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ABSTRACT In this study, we have conclusively used UV-nanosecond laser annealing (UV-NLA) as an
alternative to classical rapid thermal annealing (RTA) for the formation of stable Ni-GeSn alloys. The
phase formation sequence was similar to the one obtained with RTA. At low laser energy densities (ED)
and after the consumption of Ni, the Ni-rich phase, Ni5(GeSn)3, was first obtained. This phase was
followed, for higher ED, by the mono-stanogermanide phase Ni(GeSn). Surface wrinkles appeared at high
ED, resulting in a sheet resistance (Rsh) increase. Meanwhile, Rsh variations were mainly governed by
the phases that were present at lower ED. By combining various analyses, we did not see any Ni(GeSn)
agglomeration or Sn segregation. The use of UV-NLA yielded thermally stable Ni(GeSn) contact layers.

INDEX TERMS GeSn, NiGeSn, laser annealing, contact.

I. INTRODUCTION
Germanium-tin alloys have shown very promising properties
for microelectronics and Si-based photonics applications. As
far as complementary metal-oxide-semiconductor (CMOS)
technologies are concerned, GeSn can be used as high-
mobility channel or as source and drain stressor [1], [2],
[3], [4]. Since the first demonstration of an optically pumped
direct-bandgap GeSn laser in 2015 [5], the interest of using
GeSn for Si-based photonics has not slowed down [6].
Innovative Mid Infra-Red (MIR) GeSn-based devices such
as Light Emitting Diodes (LEDs) [7], photo-detectors [8],
electrically pumped lasers at low temperature [9] and
optically pumped lasers at room-temperature have thus been
reported [10], [11], [12].
Despite the growing interest in GeSn alloys, challenges

that need to be overcome include the growth of high
crystalline quality GeSn layers on Si and Ge substrates
with relatively high Sn contents [13]. The quest for high
crystalline quality GeSn layers is indeed an incessant fight
against thermodynamics and physical properties. First, there
are large lattice parameters mismatches between Sn and

Ge or Si, 14.7% and 19.5%, respectively [14]. Critical
thicknesses for plastic relaxation, e.g., thicknesses above
which misfit dislocations would start to happen, are thus
low when growing GeSn on Ge and a few nanometers
only for GeSn on Si. Another challenge is that, at thermal
equilibrium, the solid solubility of Sn in Ge is as low as
1 at.% below 500 ◦C [15]. Looking at the Ge–Sn binary
diagram, the eutectic temperature for the binary alloy is
as low as 231.1 ◦C [16]. These two properties strongly
favor Sn precipitation/segregation in the Ge–Sn system. As
a consequence, the use of low temperature, non equilibrium
processes, is mandatory to obtain high crystalline quality
GeSn layers [13].

Whatever the final application, high quality contacts are
needed to obtain microelectronics or photonics devices
with required performances. Ni-based metallization is the
most reported strategy on GeSn [17]. Ni has indeed the
benefit of forming a Ni(GeSn) alloy at relatively low
temperature [18] with low resistivity and contact resis-
tance [1], [19]. On the other hand, the main drawback of
the Ni/GeSn system is its poor thermal stability because
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of two phenomena: Ni(GeSn) agglomeration and Sn segre-
gation [20]. Technological options have thus been assessed
to enhance the thermal stability of the Ni/GeSn system.
One can indeed play with various technological levers, from
GeSn surface engineering to metallization. For instance,
Wang et al. used Pt co-sputtering [21], while Wan et al.
added a Pt interlayer [22]. In our group, we evaluated
various alloying elements, such as Pt and Co [23], [24].
The use of pre-amorphization by implantation (PAI) prior to
metallization was also assessed [25], [26] and an alternative
metallization with Ti was explored [27], [28]. Generally,
Ni(GeSn) alloys were grown using rapid thermal annealing
(RTA). The thermal stability of the Ni/GeSn system can
also be improved with alternative annealing processes.
Microwave annealing (MWA) [29] and laser thermal anneal-
ing (LTA) [30], [31], [32] were recently assessed to reduce
the thermal budget. Although the capacity of LTA treatments
of obtaining low resistance Ni-based contacts on GeSn was
confirmed, studies have also demonstrated the formation of
Sn-rich vertical columns or filaments during the liquid-solid
regrowth mechanisms governing layer formation [30], [31].
Apart from the formation of Ni(GeSn) alloys, laser

