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Abstract

I11-V semiconductor compounds are increasingly attracting attention as promising candidates for
serving as channel materials, especially in the development of contact recovery for sub-10 nm
metal-oxide-semiconductor field-effect transistor (MOSFETS) devices or photonic applications.
To contribute to this research, the Ni-InGaAs contact was formed by a solid-state reaction
between Ni and a (Ings3Gags7)As layer after heat treatment at 550 °C by a rapid thermal
annealing. Atom Probe Tomography (APT) analyses were carried out to study the distribution of
elements in the intermetallic phases formed. It was found that at this high temperature, an As-rich
phase and a Ga-rich phase are formed simultaneously. The co-existence of these two new phases
reveals the occurrence of chemical diffusion and decomposition processes at the Ni-InGaAs
interface. These results provide insights into the formation of the As-rich and Ga-rich phases
within the quaternary (Ni-Ga-As-In) system upon annealing at 550 °C.

Keywords: Ni/InGaAs contact, atom probe tomography, solid-state reaction, diffusion and grain

boundaries.
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Introduction

Today’s microelectronic devices, particularly MOSFETS, rely heavily on silicon substrate. In
fact, most research into improving MOSFETs devices focuses on shrinking the transistor
dimensions to improve the performance of the final device. However, once a certain dimension is
reached, typically below 10 nm, it becomes increasingly difficult to ensure the quality of the
device [1]. In fact, tunneling effects due to extreme channel size and overheating due to power
consumption become increasingly difficult to control [2]. One solution, among others, is to
replace silicon with I11-V materials as the channel material [3,4]. 111-V compounds are envisaged
for a wide range of microelectronic applications such as advanced complementary metal-oxide-
semiconductor (CMOS) devices [5], high-speed heterojunction bipolar transistors (HBTs) [6] and
High Electron Mobility Transistors (HEMTS) [7]. In optoelectronics, I11-V materials are widely
used for laser [8] and photodetector [9] applications. These materials offer an interesting mobility
of the charge carriers and thus allow the use of less powerful devices, delaying the need to go to
very small dimensions [1,10-12]. Among these compounds, Ings3Gag47As (referred as InGaAs
for simplicity) substrates have been chosen for their lattice match with InP. To successfully
integrate the InGaAs system, several fabrication steps of MOSFETS have been proposed. Among
these steps, the contacts on the source and drain are of utmost importance to ensure a functional
device [13,14]. These contacts can be made by the reaction between a metal thin film and an
InGaAs layer in a similar way to the silicide formation [15,16]. They must therefore be
reproducible, ultra-thin, and result in low resistivity (below 10 Q-cm?). Metallization of InGaAs

by Ni has been widely investigated in recent years in thin films [17-23] and nanowire
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configuration [24], especially mainly because of its high electrical performance [10,25-28]. The
selected compounds should be stable after high temperatures annealing around 550 °C to ensure

efficient electrical contact during device operation.

The results obtained by several research groups interested in the metallization of InGaAs by Ni
thin films have revealed many reactions between these components. In fact, Ivana et al. [17] have
shown that when 28 nm of Ni is deposited on InGaAs, a solid-state reaction occurs after a rapid
thermal annealing up to 250 °C. The intermetallic formed was reported to be NisInGaAss.
Similarly, Shekhter et al. [18] showed that the phase formed at 200 °C was Ni,InGaAs. Thus,
Atom Probe Tomography (APT) was used to directly measure the composition of the
intermetallic formed at low annealing temperatures (at 350 °C), showing the formation of
NizInGaAs as the first and only phase [29]. The formation of NizlnGaAs as the first phase has
been confirmed by synchrotron 3D-Reciprocal Space Mapping (RSM) technique at similar

annealing conditions [30,31].

However, the technological requirements for both front-end and back-end process steps after
contact formation tend to consume a significant thermal budget [32,33]. It is therefore important
to assess the stability of the Ni-InGaAs phase formed beyond 400°C. In fact, research on a
similar reaction between Ni and GaAs shows that there is phase decomposition in NiAs and NiGa
beyond 400 °C [34]. Using 3D RSM, it has been shown that the Ni,Ings3Gag 47As phase is formed
immediately after the Nis(InGa)osAs phase after an annealing at 400°C, followed by the
formation of the stable NiAs phase [30]. According to these results, it is likely that there are other
phases that are formed at high temperature, and to characterizing them by X-ray diffraction, has
been challenging because the phases present in the ternary systems (Ga-In-Ni [35], Ga-Ni-As

[36], In-Ni-As [37]) are mostly crystallized in similar B8 structures. Thus, the stability and the



transformation mechanisms of the NiyInGaAs phase or NisInGaAs on InGaAs at high

temperature are not well known and understood yet.

