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ABSTRACT

Laser annealing was employed to trigger the solid-state reaction of a thin Co film (2.5 nm) with undoped Si. A metastable disilicide layer
was obtained after one laser pulse close to the melt threshold. Its diffraction pattern, relaxed lattice parameter, and residual resisitivity are
consistent with the formation of the defective CsCl structure. The CoSi2 phase was found after prolonging the thermal treatment with addi-
tional pulses or rapid thermal annealing. Because CoSi is skipped in the phase sequence, CoSi2 layers are more uniform in thickness, have
an increased superconductivity and a reduced formation temperature. This approach is compatible with the SALICIDE process and can be
used to form smooth contacts in superconducting or regular transistors.

© 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/10.1063/5.0218950

I. INTRODUCTION

For more than 50 years, transition metal silicides (CoSi2, NiSi,
PtSi, and TiSi2) have been the materials of choice for contacting
transistor terminals.1,2 The Self-Aligned Silicide (SALICIDE)
process is an essential part of the success of silicides. This straight-
forward process consists of making react a thin metal film with
source, drain, and gate regions at elevated temperature. The self-
aligned terminology is explained by the absence of photolithogra-
phy step, the metal reacting with silicon but not with dielectrics.
After thermal treatment, the unreacted metal is etched in a selective
way so as to preserve the silicide lines. At the end of the 1990s, the
Co SALICIDE process was the leading technology.1,2 Cobalt mono-
silicide (CoSi) is formed after a first rapid thermal annealing (RTA)
at around 500 °C. After selective etching, CoSi is transformed into
cobalt disilicide (CoSi2) by a second RTA close to 700 °C.

Some limitations of the Co SALICIDE process originates from
the formation of the monosilicide phase.1,3 One of them is the
presence of infrequent voids in narrow contact lines (<50 nm).
These voids would originate from the agglomeration of vacancies
generated during the formation of CoSi and/or from the lack of

nucleation sites driving the CoSi to CoSi2 transformation. This
small concentration of nuclei is also responsible for the wavy inter-
face that delimits CoSi2 from Si. The wavy interfaces and especially
the infrequent voids make the Co SALICIDE process unreliable on
narrow contact dimensions. Ultimately, the compatibility of NiSi
with SiGe substrates and the need for lower annealing temperatures
precipitated the advent of the Ni SALICIDE process at the begin-
ning of the 2000s.

The growing trend for superconducting technology is
somehow renewing the interest in CoSi2.

4,5 The aim of our team is
to elaborate Silicon Josephson field effect transistors, which feature
superconconducting source/drain such as V3Si, PtSi, CoSi2, and
Si:B.6–9 Among these, V3Si has by far the highest critical tempera-
ture (TC∼ 17 K), which is desirable for facilitating the transport of
Cooper pairs as they get through the channel. Unfortunately, the
realization of pure V3Si contacts is made difficult by the rapid
nucleation of VSi2.

7 As for Si:B, the necessity of melting the source/
drain regions while preserving the integrity of the gate is a tricky
task. In contrast, the realization of PtSi or CoSi2 contacts through
the SALICIDE process is quite straightforward. In this work, we
report the use of laser annealing to trigger the solid-state formation
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of thin CoSi2 films. The fact that CoSi is skipped in the phase
sequence has positive consequences for Co silicidation.

II. MATERIALS AND METHODS

We started with two 300 mm Silicon On Insulator (SOI)
wafers featuring a 33 nm thick (100) Si film on top of a 20 nm
thick Buried Oxide Layer (BOX). The residual boron concentration
in both SOI and substrate (775 μm) is close to 1015 cm−3

(<0.1 ppm). First, a cleaning sequence composed of HF and stan-
dard cleaning 1 was applied to remove the native oxide and regrow
a thin suboxide at the SOI surface. The purpose of the suboxide is
to reduce the rugosity of the resulting CoSi2 layer.1 Immediately
after surface preparation, a thin Co film (2.5 nm) and a protective
TiN layer (10 nm) were sputtered.