annealing processes have mainly been employed to tailor and
enhance the crystalline quality (grain growth, crystallization
and so on) of GeSn layers during, or after, their low thermal
budget growth [33], [34], [35], [36], [37]. Laser annealing
was also used to reverse the stress in GeSn layers [36] or to
modulate photodiode optoelectronic properties by Sn atoms
redistribution [38].
This study aims to assess the ability of UV-nanosecond

laser annealing (UV-NLA) to fabricate thermally stable
Ni(GeSn) alloys. We first use X-ray diffraction (XRD)
measurements to analyze the phase formation sequence. We
then investigate the surface and cross-sectional properties of
the Ni-based contact layers using various characterization
methods. Finally, we evaluate the electrical properties of
the contacts as a function of laser energy density by
measuring the sheet resistance. Our results show that
UV-NLA is a promising technological approach to fabri-
cate Ni-based contact layers on GeSn with good thermal
stability.

II. EXPERIMENTAL
We epitaxially grew 60 nm-thick high quality GeSn layers
with 10 at.% of Sn in substitutional sites at 325 ◦C on Ge-
buffered Si (100) substrates in a reduced pressure chemical
vapor deposition (RPCVD) tool [39]. After the GeSn surface
preparation (wet cleaning and/or in-situ plasma treatment to
remove native oxide), we deposited 10 nm thick Ni layers
capped with 7 nm thick TiN layers using room temperature
magnetron sputtering. We used classical Ar-based plasma
sputtering to deposit the Ni layers at 65 mTorr, and reactive
sputtering using N2 to deposit the TiN layers at 35 mTorr.
A schematics of the resulting stacks is shown in Fig. 1(a).
Then, we performed UV-nanosecond laser annealing (UV-
NLA) on samples using a SCREEN-LT3100 tool based on

FIGURE 1. (a) Schematics of samples used in this study and (b) map of
UV-NLA conditions probed on the wafer surface.

a XeCl excimer laser (308 nm wavelength) with a pulse
duration of 160 ns ± 2 ns (Full Width at Half Maximum). 15
× 15 mm2 fields were irradiated with laser Energy Densities
(ED) ranging from 0.08 up to 0.66 J/cm2 with 0.02 J/cm2

steps. We used single and cumulative pulses (3 and 10 pulses)
with various laser conditions on the 69 positions specified
in Fig. 1(b).
To characterize the impact of UV-NLA in terms of

phase sequence evolution, we performed X-Ray Diffraction
(XRD) analyses using a X’Pert Pro PANalytical X-ray
diffractometer. We also carried out Atomic Force Microscopy
(AFM) using a Bruker FastScan equipment, Scanning
Electron Microscopy (SEM), STEM HAADF (Scanning
Transmission Electron Microscopy with High-Angle Annular
Dark Field detector) coupled with EDX (Energy Dispersive
X-ray) to assess the morphological properties. Finally,
we used a four-point probe meter to achieve sheet-
resistance (Rsh) measurements and characterize the electrical
properties.

III. EVALUATION OF THERMAL REGIMES
We experimentally determined thermal regimes and melt
threshold using in-situ time-resolved reflectivity (TRR)
measurements. For samples treated with a single laser pulse,
the surface reflectivity evolution as a function of time was
recorded for each laser shot at various energy densities (ED).
All profiles were then gathered to obtain the color map
shown in Fig. 2.

TRR intensity variations are related to morphological
or structural property changes. We were thus able to
experimentally determine the melt threshold based on Fig. 2
analysis. The black dashed line shows that ED threshold
for TiN/Ni/Ge0.9Sn0.1 samples. We observed an intensity
decrease at around 200 ns for ED > 0.36 J/cm2 and more
clearly for ED > 0.40 J/cm2. The melt threshold of this
system was thus in this ED range.
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FIGURE 2. Time-Resolved Reflectometry (TRR) for various energy densities
during the laser annealing of TiN/Ni/Ge0.9Sn0.1 samples.

FIGURE 3. XRD patterns obtained for Ni/Ge0.9Sn0.1 samples annealed by
UV-NLA using a single laser pulse at various energy densities.

IV. RESULTS AND DISCUSSION
A. STUDY OF PHASE FORMATION SEQUENCE
One of the aims of annealing a metal-semiconductor system
is to promote its evolution towards a more stable thermo-
dynamic state. Diffusion and nucleation mechanisms come
into play during an annealing, resulting in the formation
of intermetallic phases. As far as the Ni/GeSn system
is concerned, the mono-stanogermanide Ni(GeSn) phase
corresponds to the less resistive phase and therefore the most
suitable for contacting GeSn-based devices [17]. For this
reason, it is of utmost importance to verify the impact of UV-
NLA on the phase formation sequence and its ability to form
the desired phase. We have thus analyzed the phase formation
evolution for the Ni/Ge0.9Sn0.1 system as a function of UV-
NLA energy density using θ−2θ XRD scans. Corresponding
patterns are shown in Fig. 3.

