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Observation of a New Kinetics to Form Ni3Si, and Nijz;Si;,
Silicides at Low Temperature (200°C)
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The effect of prolonged annealing (10 h) at low temperature (200°C) has been studied in 20-nm Ni/Si(100) samples using
Rutherford backscattering spectroscopy, X-ray diffraction, and four-point probe techniques. We observed that at 200°C a consid-
erable amount of Ni3Si, and Niz;Sij, was formed. After 10 h annealing at 200°C only a fraction of total amount of Ni has been
converted into Ni;Si, and Nis;Si;, phases and around 60% of nickel remains unreacted. Formation of the Ni;Si, and Nij;Sij,
silicides at 200°C is slow and seems to saturate after approximately 140 X 10'° atoms/cm?. It is observed that after 2 h annealing
the amount of both silicides is almost equal to that after 10 h annealing. After 10 h annealing at 300°C there is no indication of
either Ni5Si, or Ni;;Sij,, and all Ni was consumed and only the stable NiSi phase is detected.
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NiSi is an attractive material to replace CoSi, for future use in
complementary metal-oxide semiconductor (CMOS) circuits for ul-
tralarge scale integration (ULSI) because of the linewidth indepen-
dence of its sheet resistance, its low resistivity, its comparatively
low Si consumption,l’2 and the absence of a bridging problem.”

The Ni-Si phase4 diagram is much more complex than that of
Co-Si or Ti-Si ones. While only three phases are stable at room
temperature in the Co-Si system (Co,Si, CoSi, and CoSi,), one has
up to eleven phases in the Ni—Si diagram, six of which being stable
at room temperature (Ni3Si, Nis;Sijs, NipSi, NisSi,, NiSi, and
NiSi,). This considerably increases the complexity of the phase for-
mation sequence and its possible dependence on processing param-
eters and substrate variations (dopant type, concentration, cleaning
conditions, and substrate type).

A thin NiSi film is typically formed by the solid-state reaction
of a thin Ni film and Si substrate and the reaction follows the’
sequence of Ni/Si — Ni,Si (at 250°C) — NiSi (at 350-750°C)
— NiSi, (above 750°C). While the formation of NiSi at tempera-
tures of 300°C or above and the transformation of NiSi to NiSi,
at 700-750°C has been well documented, the transition sequence
between different metal-rich phases in the low-temperature regime
(<300°C) is not fully understood, as highlighted by reports of con-
tradictory results in the literature. For example, it is reported in Ref.
6 that some epitaxial NiSi, forms early in the phase sequence and is
consumed by Ni,Si or NiSi. However in Ref. 7, Lavoie et al. also
tried to detect the epitaxial NiSi, formed early in the phase sequence
but failed to do so.

Apart from the basic material science and reaction-kinetics-
related interest, such low-temperature phases may be of technologi-
cal interest, because a two-step silicidation process, i.e., Ni-rich
phase formation at low temperatures, followed by selective etching
of unreacted Ni and subsequent NiSi formation using higher tem-
perature rapid thermal processing (RTP), may be important for NiSi
film formation in ultrasmall/narrow structures to avoid excess
silicidation.®

In this paper, it is reported for the first time that at 200°C, Ni;Si,
and Nis;Sij, phases indeed grow without any special thin-film depo-
sition arrangement (the authors of Ref. 9 found the Ni;Si, phase, but
they deposited Si and Ni in the stochiometric quantities). The for-
mation of Ni3Si, from the reaction of Ni,Si with NiSi has been
investigated by Gas et al’ They reported that Ni;Si, formation oc-
curs at 470°C, and before reaching this temperature they detected
only Ni,Si and NiSi phases. The authors argued that Ni3Si, forma-
tion is solely nucleation controlled.
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Experimental

The Ni films with thickness of 20 nm were deposited by sputter-
ing of pure Ni targets on (100) n-type Si phosphorus-doped (~2
X 10" cm™3) wafers. The wafers were cleaned using standard RCA
cleaning procedures10 by dilute HF. A number of chips diced from
these wafers were then subjected to furnace annealing in N, ambient
for silicidation at 200 and 300°C temperatures and different time
intervals varying from 1 to 10 h. Rutherford backscattering (RBS)
measurements were carried out at the 3.5 MV Singletron accelerator
at the Centre for Ion Beam Applications at the National University
of Singapore to determine the silicides layer thickness, elemental
distributions, and interface roughness. A 2 MeV He" beam of typi-
cally 20 nA beam current and 1 mm? spot size was used. RBS spec-
tra were recorded with 50-mm? passivated implanted planar silicon
(PIPS) detectors of 15 keV energy resolution at 130° scattering
angle in IBM geometry. The sample was tilted to 32° to achieve a
glancing angle geometry in order to improve depth resolution. The
RBS spectra were analyzed using the simulation code RUMP." To
support phase identification from RBS analysis, X-ray diffraction
(XRD) analysis was also carried out with Cu Ka radiation (average
wavelength 1.5418 A) in the 0-20 geometry, and four-point probe
(model 220, Keithley Instruments, Inc., U.S.A.) was employed for
sheet resistance measurements.