Herein, the solid-state reaction between Ni thin film and InGaAs at high annealing temperature
(550 °C) was investigated by the atom probe tomography (APT) and electron microscopy. These

results were discussed based on Ni-Ga-As phase diagrams.

Materials and methods

An 80 nm-thick Ni layer was deposited by physical vapor deposition (PVD, magnetron
sputtering) on a Zn-doped InGaAs thin epitaxial layer (< 300 nm) which was grown on a
semi-insulating (001) InP substrate. The substrate was cleaned using a 30 s wet process in dilute
HCI:H,0=1:2 solution followed by an Ar plasma treatment prior to the Ni deposition process. A
7 nm-thick TiN film was deposited at 100°C on the top of the sample to protect the Ni film from
the atmospheric contamination. The capping process was performed in another chamber of the
same sputtering setup under vacuum (10® mbar) and without breaking it. Finally, a rapid thermal
annealing was applied under N, atmosphere for 1 min at 550 °C to form the contact.
Needle-shaped APT tips were prepared using a dual-beam scanning electron microscopy/focused
ion beam (SEM/FIB) system after the deposition of a protective layer of Pt above the existing
TiN layer. APT analyses were performed in a LEAP 3000X HR instrument. The laser pulse rate
was maintained at 100 kHz, and the detection rate was kept to 0.002 event/pulse by increasing the
applied voltage. The specimen temperature and the laser energy were set to 20 K and 0.02 nJ,
respectively. The data reconstruction, visualization, and analyses were performed using the

commercial software IVAS 3.6.8.



Results

The phases formed between the 80 nm-thick Ni film and InGaAs after annealing at 550 °C were
analyzed by APT to determine their chemical composition. In fact, APT is a well-known
technique that reveals nano-chemistry in 3D down to the near-atomic scale with a chemical
resolution of tens of parts-per-million of all the elements that make up the sample being analyzed
[38]. Figure 1(a) shows a 52°-tilted scanning electron microscopy (SEM) image of an
intermediate step in the preparation of a needle-shaped tip. Under the TiN layer, we can see the
presence of two different contrasts corresponding to two phases (a-phase and B-phase). Both
final tips used for APT characterization are shown in yellow in this figure. Figure 1(b) shows a
reconstructed APT volume (40 x 40 x 70 nm®) of the contact in which Ni, As, Ga and In atoms
are represented by green, blue, yellow and red dots, respectively. This APT volume shows a
homogeneous distribution of B-phase atoms. Figure 1(c) shows another reconstructed APT
volume (60 x 60 x 70 nm?), which shows an inhomogeneous distribution of all atoms suggesting
the presence of two phases. The chemical compositions of these phases were deduced from the
mass spectrum, in which no mass overlap was found. A one-dimensional composition profile was
calculated in a cylinder perpendicular to the interface between the two observed phases and is
plotted in Figure 1(d). Thus, two phases are identified and -labeled up as a-phase and B-phase in

Figure 1(c).
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Fig 1. Results of the APT analysis of the contact after a 550 °C annealing. (a) Scanning electron
microscope (SEM) image of an intermediate step during the preparation of the APT tips, showing the
presence of the two o- and S-phases. (b) Analyzed volume in 3D showing the S-phase. (c) Analyzed
volume in 3D showing the two different a-phase and #-phase. (d) Concentration profiles through a

cylinder perpendicular to the a-phase and S-phase interface.

The average contents of Ni, In, Ga and As in the a-phase are 62.5 £ 0.5, 1.3 £+ 0.5, 27.2 + 0.3, and
9.0 = 0.6 at%, respectively. For the B-phase, the average chemical composition is 52.1 + 0.5 %
Ni, 12.7 £ 0.2% In, 4.2 + 0.3% Ga, and 31.0 £ 0.4% As, indicating that the a-phase corresponds

to an intermetallic highly enriched in Ga while the B-phase corresponds to a phase highly



enriched in As. For the a-phase, indium is almost completely rejected, changing from a

concentration of 11.0 % in Nis(InGa)gsAs to 1.3% [29,30].

