section
transmission electron microscopy (TEM) images of Ge0.9Sn0.1/Ge/Si(100) films
(Ni–GeSn sample): (c) Complete view of the films by scanning transmission
electron microscopy (STEM), the platinum (Pt) layer was used as a protective
film. (d) High-resolution TEM image at the Ge/Si interface. (e) High-resolution
TEM image at the Ge0.9Sn0.1/Ge interface. The insets in (d) and (e) present the
Fast Fourier Transform (FFT) obtained from the images, showing the epitaxial
registry between the Si substrate, Ge buffer, and Ge0.9Sn0.1.
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order to remove the Si native oxide before to be loaded in the sput-
tering system. Following this cleaning, either only a 100 nm Ge
buffer layer or a 100 nm Ge0.9Sn0.1 layer on the Ge buffer layer was
deposited on the Si(100) substrate in DC mode using a 99.9999%
pure Ar gas flow in the magnetron sputtering system exhibiting a
base pressure of 10−8 Torr. In this setup, the samples are mounted
on a horizontal rotating sample holder. The system allows for three
targets to be placed symmetrically at 120° angles from each other,
positioned 45° between the normals of the target surfaces and the
sample surface. Deposition was carried out at a pressure of
2.25 × 10−3 Torr. The samples were fixed to a steel plate using
metal screws and rotated at a speed of 5 rpm. The sample holder
was heated through radiative effects using an electrical resistance
heater placed underneath. Temperature measurements were taken
using type K thermocouples (THERMOCOAX). The Ge buffer
layer was deposited on Si(100) at T = 360 °C from a 99.999% pure
Ge target. For the Ni–GeSn sample, the Ge0.9Sn0.1 layer was
co-deposited from the Ge target and a 99.99% pure Sn target after
stopping the sample heater, with no growth interruption between
the Ge buffer and Ge0.9Sn0.1. As the cooling rate is low in the sput-
tering system, the Ge0.9Sn0.1 deposition temperature ranges
between 350 and 360 °C, which is similar to the deposition temper-
ature for Ge buffer. On both samples, 20 nm of Ni was deposited at
room temperature by DC magnetron sputtering using a 99.999%
pure Ni target without breaking the vacuum after the deposition of
Ge1−xSnx (x = 0 and x = 0.1) layers.

Structural observations were performed using transmission
electron microscopy (TEM). Scanning TEM dark-field (STEM-DF)
imaging at 200 keV was conducted using a LaB6 Thermo Fisher
Tecnai TEM equipped with an OXFORD X-max80 silicon drift
detector. The results are presented in Fig. 1(c). High-resolution
TEM images were acquired [Figs. 1(d) and 1(e)] at 200 keV using a
Thermo Fisher Titan microscope with a field emission gun and a
spherical aberration (Cs) correction system. A Cs value between 0
and −0.05 mm was used, allowing a point-to-point resolution of
approximately 1 Å to be achieved. The TEM measurements con-
firmed that the Ge and Ge0.9Sn0.1 films are fully monocrystalline
with a diamond structure, exhibiting no amorphous regions.
Figure 1(d) clearly shows misfit dislocations at the Si/Ge interface,
as well as threading dislocations caused by the significant lattice
mismatch between Ge and Si. The density of these misfit disloca-
tions is reduced at the Ge/Ge0.9Sn0.1 interface, as seen in Fig. 1(e).
The fast Fourier transform (FFT) from high-resolution TEM
images illustrates the epitaxial configuration among the Si substrate,
Ge buffer, and Ge0.9Sn0.1 layers. These results demonstrate that the
epitaxial growth of Ge1−xSnx on Si (001) is achievable due to the
application of a Ge buffer layer deposited via magnetron
sputtering.

X-ray reflectivity was carried out at room temperature (RT) to
determine the thicknesses of sputtered films deposited in different
conditions. The structure of the films was studied by x-ray diffrac-
tion (XRD) in the θ–θ geometry using a Cu Kα source
(λKα = 0.154 nm) in a PANalytical X’Pert PRO setup equipped with
an X’Celerator detector designed for high-speed data collection.
This setup was used to perform in situ XRD measurements during
solid state reaction between Ge1−xSnx and Ni. Two types of in situ
XRD measurements were performed: isothermal annealing and

annealing with increasing temperatures by constant steps (denoted
by step annealing in the following). For step annealing, the temper-
ature was raised from 50 to 550 °C by steps of 5 °C with a heating
ramp of 5 °C min−1 and separated by 5 min-long XRD measure-
ments at each temperature step: this step annealing corresponds to
an average heating ramp of 1 °Cmin−1. Isothermal in situ XRD
measurements were also carried out at different temperatures by
using a ramp of 10 °Cmin−1 from room temperature to the set
temperature and then by continuously performing the 5 min-long
XRD measurements. The composition of the layers was determined
using Rutherford backscattering spectrometry (RBS) and atom
probe tomography (APT). For RBS, 2.0 MeV alpha particles were
employed, with a backscatter detector positioned at 170°. Scanning
electron microscopy (SEM) imaging as well as transmission elec-
tron microscopy (TEM) and APT sample preparations were carried
out using an FEI dual-beam HELIOS 600 nanolab. APT measure-
ments were conducted at 50 K with a laser-pulsed CAMECA LEAP
3000X HR microscope, operating at a laser pulse frequency of
100 kHz and a laser power of 0.2 nJ. The surface topography of the
layers was studied using atomic force microscopy (AFM). AFM
images were obtained in a non-contact mode using a PSIA XE-100
in an air microscope. Film sheet resistance was measured using the
four-point probe method.

III. RESULTS

The solid-state reaction for the Ni–Ge sample was followed by
in situ XRD step annealing as shown in Fig. 2(a) as a contour map.
This contour map represents a succession of XRD diffractograms
that allows a three-dimensional presentation in planar view of the
XRD measurements: the x-axis corresponds to the diffraction angle
2θ, the y-axis to the temperature ranging from 50 to 550 °C, and
the diffracted intensity is characterized by the shades of colors
going from blue to red, representing, respectively, the lowest to the
highest intensities. All the obtained diffractograms were measured
in the 2θ range between 20° and 67°. An additional XRD measure-
ment was performed at room temperature (RT) in the same condi-
tions just before the in situ XRD measurement. From RT to about
140 °C, the Ni (111) and (200) XRD peaks corresponding to the
face centered cubic (FCC) structure are observed at 44.6° and 52.1°,
respectively. The Ge (400) XRD peak at 65.98° corresponding to
the diamond structure is the only peak detected for the Ge film; it
corresponds to the same orientation than the substrate Si (400) dif-
fraction peak as expected for an epitaxy. From T = 150 °C, a peak at
31.5° characteristic of the Ni-rich phase [Ni5Ge3 (101)] with a hex-
agonal structure is observed.46 At T = 200 °C, considering the detec-
tion limit of the XRD, the Ni XRD peaks have totally disappeared,
indicating to the full consumption of the Ni layer to form a Ni5Ge3
phase. From this temperature (200 °C), the Ni5Ge3 (101) XRD peak
starts to shift toward high angles. At T∼ 205 °C, five diffraction
peaks corresponding to the NiGe phase are observed simultane-
ously, with the NiGe (111) and NiGe (301) peaks being the most
intense. The intensity of the NiGe phase peaks increases with
increasing temperatures, at the same time as Ni5Ge3 is consumed.
At T = 500 °C, the diffraction peaks of the NiGe phase start to dis-
appear with the appearance of new peaks that probably correspond
to the NiSi1−xGex phase.