For all energy densities (ED), we can observe a broad TiN
111 diffraction peak with a weak intensity at around 36.4◦.
At low ED in the 0.08 – 0.32 J/cm2 range, there is an intense

FIGURE 4. XRD patterns obtained for Ni/Ge0.9Sn0.1 samples annealed by
UV-NLA using 10 cumulative laser pulses at 0.32, 0.48 and 0.64 J/cm2.

diffraction peak at around 44.6◦ due to the Ni 111 diffraction
line. From an energy density threshold of 0.32 J/cm2 and
up to 0.42 J/cm2, there is a diffraction peak around 46.7◦.
Based on our previous studies, this peak has been attributed
to the Ni-rich phase, namely the ε-Ni5(GeSn)3 hexagonal
structure [40] – it corresponds to the 110 diffraction line.
At higher energy densities, namely above 0.38 J/cm2, a

new diffraction peak appears around 32.3◦. According to
our former investigations [40], this peak corresponds to the
mono-stanogermanide phase Ni(GeSn), 200 diffraction line,
and is present up to the highest ED probed. In addition, the
angular position of the Ni(GeSn) diffraction line is always
at 32.3◦ for ED ranging from 0.38 up to 0.66 J/cm2, i.e., we
do not observe any 2θ variation of this peak with increasing
ED. Such a behavior is likely due to a lack of composition
change in this ED range for the Ni(GeSn) phase. The use
of UV-NLA might also modify the Ni(GeSn) texture as
only one out-of-plane diffraction line related to this phase
is observed on laser annealed samples at 32.3◦. Meanwhile,
multiple Ni(GeSn) diffraction lines were observed on the
XRD patterns of RTA annealed samples [23], [40]. The
related discussion is however out of scope of the current
study.
We have then studied the impact of performing cumulative

laser pulses on the phase sequence. Fig. 4 shows XRD
patterns for Ni/Ge0.9Sn0.1 samples annealed by UV-NLA
using 10 cumulative laser pulses at energy densities of 0.32,
0.48 and 0.64 J/cm2.

We have demonstrated the same phases as for single
laser pulses. The energy densities at which they appear are
modified however. For the lowest energy density studied
(0.32 J/cm2), Ni coexists with Ni5(GeSn)3 and also with
Ni(GeSn) as shown by the broad peak with a weak intensity
around 32.3◦. At higher ED, the only visible peak (in
addition to the TiN one) is from Ni(GeSn).
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Compared to RTA processes [17], the use of UV-NLA
results in a similar phase formation sequence with (i) the con-
sumption of Ni and the formation of a Ni-rich Ni5(GeSn)3
phase at low energy densities (i.e., low thermal budgets)
and (ii) the consumption of the Ni-rich phase together with
the formation of the mono-stanogermanide phase Ni(GeSn)
at higher energy densities (i.e., high thermal budgets).
Whatever the annealing procedure involved such as single
or cumulative pulses, we do not have any diffraction lines
associated with the presence of β-Sn when using UV-NLA,
which is unlike RTA processes [17]. In addition, as described
previously, the angular position of the diffraction line related
to the Ni(GeSn) phase is fixed for the ED range probed.
In previous studies, the variation of the angular position 2θ
of the diffraction line of the Ni(GeSn) phase was used to
highlight the Sn out-diffusion [41], [42]. With UV-NLA, no
Sn segregation is thus observed by XRD (i.e., at least no
long-range Sn diffusion). The very short process duration
of laser annealing compared to RTA, in combination to the
melting state in which reactions occur, may have had an
impact on diffusion and kinetics in the Ni/GeSn system.
This process could prevent Sn segregation, which could be a
major step towards the formation of thermally stable contacts
on GeSn.

