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■ Abstract Three methods have recently been developed to enhance the formation
of the low-resistivity C54 phase of TiSi2, the most widely used silicide contact in ultra-
large-scale integration devices. These methods are (a) ion implantation of a transition
metal into the Si before Ti deposition; (b) deposition of a thin transition metal interlayer
between the Si and Ti; and (c) codeposition of Ti alloyed with a transition metal. Each of
these methods decreases the C49-to-C54 transformation temperature by>100◦C and
improves the probability of phase formation in narrow lines by increasing the nucleation
site density. In this paper, we identify the aspects of phase formation that are shared
by these three methods, review the methodology by which they were developed, and
summarize the applications to silicon devices. Mechanisms that are responsible for the
enhanced formation of C54 TiSi2 are reviewed, based on a combination of temperature-
controlled in situ measurements of resistance, X-ray diffraction, and optical scattering,
coupled with ex situ studies of phase formation and morphology. The main mechanisms
are identified as enhanced nucleation of the C54 phase by a reduction of grain size
in the C49 phase and the creation of crystallographic templates of the C40 disilicide
phase and the metal-rich Ti5Si3 phase.

INTRODUCTION

Titanium disilicide (TiSi2) is the most widely used silicide for making low-
resistivity contacts to silicon in ultra large-scale integration (ULSI) devices. One
of its advantages is the ability to form the silicide selectively on exposed silicon
surfaces, allowing the use of the self-aligned silicide (salicide) process (1). The pro-
cess sequence is outlined in Figure 1, which shows a schematic cross section of a
complementary metal-oxide-semiconductor (CMOS) transistor. After the exposed
silicon surfaces are cleaned, a blanket thin film of Ti is deposited, usually by sput-
tering. Next, an annealing treatment at>500◦C in nitrogen is applied to react the Ti
with the exposed Si and form the precursor phase C49 TiSi2, which has a relatively
high resistivity (50–75µ�-cm). A surface layer of TiN forms simultaneously.

0084-6600/00/0801-0523$14.00 523



P1: VEN/FOO P2: FQR/FOO QC: FKF/ANZ T1: FKF

June 9, 2000 14:17 Annual Reviews AR101-17

524 HARPER ¥ CABRAL ¥ LAVOIE

Figure 1 Cross-section schematic diagram of a CMOS transistor showing the salicide
process sequence.

Areas of Ti and TiN that did not react with Si are removed with a selective
chemical etch, followed by a second heat treatment at>700◦C to transform the
C49 TiSi2 phase into the desired low-resistivity C54 TiSi2 phase (15–20µ�-cm).
The success of this process depends on obtaining the C49-to-C54 transformation
everywhere across a patterned silicon wafer, in features ranging in size down to
short, isolated lengths with the minimum line width. A 200-mm-diameter silicon
wafer processed with 0.25-µm line width CMOS technology has many millions
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of transistors per square centimeter, with the wafer diameter expected to increase
to 300 mm in the near future along with continued reduction in line width. These
trends are recognized by the Semiconductor Industry Association [SIA (2)], which
identifies “junction scaling with low resistance contacts” as one of the difficult
challenges facing the industry during the next 5 years. The SIA states that “pro-
ducing highly doped and fully activated shallow junctions contacted with low sheet
resistance materials will challenge the silicide process and the allowable thermal
budget” (2).

The ability to manufacture TiSi2 contacts was not well developed until the
existence of the C49 phase as a precursor to the formation of C54 TiSi2 was rec-
ognized in the mid-1980s (3, 4). However, as CMOS technology evolved through
the late 1980s and early 1990s to line widths of<0.5µm, it was found that the
C49-to-C54 transformation did not reliably occur in the smallest features, leading
to a narrow line effect in which bimodal resistance distributions were encoun-
tered with decreasing line width. A bimodal resistance distribution is caused by
having both lines with low-resistivity C54 TiSi2 and lines with high-resistivity
C49 TiSi2 present in the same sample of tested lines. Figure 2 is a schematic di-
agram showing both C54 and C49 grains on poly-Si and single-crystal Si (x-Si)
contact regions of a CMOS transistor. If a large fraction of C49 grains is present
in the silicide capping a poly-Si line, that line will not have as low a resistance as a
line capped entirely with C54 grains. Because circuit designs must allow for signal
propagation along the slowest paths, the presence of the high-resistivity C49 phase
can limit the performance of the entire chip (5). Lasky et al (6) identified the
problem as an inadequate density of nucleation sites in small features, and they
estimated the site density to be<0.05 sites/µm2. Underlying this poor nucleation