59
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Figure 2(b) presents the in situ XRD measurement during step
annealing from 50 to 500 °C for the Ni–GeSn sample [20 nm Ni/
100 nm Ge0.9Sn0.1/100 nm Ge buffer/Si (100) substrate]. At room
temperature, only the (400) diffraction peak is observed for the
phases with the diamond structure (Ge0.9Sn0.1, Ge, and Si), indicat-
ing that the Ge and Ge0.9Sn0.1 layers display an epitaxial relation-
ship with the Si substrate. A similar solid-state reaction sequence is
obtained for the Ni–GeSn system than for the Ni–Ge system with
the formation of Ni5(GeSn)3 followed by the one of Ni(GeSn).
However, differences were observed concerning the thermal stability
and the texture of the Ni-rich phase and Ni-monostanogermanide.
The first important change concerns the formation of the Ni(GeSn)
phase that is delayed compared to the NiGe phase. More precisely,
there is a gap in temperature between the end of the Ni consumption
(and, thus, the full formation of the Ni-rich phase) and the begin-
ning of Ni(GeSn) formation. In contrast, NiGe starts to form just
after the disappearance of the Ni XRD peak. This also means that
the Ni-rich phase is present on a larger temperature range for the
Ni–GeSn sample than for the Ni–Ge sample. Another interesting
point is that the positions of the XRD peaks of NiGeSn are shifting
to larger values when temperature is increased. This is certainly due
to the rejection of Sn from Ni(GeSn). These points will now be
studied in more detail by performing in situ XRD during isothermal
annealing. In order to study the formation and growth kinetics of
the Ni5(GeSn)3 phase, three in situ isothermal annealing was carried
out at different temperatures (150, 170, and 180 °C) for the Ni–GeSn
sample. The annealing temperatures were selected to have only the
formation of the Ni-rich phase.

Figure 3 presents the in situ XRD maps of isothermal experi-
ment at 170 °C that is representative of these three in situ anneal-
ing. It shows that the growth of the Ni5(GeSn)3 phase is linked to

the consumption of the Ni film. After the total consumption of the
Ni layer, the diffraction peaks of the Ni-rich phase shift toward
high angles, and their intensity increases as in the case of step
annealing (Fig. 2). The (400) XRD peaks corresponding to the
diamond structures (Ge1−xSnx, Ge, and Si) are detected during
three isothermal annealing.

FIG. 2. In situ XRD measurements performed during step annealing following an average ramp of ∼1 °C min−1 from 50 to T = 550 °C: (a) Ni–Ge sample; (b) Ni–GeSn
sample.

FIG. 3. In situ XRD measurement performed during the isothermal annealing of
the Ni–GeSn sample at T = 170 °C.
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Figures 4(a)–4(c) show the normalized intensities of the
Ni (111) and the Ni5(GeSn)3 (101) peaks as a function of time, for
the isothermal in situ XRD measurements at 150, 170, and 180 °C
of the Ni–GeSn sample. By increasing the annealing temperature,
the Ni layer is consumed faster: for example, during annealing at
150 °C, the Ni has totally disappeared after ∼650 min, while at
180 °C, the Ni is fully consumed after ∼93 min. Furthermore, the
intensity of the Ni-rich phase increases with time for each tempera-
ture even when the Ni layer is fully consumed, until it stabilizes
and forms a plateau. The time to reach the plateau (before intensity
stabilization) decreases with increasing annealing temperature. To
study the formation and growth kinetics of the Ni(GeSn) phase,
in situ XRD measurements during isothermal annealing at 260 and
270 °C were also carried out. The in situ XRD map at 260 °C is pre-
sented in Fig. 4(a) and shows the consumption of the Ni5(GeSn)3
phase from the beginning of the experiment.

The consumption of the Ni-rich phase is accompanied by the
appearance of the Ni(GeSn) with the same diffraction peaks
than the ones observed for step annealing [Fig. 2(b)]. This phase
persists until the end of the annealing. The Ge1−xSnx (400) and
Ge (400) peaks are detected during all isothermal annealing.
Figures 4(b) and 4(c) show the normalized integrated intensity of
the Ni5(GeSn)3 (101) peak as well as the Ni(GeSn) (111) peak as a
function of time for isothermal annealing at 260 and 270 °C,
respectively. For each temperature, the intensity of the Ni5(GeSn)3
phase decreases with time, while that of the Ni(GeSn) phase
increases until forming a plateau, indicating that the growth of the
phase is finished. The time before stabilization of the intensity for
annealing at 270 °C is shorter (∼100 min) than that for annealing
at 260 °C (∼150 min). Isothermal in situ XRD measurements were
also carried out at high temperature (≥350 °C) in order to examine
the kinetics of Sn segregation in the Ni–GeSn sample.

IV. DISCUSSION

A. Phase sequence: Comparison between the two
systems

The goal of this paper is to study the thin film reaction
between Ni and Ge(Sn) to create contacts for microelectronics and
photonics. For these applications, the thickness of the contact must
be limited to a few tens of nanometers, and the contact is formed
by the reaction of a metal thin film with a semiconductor substrate
to form an intermetallic compound with low resistivity. In this con-
figuration, the thickness of the contact is controlled by the metal
thickness since the metal quantity is limited (for example, the
NiGe thickness is approximately twice the Ni thickness). Therefore,
the choice of 20 nm of Ni was dictated by the applications in pho-
tonics. As explained hereafter, this thickness corresponds to the
thin film regime of metal–semiconductor reaction.

This study is, thus, focused on the solid-state reaction between
a 20 nm Ni thin film with a 100 nm layer of Ge0.9–Sn0.1, and a
comparison is made with the pure Ge layer. For both systems, the
sequential formation of two phases is observed: the Ni-rich phase
with the hexagonal structure, Ni5Ge3 and Ni5(GeSn)3, and the
orthorhombic phase, NiGe and Ni(GeSn). For the Ni–Ge0.9Sn0.1
system, Quintero et al. have also observed a sequential growth of
these two phases Ni5(GeSn)3 and Ni(GeSn).52 However, in the case

of the Ni–Ge system, previous works have reported either the
simultaneous growth60 or the sequential growth61 of the two phases
(Ni5Ge3 and NiGe). The comparison of in situ XRD maps (Fig. 2)
shows that the solid-state reaction sequences are similar for both
kinds of samples (0% and 10% Sn).