B. MORPHOLOGICAL EVOLUTION
We have performed Atomic Force Microscopy (AFM)
measurements to characterize the surface morphology of
Ni/Ge0.9Sn0.1 samples and its evolution with the UV-NLA
energy density. Fig. 5 shows AFM images, with a scan size
of 5 μm × 5 μm, obtained for samples annealed at various
EDs.
At low ED and up to 0.32 J/cm2, samples show a cross-

hatch pattern along the 〈1 1 0〉 crystallographic directions.
Such a specific morphology is due to the epitaxy of GeSn
layers on the Ge virtual substrates underneath [39], [43].
Low ED laser pulses do not modify the original surface
morphology. At higher ED, the surface roughness increases
from about 1 nm up to about 10 nm (exact RMS values
are given in Fig. 5) and the surface morphology drasti-
cally changes. This morphology change occurs more or
less at the melting threshold of the system, as detailed
in Section III.
The deterioration of the surface morphology is due to

the formation of wrinkles on the sample’s surface. Wrinkles
appearance is related to a stress relaxation of the TiN
capping layer, this layer having a compressive stress of
about –6 GPa (We calculated the TiN film stress from wafer
bow measurements before and after TiN deposition). When
the GeSn underneath layer reaches the melting threshold,
the stress of the TiN layer is released through deformation
by wrinkles formation [44]. This unwanted phenomenon is
relatively well known. It can be suppressed or, at least,
mitigated by stress reduction coming from the TiN capping
layer or by patterning the structure.

FIGURE 5. AFM images (scan size: 5 µm × 5 µm) of Ni/Ge0.9Sn0.1
samples annealed by UV-NLA at various energy densities. AFM image sides
are more or less oriented along the 〈1 0 0〉 directions.

The surface morphology of UV-NLA samples is mainly
governed by the formation of wrinkles at high ED.
Meanwhile, for RTA samples annealed at temperatures
greater than or equal to 350 ◦C [24], [45], it was mostly
controlled by Ni(GeSn) agglomeration and Sn segregation.
We have further characterized wrinkle formation with top

view SEM (see Fig. 6). In particular we have investigated
the impact of energy density and number of laser pulses on
the number and amplitude of wrinkles.
At 0.32 J/cm2, there are no wrinkles on the sample’s

surface whatever the number of laser pulses. We have the
formation of wrinkles for EDs greater than or equal to
0.34 J/cm2 with a single laser pulse – in good agreement
with the AFM results shown in Fig. 5 – confirming that the
melting threshold is reached. In general, wrinkle patterns
have three evolution stages: initial growth, coarsening then
equilibration. Wrinkles gradually increase and saturate in
terms of wavelength and amplitude, with in the end, the
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FIGURE 6. Top view SEM images (scan size: 30 µm × 30 µm) of
Ni/Ge0.9Sn0.1 samples annealed by UV-NLA with 1 laser pulse (top row), 3
laser pulses (middle row) and 10 laser pulses (bottom row) at 0.32, 0.36
and 0.40 J/cm2. Image sides are oriented along the 〈1 1 0〉 directions,
i.e., at 45◦ to the directions in Fig. 5.

formation of equilibrium wrinkle patterns [46]. In our case,
the number and amplitude of wrinkles increase with (i) the
energy density and (ii) for a given ED, the number of laser
pulses, as shown in Fig. 6.

We have also used cross-sectional STEM HAADF
observations coupled with EDX measurements to char-
acterize the morphology and elemental distribution in
Ni/Ge0.9Sn0.1 samples annealed by UV-NLA. Fig. 7 shows
STEM HAADF images and corresponding EDX mappings
of a sample annealed by UV-NLA with 1 laser pulse at
0.52 J/cm2.

Wrinkles are present in Fig. 7 STEM HAADF image,
namely the morphology previously observed by AFM and
top view SEM observations at high ED. Despite the high
amplitude observed, the TiN capping layer is still continuous
and follows the wrinkle’s wave shape as shown by the Ti
EDX mapping. Using the STEM HAADF image, we can
estimate the TiN length variation, after UV-NLA annealing,
at about 1%. This length variation range is in good agreement
with the total in-plane strain relaxation for a layer with an
initial stress of about –6 GPa.
Ge, Sn and Ni EDX maps show that the Ni(GeSn)

composition is quite homogeneous without any evidence of
Sn segregation or NiGe agglomeration as previously reported
for RTA annealed samples [47], [48]. The use of UV-NLA
is thus clearly beneficial to eliminate, or at least minimize,
these unwanted phenomena and promote thermally stable
Ni(GeSn) alloys.

FIGURE 7. STEM HAADF images and corresponding EDX maps of a
Ni/Ge0.9Sn0.1 sample annealed by UV-NLA with 1 laser pulse at
0.52 J/cm2.