The atomic concentration was checked by another APT tip, and it was found that the chemical

composition of B-phase is almost the same as can be seen in Figure 2.
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Fig 2. Results of the APT analysis of the contact after a 550 °C annealing. (a) Analyzed volume in 3D

showing the Sp-phase. (b) concentration profiles through the interface S-phase/InGaAs (cylinder

presented in (a)).

Figure 2(a) shows the analyzed volume in 3D where the cylinder on the left represents the

volume over which the integrated concentrations of the elements were calculated. The

concentration fractions are 52.5 + 0.5 % Ni, 12.0 + 0.7% In, 3.8 + 0.3% Ga, and 31.7 + 0.4% As.

Figure 2 also shows that the B-phase is in contact with the remaining InGaAs layer at 550 °C.

This layer is highly enriched in indium (50% instead of 26,5%), which could be explained by the

rejection of indium from the a-phase to the InGaAs layer.
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Fig 3. Schematic illustrations of the stacks in the sample as-deposited and after the solid-state reaction at

350 °C and 550 °C. Atomic redistribution is represented by the atoms flux J;,

Figure 3 shows schematic illustrations of the contact as-deposited and after the annealing at 350
°C as previously reported by Perrin et al. [29] and at 550 °C with the proposed atomic
redistribution between the a-, B-phases and the InGaAs layer. We assume that In is rejected from
the a-phase to the InGaAs layer, since its concentration in the B-phase seems to be limited to
about ten percent. In the a-phase, As atoms are still present, but they are almost three times less
numerous than Ga. Considering that In atoms substitute Ga atoms, the phase would then
correspond to Ni3(Ga; 5ASps). From Figure 1(d) the Ga content in B-phase (4.2%) is much lower
compared to the Ga content in the a-phase (27.2%). The As amount is important (31%), the In is
also present in B-phase (12.7%), and as a result B-phase corresponds to a Nix(Ing5,Gag 16AS1.32).
Consequently, we can consider both a- and B-phases as Ni(Ga-rich) and Ni(As-rich) phases,
respectively. It is interesting to note that both a- and B-phases are in contact with the substrate

(Figure 1(a) and 2).



Discussion

The lack of a quaternary phase diagram for the (Ni-In-Ga-As) system makes it difficult to
understand the phase sequences for the Ni-InGaAs intermetallic system. However, another
approach could be used in order to explain the successive formation of the phases. In fact, since
the In and Ga atoms are completely miscible in the zinc-blende InGaAs substrate [39-41], one
can consider previous work on the ternary system (Ni-Ga-As). Extensive work has already been
done on the solid-state reaction between Ni and GaAs substrates, resulting in several studies on
thin films but also on bulk materials [34,42-45]. Three different ternary phase diagrams have
been proposed by different researchers [36,46,47]. In fact, the proposed phase diagrams show
considerable differences due to the extreme versatility of the B8 structure in which most of the
phases of the system crystallize. As described by Kjekshus and Pearson [48], the B8 structure
hosts two sublattices: one for the metal atoms, which can host up to two atoms, and the other for
the In, Ga, and As atoms, which can also host as well, up to two atoms. Such a configuration
makes the lattice very flexible in terms of site occupancy by the different atoms. In addition, the
occurrence of superstructures is common and leads to short-range compositional inhomogeneity.
In our case, we have used the isothermal section of the ternary phase diagram proposed by Zheng
et al. at 600 °C [47]. In order to define the different phase compositions that we have measured,
we have considered that In can occupy either As or Ga sites. Therefore, we only consider the
composition of Ga, As or Ni in the measured stoichiometries of the phases (see Table 1). In Fig 4,

we present an adaptation of the phase diagram proposed by Zheng et al. [47].