FIG. 4. Integrated and normalized intensity of the Ni and Ni5(GeSn)3 XRD
peaks vs temperature during three in situ isothermal annealing of the Ni–GeSn
sample at (a) 150, (b) 170, and (c) 180 °C.
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The sequential formation of some stable or metastable phases
is one of the specific characteristics of the thin film reaction.62,63

We will first provide insights for the binary metal–semiconductor
(SC) system, specifically the Ni–Ge system, then discuss the
Ni–Ge–Sn ternary system, and finally propose explanations for the
absence of Ni–Sn intermetallic formation.

In bulk binary diffusion couples, all the phases present in the
phase diagram at the temperature of interest typically form simulta-
neously. For these bulk diffusion couples, the square of the thick-
ness of each phase is proportional to the time and depends mainly
on the diffusion coefficient in the growing phases. However, thin
film reactions are usually characterized by the sequential formation
of certain phases, which may be stable or metastable. This behavior,
i.e., sequential formation of selected phases, is often explained by
kinetics competition and/or nucleation limitations.62,63 In this
sense, the products of the thin film reaction may be considered
metastable. However, the final product of the metal/SC thin film
reaction is usually the intermetallic containing the highest content
of the SC in contact with the SC substrate (for example, NiGe/Ge
in the Ni–Ge system). This corresponds to equilibrium since the
solubility of metal in an SC is usually very low. Therefore, even if
the amount of metal is very limited compared to the amount of SC
due to the respective thickness of the metal film and SC substrate
(i.e., xSC is almost equal to 1), the system is in the two-phase
domain. For the Ni–Ge system, this corresponds to a thin film of
NiGe on the Ge substrate. Consequently, the final result does not
depend on Ge or Ge(Sn) thickness as long as it is larger than the
thickness needed to form NiGe (about 2.4 times the Ni thickness).
The thin film regime, i.e., sequential formation of selected phases,
is usually observed when the Ni thickness is between about 10 and
100–200 nm. For Ni thicknesses smaller than 10 nm, usually called
the very thin film regime, other phases can be stabilized by strong
interfacial energy effects. For thicknesses larger than 100–200 nm,
the simultaneous growth of several stable phases occurs similarly to
bulk diffusion couples. To summarize, for Ni thicknesses between
about 10 and 100–200 nm, sequential formation is usually
observed, and the final result corresponds to the SC-rich interme-
tallic in equilibrium with the SC substrate (NiGe–Ge equilibrium).
This final result depends neither on the Ni thickness nor on the Ge
thickness (for sufficiently large values of this thickness) except that
the thickness of this intermetallic (NiGe) is larger for larger Ni
thicknesses. This is mainly due to the stoichiometry of NiGe and
the very low solubility of Ni in Ge.

The situation is different for the Ni–Ge(Sn) reaction because
Ge(Sn) is already out of equilibrium (metastable epitaxy) after dep-
osition, as the solubility of Sn in Ge is below 1%, much lower than
the 10% incorporated in the Ge(Sn) film. Under heat treatment,
the Ge(Sn) film will decompose into Sn and Ge with a small
content of Sn, as observed in several studies, including our previous
work.41 Although the ternary phase diagram is not known for Ni
concentrations below 55%, the final equilibrium should be a
three-phase domain with NiGe, Ge(Sn), and Sn, in accordance with
our observed final result: the simultaneous presence of NiGe,
Ge(Sn), and Sn. Accordingly, a schematic Ni–Ge–Sn ternary phase
diagram is shown in Fig. 5. In Fig. 5, the system concentration,
considering the thicknesses of the Ni and Ge(Sn) layers, is indi-
cated by a blue cross for the Ni–Ge (10% Sn) ternary system and is

located inside the three-phase domain (NiGe–Ge–Sn). In this case,
the final result should also not depend on the Ni thickness or the
Ge(Sn) thickness as long as the system concentration falls in this
three-phase domain. This is primarily due to the fact that NiGe,
Ge, and Sn solid phases are almost stoichiometric. A change in the
relative thicknesses of Ni and Ge (10% Sn) layers will only alter the
proportion of the three phases.

No Ni–Sn intermetallics have been observed in our results, in
accordance with most studies on the Ni–Ge–Sn thin film reaction.

FIG. 5. In situ XRD measurements performed during the annealing: (a) contour
map at T = 260 °C, (b) and (c) integrated and normalized intensity of the
Ni5(GeSn)3 (101) and Ni(GeSn) (111) XRD peaks vs temperature during in situ
isothermal annealing at 260 and 270 °C, respectively.
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Only one study58 reported the NiSn phase, but this phase was iden-
tified with two very low-intensity XRD peaks, and NiSn is a meta-
stable phase.

The absence of Ni–Sn intermetallics might be due to the rela-
tively low concentration of Sn in the Ge film (10%) and the high
solubility of Sn in some germanides. Indeed, in the bulk Ni–Ge–Sn
phase diagram,64 Ni5Ge3 and Ni5Sn2 form a continuous solid solu-
tion. Thus, during the first phase growth, the 10% of Sn will be
incorporated into Ni5Ge3 without forming Ni–Sn intermetallics.

After the formation the first stanogermanide, Ni5(Ge,Sn)3,
Ni–Sn intermetallics may also appear during or after the formation
of NiGe. The solubility of Sn in NiGe is not known but might be
relatively low because we observed that Sn is rejected from NiGe at
temperatures above 550 °C. In this case, the absence of Ni–Sn inter-
metallics is, thus, not related to solubility but might be related to
the growth of the stanogermanides with metastable composition.
Indeed, Ni is expected to be the fast diffusing species in the Ni sta-
nogermanides, as is the case for Ni germanides and Ni silicides.
The growth of the stanogermanides will, thus, occur by the diffu-
sion of Ni in these phases, while Ge and Sn do not practically
diffuse and are, thus, incorporated into the growing phase. This
behavior allows the incorporation of more Sn than the equilibrium
solubility of Sn in the germanide and could, thus, delay or suppress
the growth of Ni–Sn intermetallics.

Finally, the observed final result of the Ni–Ge (10% Sn) thin
film reaction (i.e., after sufficient time and temperature annealing)
consists of three phases: NiGe, Ge(Sn), and Sn. As already dis-
cussed, this should correspond to a three-phase equilibrium state
for the global concentration of the system, including the Ni layer

and the Ge(Sn) layer, as illustrated in Fig. 5. Therefore, no Ni–Sn
phases are expected as a final result in the Ni–Ge (10% Sn) ternary
system.

Even if the phase sequence is similar for the thin film reaction
without Sn or with 10% Sn, differences in the stability temperature
range of the two phases are observed between the Ni–Ge and
Ni–GeSn samples. In addition, the texture of Ni monostanogerma-
nide is also different. This part of the study will be detailed later.
These differences suggest that the phase sequence is not affected by
the presence of Sn, but that the nucleation and growth kinetics of
Ni germanides are modified by the addition of Sn.