Figure 2 Schematic diagram of the silicide contacts on a CMOS transistor showing regions
containing C54 and C49 TiSi2 grains.
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density is the small free-energy difference between the C49 and C54 TiSi2 phases,
estimated to be∼50 meV/atom (7). Also, this transformation has been found to
have a high activation energy,>4 eV, depending on the dopants and crystallinity
of the Si (8). Several methods for influencing the transformation were identified,
including rapid thermal annealing (9, 9a), addition of Sb to codeposited TiSi2 (10),
addition of Sn to Ti (11), and preamorphization of Si by ion implantation of Xe (12)
or As (13). However, each method had limitations. Also, other efforts to enhance
the formation of C54 TiSi2 by ion bombardment were unsuccessful and often
caused a delay in C54 formation to higher temperatures (14).

In the early 1990s, the beneficial effect on C54 formation of ion-implanting
molybdenum into Si before Ti deposition was discovered by an IBM research
and development team (15, 15a), prompting a thorough examination of the ef-
fects of transition metal additives on the C49-to-C54 transformation. From this
study, three methods were developed for enhancing the C49-C54 transformation
in narrow lines, each involving the addition of transition metals at low concentra-
tions: (a) ion implantation of a transition metal into the Si before Ti deposition,
(b) deposition of a thin transition metal interlayer between the Si and the Ti, and
(c) codeposition of Ti alloyed with a transition metal. The three methods have in
common an increased density of nucleation sites for the transformation, and, in
several cases, evidence has been found for a template effect caused by the formation
of silicide phases with crystallographic similarities to the desired C54 TiSi2 phase.
To evaluate the large number of choices for an additive element, it was necessary to
develop methods to rapidly gather information from a wide range of compositions,
heat treatments, substrate types (single-crystal or polycrystalline Si), dopant types
(B, P, or As), dopant concentrations, and line widths. In this review, we describe
the experimental methods for evaluating this large range of samples, summarize
the findings for the three methods of enhancing C54 formation, and discuss the
mechanisms and implications for future control of thin-film silicide phases.

EXPERIMENTAL METHODS

Thin Film Deposition and Ion Implantation

Ion implantation of several transition metals into Si before Ti deposition was stud-
ied to determine the values of dose and energy that cause a substantial lowering
of the C49-to-C54 transformation temperature. Examples given by Mann et al
(15, 15a) include Mo and W implanted at 45 keV with doses in the range 1013–
1014 ions/cm2. In most cases, the Si was annealed before Ti deposition, simulating
a junction activation annealing. Promising results from this study stimulated a
broader survey of transition metals that involve evaporation and sputtering to
deposit an interlayer on the Si before Ti deposition.

Interlayer deposition was carried out initially with an electron beam evaporator
with a base pressure of∼10−5 Pa and deposition rates of typically 0.1 nm/s. The
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Si surface was precleaned with a dilute HF solution immediately before samples
were loaded into the evaporation chamber. Samples of single-crystal Si(100) were
used with various dopants, together with samples on which poly-Si was deposited
on 300 nm of SiO2 to electrically isolate the silicide from the Si(100) substrate.
Deposition of a transition metal interlayer of thickness 0.1–5 nm was immediately
followed by a Ti layer of thickness 20–60 nm. Promising choices were further
studied by using sputter deposition in a planar magnetron deposition system with
a base pressure of∼10−5 Pa, Ar sputtering gas pressure of typically 1.3 Pa, and
deposition rates of∼0.01 nm/s for the interlayer and 0.2 nm/s for the Ti. As it
became clear that the optimal interlayer thicknesses were only a few monolayers
(16–18), a parallel study was undertaken to deposit alloys of Ti with transition
metals by using both coevaporation and cosputtering.