The thermal treatment of the conventional SALICIDE process
was replicated on one wafer through a two-step RTA (480 and
700 °C for 10 s) in a N2 atmosphere with a heating ramp of 20 °C/s.
The second wafer was irradiated locally (15 × 15mm2fields) by a
laser beam (λ = 308 nm) in a N2 ambient. The full width at half
maximum of the pulse is 160 ns, and the beam homogeneity is
higher than 97.5%. One field may receive several pulses at a rate
of 4 Hz and in a range of energy density between 400 and
900 mJ/cm2. The beam switches from one field to another at a
frequency of 1 Hz, and during each pulse, the reflectance is in situ
monitored by time-resolved reflectometry (TRR) using a second
laser (λ = 635 nm). Finally, the field irradiated with one pulse at
700 mJ/cm2 was further treated by RTA (850 °C for 1 s) with the
same heating ramp of 20 °C/s.

Samples were characterized by four-point probe measure-
ments at room temperature (with TiN) and down to 350 mK
(without TiN). TiN was etched in a room temperature solution of
NH40H/H202/H20 with volume ratios of 1:1:1 for 30 min.
Scanning transmission electron microscopy (STEM) images were
recorded using a high-angle annular dark-field detector and an
acceleration energy of 200 keV. An energy-dispersive spectroscopy
(EDS) analysis was performed along STEM characterization.
X-ray diffraction (XRD) measurements were carried at Kα radia-
tion (λ = 1.5406 Å) using two configurations: grazing incidence
and in-plane. In the former, the angle between the incident beam
and the sample surface is fixed at ω = 0.4°. Both incident and dif-
fracted beam are coplanar with the normal to the surface, and
measured planes are tilted by θ −ω relatively to the surface with θ
being Bragg’s angle. The in-plane configuration is non-coplanar,
and both incident and diffracted beam are nearly parallel to the
surface (few 0.1°). Here, measured planes are quasi-perpendicular
to the surface.

Finally, we performed simulations through a Technology
Computer Aided Design (TCAD) package10 in order to assess the
temperature inside the Co layer during the first laser pulse. The
entire as-deposited stack (TiN/Co/SOI/BOX/substrate) was consid-
ered for simulating the temperature evolution. Because the metal
layer is very thin, the temperature is nearly constant with a tiny gap
of 1 °C between the surface and the bottom. Along the article, we
will refer to simulated data presented in Fig. 1.

III. RESULTS AND DISCUSSION

A. Triggering silicidation below the melt threshold

In a first phase, we assessed the effect of the laser energy
density (ED) on the reflectivity and room-temperature sheet resis-
tance (RS) of the TiN/Co/SOI stack. Results are shown in Figs. 2(a)
and 2(b), respectively. In the range of 400–750 mJ/cm2, the TRR
signal slightly increases from 0.25 to 0.32 V before decreasing back
to 0.25 V after 300 ns. This trend can be attributed to the heating/
cooling cycle experienced by the stack in the solid state.11,12 In par-
allel, the fact that RS remains close to the as-deposited value
(ED < 550 mJ/cm2) before decreasing to a minimum of 48Ω/sq
(ED = 750 mJ/cm2) is indicative of the formation of the lowly resis-
tive CoSi2 phase.

In the range of 775–900 mJ/cm2, the TRR map features a
high-intensity signal that indicates that the top layers went through
the liquid state.11,12 According to the work of Baeri,13 the liquid
phase propagates from the metal/Si interface at the temperature of
the deepest eutectic point. For the Co–Si system, this eutectic corre-
sponds to a Si content of 23 at. % and a temperature of 1205 °C.14

This value is in good agreement with the peak temperature
obtained by simulation at 800 mJ/cm2 (Fig. 1). Moreover, this
temperature being well below the melting point of TiN (∼3000 °C),
we expect no morphological degradation of the top layer. From
Fig. 2(b), it is also apparent that the use of laser annealing above
the melt threshold in the range of 775–900 mJ/cm2 leads to a resis-
tive stack (RS∼ 100Ω/sq).