B. Ni5(GeSn)3 phase formation

Figure 6 shows the evolution of the normalized XRD intensity
of the different phases for the Ni–Ge and Ni–Ge0.9Sn0.1 systems
during step annealing (Fig. 2). In the case of Ni–Ge system

FIG. 6. Schematic isothermal section of the Ni-Ge-Sn ternary phase diagram
for temperatures below the melting temperature of Sn (231.9°C). Only the
phases relevant to the thin film reaction are shown. The red lines correspond to
three-phase domains. The global concentration of the system, constituted by the
Ni and Ge (or GeSn) layers, is indicated by a green cross for the Ni-Ge binary
system and by a blue cross for the Ni-Ge(10%Sn) ternary system. These
crosses correspond to a NiGe-Ge equilibrium and a NiGe-Ge-Sn equilibrium,
respectively.

FIG. 7. Evolution of the normalized intensity of XRD peaks (left axis) and rela-
tive variation of the interpalanar spacing Δd⊥ (right axis) during in situ step
annealing for: (a) Ni-Ge system, (b) Ni-Ge0.9Sn0.10 system.
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[Fig. 6(a)], the end of the growth of Ni5Ge3 phase coincides with
the total consumption of Ni and the start of the NiGe phase forma-
tion. However, for the Ni–Ge0.9Sn0.1 system, the intensity for
Ni5(GeSn)3 still increases after the total consumption of Ni. This
behavior is non-trivial since the growth of Ni5(GeSn)3 occurs by
consumption of the Ni film. As already mentioned, Fig. 2(b)
and 7(a) show that the XRD peaks shift during annealing indicat-
ing some changes in the lattice parameters of the Ni5(GeSn)3
phase. Specifically, there is a shift toward high angle after the full
consumption of the Ni film associated to a lattice reduction. This
phenomenon may be related to a change in composition or a relax-
ation of mechanical stresses. More specifically, XRD measurements
in θ–θ geometry are sensitive to the distance between the crystallo-
graphic planes that are parallel to the surface and, therefore, the
distance d⊥ perpendicular to the surface. The relative variation in

the distance Δd⊥ between the parallel crystallographic planes in the
Ni5Ge3 and Ni5(GeSn)3 phases can be determined by the following
relationship:65

Δd? ¼ d? � dmin

dmin
, (1)

where dmin is the minimum distance of d⊥. This variation Δd⊥ is
represented in red (right axis) in Fig. 6. A fast reduction in Δd⊥
when the Ni layer is completely consumed is observed, which is
associated with the increase in the intensity of the Ni5(GeSn)3 XRD
peak. Knowing that there is no more Ni available for the growth of
the Ni-rich phase, this increase in intensity must be related to a
phenomenon other than the phase growth. Furthermore, the begin-
ning of the formation of the Ni(GeSn) phase takes place when Δd⊥

FIG. 8. Simulation of growth controlled by the diffusion in the Ni5(GeSn)3 phase using in situ XRD experiments carried out for Ni–GeSn sample: (a) by step, (b) isothermal
at T = 150 °C, (c) isothermal at T = 170 °C, and (d) isothermal at T = 180 °C. The kinetic parameters are the same for all the experiments. Since the XRD intensity are rel-
atively noisy, three isothermal XRD annealing were performed in addition to the step annealing in order to better determine the kinetic parameters.
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reaches a minimum. During the formation of Ni5Ge3 and
Ni5(GeSn)3 phases, two stages are, therefore, observed (Fig. 6): the
first corresponds to the growth of the phase until the end of Ni
consumption, while the second corresponds to a significant
decrease in the lattice parameters of the phase (relaxation). In the
case of Ni5Ge3, the relaxation seems to have occurred before the
end of the growth without a significant impact on the formation of
the phases [Fig. 6(a)]. Nevertheless, the formation of the Ni(GeSn)
phase begins after the relaxation is finished [Fig. 6(b)]. The discus-
sion on the Ni5(GeSn)3 phase will, thus, be separated into two sec-
tions. The first one will be devoted to the study of the growth
kinetics (when Ni is still present). In the second section (after the
total consumption of the Ni layer), the change of the lattice param-
eters in the Ni5(GeSn)3 phase will be treated.

C. Ni5(GeSn)3 growth kinetics

In situ XRD measurement can be used to determine the crys-
talline structure of phases and also their quantity. Indeed, assuming
that the evolution of the microstructure is negligible, the diffracted
intensity of the peaks is proportional to the volume of the phase.
Since the surface of the sample is constant, the thickness is the only
variable, which changes during the phase formation. The increase
in the volume of the phase can then be related to the variation in
its thickness L. Under these assumptions, the evolution of the
thickness is proportional to the evolution of the diffracted intensity.
The growth kinetics of reactive diffusion in thin films is usually
fitted by the Deal and Groves law [Eq. (2)] that takes into account
both the diffusion and the interfacial contribution,66–68

dL(t)
dt

¼ D
Lþ D/K

Δμ

kBT
, (2)

with K being the interface kinetic parameter, D being the effective
diffusion coefficient, and Δμ being the chemical potential difference
through the growing phase.

The interfacial reaction K as well as the diffusion rate D follow
an Arrhenius law according to the following equations:67

K ¼ K0exp � Ek
kT

� �
, (3)

D ¼ D0exp � Ed
kT

� �
, (4)

with K0 and D0 being the exponential pre-factors, and Ek and Ed
being the activation energy of the reaction and diffusion,
respectively.

Figure 8 shows the simulations of the “growth” part (i.e.,
when there is still an XRD peak for Ni), which are carried out only
by taking into consideration the formation of a single phase
[Ni5(GeSn)3] with the same kinetic parameters (K0, D0, Ek, Ed) for
all the experiments. The simulation allows reproducing the in situ
XRD experimental points even if these points are scattered.
Nemouchi et al.66 have also determined the kinetic parameters of
the Ni5Ge3 growth controlled by diffusion and reaction at the inter-
face [Eqs. (2)–(4)] but considering the simultaneous growth of
Ni5Ge3 and NiGe instead of the sequential growth of these two
phases.

Table I summarizes the growth kinetic constants of the
Ni5Ge3 and NiGe phases with or without Sn determined by simula-
tions using either the parabolic model or linear-parabolic model, in
comparison to those obtained by Nemouchi et al.58 For the Ni5Ge3
phase, Nemouchi et al.58 reported an activation energy of the diffu-
sion (Ed = 0.8 eV) and that of the reaction (Ek = 0.9 eV) using a
linear-parabolic simulation. The activation energy of the reaction
and the diffusion for Ni5Ge3 is, respectively, 0.86 and 0.80 eV
(Table I), which is in agreement with the reported studies.58 The
Ek of Ni5(GeSn)3 is similar to that of Ni5Ge3. However, the activa-
tion energy of the diffusion of the Ni5(GeSn)3 phase is greater
than that of Ni5Ge3. The value of Ed is larger than that of Ek in
the Ni5(GeSn)3 phase, thus suggesting that diffusion is the limited
mechanism during the growth of the Ni5(GeSn)3 phase. In the
case of a parabolic simulation, the activation energy of the diffu-
sion of the Ni5(GeSn)3 phase is greater than that of Ni5Ge3
(without Sn).

