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ABSTRACT:

In this article we provide a comparative and systematic study on contact formation for
germanium-tin (GeSn) thin films containing a high percentage of Sn (8 at.%). 10 nm of Nickel
(Ni), Titanium (Ti), or Platinum (Pt) was deposited on Geo.92Shoos layers grown on Ge
substrates, and subsequently annealed between 300 — 500 °C to form stanogermanide alloys.
Several experimental techniques were employed to characterise the material and the electrical
contact behaviour, with the purpose of identifying the most promising stanogermanide contact
candidate, in terms of low sheet resistance, low surface roughness and low formation
temperature. Among these three different metals we found that, for nanoelectronic applications,
nickel-stanogermanide (NiGeSn) was the most promising candidate based on a low sheet
resistance combined with a low formation temperature, below 400 °C. PtGeSn showed better
behaviour in terms of thermal stability compared with the other two options, while Ti was
found to be relatively unreactive under these annealing conditions, resulting in poor TiGeSn
formation. For the lowest resistance stanogermanide contact generated, namely NiGeSn
formed at 300 °C, detailed lattice resolution Transmission Electron Microscopy imaging,
combined with fast Fourier transformation analysis, identified the formation of the Nix-

1(GeSn)y.1 phase.

Keywords- GeSn, stanogermanides sheet resistance, lattice imaging.



I. INTRODUCTION

In recent years many technological breakthroughs have enabled transistor dimension
scaling according to Moore's law. These innovations, such as the use of the high-k gate
dielectric technology,! the migration from the conventional planar transistor to 3D structures
such as the trigate/FinFET,?2 or the introduction of embedded stressors in the source and drain
to enhance the performance of the device,* produced performance benefits of advanced
Complementary Metal Oxide Semiconductor (CMOS) technologies. Nevertheless, despite the
giant steps taken in recent decades, the continuous pursuit of Moore's law leads us to investigate

new solutions to ensure further device shrinkage.®

Therefore feasible and interesting alternatives to advanced Silicon (Si) CMOS might
lie with transition metal di-chalcogenides, Germanium (Ge), Germanium-Tin (GeSn) alloys,
or I11-V compounds. Although the integration processing and development costs of these new
semiconductor materials are huge, in recent years Ge and its alloy, GeSn, seem to be relatively
promising compared to the other candidates; due to their intrinsic characteristics and the

relatively easier integration on Si platforms.®

Through the years extensive studies on Ge and its alloys have been made in order to
explore the possibility to integrate this material in CMOS platforms.” Research moved from
the physical modelling analysis and characterization®® to process optimization®11213 yp to
the initial planar Field-Effect-Transistor (FET) demonstration. The first outcomes were a
starting point which have now progressed onto the development of electrical and
optoelectronics devices such as quantum-well devices,***® FinFETs,*® photodetectors,!’ and

lasers?® that have shown the potential uses of the material.

Nevertheless as FET channel dimensions shrink, the source/drain contact resistance

becomes relatively more significant in the overall parasitic resistance in the transistor. In fact



in some cases contact resistance is the bottleneck for certain technologies. Therefore in analogy
with Si, where the silicide alloys are used to create metal contacts with low contact resistance,
the germanides and stanogermanides, respectively for Ge and GeSn alloys, seem to be natural
candidates for metal contacts in these devices. Although Ge solutions proposed have a strong
appeal, studies of alloy contacts to GeSn are still immature; consequently an intensive study

on contact formation is essential to ensure good GeSn device performance.

Judging from the recent literature on GeSn, much work has been focused on NiGeSn
contacts,'%2% 2122 and on a possible mix among different metals to increase the thermal stability
of the alloy.?®?*% However, a focused study is still lacking, and is needed, on the contact
formation to GeSn using different metals. Therefore, in this work we focused our attention on
a systematic and comparative study, using three different metals Ni, Ti, and Pt, on Geo.92Sno.os.
The aim was to determine the best contact alloy candidate in terms of low resistance, low

formation temperature, and high thermal stability.