Table 1. Summary of the measured composition of the & and f phases and the compositions
without (In) for the Ni(Ga-rich) and Ni(As-rich) phases used in the ternary diagram Ni-Ga-As.

a-phase B-phase B’-phase Ni(Ga-rich)  Ni(As-rich)
Element (fig.1 (a)) (fig.1 (c)) phase phase
(% at.)
(% at.) (% at.) (% at.) (% at.)
Ni 62.5 52.1 52.5 62.5 52.1
Ga 27.2 4.2 3.8 28.5 4.2
As 9 31 31.7 9 43.7
In 1.3 12.7 12 - -
Ni
1- Ni;(InGa)As
2- Ni,InGaAs
3- a : Ni(Ga-rich)
4- B : Ni(As-rich)
NiGa NiAs

Fig 4. Ternary phase diagram adapted from Zheng et al. [47].
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In this phase diagram, we have plotted the different possible tie lines in red. We have
positioned the measured phase NizInGaAs from our previous work [29], and NizInGaAs (1 and 2,
respectively), and the two phases observed in this work, a-phase and B-phase (3 and 4
respectively). The successive formation of NizlnGaAs, NixInGaAs and finally Ni(Ga-rich) and
Ni(As-rich) phases can be explained as follows: since NizInGaAs is the phase with the most
important formation kinetics , it is formed the first [29]. NizInGaAs shows a rather wide range of
homogeneity in the phase diagram where Ni atoms can occupy more or less three sites in the unit
lattice. At higher annealing temperatures (450 °C), Ni.InGaAs is formed, although it is not a
stable phase but rather a metastable one (kinetically stable but thermodynamically unstable). If a
sufficient thermal budget is applied to this phase, it can decompose into two compounds. This is
the situation that we have characterized by APT after annealing at 550 °C and marked with 3 and
4 respectively on the phase diagram (Figure 4). Such phases are stable according to this phase
diagram. The phase marked 3 corresponds to Nii3Gag with almost the highest As content accepted
by this phase [47]. If we check the existence of a phase with In that could form a solid solution
with the Nij3Gag phase, we find that the Niy3Gag and Niyzlng phases [49] are complex monoclinic
phases, while there is no equivalent phase with As. If such a ternary solid solution between Ni,
Ga and In existed, we should have obtained a Ni(Ga, In)-rich phase with the rejection of As,
which is not the case. Another hypothesis, based on the work of Guérin and Guivarc’h [46],
suggests that the phase labelled as 3 is a Ni3Ga; 5Asy s ternary phase, which is not present in the
Ni-Ga-As ternary phase diagram [35], explaining the stability of the a-phase and the rejection of
In from this phase. On the other hand, to explain the stability of the B-phase, we can consider that
the Ni-In-As phase diagram established is similar to that with Ga, except that the authors

demonstrated the existence of a &-solution phase that extends on the isotherm from NiAs in the

11



Ni-As binary system to the binary phase & in the Ni-In system. Since both isotherms were carried
out at the same temperature (600 °C), it is possible to speculate on the effect of the addition of In
in the formation of NiAs with a low concentration of Ga (about 4%). Compared to the phases that
formed in the Ni-Ga-As system, the one with In presents a greater ternary extension, probably
attributed to the larger size of In atoms and the larger size of interstitial covalent radii sites when
compared to Ga and As [39,41]. Therefore, it is likely that In raises a relatively high solubility in
the NiAs solid solution (point 4 of the Figure 4), leading to the composition of the Ni(As-rich)
phase, in equilibrium with the Ni(Ga-rich) phase, which is actually a ternary phase Ni3Ga; 5ASgs
with a very small amount of In (1.3%). A similar system was recently studied [50] and the
authors have concluded that above 450°C, NislnGaAs was decomposed into three phases:
NixInGaAs, NiAs and y-Ni3Ga,. Based on a thinner initial metallic layer, the observed sequence
could be interpreted as the more advanced state of the system observed in our case. To conclude
the description, the phase in position 2 can be considered as a metastable single phase
NizIngsGagsAs, which would be a quaternary extension of the ternary phase Ni,GaAs found at

400 °C [30].

Conclusions

In conclusion, the reaction between the Ni film and the InGaAs substrate at 550 °C leads to in the
decomposition of the intermetallic formed at high temperature allowing the formation of two new
phases: a-phase and p-phase. The nature of the phases was determined by APT, and the
composition was found to be NizGa;sAsos and Nizlngs,Gag16AS132 for a-phase and B-phase,
respectively. We found that a-phase is a Ga-rich phase and -phase is an As-rich phase, so they

can be classified as Ni(Ga-rich) and Ni(As-rich) phases, respectively. These results indicate that

12



since these two phases are stable in the (Ni-Ga-As) phase diagram at 550 °C, they are likely to be

stable in the (Ni-Ga-As-In) quaternary system.
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