FIG. 1. Evolution of the mean temperature inside the 2.5 nm thick Co layer
during the first laser pulse (TCAD simulations).
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In a second phase, laser annealing was employed in multi-
pulse mode in the aim of forming CoSi2 in the solid state at dif-
ferent stages of growth. Fields were irradiated up to 1000 times at
700 mJ/cm2. As confirmed by the absence of high-intensity TRR
signal [Fig. 2(c)], the multi-pulse treatment did not trigger the
melting of materials. RS continuously decreases down to 30Ω/sq
with increasing the number of pulses up to 300, in agreement
with the progressive formation of CoSi2. Beyond 300 pulses, the
near-constant RS suggests that the formation of CoSi2 is
completed.

B. Morphology and natures of silicides

In what follows, S1, S10, and S100 refer to samples treated
with 1, 10, and 100 pulses at 700 mJ/cm2. The sample called SREF
originates from the wafer treated with two-step RTA. Figure 3
regroups the cross section STEM images and EDS elemental pro-
files (at. %) related to SREF, S1 and S100. After two-step RTA, the
STEM images reveal a dark thin layer (3.5 nm) below the TiN film.
According to EDS, the composition of the latter is SiN with a small
amount of O, Co, and Ti The relatively high O content (∼10 at .%)
most likely originates from the suboxide left by surface preparation.
Also, please have in mind that the concentration ratio between Ti
and N might proves to be erroneous due to the overlap between N
Kα (0.392 keV) and Ti Lα (0.452 keV) radiations. Below the SiN
film, one observes a bright layer with an averaged thickness of
9 nm. The EDS profile indicates a Si/Co ratio around two, hence

corroborating the formation of CoSi2. The wavy interface between
CoSi2 and Si is characteristic of the lack of nuclei driving the CoSi
to CoSi2 transformation.1–3

After one pulse, the composition of the sandwiched dark
layer is unchanged (SiN), but its thickness is reduced (1.5 nm).
This means that less Si was consumed during thermal treat-
ment, in agreement with the deeper position of the SOI/BOX
interface as shown by STEM. Furthermore, one unexpected
commonality between S1 and SREF is the nature and thickness
of the silicide layer. Indeed, it is puzzling to see that a single
laser pulse is sufficient for completing the solid-state transfor-
mation of Co into a 9 nm thick CoSi2 film. Besides, the inter-
face between CoSi2 and Si is rather sharp. The rapid decrease
in Co concentration around 20 nm corroborates this point. This
sharper interface is indicative of an increased proportion of
CoSi2 nucleation sites. This happens when the monosilicide
phase (CoSi) is bypassed in the phase sequence or, in other
words, when the disilicide phase (CoSi2) is formed directly
from the reaction of Co with Si.15

After 100 pulses, the SiN layer is a bit thicker (2 nm) because
of the longer laser treatment. Furthermore, the slightly more wavy
interface between CoSi2 and Si could be a sign of the early stage of
silicide agglomeration. One commonality between the three EDS
profiles is the presence of a 5 nm Co tail (<10 at. %) at the CoSi2/Si
interface. We attribute this tail to the coexistence of Si and CoSi2 in
the direction normal to the TEM lamella. Such CoSi2 overgrowth
might originate from inhomogeneities in deposited Co thickness.
This issue arises from our sputtering machine that is not designed
for depositing such a small metal thickness. Finally, it is difficult to
understand why S100 is much less resistive than S1 [Fig. 1(d)]
since the stack of materials appears to be the same (10 nm TiN/
9 nm CoSi2/SOI). In order to resolve this point, samples were
further characterized by XRD.