. EXPERIMENTS

A schematic representation of the process flow and variables considered in this work is
shown in Fig. 1. The starting material comprises of a nominally un-doped epi-layer of
Geo.92Sno.08 (28 nm thick) on a nominally un-doped virtual substrate layer of Ge. The Ge layer
undergoes 800 °C annealing before growth of Geo.s2Sno.os to reduce the epi-layer defect density.
The un-doped Geg.92Sno.0s is grown at 320 °C using Gez2Hs and SnCls in H2 ambient by chemical

vapour deposition

GeSn surfaces were cleaned using a standard recipe; the sample was dipped for 30 s in
acetone, 30 s in isopropyl alcohol, and subsequently rinsed under Deionized Water for another

30 s. Thereafter a 10 nm layer of either Ni, Ti or Pt, was deposited on the samples. The metal



deposition was carried out using the FC2000 electron beam evaporator at a pressure of 5x1077
Torr. Ni and Pt were evaporated with a rate of 0.2 nm/s while the Ti with a rate of 0.1 nm/s.
Then the samples underwent at 30 s rapid thermal annealing (RTA) in ambient N at different
temperatures; ranging from 300 - 500 °C with a difference of 50 °C. The ramp rate used for

each RTA was 100 °C/min and the cool down time was 15 min.

Cleaning
Metal deposition:10nm of Ni, Ti or Pt

RTA for 30s at 5 diff. temperatures
(300°C, 350°C, 400°C, 450°C, 500°C)

Material and Resistance analysis
(SEM, AFM, EDX, TEM, 4PP)

Figure 1: Schematic representation of the stanogermanide process flow and variables considered in this work.

To have a comprehensive study we characterized all the samples as a function of the
different RTA temperatures and of the metals used. As regards the material features, the study
was performed using Scanning Electron Microscopy (SEM), Atomic Force Microscopy
(AFM), cross sectional Transmission Electron Microscopy (TEM) and Electron Dispersive X-
ray (EDX); while for the electrical investigation, 4 Point Probe (4PP) analysis was done to

extract the sheet resistance of the different stanogermanide materials formed.

SEM surface investigation was performed using a Zeiss Supra55VP machine while the
AFM study was carried out with Veeco Multi-mode V AFM in tapping/non-contact mode at
room temperature and in air, considering a 5 um x 5 um area. Cross-sectioned samples were
prepared by focused ion beam etching, using a FEI's Dual Beam Helios Nanolab system using
a Ga ion beam. Layers of protective material, consisting of electron beam deposited C, Pt, and
ion beam deposited C, were used. Subsequently Cross-sectional Transmission Electron
Microscopy (XTEM) was realized using a JEOL 2100 HRTEM operated at 200 kV in bright

field mode using a Gatan Double Tilt holder. Scanning TEM imaging as well as point and line-



scan EDX analysis of the cross-sections were performed using FEI's Dual Beam Helios
Nanolab system equipped with Oxford Instruments X-MAX-50 EDX detector at 30 kV
acceleration voltage. The EDX data collection and quantification was accomplished using
software. For the electrical test a 4PP measurement was made using the LUCAS LABS-S-302
4 Manual four point resistivity probing station.
I11. RESULTS AND DISCUSSION
A. ELECTRICAL CHARACTERIZATION (4PP)

Fig. 2 shows sheet resistance values measured by the four-point probe measurement.?.
The plot displays the data obtained for the three different metals as a function of the formation
temperature. Ni-Stanogermanide layer shows lower sheet resistance up to a formation
temperature of 400 °C, which correlates with that seen for Ge.??® At higher formation
temperatures PtGeSn outperforms the NiGeSn in terms of sheet resistance. With regard Ti, the
values are approximately one order of magnitude higher compared to the other two materials.
Previous research reported in the literature were focused on contact resistance but there are

very little data on GeSn sheet resistance.

The resistance results depend on the complete or partial reaction of the metal with the
underlying material. This will be discussed further in Sections 111.B and I11.C. It will be seen
that Ni and Pt react readily with the GeSn thin film, while Ti remains unreactive, leading to the
poor resistance values seen here. The morphological analysis that follows in Section I11.B
explores the changing structural trends of the stanogermanides with increased formation
temperature. The most interesting condition in Fig. 2, i.e. the lowest measured sheet resistance,
NiGeSn formed at 300 °C will be examined in great detail in the lattice imaging study in

Section I1I.C.
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Figure 2: Sheet resistance for Ni, Ti and Pt stanogermanides as a function of the formation temperature.