Alloy deposition by cosputtering was performed in an ultra-high vacuum (UHV)
system with a base pressure of∼10−7 Pa, dual 7.5-cm-diameter dc planar mag-
netron sources, Ar sputtering gas pressure of 0.53 Pa, and deposition rates of
0.001–0.025 nm/s for the alloying element and 0.15 nm/s for the Ti (19). The abil-
ity to deposit a wide range of alloy compositions onto samples rapidly introduced
through a multiwafer loadlock proved to be essential in gaining a broad under-
standing of the dependence of the C49-to-C54 transformation on the choice of the
additive metal and on the alloy composition. For most alloys, substrates of both
single-crystal Si(100) and poly-Si with various dopants were used, together with
sets of patterned narrow-line samples, which are described below. This approach
enabled large numbers of samples to be processed and evaluated by the rapid an-
alytical methods described below. The combination of rapid synthesis and rapid
turnaround analysis enabled a rate of progress that would have been unattainable
with traditional experimental methods and schedules.

Fabrication of Patterned Samples

Samples with a range of line widths and line lengths were fabricated to study the
dependence of the C49-to-C54 transformation on both line width and area. Both
single-crystal Si(100) and poly-Si samples were prepared, as shown in Figure 3.
The single-crystal Si samples (Figure 3a) were prepared by patterning lines of
SiO2, then adding SiO2 sidewalls to control the width of the exposed surface of
Si(100), thereby defining the width of the Si for reaction with the deposited metal.
These samples resembled the source and drain contact regions of a CMOS transis-
tor. The poly-Si samples (Figure 3b) were prepared by using the same sequence as
a gate conductor process for a CMOS transistor; however, for these experiments,
no silicon device structures were needed below the poly-Si lines. The exposed
top surface of the poly-Si lines provided an Si surface for reaction with the metal
films that were deposited as a blanket coating. Lines ranging in width from 0.1
to 2.0µm were prepared, using X-ray lithography at the IBM Advanced Lithog-
raphy Facility, and line lengths were defined by cutting the narrow lines with a
set of orthogonal lines patterned by optical lithography. This hybrid lithographic
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Figure 3 Samples used to study silicide formation on isolated narrow-line regions of
(a) Si(100) and (b) poly-Si.

approach provided rectangular arrays of several-millimeter dimensions with spec-
ified line widths and areas, with each array large enough for analysis by X-ray and
optical-scattering measurements to monitor the evolution of the silicide phases.
Typically, the patterned line samples underwent the first annealing treatment to
form C49 TiSi2, followed by selective chemical etching to define the narrow lines
and to remove excess metal. The subsequent evolution of phases was then moni-
tored on each array as needed to determine the dependence on line width and area.
With blanket samples, the entire phase formation sequence could be followed
beginning at room temperature.

Temperature-Ramped and Isothermal In Situ Analysis

Temperature-ramped sheet resistance measurements were carried out by a four-
point probe method during annealing at rates of 0.17–3.0◦C/s from 20◦C to 900◦C
in purified He or in N2. X-ray measurements of crystal structures at room tempera-
ture were made using the Bragg-Brentano configuration with CuKα radiation (λ =
0.15405 nm). Temperature-ramped measurements were made using synchrotron
X-ray radiation (20) on the IBM/MIT beamline X20C at the National Synchrotron
Light Source, Brookhaven National Laboratory, which is shown schematically in
Figure 4. In this system, the X-ray wavelengthλ is 0.1797 nm, photon flux is
0.3× 1013–1.0× 1013 photons/s, and measurements of scattered X-ray intensi-
ties are obtained by using a linear detector that covers a 2θ angular range of 10◦.
The linear detector contained 1024 diodes in the 10◦ angular range, from which
the signals were collected in groups of 8, giving 128 data points per measurement.
Each of these measurements was made several times per second for a total of 600
measurements during temperature ramping or isothermal studies, providing an al-
most continuous record of the evolving crystal phases. The sample temperature
was calibrated by using the eutectic melting temperatures of Al-Si, Au-Si, and
Ag-Si. In addition to sheet resistance and X-ray scattering, simultaneous measure-
ment of optical diffuse scattering was made to detect changes in surface roughness
or optical constants. This measurement provided additional sensitivity to small
changes in sample properties. An He-Ne laser beam was focused on the sample
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Figure 4 Schematic diagram of the synchrotron X-ray analysis system at the National
Synchrotron Light Source, beamline X20C.

area, and the scattered intensity was measured at two nonspecular angles to provide
information on surface roughness at two spatial wavelengths, 0.5 and 5.0µm.