At the time of the XRD analysis, S10 and S100 were TiN-free
because of an early low-temperature characterization. Figure 4(a)
shows the XRD patterns obtained in the grazing incidence configu-
ration. Peaks located at 36.5° and 42.5° correspond to TiN (111)
and (200) reflections. Black arrows indicate the three main reflec-
tions of the fluorite structure in which CoSi2 crystallizes at equilib-
rium. While the (220) peak is well marked on all spectra, the (111)
reflection is nearly absent in the S1 pattern and is weak in the S10
pattern. The same trend is observed for the (311) reflection even
though the peaks are much less intense. The lower intensity of odd
(hkl) reflections observed in S1 and S10 patterns is characteristic of
the defective CsCl structure, a crystal lattice in which CoSi2 crystal-
lizes in non-equilibrium conditions.16 Another metastable structure
in which CoSi2 might crystallize is the so-called “adamentane” in
which Co atoms occupy the tetrahedral interstitial sites of the Si
diamond lattice.17 By evaluating the structure factor of this struc-
ture, one finds that the intensities of (200) and (220) peaks are
of the same order of magnitude. Since there is no (200) peak in
Fig. 4(a), we conclude that the silicides did not crystallize in the
adamentane structure.

In what follows, the notation Co0.5Si will be used to refer to
the defective CsCl structure. In this crystal, there is twice as more
Si as Co because half of cation sites is vacant. The “defective” ter-
minology accounts for this very large concentration of Co vacancies

FIG. 2. TRR map and room temperature sheet resistance (TiN included) related
to single-pulse experiments [(a) and (b)] and multi-pulse experiments [(c) and
(d)]. In (c), the x-axis scale is linear between two successive powers of tens.
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and for the high resistivity of this phase. In addition, one has to
keep in mind that the defective CsCl structure is highly disordered
due to the random distribution of Co atoms. To support the thesis
of Co0.5Si formation, one can derive the lattice parameter (a0) of
the relaxed disilicide film,

a0 ¼ 1� ν

1þ ν
a? þ 2ν

1þ ν
a// , (1)

where ν = 0.33 is the reported Poisson’s ratio for Co0.5Si and CoSi2
and16,18 a⊥ and a// are the out-of-plane and in-plane lattice parame-
ter, respectively. First, a lattice parameter aG was computed from
the grazing incidence configuration. The (220) peak that is
common to all samples was fitted with a sum of Gaussian and
Loretzian function,19 and the 2θG corresponding to the maximum
intensity was extracted [Fig. 4(b)]. We followed the same procedure
for extracting a// from the in-plane configuration [Fig. 4(c)]. Finally,

we used the sin2ψ relation for deriving a⊥,
20

a? ¼ aG � a//sin2ψ
cos2ψ

, (2)

where ψ = θG – ω is the tilt angle of diffracting (220) planes.
Results are shown in Table I. After a two-step RTA, a0 is close

to the reported value of the fluorite structure (5.364 Å),21 hence
corroborating the formation of CoSi2. After one laser pulse,
however, a0 is slightly higher and matches well with the lattice
parameter of Co0.5Si (5.38 Å).

16 After 10 and 100 pulses, a0 pro-
gressively decreases down to the fluorite value, hence indicating the
transformation of Co0.5Si into CoSi2. The increase in odd (hkl)
reflections [Fig. 4(a)] and decrease in RS [Fig. 1(d)] support this
result.

Following the results of Goncalves-Conto et al.,16 we tested a
more standard annealing method for transforming Co0.5Si into
CoSi2. In this respect, a sample called S1+ was obtained by further

FIG. 3. Cross-sectional STEM image and EDS profiles related to SREF, S1 and S100. The depth origin in EDS profiles is situated at the TiN surface.

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 136, 105103 (2024); doi: 10.1063/5.0218950 136, 105103-4

© Author(s) 2024

 10 Septem
ber 2024 06:11:38

https://pubs.aip.org/aip/jap


annealing S1 with RTA (850 °C for 1 s). From XRD, we identified
the fluorite structure with a// = 5.387 Å (2θ// = 47.71 ± 0.01°), rela-
tively close to the relaxed lattice parameter of CoSi2 (a0 = 5.364 Å).
In Sec. III C, it will be shown that this small gap between a// and a0
plays a decisive role in enhancing the superconductivity of CoSi2.

