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Abstract

Research objectives of this work are to investigate the influence of light impurities implantation on peculiarities
of the silicides formation in molybdenum monocrystal implanted by silicon, and in molybdenum films sputtered
on silicon substrate at subsequent annealing. Implantation of the molybdenum samples was performed with
silicon ions (90 keV, 5 x 1017cm"2). Phase identification was performed by X ray analysis with photographic
method of registration. Analysis of the results has shown the formation of the molybdenum silicide Mo3Si at
900°C. To find out the influence of impurities present in the atmosphere (C,N,O) on investigated processes we
have applied combined implantation. At first, molybdenum was implanted with ions of the basic component
(silicon) and then — with impurities ions. Acceleration energies (40keV for C, 45 keV for N and 50 keV for O)
were chosen to obtain the same distribution profiles for basic and impurities ions. Ion doses were 5xlO17 cm"2 for
Si-ions and 5xlO16 cm"2 — for impurities. The most important results are reported here. The first, for all three
kinds of impurities the decreased formation temperatures of the phase Mo3Si were observed; in the case of C and
N it was -100° and in the case of nitrogen 200°. Further, simultaneously with the Mo3Si phase, the
appearance of the rich-metal phase MosSis was registered (not observed in the samples without additional
implantation). In case of Mo/Si-structure, the implantation of the impurities (N,O) was performed to create the
peak concentration (~4at/ %) located in the middle of the molybdenum film (~ 150nm) deposited on silicon
substrate. Investigation carried out on unimplanted samples showed the formation of the silicide molybdenum
MoSi2, observed after annealing at temperatures 90CM-1000°C, higher then values 500-600°C reported in other
works. It is discovered that electrical conductivity of Mo5Si3-films synthesized after impurities implantation is
lower (40-50 Q.cm) than for MoSi2-films arising without implantation (90-100 Qcm). To destroy the native
SiO2-layer on Si-surface by decreasing the formation temperature of the silicides, the ion implantation of the
Mo/Si-interface region was carried out. Implantation was realized with dose of 5xlO16 cm"2 and energies of 180
keV (N), 200 keV (O), 160 keV (C). It is found that as a result of ion mixing process after implantation the traces
of the hexagonal MoSi2-phase arises. The second peculiarity is the reduction of the temperature where formation
of the rich-metal phase Mo5Si3 begins for approximately 200° (compared with the case of ion implantation in the
centre of deposited metal film). It is found that electrical conductivity of the obtained Mo5Si3-films synthesized
after N-, C- or O — implantation is lower (30-60Q cm) that for MoSi2-films arising without ion implantation.

1. Introduction

Because of the low resistivity and high temperature stability, refractory metals and their
silicides are vigorously investigated for their applicability as interconnected and contact materials in
semiconductor electronics. In conventional technology, metal silicides are obtained by codeposition
techniques. At the present time, application of ion beam techniques to the formation of metal silicides
has attracted much interest. Research in this field centers around two areas, namely, ion mixing and
ion beam synthesis. In ion beam mixing, inert gas ions are implanted into metal/silicon — structure in
order to mix interface through cascade and recoil mixing when the implantation is carried out at low
temperature, and radiation enhanced diffusion when the substrate is intentionally heated during
implantation [1]. In ion beam synthesis, the metal content needed in metal silicide is supplied by
directly implanting the silicon substrate with metal ions to a dose determinated by composition of the
particular silicide studied [2]. In both cases it was noticed that presence of impurities has strong
influence on the formation of the silicide itself. Among these impurities oxygen, nitrogen and carbon,
ever present in the real manufacturing environment, greatly alter the growth of metal silicides [3]. For
example, after implantation of oxygen in nickel layer of the nickel/silicon — structure and subsequent
annealing, the formation of silicon oxides barrier is observed, but at its implantation in semiconductor
layers the silicide grows without barrier [4]. Implantation of nitrogen in titanium layers on silicon
substrate leads to forming the phase TisSi3, compared with TiSi2 that is observed without nitrogen
implantation [5]. However, such works are far insufficient for understanding the mechanism of the
impurities influeOnce on the growth of metal silicides. On the other hand, understanding of the role of
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impurities is impotent to avoid unwanted effects and it also may lead to the possibility of using
impurities to control silicide growth.

Research objectives of this work consists in investigation of influence of light impurities
implantation on peculiarities of the silicides formation first of all in molybdenum monocrystal
implanted by silicon, and on the other hand in molybdenum films sputtered on silicon substrate at
subsequent annealing.

