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A B S T R A C T   

Pulsed laser thermal annealing (LTA) has been thoroughly investigated for the formation of low-resistance 
stanogermanide contacts on Ge0.91Sn0.09 substrates. Three different metals (Ni, Pt, and Ti) were characterized 
using a wide laser energy density range (100–500 mJ/cm2). Electrical performance, surface quality, cross- 
sectional crystallographic, and elemental analysis have been systematically examined in order to identify the 
ideal process window. Electrical characterization showed that the samples processed by LTA had lower resistance 
variability compared with the rapid thermal anneal (RTA) counterpart. Among the three metals used, Ni and Pt 
were the most promising candidates for future sub-nm applications based on the low resistance values. The 
stanogermanide alloys suffered a high degeneration as the LTA thermal budget increased. Cross-sectional 
elemental analysis showed a highly unusual Sn segregation effect, particularly for high LTA energy densities, 
where vertical columns of Sn-rich alloy were formed, also known as cell formation, similar to that seen for Sb 
hyperdoping of Si when using LTA. This effect is linked to solid solubility and distribution coefficient of Sn in Ge, 
as well as the velocity of the liquid-solid interface during crystallization as the samples cool.   

1. Introduction 

The aim to achieve low resistance contact alloys on semiconductor 
materials such as Si (i.e. silicides) and Ge (i.e. germanides) has been 
well-studied in the recent past [1–5]. Several papers highlighted elec-
trical performance and structural features as a function of the alloy 
metal, outlining the most promising material to obtain low resistance 
contacts. As Ni was found to be the metal with lowest contact resistance 
for Ge [6], most of previous works on Ge1-xSnx were focused on NiGeSn 
(nickelstanogermanide) [7–9]. Theoretical studies on stanogermanides 
have also assisted the experimental work [10–12], however the choice of 
optimum process flow, alloy, and formation thermal treatment are still 
open questions. 

The previous stanogermanide reports present in literature have a 
common denominator, the contact alloy formation has been achieved 
using rapid thermal annealing (RTA). In particular to improve the sta-
nogermanide performance enlarging the thermal window budget 
different experiments have been proposed; Quintero et al. [13] proposed 

the alloying of Ni with Pt or Co, Wan et al. [14] suggested the addition of 
a Pt interlayer while the usage of Ti-based stanogermanides instead of Ni 
was discussed by Wu et al. [15]. Nevertheless, laser thermal annealing 
(LTA) has recently proven to have enhanced thermal budget control, 
leading to an ever increasing interest in it for the formation of nano-
metric devices. LTA is able to localize a laser spot in a precise area 
without affecting the surrounding regions [16], while also using time-
scales that limit the thermal diffusion into the substrate, meaning the 
heat applied is confined to the top layers of the sample under study. 
Therefore considering the limited thermal budget of Ge(1-x)Sn(x) alloy 
due to the material metastability and the Sn segregation on to the sur-
face, the LTA technique might represent a valuable resource for the 
realization of new FET device architectures. 

Specifically for Ge, LTA has been used in multiple works showing 
impressive results [16–19], while for Ge1-xSnx LTA has been used only in 
the study of the epilayer growth [20,21]. Therefore as the Ge1-xSnx 
contact formation is still an immature field. This work aims to thor-
oughly investigate stanogermanide contact formation using LTA. The 
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present investigation is on Ge0.91Sn0.09 contact formation as a function 
of three different metals, namely Ni, Pt and Ti. 

2. Experimental details 

Fig. 1 shows a schematic illustration of the process flow used in this 
work. The starting material comprised of a nominally un-doped epi layer 
of Ge0.91Sn0.09 (1.2 μm thick) on un-doped virtual substrate of Ge (700 
nm) provided by IQE. On each sample, the Ge0.91Sn0.09 surface was first 
cleaned using a standard Ge recipe to remove the surface contamination, 
followed by a de-ionized water step to remove the water-soluble GeO2. 
There may be some residual sub-oxide layer, since the material is highly 
sensitive to air exposure. Note that in literature it has been reported that 
the presence of a low amount of native oxide does not inhibit the ger-
manidation process [22]. Samples were immersed for 30 s each in 
acetone and then in isopropyl alcohol (IPA), and finally rinsed with 
deionized water. 10 nm of either Ni, Ti or Pt, was deposited on samples 
using a FC2000 electron beam evaporator at a pressure of 5 × 10− 7 Torr. 
To ensure uniform coverage, metals were evaporated with a low rate; Ni 
and Pt were evaporated at a rate of 0.2 nm/s while the Ti at a rate of 0.1 
nm/s. Furthermore, since to date many manuscripts reported the sta-
nogermanide contact analysis without applying any additional capping 
layer on top of the metal layer the same approach has been used also in 
this work. 

After metal deposition, samples underwent LTA using an excimer KrF 
laser (Coherent COMPex 201F) equipped with a beam homogeneizer, 
emitting light at λ = 248 nm with 22 ns pulse duration, over a square 
spot 5 × 5 mm2 with 2% uniformity. The energy density range was 
100–500 mJ/cm2 in order to have a wide process window. 