Results

Figure 1 shows RBS spectra from 20-nm Ni/Si(100) thin films,
as deposited and after 2 and 10 h furnace annealing at 200°C in N,
ambient. For comparison, a spectrum of 20-nm Ni/Si(100) at 300°C
after 10 h annealing is also shown. As shown in Fig. 1b-d, the sili-
cide formation results in a step in the Si signal as well as a widening
and lowering of the Ni signal. As the scattering cross section of
Ni is higher than that of Si, it is more convenient to see silicide
reaction evolution from the Ni edge instead of the Si edge. The RBS
simulation is consistent with the formation of Ni;Si, + Ni3;Sij,
phases for all samples annealed at 200°C. From the Ni to Si ratios
in the silicide layer, it is estimated that after 2 h annealing Ni;;Si,
is 85% and Ni3Si, is 15%, and after 10 h annealing Ni3;Si, is 80%
and Ni;Si, 20%. Therefore, though the dominant phase is Niz;Sij,,
a significant amount of Ni3Si, is always present. From the width
of the Ni peak it is observed that with increasing annealing
time only a minor increase in the silicide thickness occurs, i.e., after
the formation of a certain amount of NisSi, + Ni3;Sij, (140
X 10" atoms/cm?), the reaction virtually stops.

The RBS spectra indicate that a phase change does not happen
over the entire 10 h of annealing. As seen from the spectra of all
200°C-annealed samples, a substantial quantity of Ni retains on the
surface, implying that not all Ni converts to silicides. The amounts
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Figure 1. The 2-MeV 4He* RBS spectra of the 20-nm Ni/Si(100) films (a)
as deposited and annealed at 200°C for (b) 2 h, (c) 10 h, and (d) annealed at
300°C for 10 h.

of Ni, Ni3;Sij,, and Ni;Si, after various annealing time periods are
displayed in Fig. 2. For comparison, after 10 h annealing at 300°C,
the RBS simulation is consistent with a complete phase transforma-
tion leading to the stable NiSi phase (330 X 10'> atoms/cm?). Due
to the stable NiSi phase extending from the surface to the interface
between Si and silicide, Si is at the surface, as seen in Fig. 1d.
The results of the XRD measurements are shown in Fig. 3a.
Various Ni;Si, and Nis;Sij, peaks were detected and there is no
appreciable change of the silicide peak intensities from 2 to 10 h
annealing time. The ratios of the area of the Ni3Si, XRD peak to the
Niz;Sij, XRD peak increases from the 2—10 h samples by 4.6%.
This implies that after 7 and 10 h annealing the amount of Ni;Si, is
increased a little, which is perfectly consistent with RBS analysis.
Figure 3b is the XRD spectrum for the 20-nm Ni/Si(100) sample
annealed after 10 h at 300°C. As shown, no Ni;Si, and Niz;Sij,
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Figure 2. Growth of Ni;Si, + Ni3;Si;, silicides with increasing annealing
time at 200°C (lines are drawn to guide the eye).
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Figure 3. (a) XRD spectra of 20-nm Ni/Si(100) samples annealed for (a) 2,
5,7, and 10 h at 200°C and (b) for 10 h at 300°C.

peaks are present; only NiSi peaks emerge. Clearly, the formation of
Ni;Si, and Ni3;Sij, phases during the heating ramp is consumed and
formed NiSi at 300°C.

Sheet resistance measurements were also carried out for all
samples. Figure 4 shows the sheet resistance of the various samples
as a function of annealing time at 200°C. After 1, 2, 5, 7, and 10 h
annealing at 200°C, sheet resistances are almost constant, indicating
only slight decreases, which suggests that there is no phase change
happened during 1-10 h annealing. The sheet resistance at 300°C
after 10 h annealing shows a drastic lower value, confirming that
stable NiSi phase formation indeed occurs.