C. Properties of disilicide films

Properties of disilicides were assessed using various characteri-
zations. The lateral crystallite size (CS) was evaluated from the
in-plane (220) peak using the Scherrer equation.22 As seen in

FIG. 4. (a) Grazing incidence XRD patterns related to SREF, S1, S10, and S100. (b) Focus on grazing incidence (220) peaks. (c) Focus on in-plane (220) peaks.
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Table II, CS is almost invariant to annealing conditions (∼14 nm).
Therefore, we exclude this parameter from being responsible for
the variations in electrical properties as shown later on. Then, we
evaluated the residual in-plane strain ε// = (a//− a0)/a0. As seen in
Table II, ε// is two to three times higher in films treated with laser
annealing. To understand why, let us recall that ε// is the sum of an
intrinsic and thermal contribution.24–26 The intrinsic strain arises
from the volume variation experienced by Co upon transforming
into a silicide. In general, this contribution fully relaxes close to the
formation temperature (TF) of the silicide.

24 When the temperature
drops from TF to 20 °C, a thermal strain builds up,

εT (RTA) ¼ (αF � αS)� (TF � 20 �C), (3:1)

εT (LA) ¼ αF � (TF � 20 �C), (3:2)

where αF and αS are the expansion coefficient of CoSi2
27 and Si,28

respectively. In the case of S1, S10, and S100, the strain is higher
because the substrate is unheated during laser annealing [Eq. (3.2)].
Let us now evaluate εT from these equations. According to Fig. 1,
the peak temperature experienced by Co upon the first laser pulse
at 700 mJ/cm2 is close to 1050 °C. The heating ramp being
extremely fast (∼1010 K/s), we assume that the Co0.5Si film formed
at this temperature. As for SREF, CoSi2 is expected to form from
CoSi at around 600 °C1 during the heating ramp of the second
RTA. The calculation yields εT (S1) = 1.48% and εT
(SREF) = 0.62%, in close agreement with experimental strains
(Table II). We conclude that the strain is essentially thermal in S1
and SREF.

Assuming a full contribution of thermal strain in all disili-
cides, one can estimate TF using Eqs. (3.1) and (3.2). Results are
shown in Table II. Perhaps the most important result is the smaller
TF of CoSi2 when the starting phase is Co0.5Si (∼450 °C for S1+) in
place of CoSi (∼550 °C for SREF). First, this result suggests that the

temperature employed for forming S1+ (850 °C) is unnecessarily
high. Second, this means that the second annealing of Co silicida-
tion can be performed at a smaller temperature, provided that the
Co0.5Si phase is formed upon first annealing.

After TiN etching, the resistivity (ρ) of disilicides was mea-
sured down to 350 mK. The evolution of ρ between 0.5 and 1.5 K is
shown in Fig. 5. After one pulse, ρ is constant and corresponds to
the so-called residual resistivity (ρ0). Again, this high ρ0
(123 μΩ cm) is consistent with the formation of Co0.5Si.

16 After 10
and 100 pulses, ρ0 is scaled by two and four, respectively. Despite
this marked decrease in ρ0, the residual-resistance ratio (RRR)
increases slightly from 1.1 to 1.4. This suggests that the crystalline
quality of the film did not significantly improve with multi-pulse
processing, despite the disappearance of vacancies through the
transformation of Co0.5Si into CoSi2. Our interpretation is that the
laser treatment injects additional defects such as quenched-in
vacancies.29,30

As shown in Fig. 5 and Table II, further annealing S1 with
RTA leads to a small ρ0 (13.5 μΩ cm) and to a doubling of RRR.
This time, the crystal has been well repaired. Yet, the film is a bit
more resistive and of lower quality in comparison to SREF. One
can argue that the hot RTA (850 °C) is at the origin of these poorer
properties through the morphological degradation of the film. Still,
CoSi2 layers are known to resist temperatures up to 950 °C when
capped by a 10 nm thick TiN layer,31 making agglomeration
unlikely in our case. Another explanation might arise from the per-
sistence of Co0.5Si regions. This issue has been reported after
annealing thin Co0.5Si films at 650 °C for 30 min.16 Perhaps our
RTA treatment was not sufficient for completely transforming the
Co0.5Si phase.