Microstructure and Composition Measurements

A significant finding early in our study of silicide phase formation was that the
crystallographic texture of the reacted silicides has a strong dependence on film
thickness and on the dimensions of patterned lines. Rather than being randomly
oriented, the silicide grains often have a strong fiber texture, in which one crystal
axis is strongly aligned perpendicular to the sample surface. Additionally, in narrow
lines, silicide grains may also have a strong in plane alignment relative to the
narrow-line dimensions. To quantify these effects, X-ray pole figure measurements
were made with a Schultz geometry in which the sample is rotated and tilted
through a range of orientations while the intensity of a chosen X-ray diffraction
peak is measured. The result is a map of the scattering intensity of this set of lattice
planes relative to the sample orientation. Both a rotating anode CuKα source and
the synchrotron X-ray source at the National Synchrotron Light Source were used
to obtain texture information. Beamline X20A was also used with an NaI detector,
and some texture measurements were made using a charge-coupled device area
detector, enabling simultaneous observation of the evolution of several texture
components.

The crystal phases present in annealed samples could be identified by X-ray
diffraction, but additional microscopic studies were required to determine the phys-
ical relationship and morphology of these phases. Transmission electron micro-
scopy (TEM) was used in bright-field, convergent-beam, and selected area diffrac-
tion modes, with a Philips CM-30 SuperTwin TEM (21). Phase identification was
confirmed by both standard X-ray diffraction patterns (22) and electron diffraction
simulations (23). The propagation speed of the C49-to-C54 transformation front
was also measured in several blanket and patterned samples, using a temperature-
controlled heating stage in a JEOL 4000-FX TEM (24). The compositions
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of films containing interlayers and alloy elements were measured by Rutherford
backscattering spectroscopy, and local compositional variations were determined
using energy dispersive X-ray spectroscopy on a Philips CM-20 field emission
TEM/STEM (21).

RESULTS

Ion Implantation into Silicon before Titanium Deposition

A reduction of the C54 TiSi2 formation temperature by 100–150◦C was obtained by
implanting Mo into poly-Si before Ti deposition and using a dose of 1× 1013 ions/
cm2 at 45 keV and a Ti thickness of 25–55 nm (15, 15a). The sheet resistance as a
function of temperature is shown in Figure 5 for blanket samples with and without
the Mo implant, heated at 0.25◦C/s. Without the Mo implant, a resistance plateau
is clearly visible in the temperature range 700–780◦C, which has been shown to
be characteristic of the C49 TiSi2 phase (1). The transformation to C54 TiSi2 is
signaled by the resistance decrease at 780◦C. With the Mo implant, there is no
distinct plateau, and the low resistance indicates that C54 TiSi2 has formed at a
lower temperature than without the implant. X-ray diffraction measurements on
samples quenched from 700◦C confirmed that the Mo implant enables the forma-
tion of the C54 phase at 700◦C, whereas at this temperature, the sample without
the Mo implant is still in the C49 phase.

Figure 5 In situ sheet resistance versus temperature for Ti/Si samples with and without
Mo implanted into the Si (15, 15a).
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The improvement in C54 formation observed in blanket samples was also
demonstrated in patterned samples of n+ poly-Si with 0.4-µm line widths (15, 15a)
by measuring the sheet resistance of the lines with and without Mo implants, after
a 650◦C, 30-min annealing. The implanted samples had a uniformly low sheet
resistance that is characteristic of the C54 phase, whereas the unimplanted sam-
ples had a wide distribution of sheet resistances even after an additional annealing
at 825◦C, indicating incomplete transformation to the C54 phase. These results
were obtained by annealing the implanted Si before Ti deposition at 900◦C in N2,
simulating a junction activation annealing. This step differentiates this approach
from implanting to preamorphize the Si (25, 25a, 25b) and from ion mixing of an
existing Ti/Si interface (26). TEM measurements of the C54 grain size indicated
a>100-fold increase in the C54 nucleation density for the Mo-implanted samples
compared with unimplanted samples (15, 15a). Similar results were obtained on
p+-doped poly-Si lines, and some enhancement of C54 formation was obtained
with W implantation. The enhancement of C54 formation by Mo ion implantation
has been confirmed by other researchers, in some cases with a preamorphization
implant of As or Ge (25, 25a, 25b).