Discussion

It was reported that'? nickel films deposited on silicon form an
intermediate layer of Ni,Si at temperatures above 200°C with no
indication of the presence of the other equilibrium phases (Ni;Si,
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Figure 4. Sheet resistance of 20-nm Ni/Si(100) thin films as a function of
annealing time at fixed annealing temperature of 200°C. Sheet resistance of
one thin film of 20-nm Ni/Si(100) annealed at 300°C for 10 h is also shown.
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Ni;Si,, Ni3;Sijp, NiSi, or NiSi,) as long as both unreacted nickel
and silicon are available. According to available theories'” of mul-
tiphase diffusion-controlled layer growth, all equilibrium phases
should be present. Various reasons have been given regarding why
not all of them are observed in thin-film diffusion couples. It is
argued that either all equilibrium phases are in fact present but some
of them cannot be observed because of limited'? experimental reso-
lution, or that some of the phases could not nucleate'* but would
grow if they could overcome a nucleation barrier. It has also been
claimed that the formation of the missing compound phases are
thermodynamically impossible at the generally lower diffusion'
temperatures in thin-film compared to bulk diffusion couples.

The formation of Ni-rich Ni3;Sij,,Ni3Si, phases at low tempera-
tures may be explained by the consideration of bond energies of
NiNi and SiSi. The bond energy of Ni in the gaseous diatomic
species NiNi is 203.26 = 0.96 kJ mol~'. The bond energy in the
gaseous diatomic species SiSi is 326.8 + 10.0 kJ mol~!. These rep-
resent the strength of the chemical'® bonds for NiNi and SiSi. As the
removal of silicon atoms from their lattice sites is most difficult
when the bonding is purely covalent (i.e., in pure silicon) and easiest
when the bonding is metallic (metallic nickel), for all low-
temperature silicides formation should be favorable to grow Ni-
enriched silicides.

From Fig. 2 it may be concluded that in the present case Ni;Si,
grows via diffusion rather than nucleation. From the phase sequence
of the nickel silicides, Ni,Si should grow before Ni3Si, but no Ni,Si
phase is detected. This does not completely rule out the coexistence
of the Ni,Si phase with the other two detected phases, because XRD
detection only probes a very small portion of the possible grain
orientations and the diffraction geometry may not allow detecting
small amounts of Ni,Si.

Another interesting point is that it may be possible that Ni;Si,
grows epitaxially on the Si substrate. The cubic structure of Si is
a =543 A, and Ni;Si, has an orthorhombic crystal structure with
a=12229 A, b=10.805 A, and ¢ = 6.924 A. The in-plane axis
lattice parameter of Ni;Si, is just double the corresponding param-
eter of Si; therefore, Ni3Si, may grow epitaxially. The Ni,Si lattice
parameters17 are a=>5 A, b =373 A, and ¢=7.04 A, and no
matches with Si are possible. Therefore it is not a surprise to detect
Ni;3Si, but no Ni,Si at this low temperature.

In our study, after formation of a certain amount of silicides
(~140 X 10" atoms/cm?) the quantities of both Ni;Si, and
Ni3;Sij, silicides increase very little with increasing annealing time.
The three well-known growth mechanisms would predict the follow-
ing: for nucleation growth the whole film reacts within small a tem-
perature range and time; for reaction-limited growth the thickness of
silicide is proportional to annealing time; and for diffusion-limited
growth the thickness is proportional to annealing time!/?. Therefore,
the above three well-known growth mechanisms cannot explain the

Ni3Si, + Ni3;Sij, growth mechanism at the low temperature of
200°C. To understand the exact mechanism of the Ni;Si, formation
and the saturated nature of reaction kinetics in 20-nm Ni/Si(100)
thin-film systems at 200°C, additional studies are needed.

Our detection of silicide phases in 20-nm Ni/Si(100) at 200°C is
partially consistent with previous studies, as Nis;Sij, growth7 is ob-
served at 160°C but Ni3Si, growth occurs through nucleation’ at the
temperature of 470°C.

Conclusion

In conclusion, upon annealing 20-nm Ni/Si(100) thin films at
200°C for various time periods, ranging from 1 to 10 h, Ni;Si, and
Niz;Sij, growth are observed. The amount of the silicide growth
does not increase considerably with increasing annealing time pe-
riod. Formation of silicides at 200°C has been compared with that at
300°C, and at 300°C after 10 h annealing only stable NiSi phase is
detected.

The National University of Singapore assisted in meeting the publication
costs of this article.
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