If we now compare our best RRR value with those already
published, one sees a close agreement with the recent work of Chiu
et al.4 who employed a cleaner annealing atmosphere for forming
9.5 nm thick CoSi2 layers. As for the 10 nm thick epitaxial CoSi2
layers obtained by Badoz et al.,23 the RRR is high (∼4) and the ρ0
is low (4 μΩ cm) because of the films’ extreme cleanliness and
almost perfect crystalline quality. Nevertheless, this sophisticated
process is far from being compatible with the constraints of the
microelectronics industry.

Finally, we can assess the superconductivity of disilicides from
the resistivity curves shown in Fig. 5. Following the standard con-
vention, one defines the critical temperature (TC) as the tempera-
ture at which ρ0 drops by a half. S1 does not show sign of
superconductivity down to 380 mK. We attribute this result to the

TABLE I. Values extracted from XRD.

2θG (±0.01°) 2θ//(± 0.01°) a0 (±0.02 Å)

SREF 48.15 47.65 5.362
S1 48.24 47 5.384
S10 48.31 47.15 5.373
S100 48.39 47.27 5.363

TABLE II. Properties of thin disilicide films (∼9 nm). NS stands for non-superconducting.

Samples CS (nm) ε// (%) TF (°C) ρ0 (μΩ cm) RRR TC (K)

S1 14 1.49 1050 123 1.1 NS
S10 13 1.38 980 53 1.3 NS
S100 15 1.31 930 28 1.4 0.65
SREF 13.5 0.56 540 8 2.9 1.05
S1+ 14 0.43 420 13.5 2.2 1.30
Ref. 23 / ∼1.20 (Epitaxial) / 4 4 0.85
Ref. 4 / / ∼550 13.5 3 1.25
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resistive behavior of the defective CsCl structure. The same trend is
evidenced for S10. Here, we believe that the volume fraction of
CoSi2 is too small to form a continuous superconducting path.
After 100 pulses, a broad superconducting transition is observed at
TC = 0.65 K. In our understanding, this broadening is characteristic
of an inhomogeneous film featuring various degrees of supercon-
ductivity. Laser-induced defects could be at the origin of this
phenomenon.

As for SREF and S1+, a sharper superconducting transition is
observed at TC = 1.05 and 1.3 K, respectively. By comparing the
values listed in Table II, one arrives at the rather surprising conclu-
sion that the TC does not follow ρ0 nor RRR trend. In other words,
the quality of the film is no guarantee of a high TC. Instead, there
is a clear correlation between superconductivity and strain, such as
the lower the strain, the higher the TC. Even though no strain was
reported by Chiu et al.,4 the same group claims elsewhere that they
succeeded in reducing the strain by increasing the annealing dura-
tion.32 Finally, it is worth mentioning that this correlation between
strain and superconductivity has been demonstrated in other mate-
rials such as V3Si,

33 FeSe,34 and SrTiO3.
35

IV. CONCLUSION

In summary, we have developed an alternative thermal treat-
ment for Co silicidation. After one laser pulse (160 ns) below the
melt threshold of materials, a metastable disilicide layer was
obtained. Atoms reorganize into the stable fluorite structure
(CoSi2) by prolonging the thermal treatment with additional pulses
or RTA. In the former case, the resulting layers are of poor

crystalline quality (RRR∼ 1), probably because of laser-induced
defects. In the latter case, the quality is much improved (RRR∼ 2)
even though some metastable regions are thought to remain.

The fact that CoSi is skipped in the phase sequence has posi-
tive consequences for Co silicidation. First, CoSi2 films are more
uniform in thickness, and the voiding issue encountered in small
contact dimensions should be alleviated if not solved. Second, the
formation temperature of CoSi2 is reduced (∼100 °C smaller),
which is advantageous for lowering the thermal budget of Co silici-
dation. Third, the superconducting critical temperature of CoSi2 is
enhanced through a reduction in thermal strain.
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