2. Experimental

For investigation on molybdenum, (HO)-oriented monocrystalline samples with a purity
99,96% were used. Studies of the silicides formation in molybdenum/silicon-structures were
performed on (lOO)-oriented Czohralsky-grown silicon samples (p-type, thickness of 0,430 mm and
conductivity of 4,5 Qcm) grown on the molybdenum films. The sample thickness of about 150 nm
was obtained through sputtering by using a magnetron source at 200 C, -230V substrate bias and
pressure of about 10" Torr. Thicknesses of the deposited layers were measured by X ray fluorescence
method.

Ion implantation of the samples was carried out with heavy ion accelerator "Vezuvii-2-450".
After ion implantation the samples were annealed in the temperature range of 400-^1200°C with step
of 100° during 1+3 hours. Phase identification was performed by X ray analysis with photographic
method of registration [6]. Exposition times lasted for 12-15 hours. Conductivity of the surface layers
was measured with four-point probe method.

3. Implantation in molybdenum

Implantation of the molybdenum samples was performed with silicon ions at acceleration
energy E = 90 keV with doze O = 5x10 cm" . At these parameters, the average concentration of the
implanted impurities gets up approximately to 50%. Fig.l. presents rayograms of the molybdenum
surface implanted with silicon ions after subsequent annealings. Table 1 shows the example of phase
identification of the resulted film after annealing at 900 C. Analyses of the results have shown that
after implantation the reflected diffraction lines arise on rayograms, while the halo arise from
polycrystalline and amorphous phases of molybdenum consequently. Simultaneously the widening of
the reflex from monocrystalline molybdenum is observed, characterizing an appearance of the
deformation layers between implanted region and matrix. Subsequent annealing leads to disappearance
of the halo around the reflex and lines that bear witnesses about decreasing the residual deformation in
the strain regions and recrystallization of the implanted layers.

When annealing temperature reaches 900°C, full set of lines arises on rayograms, originating
from molybdenum silicide Mo3Si having cubic lattice. Further rise of the temperature leads to
appearance of the reflex from molybdenum carbide M02C, which appears, as shown in additional
experiments, due to interactions of the molybdenum surface with carbon from the furnace atmosphere.

The reference [7] shows that annealing of the molybdenum films implanted with silicon ions at
800 C leads to formation of MoSi2-phase.

We have applied combined implantation to find out the influence of impurities present in the
atmosphere on investigated processes. At first, molybdenum was implanted with ions of the basic
component (silicon) and then with ions of the impurities (nitrogen, carbon or oxygen). Acceleration
energies (45 keV for N and 50 keV for O) were chosen to achieve the same distribution profiles for
basic and impurities ions. Ion doses were 5x10 cm" for Si-ions and 5x10 cm" —for N- or O-ions.

The most important results are reported here. At first, for all three kinds of the impurities the
decreasing formation temperatures of the phase Mo3Si were observed; in the case of carbon and
nitrogen it was -100° and in the case of nitrogen -200°. Further, simultaneously with phase MosSi,
the appearance of the rich-metal phase Mo5Si3 was registered, This was not observed in the samples
without additional implantation.

The effect of the impurity influence on phase formation was observed earlier [8]. In vanadium
monocrystals the structure conversion from bcc into hep takes place when samples have even a trace
of nitrogen, hi titanium an analogous conversion is observed in "clear" samples. Satisfactory model
explaining this phenomena has not been yet presented.
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Fig. 1. Surface rayograms of the molybdenum implanted by silicon ions after implantation (1) and
annealing at 800° (2), 900° (3), 1000° (4), 1100° (5).

TABLE 1: IDENTIFICATION OF PHASE IN MOLYBDENUM AFTER
IMPLANTATION BY SILICON IONS AND ISOCHRONAL ANNEALING (900°C)

Experiment Mo3Si

d,A d,A hkl

3,45
2,47

2,19

2,00
1,73

1,55

1,41

1,36

1,31
1,22

1,07

0,958

0,908

0,893

0,864

0,838

0,806

0,793

3,46
2,45

2,19

2,00
1,73

1,55

1,41

1,36

1,31
1,22

1,07

0,959

0,908

0,893

0,864

0,838

0.804

0,793

110

200

210

211

220

310

22

320

321

400

421

510,431

520,432

521

440

530,433

610

611 .532
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4. Implantation of Mo/Si structure

Results presented in the preceding section have shown that presence of the light impurities
(nitrogen, oxygen or carbon) may render essential influence on phase transformations, when
interaction of molybdenum and silicon atoms takes place. We decided to check a possibility of using
these phenomena for silicides contact formation. In conventional technology, the silicide contacts are
prepared by sputtering of thin metal films on the silicon surface, with resulted structures exposed to
annealing at definite temperature. In case of molybdenum, only MoSi2-phase is formed. Attempts to
obtain the phases with other composition were not tsuccessful. In this work we have tried to change
the situation by implantating impurities in thin molybdenum films, sputtered on the silicon substrate
before annealing.