B. MORPHOLOGICAL ANALYSIS (SEM, AFM, TEM, AND EDX)

All the samples were analysed by SEM to characterize the surface quality as a function
of the different metals and formation temperatures used. Fig. 3 shows representative SEM
images for the two RTA temperature extremes (300 °C and 500 °C). At 300 °C, all of the Ni,
Ti, and Pt samples showed continuous layer formation (Fig. 3(a), 3(c) and 3(e)). In contrast at
500 °C Ni and Ti samples showed the formation of discontinuous layers, while the Pt sample
preserved its uniformity, see Fig. 3(b), 3(d) and 3(f). Further SEM analysis revealed that the
Ni-stanogermanide reactive growth resulted in continuous layers up to 400 °C, whereby for Ti
samples, surface agglomeration started at 450 °C. In comparison, the Pt samples showed
continuous structures over the entire temperature range studied. The development of unwanted
discontinued layers suggests the formation of island-type inclusions or surface aggregates;
further cross-sectional analyses (see below) confirmed that Ni-stanogermanide layers degraded
by forming island-type inclusions, while Ti-samples showed surface aggregation at these high

temperatures.



In addition, AFM investigations were undertaken on all of the samples; considering a
scan area of 5 um x 5 um. In all instances, the data was extracted by analysing the central
portion of the sample, avoiding edge effects. Fig. 4 highlights the surface roughness of the
samples as a function of temperature and metal composition (inset table details the roughness
values obtained). For all of the samples analysed, the surface roughness increased with
increasing annealing temperature. At 500 °C the NiGeSn and TiGeSn surfaces start to
agglomerate, resulting in a root mean square (RMS) roughness around 7 nm. The lowest
surface roughness was obtained for PtGeSn. The data obtained are in good accord with previous
reports found in literature®>3° which have shown an increasing roughness with rising annealing

temperature for Ni.

NiGeSn 300°C| _ NiGeSn 500°C

200_nm d

TiGeSn 300°C|  TiGeSn 500°C
200—nm f )|

PtGeSn 300°C| PtGeSn 500°C

Figure 3: Representative SEM images showing the continuity, or lack of, for the stanogermanides formed in this
work; the left-hand column is related to the annealing at 300 °C : a) NiGeSn; c) TiGeSn; e) PtGeSn while the
right-hand column refers to the annealing at 500 °C: b) NiGeSn; d) TiGeSn; f) PtGeSn.
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Figure 4: AFM analysis as a function of the different metal and formation temperature. As inset there is a table
with all the RMS values of NiGeSn, TiGeSn and PtGeSn formed from 300 °C up to 500 °C.

The thickness and the overall morphology of the metal-GeSn layers after formation at
300 °C and 500 °C were then investigated by cross-sectional TEM analysis (Fig. 5). As shown
in Fig. 5(a), 5(c) and 5(e) the cross-sectional analysis confirmed that reactively grown
structures, creating surface layer alloys, were formed only with Ni and Pt in this temperature
range, while the Ti did not appear to react at 300 °C with the underlying GeSn, displaying a
superficial layer of 10 nm. Comparable results have been found as well for the 500 °C RTA
process as highlighted in Fig. 5(b), 5(d) and 5(f), in which the Ni and Pt form stanogermanide

layers while Ti does not react with the underlying GeSn alloy.

In an overall sense, the solid-state growth process proceeded towards the GeSn layer
(nominal thickness of 28 nm) and for the 30 s anneal resulted in structures with different
thickness depending on the temperature. The corresponding depth, thickness variation, grain
size and stoichiometry (obtained by quantification of point EDX spectra) are summarised in
Table 1. Briefly, all Ni and Pt structures were composed of crystal grains with specific size and
orientation, justified by observing the variation of the diffraction contrast in the TEM images.

In accordance with the top-down SEM analysis (Fig. 3), it was also seen that the continuity of



the NiGeSn layers had degraded at 500 °C, resulting in the formation of well-defined island-
type inclusions within the GeSn layer, as shown in Fig. 5(b). In comparison, the PtGeSn
structures appeared continuous at both temperatures. Generally, the NiGeSn annealed at 300
°C exhibited the smoothest structure with the largest lateral size of the crystal grains as well as
the best quality of the interface with the underlying GeSn. Using EDX analysis on the Ni and
Pt samples, we further confirmed that the reactive growth indeed resulted in formation of metal

stanogermanides with varying stoichiometry (Table 1).

Niy- (GeSn),-
GeSn Ni._, (GeSn),,
Ge

NiGeSn 500°C

TiGeSn 300°C  20nm n 500°C

Pt,- (GeSn)y;2
GeSn

Ge

27nm
Pt-1(GeSn),,

PtGeSn 300°C
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Figure 5 : Representative cross section TEM images at the same magnification with related mixing depth of a)
NiGeSn at 300 °C, b) NiGeSn at 500 °C, c) TiGeSn at 300 °C, d) TiGeSn at 500 °C, €) PtGeSn at 300 °C, f)
PtGeSn at 500 °C. Colour coded areas depict different grains in the layer.