D. Ni5(GeSn)3 phase relaxation

Figure 9 shows the evolution of the relative variation in the
spacing between the crystallographic planes Δd⊥ [Eq. (1)], (curve in
red, right axis) during isothermal annealing at different tempera-
tures, together with the evolution of the normalized diffraction
intensity (left axis). All these in situ measurements show the same

TABLE I. Kinetic parameters of the normal growth of the Ni5(GeSn)3 and Ni(GeSn) phases obtained from all simulations carried out (isothermal and step). For Ni5Ge3 and
NiGe, the values are taken from step annealing simulations and from Nemouchi et al., respectively.

Phase Simulation K0 (cm/s) Ek (eV) D0 (cm²/s) Ed (eV)

Ni5Ge3
66 Linear-Parabolic 7 0.90 2 × 10−6 0.80

Ni5Ge3 Linear-Parabolic 6.8 ± 1.3 0.86 ± 0.1 1.9 × 10−6 ± 0.5 × 10−6 0.80 ± 0.06
Ni5(GeSn)3 Linear-Parabolic 20 ± 5 0.90 ± 0.05 0.25 ± 0.10 1.29 ± 0.04
Ni5Ge3 Parabolic … … 2.9 × 10−6 ± 1.8 × 10−6 0.84 ± 0.06
Ni5(GeSn)3 Parabolic … … 1.6 × 10−3 ± 0.6 × 10−3 1.12 ± 0.02
NiGe66 Parabolic … … 2 × 10−6 0.90
Ni–Ge Parabolic … … 2 × 10−6 ± 0.2 × 10−6 0.93 ± 0.01
Ni(GeSn) Parabolic … … 1.7 × 10−3 ± 0.6 × 10−3 1.30 ± 0.03
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behavior that was also observed during step annealing (Fig. 9).
Indeed, after the total consumption of Ni (end of growth), a
decrease in Δd⊥ is observed for all experiments, characterizing a
change in the lattice parameters of the Ni5(GeSn)3 phase (volume

change). The change in the interplanar spacing can have several
origins. When the temperature varies, it can be related to the
thermal expansion of the material, but it cannot be the case for iso-
thermal annealing during which the temperature is fixed. In the
case of non-stoichiometric compounds, such as Ni5Ge3, this
change can be related to a change in composition. However, a
similar behavior has been observed when the first phase is stoichio-
metric and has been attributed to the creation and relaxation of
stress induced by the change in volume during the reaction.69–71

Since the change related to stress creation/relaxation is systemati-
cally observed (i.e., for stoichiometric and non-stoichiometric
phases), the change in the lattice parameters of Ni5Ge3 is certainly
due to the same mechanism. In the literature, the evolution of
stress during the solid state reaction of a metal with a semiconduc-
tor has been the subject of several reviews.71–73 Silicides are the
most studied in this field.72 The stress can have several origins (dif-
ferences in thermal expansion, epitaxy, etc.), but, in the case of the
formation of a new phase (reactive diffusion, oxidation, etc.), the
main source of stress is the change in volume during the reaction,
which is expressed by the Pillings–Bedworth ratio,72

ΔV
V

¼ V(ApBq)� V(B)

V(B)
: (5)

Equation (5) is valid if A is the element, which mainly diffuses
[if B mainly diffuses V (A) must replace V (B)]. Generally, the
volume of the formed phase is greater than the volume consumed
(positive Pillings–Bedworth ratio), which leads to compressive
stress. Zhang and d’Heurle72 have proposed a model that explains
qualitatively the origin and evolution of stress. It is based on the
distinction between the stress generation resulting from the growth,
which is controlled by the diffusion of the fast-moving atoms, and
the stress relaxation controlled by the diffusion of the slow moving
atoms. A qualitative agreement was obtained between the model and
the experiments for the formation of Pd2Si.

72 The same qualitative
behavior as in Fig. 9 is observed, suggesting that the change in lattice
parameters in the Ni5(GeSn)3 phase is due to stress evolution. This
behavior is in accordance with former observations69,74–76 and with
the model proposed by Zhang and d’Heurle.72 In this model, the
generation of stress due to the change in volume is concomitant with
the relaxation of the stresses during the growth while only the stress
relaxation takes place when the growth is finished (i.e., after total
consumption of the metal).60

E. Initiation of Ni(GeSn) phase formation

Table II shows the stability temperatures of the different
phases from in situ XRD measurements for the Ni–Ge and
Ni–Ge0.9Sn0.1 systems. The temperature for which the Ni-rich
phase is fully consumed is higher (about 40 °C) in the case of the
Ni–Ge0.9Sn0.1 system. The same phenomenon was observed by
Quintero et al.56 for the same system (Ni–Ge0.9Sn0.1), but these
authors found a larger shift in the total consumption temperature
of the Ni-rich phase (around 60 °C) compared to the Ni–Ge
system. Table II shows that the thermal stability of the Ni5(GeSn)3
phase is higher than the one of the Ni5Ge3 phase. Therefore, the
addition of Sn in the Ni5Ge3 phase increases its thermal stability.

FIG. 9. The evolution of the normalized intensity of XRD peaks (left axis) and
the relative variation of the interplanar spacing Δd⊥ (right axis) during isothermal
in situ XRD measurements at (a) 150, (b) 170, and (c) 180 °C.
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Consequently, the formation of the Ni(GeSn) phase, the low resis-
tive phase, is delayed. This delay can be explained by a nucleation
difficulty of the Ni(GeSn) phase at the Ni5(GeSn)3/Ge0.9Sn0.1 inter-
face that induces an incubation time. However, the delay observed
before the formation of Ni(GeSn) is more probably linked to the
stress relaxation since the formation of Ni(GeSn) is observed when
the stress is relaxed (Fig. 9). Indeed, in the case of the Ni–Si
system, Mangelinck et al.65 have also observed a delay between the
end of δ-Ni2Si growth and the start of NiSi formation that was
found to follow an Arrhenius behavior. This delay was related to
stress relaxation in the δ-Ni2Si phase.65 It was found that the
growth of NiSi only occurs when the stress relaxation in
the δ-Ni2Si is finished.

65 A similar behavior could be the cause of
the delay between Ni5(GeSn)3 and Ni(GeSn) since a large stress
relaxation is observed for Ni5(GeSn)3 during this delay.