The ion energies (80 keV for N and 90 keV for O) were chosen in order to locate the peak
concentration (~ 4 at.% for doses 5x10 cm" in the middle of the molybdenum film

Investigation carried out on unimplanted samples showed (Fig. 2) that after deposition the Mo
films contain the high-temperature phase Y-M02N. This phase is unstable and disintegrates within the
temperature range of 600-700°C. The appearence of this phase is not unexpected because the
deposition processes may be represented as low-energy implantation, and Y-M02N- and 5-MoN-phases
can be formed by means of recoil implantation of accelerator residue gases [9].

iiH

\\-\

Fig. 2. Xrayograms Mo/Si — structures: a) after sputtering of Mo on Si -substrate (1) and annealing
at 1200° C; b) after N— implantation Mo/Si — structure and annealing at 650 (1) and 1200°C (2); c)
after O — implantation (1) and annealing at 750 (2) and 1200°C (3).
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The formation of the silicide molybdenum MoSi2 was observed after annealing at temperatures
of 900 -1000°C. These temperatures are higher then values (500-600°C) reported in other works [10].
In case of N-implantation, after disintegration of Y-M02N phase at 700-800°C, the Mo2O3-phase arises
in Mo films. Apparently, a thermodesorption process of the implanted nitrogen causes the formation of
this phase from the samples in this temperature range [11]. Analogous effect of the catastrophe
oxidation of Ti by annealing in oxygen atmosphere was observed for the N-implanted Ti-samples [12].

In the range of 900-1000°C, the formation of M05S13 phase take place instead of M0S12 phase,
as was observed in unimplantation samples. Implantation of oxygen ions causes formation of odered
solid solution of oxygen in molybdenum, leading to the formation of a bcc-superstructure with lattice
parameter exceeding the molybdenum one approximately for 10%. At 800°C this solution is
disintegrated and the MO3O phase appears. At the further annealing until 900-1000°C, as well as in
case of N-implantation, formation of the M05S13 phase is observed. In cases of (N+O)- and (O+N)
implantation essential distinctions in the silicide formation process from cases of N-and O-
implantation were not observed.

It is observed that electrical conductivity of Mo5Si3-films synthesized after N- or O-
implantation is lower (40-50) £lcm than for MoSi2-films arising without implantation (90-100) Qcm.

Thus, conducted investigations have shown that implantation of the light impurities in Mo-film
of the Mo/Si — structure allow to change the phase transformation mechanism, and to receive more
rich-metal phase with lower resistivity at annealing, than in the case of unimplanted samples.
However, interection between silicon substrate and deposited Mo-film starts at sufficiently high
temperature that is detrimental for silicon technology. At the same time, investigations of Mo/Si-
contacts formation with thermal method have shown that presence of native silicon oxide at Mo/Si-
interface rises a beginning of the silicide formation temperature [13]. On the other hand, by using the
ion mixing technique makes it possible to reduce the reaction temperature between silicon substrate
and deposited metal films [14]. That's why we have tried to use ion implantation for getting of the
rich-metal silicide phase, and the second, to reduce the formation temperature of the silicides. To reach
this goal, we have carried out the implantation of the Mo/Si-interface region with light ions.
Implantation of the samples was realized with the dose of 5x10 cm" and energies of 180 keV (N),
200 keV (O), 160 keV (C). The ion energies were chosen in order to locate the peak concentration (—3
at. %) in the Mo/Si-interface region (Rp - 1 5 0 nm; ARP ~ 60 nm). Among the obtained results
(Fig. 3.), it is possible to mark two peculiarities: (i) the appearance of the traces of the hexagonal
MoSi2-phase on the rayograms after implantation, arising as the result of ion mixing process; (ii)
reduction of the the rich-metal formation temperature approximately for 200 compared to the case of
ion implantation in the middle of deposited metal film. This is caused by destroying the native
diffusion SiC^-barrier between silicon substrate and deposited Mo-films.

It is observed that electrical conductivity of the obtained MosSis-films synthesized after N-,
C-O, O implantation is lower (30-60£2 cm) than for MoSi2-films, arising without ion implantation
(90-120 Q. cm).

5. Discussion

As a result of the performed research we have got three varieties of the silicide phases: Mo3Si,
MoSi2 and M05S13. Among them, Mo3Si-phase is formed in molybdenum implanted with silicon ions;
MoSi2-phase is synthesized in thin molybdenum films and molybdenum/silicon-structures; MosSi3-
phase is stabilized when molybdenum is implanted with light impurities (nitrogen, oxygen or carbon).