Concerning material characterization, several techniques have been 
used to inspect the surface and alloy features. Scanning Electron Mi-
croscopy (SEM), Atomic Force Microscopy (AFM), cross sectional 
Transmission Electron Microscopy (TEM) and Electron Dispersive X-ray 
(EDX) spectroscopy have been performed on the samples. A SEM 
investigation was carried out on a Zeiss Supra55VP, while the AFM 
analysis, considering a 5 × 5 μm2 area, was performed in tapping/non- 
contact mode at room temperature with the Veeco Multi-mode V-AFM. 

Cross section samples, needed for TEM analysis, were prepared by 
FEI’s Dual Beam Helios Nanolab Focused ion beam system. Three 
different layers of protective materials were used, respectively C and Pt 
deposited by electron beam, and a C layer obtained by ion beam. Bright 
field mode cross sectional transmission electron microscopy (XTEM) was 
done in a JEOL2100 HRTEM operated at 200 kV. Scanning transmission 
electron microscopy (STEM) high-angle annular dark-field (HAADF) 
imaging and EDX spectroscopy was performed using a Thermo-Fisher 
Scientific double tilt TEM holder in the Thermo-Fisher Scientific FEI 
double aberration-corrected monochromated Titan Themis Z. The mi-
croscope was operated at 300 kV. Finally a four point probe (4 PP) 
measurement was carried out using a LUCAS LABS-S-302-4. Due to the 

limited area involved in the LTA process, each sample was analysed in 
the two diagonals of the square area to extract the average resistance. 

3. Results & discussion 

Fig. 2 shows the sheet resistance measured as a function of the 
different metals used (Ni, Pt or Ti). Sheet resistance was probed by Van 
der Pauw electrical measurements on 5 × 5 mm2 samples using a four- 
point probe system. Due to the small dimensions of the samples (limited 
by the laser spot size), the accuracy on the measured sheet resistance is 
10%. In literature reports, although using RTA as the formation anneal, 
Ni showed the best performance for Ge [2] and Ge1-xSnx [12], while in 
this work within the LTA power range investigated, PtGeSn shows both 
the lowest and the highest resistance values. 

A noteworthy decrease in resistance is observed as the LTA energy 
density is increased. This might be explained considering the thickness 
increase of the stanogermanide layer; indeed, the higher energy density 
of the laser increases the melt depth, causing a thicker stanogermanide 
to form via a liquid-solid reaction, and so a reduction in the material 
resistance. Ni and Pt, highlighted respectively with black and red curves, 
show roughly the same trend, even if Pt has a pronounced deflection up 
to 350 mJ/cm2 compared to Ni. Conversely for Ti, displayed in green, 
higher resistance values have been obtained compared with Ni and Pt 
counterparts. The values achieved in the case of Ti might result from 
possible O incorporation during the alloy formation, as Ti has a strong 
tendency to oxidise when exposed to the ambient. Compared with pre-
vious data obtained using RTA [12] the results achieved by LTA show 
less variability, and thus tighter process control. We hypothesize that the 
small fluctuation reached with LTA is strictly related to the ability to 
melt the underlying Ge0.91Sn0.09 with a high degree of precision. 
Although the comparison between the RTA and LTA methodologies 
show interesting trends, the exact differences obtained might come from 
several morphological and processing preparation variances, then 
further study has to be undertaken to explain the discrepancies. 

To characterize the surface quality as a function of the different 
metals and laser energy density, all the samples have been analysed in 
the optical microscope and SEM. From the optical microscope analysis a 
surface transformation was clearly visible, via a colour change, as a 
function of the LTA energy density, while from SEM images it appeared 
that PtGeSn and TiGeSn had a greater tendency to have surface texture 
or to agglomerate at higher laser energy densities. 

Subsequently selected samples were examined by XTEM analysis. 

Fig. 1. Schematic representation of the stanogermanide process flow in 
this work. 

Fig. 2. Sheet Resistance for Ni, Ti and Pt stanogermanides as a function of the 
energy density using laser thermal annealing. 
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Fig. 3 shows a representative set of images obtained showing NiGeSn as 
a function of LTA energy density. The stanogermanide layer thickness 
grew as the LTA energy density increases, as expected. Nevertheless the 
thickness at a specific LTA energy density was not homogeneous among 
the NiGeSn, PtGeSn, and TiGeSn samples, which was related to how 
each metal reflects or absorbs the incident LTA energy. Each metal 
respectively formed layers with different thickness; NiGeSn (70–420 
nm); PtGeSn (50–280 nm) TiGeSn (150–700 nm). If, from one 
perspective the thickness increase could lead to lower resistance, from 
the other side, the samples showed a drastic Sn segregation and defect 
formation within the stanogermanide layers at high LTA energy density. 
Ni and Pt stanogermanide layers were inclined to degrade above 250 
mJ/cm2 while Ti stanogermanide showed Sn segregation above 200 mJ/ 
cm2. 