Therefore, two mechanisms may control the initiation of
NiGeSn phase formation: nucleation or stress relaxation in Ni5Ge3.
Sn can impact both mechanisms. Regarding nucleation, it has been
shown that the entropy effect induced by an alloy element can sig-
nificantly affect nucleation.63,77 If the alloyed element is less soluble
in the phase to be nucleated than in the phase(s) being consumed,
the driving force for nucleation may be significantly reduced,
leading to a substantial increase in the nucleation temperature.63,77

Since Sn is fully soluble in Ni5Ge3 but almost insoluble in NiGe,
the addition of Sn in Ge should increase the nucleation tempera-
ture of NiGe.

However, as discussed above, the delay in the formation of
NiGe with Sn is more likely due to stress relaxation in Ni5Ge3. This
stress relaxation is believed to be controlled by the diffusion of the
less mobile species, which is likely Ge in Ni5Ge3. Our results clearly
show that Sn slows down stress relaxation in Ni5Ge3. This is cer-
tainly related to a slowdown of Ge diffusion in the presence of Sn,
which ultimately delays the formation of NiGe.

According to Table II, the stability of the Ni(GeSn) phase at
high temperature is lower than that of the NiGe phase. This is due
certainly to the rejection of Sn from Ni(GeSn) at high temperature.
This last phenomenon will be discussed later.

F. Ni(GeSn) growth kinetics

In order to determine the kinetic parameters of the Ni(GeSn)
phase growth, in situ XRD annealing by step [Fig. 2(b)] as well as
the isothermal annealing (Fig. 7) were simulated with the diffusion
controlled growth model [Eq. (2) was used but with a very low
value of K in order to have a diffusion controlled growth].

Figure 10 summarizes the simulations carried out by consider-
ing that only one phase is formed and by using the same kinetic
parameters (D0, Ed) for the simulations of all the experiments.

Overall, the experimental results and the simulated curves are in
good agreement. This means that all the annealing can be simu-
lated with the same kinetic parameters, considering the formation
of only one Ni(GeSn) phase.

TABLE II. Stability temperatures of the different phases from in situ XRD measure-
ments for the Ni–Ge and Ni–Ge0.9Sn0.10 systems.

Phase Ni5Ge3 Ni5(GeSn)3 NiGe Ni(GeSn)

Temperature (°C) 120–250 120–290 205–545 275–430

FIG. 10. Simulation of growth of the Ni(GeSn) phase using in situ XRD experi-
ments carried out for the Ni–Ge0.9Sn0.10 system: (a) by step, (b) isothermal at
T = 260 °C, and (c) isothermal at T = 270 °C.
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Table I summarizes the values of the kinetic constants of the
normal growth of Ni(GeSn) obtained in this work and compares
them with those obtained by Nemouchi et al.66 for NiGe. The pre-
exponential coefficient D0 and the diffusion activation energy Ed
for NiGe are lower than those of the Ni(GeSn). For NiGe without
Sn, the kinetic parameters, D0 and Ed, obtained in our work are
similar to the ones obtained by Nemouchi et al.66 The higher acti-
vation energy for diffusion in Ni(GeSn) than in NiGe indicates that
Sn slows down the diffusion in NiGe.

In order to compare these diffusion coefficients, an Arrhenius
plot is shown in Fig. 11 for the diffusion coefficients obtained from
the diffusion-controlled growth model.

As mentioned before, the growth of stanogermanides
[Ni(GeSn), Ni5(GeSn)3] in thin films is expected to be controlled by
Ni diffusion that is the fast diffusing species in these phases as well
as in the germanide (Ni5Ge3 and NiGe) and in the silicide (Ni2Si
and NiSi).63 For silicides that have been extendedly studied, it was
observed that metal diffusion is faster in metal-rich silicides (and,
reciprocally, Si diffusion is faster in Si-rich silicides).78 This rule has
been called the “Cu3Au” rule by d’Heurle et al.78 and explained by
the fact that in a phase that is richer in one element (metal), this
element can diffuse on its own sublattice (metal sublattice) and does
need to pass on the other element (Si) sublattice (as antisite defect).
Such a diffusion of a element on its own lattice costs less energy
resulting in a lower diffusion activation energy. Therefore, our mea-
surement of a lower activation energies for Ni5(GeSn)3 than for
NiGeSn is in accordance with the “Cu3Au” rule.

Our results show also that the presence of Sn slows down the
diffusion in Ni5Ge3 and in NiGe by decreasing the diffusion activa-
tion energy. Again, one may refer to the silicide literature to
explain this behavior. Indeed, the effect of alloy element on the sili-
cide formation in thin films has been widely studied,63,79,80 and it
was shown that several alloy elements such as Pt, W, ettc. can slow

down the formation of the Ni silicide phase.63,80 This was attrib-
uted to segregation of the alloy element to the grain boundary of
the growing silicide.63 As, in thin films, the diffusion mainly occurs
at the grain boundaries because the grain are very small, the segre-
gation of the alloy element at GB can, thus, have an effect on the
diffusion coefficient and increase the diffusion activation energy.

The microstructure of the Ge or Ge(Sn) layer may also affect
the time for growth completion through a change in the micro-
structure of the stanogermanide such as the grain size that have a
direct impact on the diffusion coefficient in the germanide.
However, the Ge and Ge(Sn) layers are both in epitaxy (Fig. 1):
therefore, no large difference in their microstructure is expected,
and this small difference should not influence the microstructure
and growth of the intermetallics.

The Arrhenius plot in Fig. 11 shows an interesting crossover
between the diffusion coefficients of Ni5Ge3 and Ni5(GeSn)3
around 200 °C. This indicates that at this temperature, the diffusion
rates in both intermetallics are equal. This behavior can be
explained by the fact that the addition of Sn reduces the diffusion
coefficient of Ni5(GeSn)3 compared to Ni5Ge3. However, as the
temperature increases, the diffusion coefficient of Ni5(GeSn)3
increases more rapidly than that of Ni5Ge3, leading to a crossover
point around 200 °C where both diffusion coefficients are equal.
The crossover point has important implications for the growth
behavior of the intermetallics. In particular, it explains why the
completion temperatures for growth in Ni5Ge3 and Ni5(GeSn)3 are
close when using step annealing. Since the diffusion rates in both
intermetallics are equal at around 200 °C, the time and temperature
required for growth completion are similar for both Ni5Ge3 and
Ni5(GeSn)3, despite the differences in their diffusion coefficients at
other temperatures at which the isothermal annealing was
performed.