In our opinion the reason for divergence in phase formation that takes place in thin films and
massive samples of Si-implanted molybdenum is in their dimensions. In thin films with their thickness
not exceeding 100 nm, the annealing leads to diffusion of the implanted impurity. In this case, the
diffusion process is limited by thickness of the sample and average concentration. In massive samples
diffusion processes deep into sample are not limited. Therefore, impurity concentration in the
implanted layers will fall unbrokenly with annealing untill the temperature does not reach the
formation temperature for a definite phase. In this case one may to expect a formation of the phases
with lower concentration of the implanted impurity. That is why in Si-implanted massive samples
Mo3 Si-phase is formed, and in thin films MoSi2-phase is synthesized.
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Fig. 3. X rayograms of the Mo/Si — structure after sputtering M-film (1), O — implantation (2), and
annealing at 600 (3) and 800°C (4). It is shown the X — rayogram of the unimplanted Mo/Si —
structure after annealing at 1000°C (5).

The physical mechanism responsible for the formation of the phases in metal/silicon structures
have not been yet identified. The simplest way to explain the phase formation is to assume that all the
phases which have the fastest growth rate always dominate. But this interpretation can easily be
eliminated. For example, in ref. [15] it has been shown that in case of Pt/Si-structure, PtSi and Pt2Si
should be present at the same time since their growth rate is almost the same. Moreover, the
appearance of the second phase after a well defined time, and decomposition experiments, are
evidence against the concept of the formation of all the phases at the same time.

Several attempts have been reported in the literature to find correlation between the appearance
of the phases and the thermodynamic properties of compound; generally, the stability have been used
and the values have been inferred from phase diagram. According to this criterion, the same sequences
should always be observed. There are several experimental observations, which indicate that stability
arguments cannot explain the phase formation. An analysis of the data reported in the ref. [16] reveals
that two different compounds, PtSi and Pt^Sis, are formed at almost the same temperature and in the
same system. Moreover, according to the phase diagram, Pt^Sis should never form in place of PtSi,
since the former is less stable than the latter. Another experiment yielding results against the stability
concept is described in the ref. [15]. The metal-silicon compound grows in one case and shrinks in the
other, although the two adjacent phases are the same in both cases. Again, according to stability
arguments, CoSi should never disappear since it is much more stable than C02SL
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To explain the sequence in compound formation, Ottaviani [17] have proposed an automistic
model which assumes that the selective growth of a phase is mainly initiated by an interface
composition that is governed in turn by the flux of the various elements to the interface. The model
can account for the experimental results. For example (see ref. [17]), the growth of PtSi-forms are
known: PfySi, Pt2Si, PtsSi2, PtnSis, PtySis, Pt2Si5 Pt6Sis. Pt Si2 occur because the interface change
composition and the change is due to the disappearance of free metal. In the presence of platinum,
Pt2Si continues to grow since platinum is supplied to the Si-Pt interface. Once the platinum has been
consumed, the flux of platinum is suppressed and new phase can grow. How the flux of platinum is
suppressed, or decreased, is not important. The same model can also be applied when the silicon is
consumed and, in the presence of an excess of platinum, metal-rich phases can grow. In bulk examples
the thickening of the growing phase reduces the flux of materials. After a critical length the
composition at the interface changes and a new phase can grow with a new phase present, the
diffusion coefficient can change and can produce a shrinkage of some phases and increase for other.

During the growth of the silicide either the silicon or the metal can move. Generally, there is a
predominance of one species, either the metal or the silicon, and the relative contribution is a function
of the temperature. At high temperatures for refractory metals the silicon is main moving specie [17].
The only exemption is in the case of rare earth metals where the silicon is main moving specie at low
temperatures. That's why for molybdenum-silicon system, observed processes may be presented as
shown in Fig.4. Additional diffusion barrier in this case represents the native Si2O2-layer on the
silicon surface which rises the beginning of the silicide formation.

Mo

SiO,

Si

MoSi2

SiO2

Si

Temperature and/or time

Fig. 4. Scheme of the silicide formation in unimplanted (a) and implanted with impurities in the middle
of Mo-films (b) and Mo/Si — interface (c).

The experiments with impurities can be explained by the same model. In fact, when the metal is
the main moving species its diffusion is decreased and silicon-rich phase can grow. If silicon is main
moving specie, the new phase will be metal-rich. On the other hand, an annealing on thin molybdenum
films, where one can obtain a designed uniform distribution profile of the implanted silicon, does not
lead to formation of metal-rich phase Mo5-Si3. It remains to suppose that such impurities as nitrogen,
oxygen or carbon take part in forming the Mo5Si3-phase stabilizing its structure. It is possible that this
phase does not exist without a presence of the impurities. Therefore the formation of the MosSi3-phase
can be expected in a wide enough concentration region. That's why this phase is formed both in Si-
implanted molybdenum and in Mo/Si-structures at annealing. At this time one can't ignore the
suppressing of the mutual diffusion of metal and silicon due to the presence the impurities.
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