While Fig. 3 shows the stanogermanide formation for NiGeSn sam-
ples as a function of laser energy density, qualitatively similar features 
were seen in TiGeSn and PtGeSn samples. Many literature works were 
devoted to improve the knowledge on liquid-solid phase transformation, 
and the impurity behaviour in the most common group IV semi-
conductors [23]. Nevertheless for Ge1-xSnx this aspect has not been 
completely analysed yet due to the immaturity of the field [24,25]. Since 
liquid-solid regrowth mechanisms govern the layer formation process, 
the laser energy density control is important to avoid the formation of 
defects, Sn segregation and misfit dislocations within the stanogerma-
nide layer. Then LTA thermal budget control is essential to avoid Sn 
cluster formation [26], and Sn surface segregation [20]. Therefore the 
energy density range and the sample reflectivity have to be carefully 
considered to successfully fabricate superior electronic devices. 

From the XTEM analysis it was found that, independent of the metal 
used, when the LTA exceeded a threshold energy density, the stano-
germanide layer tended to form two different layers, one with a vertical 
pillar structure and one smooth layer near the underlying Ge0.91Sn0.09. 
The structure obtained was in contrast with the results obtained by RTA 
techniques where a relatively homogeneous polycrystalline layer was 
observed. In literature it has been suggested that Ge undergoes 

amorphization and nanocrystallization under extreme thermal shock, 
nevertheless as the laser energy increases it can generate high stress in 
the melted layer, developing cracks, planar defects and grains [27]. In 
the samples analysed here, the misfit dislocations were generated be-
tween the Ge and GeSn layer due to the difference in the lattice 
parameter of these two materials. Furthermore, Demeulemeester et al. 
reported using real-time X-ray diffraction, that by increasing the thermal 
budget, Sn tends to form clusters and to segregate toward the surface 
[28]. Nevertheless, since the final stanogermanide layer thickness de-
pends not only from a given energy supplied by LTA but also from 
several factor as metal diffusion and lattice variations; further analysis 
and simulations are required to outline and explain all the microscopic 
effects involved in the process. 

Finally, to analyse the layer composition and the Sn dispersion, EDX 
analysis has been performed on the NiGeSn sample annealed at 500 mJ/ 
cm2, shown in Fig. 4. The EDX investigation along the cross section 
revealed that a Sn layer was localized in vertical columns or pillars in the 
upper part of the Ge0.91Sn0.09 layer leading to the decrease of Sn content 
in the middle of each cell (areas between the vertical columns of Sn). The 
Ni map confirms the formation of stanogermanide layer on top of the 
wafer. 

The high angle annular dark filed (HAADF) image in Fig. 4a shows 
the column formation as reported in Fig. 3. EDX maps (Fig. 4b–d) reveal 
the depletion of Ge in the column due to Sn accumulation, while Ni 
distribution is rather uniform, with a very slight increase on the top (e.g., 
in the Ni/Pt layer) and also in the Ge0.91Sn0.09 layer, near the Sn column. 
Although conclusion of the Ni omnipresence cannot be drawn definitely 
because the Ni EDX peak is close to the Cu peak in EDX analysis; and the 
latter can be seen everywhere due to the TEM sample being on a Cu grid. 

White et al. reported an early work of supersaturation effects in As 
and Sb doped Si [29]. Subsequently Narayan et al. described a model for 
cell formation in Sb–Si and In–Si alloys [30]. Experimentally they 
observed vertical columns of Sb in sample cross-sections similar to those 
here. In essence as the supersaturated GeSn alloy (Sn at 9%) is melted 
locally by the LTA, a liquid-solid interface is formed and, as the sample 
cools, then sweeps to the surface using the underlying crystal as a 
template. Under certain conditions the material system becomes un-
stable, due to the distribution coefficients of Sn and Ni in Ge, the melt 
depth, and the velocity of recrystallisation, where a Sn supersaturation 
threshold is achieved, however the excess Sn is expelled from the 
growing layer, in this case laterally, thus forming the vertical Sn 
features. 

4. Conclusions 

In conclusion a stanogermanide contact investigation has been per-
formed on Ge0.91Sn0.09 annealed with innovative LTA processing. As 
regards electrical characterization, LTA processes present a smaller re-
sistivity fluctuation compared to RTA. XTEM and EDX analysis for LTA 
samples clearly highlighted the onset of Sn segregation and layer 
anomalies. Overall, high LTA thermal budget can cause the formation of 
vertical pillar structures due to lateral Sn segregation. At lower energy 
densities LTA can achieve low resistance stanogermanides without the 
extreme Sn segregation. Therefore to outperform the RTA results 
further, refined experiments coupled with accurate simulation are 
required for LTA to optimize the stanogermanide formation composi-
tion, resistance, and thickness. Finally, it is well known that silicides and 
germanides may have a low resistance compositional phase or a high 
resistance phase, therefore it would be a very insightful future study to 
determine information on the relationship between the stanogermanide 
phase versus resistance versus thermal treatment. 
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[16] K. Huet, I. Toqué-Tresonne, F. Mazzamuto, T. Emeraud, H. Besaucèle, Laser 
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