Sample/Property | Morphology Thickness | Lateral grain | Composition (line scan EDX)
(nm) size (nm) (averaged at.% )

Ni(GeSn) -300 °C | continuous layer | 23.510.6 | 16519.4 Ge:53; Sn: 4; Ni: 43

-500 °C | inclusions 50.6 £8.9 | 132.5+34.1 | Ge:65; Sn: 1.2; Ni: 33.8
Pt(GeSn) -300 °C | continuous layer | 21.3+2.6 <10 Ge:59; Sn: 6; Pt: 33

-500 °C | continuous layer | 31.317.4 | 49.4+16.2 Ge:67; Sn: 3.8; Pt: 29.2
Ti(GeSn) no reaction - - Ge:92; Sn: §;
Ti(GeSn) no reaction - - Ge:94; Sn: 6;

Table 1: Summary of the obtained structure for Ni, Pt and Ti annealed at different temperature, from 300 °C
up to 500 °C. In the table will be highlighted the morphology the thickness the lateral grain size and the
composition of layer formed after the RTA process.

Two major characteristics of the growth process with regards to the composition were
observed: i) all samples showed a reduction in the Sn content from the initial non-annealed
alloy (nominally the GeSn contained 8 at.% Sn), and ii) formation of Mex - (GeSn)y structures
with a higher (GeSn) component. The only sample that showed composition that is close to
Mex=1(GeSn)y=1 is that of the NiGeSn sample formed at 300 °C. Interestingly, the TiGeSn
samples (no stanogermanides formed) showed almost no reduction in the Sn content at 300 °C

and only a modest reduction at 500 °C in the GeSn layer.

In order to provide further details with regards to the composition of the Ni and Pt
structures, EDX line scans were used to obtain compositional profiles for all samples. Figure
6 provides an example of the analysis performed for two samples, Ni and Pt annealed at 300
°C (the rest of the EDX line profile data are presented in the supplementary figures). From the
Fig. 6 it can be seen that the Sn content (both averaged values across the stanogermanide layer
and point measurements within the layer) decreased to about 4.0 and 6.0 at.% for the Ni and Pt
samples, correspondingly. The values decreased further down to 1.2 and 3.8 at.% when the
samples were annealed at 500 °C. The Sn content for the non-annealed sample (Fig. 6, blank
spec); measured under similar EDX conditions showed a Sn content of about 8.0 at.%; perfectly

in accord with the nominal composition for the Geg:Snos alloy.

11



Looking at the Sn EDX profile in the underlying Ge substrate and indeed at the point

measurement (Fig. 6, spec 2) at a distance of about 100 nm away from the stanogermanide

layer, the Sn signal is within the background noise, which is at the limit-of-the detection of the

measurement (about 0.1 at.%). It is worth to mention that the compositional profiles for all Nix-

(GeSn)y and Ptx-(GeSn)y structures were relatively uniform both across (perpendicular) and

along (parallel) the layer surface. Across different grains no major variation in the composition

was observed, which can indicate formation of different stanogermanide phases within the

layers.

NiGeSn 300°C Spec 1

Spec2

9 Av. at. % Spec 3
! Sn 3.9

5

3

1

-1

100

% Av. at. %

60 M > Ge535

9 > Nid2.6

at% Ni42.9 PtGeSn 300°C

C
Ge 53.1

at % Pt 38.5
Ge 56.5
Sn 6.0

at% Pt 0.3

Ge 99.4

6 Sn5.6
Sn 0.1 |
2
o
100
80 y Av. at. %
so A Ge 61.8
9 —» Pt 32.6
. NV"“\,\
o
0 20 41 61 82 102 nm

Figure 6: STEM imaging and corresponding EDX line scans for the regions marked with brown and blue
measured for the Ni(GeSn) sample (a and b), and Pt(GeSn) sample (c and d), both annealed at 300 °C. Middle
column shows EDX point spectra from the marked regions together with the blank GeSn spectrum.
Corresponding quant data averaged across the region marked in brown and from the point spectra are also

shown.