Overall, the Arrhenius plot in Fig. 11 provides valuable
insights into the diffusion behavior of Ni5Ge3 and Ni5(GeSn)3 and
its impact on the growth kinetics of these intermetallics. Indeed,
the growth of an intermetallic compound is primarily determined
by the diffusion within the compound itself. Therefore, the time
(or temperature) it takes for the intermetallic to grow is dependent
on the thickness of the growing intermetallic (Ni5Ge3 and NiGe).
More precisely, in the case of diffusion-controlled growth during
isothermal annealing, the time required to fully form the interme-
tallic is proportional to the square of the maximum thickness of
the intermetallic and inversely proportional to its diffusion coeffi-
cient. For reaction–diffusion growth, the dependencies are more
complex since both the reaction rate and the diffusion coefficient
play a role in determining the growth kinetics. Furthermore, the
maximum intermetallic thickness is proportional to the thickness
of the metal (i.e., LNiGe = 2 lNi) since the amount of metal is limited
compared to the amount of semiconductor. Therefore, the time (or
temperature) for the growth completion depends on the Ni thick-
ness but not on the thickness of the Ge or Ge(Sn) layers.

Understanding the diffusion behavior of Ni5Ge3 and
Ni5(GeSn)3 and its impact on the growth kinetics of these interme-
tallics is important for optimizing the growth conditions and
achieving high-quality intermetallic layers for various applications.

When the final intermetallic, NiGe, is fully formed, no further
phase growth occurs since NiGe is in equilibrium with Ge, as

FIG. 11. Arrhenius plot of the diffusion coefficient obtained from the diffusion-
controlled growth model. The solid line corresponds to the temperature range
for which the fits were performed while the dashed line included the full range
of growth temperature.
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indicated by the green cross in Fig. 5. However, morphological
changes such as agglomeration can still occur. For the Ni–Ge(10%
Sn) system, in addition to agglomeration, Sn can be rejected from
NiGe and from Ge(Sn) in order to reach the three-phase equilib-
rium (NiGe, Ge, and Sn), as indicated by the blue cross in the
ternary phase diagram (Fig. 5). This rejection of Sn lead to the for-
mation of Sn-rich precipitates, which can impact the overall prop-
erties of the contact and the Ge(Sn) layer and will be discussed
now.

G. Sn segregation kinetics

Figure 12(a) shows the diffractogram measured at room tem-
perature on the sample presented in Fig. 1(b) after step annealing.
XRD peaks corresponding to β-Sn are detected and should result
from the crystallization of liquid Sn (the melting temperature of
Sn is 232 °C),81 which was rejected at high temperature from the
Ni(GeSn) and Ge0.9Sn0.1 phase. The positions of the XRD peaks

FIG. 12. Analyses carried out at room temperature on the Ni–GeSn sample
after the in situ annealing presented in Fig. 2(b) (step annealing): (a) x-ray dif-
fractogram, (b) SEM surface measurements, and (c) AFM surface
measurements.

FIG. 13. Variation in (a) angular position 2θ and (b) interplanar spacing d111 for
the crystallographic (111) plane of the Ni(GeSn) phase vs time during isothermal
annealing at different temperatures (350, 360, 370, 380, and 430 °C).
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for the Ni(GeSn) phase correspond to the angular positions of
NiGe. This indicates that the rejection of Sn from the Ni(GeSn)
phase leads to the NiGe phase without Sn. Figure 12(b) presents a
surface SEM image of this sample. Large islands are observed with
a lateral size between 0.1 and 2 μm. These islands are also observed
on the AFM image [Fig. 12(c)]. They have heights between 115 and
170 nm, significantly greater than the thickness of the Ni(GeSn)
layer. The average surface roughness (RMS) is about 38 nm. These
islands probably correspond to the Sn-rich phase that was crystal-
lized during cooling and/or to the agglomeration of the Ni monog-
ermanide. The NiGe/Sn phase separation and NiGe phase
agglomeration lead, thus, to deterioration of film morphology. The
thermal stability of the NiGe phase is, therefore, considerably
affected by the incorporation of Sn. The variation in the diffraction
angle 2θ and the interplanar spacing d111 (determined from Brag’s
law) of the Ni(GeSn) phase, as a function of time during isother-
mal annealing at different temperatures, are presented in Fig. 11.

The variation in the (111) XRD peak position 2θ and the
interplanar spacing d111 of the Ni(GeSn) phase over time is shown
in Fig. 13. This evolution occurs during isothermal annealing at
various temperatures: 350, 360, 370, 380, and 430 °C. The interpla-
nar spacing d111 (and inversely the angle 2θ) decreases with time,
which indicates a decrease in the volume of Ni(GeSn). Since the
stress relaxation is generally small for the second phases compared

to the first phases, it should not explain the large change in d111.
Moreover, XRD, SEM, and AFM measurements of the samples
after step annealing show that Sn is rejected from NiGe (Fig. 12).
This decrease can be, thus, interpreted by the rejection of Sn from
Ni(GeSn) since the incorporation of Sn into NiGe is expected to
increase its volume. The initial values of d111 are approximately
similar for the different temperature and should correspond to the
10% of Sn introduced during the deposition of Ge0.9Sn0.1. The
change in d111 [Fig. 13(b)] is faster when the temperature increases
(the isotherms at 370 and 380 °C appear to be reversed, but this
may be due to a global shift related to a misalignment of the
sample). This means that the rejection of Sn increases with temper-
ature and is, thus, thermally activated. In order to determine the Sn
segregation kinetics from the in situ XRD, we performed simula-
tions considering that the segregation kinetics is controlled by the
diffusion of Sn through the Ni(GeSn) film toward the surface to
form a film of pure Sn (Fig. 12). Indeed, the rejection of Sn occurs
certainly from the bulk of NiGe to the surface and can be assimi-
lated to a surface segregation.

As a first approximation, we considered that the diffusion of
Sn in the Ni(GeSn) phase takes place with an effective diffusion
coefficient, Deff, that should be mainly related to grain boundary
diffusion since the Ni(GeSn) film is polycrystalline. The diffusion
of Sn in Ge(Sn) was considered as negligible.82 From these approxi-
mations, the diffusion of Sn in Ni(GeSn) was simulated by one-
dimensional finite differences based on Fick’s law with the diffu-
sion coefficient Deff. As an initial condition (t = 0), the Sn atomic
fraction was taken as constant within the Ni(GeSn) film and equal
to 10% [Fig. 14(a)]. The Sn atomic fraction in NiGe at the Sn/NiGe
interface was considered as null for all the time (t > 0) as shown in
Fig. 14(b).

For each time step, a Sn concentration profile is obtained
and depends on the diffusion coefficient used to perform the sim-
ulation. This concentration profile is averaged over the Ni(GeSn)
layer in order to compare with the XRD intensity. Indeed, in the
case of a layer with a non-uniform composition, the position of
the XRD peak only provide an average value of the interplanar
spacing through Bragg’s law. From this spacing, a global informa-
tion on the average composition of the Ni(GeSn) layer can be
obtained from Vegard’s law (i.e., linear variation in the lattice
parameters of NiGe with the Sn concentration). For the in situ
XRD measurements, the average composition was determined
from the (111) XRD peak, by assuming that the minimum
(2θ∼ 34.35°→ d111∼ 0.261 nm) corresponds to 10% Sn and the
maximum (2θ∼ 35.55°→ d111 = 0.252 nm) to 0%. These average
compositions (curve in red) determined from in situ XRD are com-
pared to the average concentration obtained from the simulated Sn
profile in Ni(GeSn) (curve in blue) in Fig. 15. The simulated curves
were fitted to the experimental ones by changing the effective diffu-
sion coefficients.