C. ELECTRICAL PROPERTIES EVOLUTION
Finally, we have measured the evolution of the electrical
properties of the Ni/Ge0.9Sn0.1 system as a function of
energy densities using sheet resistance (Rsh) measurements.
The results are shown in Fig. 8.
At low energy densities, Rsh remains constant at around

28-29 �/sq. For ED between 0.32 and 0.36 J/cm2, Rsh
slightly increases up to 33 �/sq, as shown in Fig. 8 with,
as an overlay, the phases in presence for each ED based
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FIGURE 8. Sheet resistance (Rsh) evolution with the Energy Density (from
0.08 up to 0.66 J/cm2) for Ni/ Ge0.9Sn0.1 samples annealed by UV-NLA
with a single laser pulse.

on Fig. 3 XRD patterns. This Rsh increase is thus due
to the consumption of Ni and the growth of the Ni-rich
phase Ni5(GeSn)3. Then, for ED higher than 0.36 J/cm2,
Rsh progressively decreases reaching 19.7 �/sq at 0.5 J/cm2.
This decrease occurs simultaneously with the consumption
of the Ni-rich phase and the formation of the less resistive
Ni(GeSn) phase. For ED above 0.5 J/cm2, Rsh moderately
increases to reach about 40 �/sq at 0.66 J/cm2. This
increase could be due to wrinkling and thus higher surface
roughness. The roughness (surface or interface roughness)
induces electron scattering and thus degrades the electrical
properties: resistivity increase or higher ρc have been
reported for metals [49] or silicides [50]. This assertion
has been consolidated by the analysis of sheet resistance
measurements performed on samples with 3 or 10 cumulative
laser pulses. At low ED, Rsh values and overall behavior are
similar to that with a single laser pulse. At higher ED, the Rsh
values increase more rapidly, reaching 52 and 58 �/sq for
samples with 3 or 10 cumulative laser pulses, respectively.
As shown in Fig. 6, this behavior could be due to the increase
of the number and amplitude of wrinkles with the number
of laser pulses.
Fig. 9 shows a comparison between sheet resistances

for samples annealed by UV-NLA or RTA (30 s in a N2
environment) [17], [24]. Compared to RTA, the Rsh increase
observed with UV-NLA is very low. We indeed have Rsh
values reaching 250 �/sq for samples annealed at high
temperature by RTA. Meanwhile, the highest Rsh values
obtained with UV-NLA over the ED range probed do not
exceed 50 �/sq. Using UV-NLA we also achieve a larger
suitable process window whereas it is quite narrow with RTA
(mainly centered around 350 ◦C). We also obtain slightly
lower Rsh values for UV-NLA. As mentioned above, the use
of laser annealing might increase the Ni(GeSn) texture. This

FIGURE 9. Comparison of sheet resistance (Rsh) evolution for
Ni/Ge0.9Sn0.1 samples annealed by UV-NLA with a single laser pulse
(open circles) and by RTA for 30 s in a N2 environment (closed spheres).

phenomenon yielded to better defined interfaces, which are
assumed to decrease the intrinsic contact resistivity and thus
be consistent with improved electrical performances [51].
If the high Rsh values for RTA processes were likely
due to Ni(GeSn) agglomeration and Sn segregation phe-
nomena [17], [24], the Rsh moderate increase seems, for
UV-NLA, only to be due to the formation of wrinkles.

V. CONCLUSION
In summary, we considered the adoption of UV-nanosecond
laser annealing (UV-NLA) to achieve more stable Ni(GeSn)
alloys than with conventional rapid thermal annealing (RTA).
As far as the phase sequence was concerned, we had an

overall evolution similar to that with RTA. At low laser
energy densities (ED) and after the consumption of Ni, the
Ni-rich Ni5(GeSn)3 phase was first obtained. This phase
was followed, for higher ED, by the mono-stanogermanide
phase Ni(GeSn). We did not observe any diffraction lines
associated with the presence of Sn.
Wrinkles were formed at high ED. This phenomenon was

likely due to some stress relaxation of the TiN capping layer
when the melting threshold of the GeSn layer underneath
was reached. The number and amplitude of wrinkles increase
with the energy density and, for a given ED, the number of
laser pulses. Cross-sectional observations indicated that the
Ni(GeSn) composition was quite homogeneous without any
evidence of Sn segregation or NiGe agglomeration.
The variation of sheet resistance (Rsh) values was mainly

governed by the phases in presence at low energy density. At
higher ED, morphological changes (mainly due to surface
wrinkles) resulted in a Rsh increase. This increase was quite
moderate compared to RTA. Thanks to UV-NLA, we also
obtained a larger process window and slightly lower Rsh
values.
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We conclusively established that UV-NLA is a viable
technique to obtain Ni-based contacts on GeSn. UV-NLA
yielded thermally stable Ni(GeSn) without Sn segregation or
NiGe agglomeration. Those features are promising in order
to have high quality electrical contacts on GeSn devices.
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