C. DETAILED LATTICE ANALYSIS

12



In order to further confirm the corresponding stanogermanide phases formed we
performed lattice resolution TEM imaging on several different grains within the layers. Fig.
7(a) shows a lattice resolution TEM image of one of the crystal grains for the NiGeSn sample
formed at 300 °C and corresponding Fast Fourier Transformation (FFT) of a selected area from
the image. For this grain, the crystal interface with the underlying GeSn appeared abrupt with
(111) sets of planes of the Nix=1(GeSn)y=1 phase, at 3.7 degrees misalignment with the (111)
set of planes of the GeSn. In comparison, the lattice resolution images for the PtGeSn sample
formed at 300 °C showed a variation of crystal orientations of very small (sub-10 nm)
crystallites. This is indicated by the FFT pattern shown on Fig. 7(b) whereby all reflections are

arranged in diffraction rings.

The most common reflections were with d-spacing of about 3.2 and 2.7 A that are
indicative for existence of (200) and (210) set of planes of the orthorhombic Ptx=1(GeSn)y=2
phase. Additional analysis of other crystal grains from the two samples also suggested the
appearance of the Nix=1(GeSn)y=1 and Ptx=1(GeSn)y=2 phases. In the case of the PtGeSn sample
formed at 500 °C, cross-sectional TEM showed the formation of well-developed grains; the

lattice resolution image with the corresponding FFT for one such grain is shown on Fig. 7(d).

In the case of a NiGeSn sample annealed at 500 °C, a more distinct change in the
morphology compared with a NiGeSn sample formed at 300 °C, e.g. formation of island-type
inclusions, was observed. The lattice resolution TEM imaging shows in Fig. 7(c) suggested the
appearance of Nix=1(GeSn)y=2 phase, evidence by a d-spacing of about 2.7 A, that corresponds
to (400) set of planes of the Nix=1(GeSn)y=> phase. It is important to note that nickel
stanogermanides with higher Ge content are not part of the binary phase diagram. However,
we and others have shown that a meta-stable NiGe> phase exists and it can be produced by

using annealing conditions away from equilibrium, as for example laser annealing. Herein we

13



observed the formation of unusual Nix-1(GeSn)y=> stanogermanide with relatively low Sn

content.

Ni,., (GeSn|

NiGesn 300°C

Figure 7: Lattice resolution TEM images of NiGeSn sample formed at 300 °C (a) and 500°C (c), depicting
individual crystal grain and of PtGeSn sample formed at 300 °C (b) and 500 °C (d) featuring small crystallites
with random orientations. Insets are corresponding FFTs.

Most of the previous research reports focused on the material inspection of the alloy
layers and on the contact resistance, even if in few of them, the sheet resistance trend has been
stated. Li'® et al. and Zhang et al.?® reported an electric and material investigation of NiGeSn
under several thermal annealing conditions; in these reports the contact resistivity was found
to decrease with increasing annealing temperature, while the defect density increased. Yi Tong
at al.?° studied NiGeSn contact formation, where low resistivity Ni(Ge (1-xSnw) was formed
using an annealing temperature of 350°C for 30 seconds. Nishimura et al.?* showed the
formation of NiGeSn layers using a solid phase reaction and investigated the crystalline

properties of the layers; the formation of 3-Sn was observed after annealing above 450 °C due

14



to the Sn precipitation and the roughness also degraded as the annealing temperature increased,
linked to a poorer thermal stability for samples with high Sn content. Wirths et al.? carried out
a comprehensive work on the NiGeSn using samples with different Sn percentage. They
extracted both morphological and electrical parameters, among which was the sheet resistance
as a function of the annealing temperature. Liu et al.?* and Wang et al.? also reported NiGeSn
sheet resistance variation. The lowest sheet resistance value was respectively 10 2/sq for
Wirths et al. (using an annealing temperature of 325°C) and 5 2/sq for Liu et al. and 6 2/sq

Wang et al.; all the benchmarks are comparable with the value that we found in this work

(4 2/sq).

IVV. CONCLUSIONS

The aim of this research was to show the best metal and formation temperature
candidates for stanogermanide contacts on Geo.92Sno.os thin films. Ni and Pt are able to form
continuous stanogermanide layers over a formation temperature window of 500 °C. NiGeSn
showed the best low-resistance performance up to a formation temperature of 400 °C, above
which PtGeSn outperformed NiGeSn in terms of sheet resistance. An attractive solution to
increase the thermal stability, as long as good electrical and morphological performance are
ensured, is represented by a mix of Ni and Pt for stanogermanide formation. For the lowest
resistance stanogermanide contact in this work, namely NiGeSn formed at 300 °C, detailed
lattice resolution TEM imaging, combined with fast Fourier transformation analysis, identified

the formation of the Nix=1(GeSn)y-1 phase.
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