In general, the experimental and the simulated curves are in
good agreement indicating that the proposed model allows us to
reproduce the kinetics of Sn segregation. There is a shift between
the experimental and the simulated curve for the isotherm at
T = 370° [Fig. 15(c)] that could be linked to a systematic shift of 2θ
during this experiment. Our simulations allow the determination of
the effective diffusion coefficients of Sn for each temperature.

FIG. 14. Schematic illustration of the Sn content profile in the Ni(GeSn) phase
as a function of the thickness at (a) t = 0 and (b) t > 0.
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FIG. 15. Sn concentration variation in Ni(GeSn) phase as a function of time (blue circles) and their fit (red curve) determined from isothermal in situ XRD measurements
at (a) T = 350 °C, (b) T = 360°, (c) T = 370 °C, (d) T = 380 °C, and (e) T = 430 °C. The fit (red curve) has been obtained by changing the effective diffusion coefficient in
the model described in the text.
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Table III summarizes the values of the diffusion coefficient
Deff for different isothermal annealing. An increase in the diffusion
coefficient with increasing temperature shows that the rate of Sn
segregation is thermally activated. In the case of a diffusion that is
carried out by a unique mechanism in the same temperature range,
the diffusion coefficient D follows an Arrhenius law:

D ¼ D0exp � Ea
kT

� �
, (6)

with D0 being the pre-exponential factor and Ea being the activa-
tion energy.

In order to determine the activation energy of Sn segregation,
the variation in the effective diffusion coefficient of Sn as a function
of 1/T is plotted in the Arrhenius diagram of Fig. 14.

From this Arrhenius diagram, an activation energy for Sn dif-
fusion in the Ni(GeSn) phase, Ea = 2.91 eV, and a pre-exponential
factor, D0 = 1.94.103 cm2/s, are obtained to give the following

expression:

D ¼ 1:94� 103 exp � 2:91 eV
kT

� �
cm2s�1: (7)

This activation energy is close to the one for the diffusion of
Sn in Ge (3 eV).83 The similarity between these activation energies
suggests that Sn probably diffuses in the Ge sub-lattice in the NiGe
phase. The good agreement between the simulations and the exper-
iments indicates that the model and its approximations are realistic.
However, the Ni(GeSn) film is polycrystalline, and both the diffu-
sion at the grain boundaries and the diffusion in the grains must
contribute to the Sn segregation. The Arrhenius behavior observed
in Fig. 16 indicates that segregation can be described by an effective
diffusion coefficient. Since the grain size usually scales with the
thickness of the film, a significant contribution of the grain
boundary diffusion is expected. However, as XRD is sensitive to the
lattice spacing and, thus, to the concentration of Sn inside
the NiGe grains, the lattice diffusion should also contribute to
the effective diffusion.

H. Electrical properties

Now that we have established the kinetics of formation and
degradation, and it serves as a foundation for optimizing the
process for contacts. However, it is equally important to consider
another critical parameter for contacts: sheet resistance. In situ
four-point sheet resistance measurements (Rsh) have been per-
formed on the Ni–Ge1−xSn sample. The results indicate that the
Rsh of the Ni5(GeSn)3 phase can reach approximately 49Ω/sq
at 200 °C. However, at about 300 °C, the sheet resistance for the
Ni(GeSn) phase falls to about 17Ω/sq. This significant reduction
in Rsh by a factor of three confirms that the Ni(GeSn) phase is the
least resistive and, therefore, the most promising for microelec-
tronic applications.

A measurement of the four-point sheet resistance at room
temperature was carried out on the NiGeSn phase after rapid
thermal annealing (RTA) at 300 °C for 2 min. A value of 6 ohms/
square was obtained, which is five times lower than that reported
by Quintero et al.84 (∼30Ω/sq) for the NiGeSn and NiGe phases.
This sheet resistance is comparable to that of the NiSi phase,85

which is widely used in microelectronics. These results suggest that
the NiGeSn phase is an excellent candidate for forming ohmic con-
tacts in microelectronic devices.

V. CONCLUSIONS

The solid-state reaction of the Ni film with epitaxial Ge or
Ge0.9Sn0.1 film produced by magnetron sputtering on Si (100) has
been studied. For both systems, the sequential formation of two
phases, the hexagonal Ni-rich phase [Ni5Ge3 and Ni5(GeSn)3] and
the orthorhombic phase [NiGe and Ni(GeSn)], is observed, and
the phase sequence is, thus, not changed by the presence of Sn.
However, the germination and growth kinetics of Ni germanides
are modified by the addition of Sn.

Two regimes are observed for the Ni5(GeSn)3 phase. One cor-
responds to the growth of the phase by consuming the Ni film, and
the other corresponds to a variation in the lattice parameters of the

TABLE III. Summary of the effective diffusion coefficient Deff (nm
2/s) values at

different in situ XRD temperatures.

Temperature (°C) Deff (nm
2/s)

350 9.0 × 10−4

360 1.6 × 10−3

370 6.4 × 10−3

380 6.7 × 10−3

430 1.0 × 10−1

FIG. 16. Arrhenius diagram of the effective diffusion coefficients of Sn in the
Ni(GeSn) phase.
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phase after the consumption of the Ni layer. We have shown quali-
tatively that the variation in the lattice parameters is probably
related to the stress relaxation in the Ni5(GeSn)3 phase.

The simulations using a reaction/diffusion controlled growth
model of the in situ XRD measurements allowed us to determine
the parameters for the growth kinetic of the stanogermaniures. The
growth kinetics of Ni5(GeSn)3 and Ni(GeSn) are primarily con-
trolled by the diffusion of Ni, but the presence of Sn slows down
this diffusion through these phases.

The in situ XRD measurements also shows a delay in the for-
mation of Ni(GeSn) phase. The delayed growth of Ni(GeSn) only
occurs when the stress relaxation in the Ni5(GeSn)3 is finished.
This delay leads to the formation of the Ni(GeSn) phase at a higher
temperature than for the NiGe phase. The thermal stability of the
NiGe phase is strongly affected by the presence of Sn, causing
NiGe/Sn phase separation and agglomeration of the NiGe phase.
Indeed, at high temperature, Sn can diffuse to the surface. Based on
experimental data and simulations, we determined an effective dif-
fusion coefficient and its temperature variation corresponding to
the Sn segregation out of the Ni(GeSn) phase. The kinetic parame-
ters obtained make it possible to predict the behavior of Sn during
the fabrication by reactive diffusion of Ni stanogermanides and
during the thermal degradation of NiGe.
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