Interlayer Deposition between Silicon and Titanium

After the demonstration of C54 enhancement by Mo and W ion implantation, the
deposition of a thin interlayer of Mo or W between Si and Ti was soon shown to
provide a similar enhancement of C54 formation (16, 18). An example is given in
Figure 6, which shows the sheet resistance of 32-nm-thick sputtered Ti on poly-Si
vs temperature for samples with and without a Mo interlayer<3 nm thick (18).
As for Ti on Mo-implanted Si (Figure 5), the transformation to low-resistivity
C54 TiSi2 occurs at a temperature∼100◦C lower with the Mo interlayer, com-
pared with pure Ti/Si. In addition, the formation of the C49 TiSi2 phase is shifted
30◦C–50◦C higher when an Mo interfacial layer is used. The flexibility of thin-
layer deposition by evaporation or sputtering enabled a rapid survey of candidate
interlayer elements for the enhancement of C54 formation. Cabral et al (18) demon-
strated that a Mo interlayer<3 nm thick decreased the C54 formation temperature
by∼100◦C and also enabled the transformation to occur in patterned poly-Si lines
with line widths of 0.25–1.0µm after a rapid thermal annealing to 700◦C for 30 s
in N2, for which pure Ti/Si samples remained in the C49 phase (27). However, it
was found that the optimal interlayer thickness for C54 enhancement with various
metals was typically in the range of several monolayers (18). This result has been
confirmed for Mo by several other researchers, both with (28) and without (16, 29)
preimplantation. The atom spacing in the (003) planes of the C40 (Ti-Mo)Si2
structure was noted as being close to the spacing in the (040) planes of the C54 TiSi2
structure (<3% mismatch), suggesting a crystallographic template mechanism that
enhances C54 formation (16). Ta was also found to behave in a similar manner to
Mo (16), and the lattice spacing for C40 TaSi2 is a close match to C54 TiSi2 (<0.3%
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Figure 6 In situ sheet resistance versus temperature for 32-nm-thick Ti on poly-Si with
and without a Mo interlayer (18).

mismatch) (17). In a microstructural study of the Ti/Mo/Si interlayer system by
Quintero et al (30), the metal-rich silicide Ti5Si3 was observed to form at temper-
atures lower than the C54 TiSi2 phase, prompting the additional suggestion of a
template relationship between the (300) planes of the Ti5Si3 structure and the (040)
planes of the C54 TiSi2 structure and/or the (003) planes of the C40 structure (30).

Titanium Alloy Deposition onto Silicon

The reduction of the C54 transformation temperature with codeposited Ti alloys
was first demonstrated by Cabral et al (19) for the alloying elements Mo, Ta, and Nb.
As with the methods of ion implantation and interlayer deposition, decreases in the
transformation temperature by>100◦C were obtained by using compositions of
1–20 at% alloying element codeposited with Ti. An example of the sheet resistance
vs temperature for Ti(Ta) alloys reacted with poly-Si is shown in Figure 7 (19),
and the in situ X-ray diffraction analysis obtained during temperature ramping
for these compositions is shown in Figure 8 (19), which identifies the positions
of several diffraction peaks. The decrease in C54 formation temperature with
increasing alloying element concentration was found to be quite similar for Ta and
Nb, as shown in Figure 9. However, the resistivity as a function of concentration
for Mo differed from the behavior of Ta and Nb, as shown in Figure 10. The
C54 formation behavior in narrow patterned lines was examined for Ti(Ta) alloys



P1: VEN/FOO P2: FQR/FOO QC: FKF/ANZ T1: FKF

June 9, 2000 14:17 Annual Reviews AR101-17

C54 TITANIUM SILICIDE 533

Figure 7 In situ sheet resistance versus temperature for Ti(Ta) alloys on poly-Si with
concentrations of 0, 3.3, and 5.9 at% Ta (19).

with both Si(100) and poly-Si substrates. An example is shown in Figure 11 for
pure Ti and for Ti(Ta) on patterned line widths ranging from 0.13 to 0.56µm in
addition to blanket samples (19). The Ti(Ta) alloy consistently forms C54 TiSi2 at
temperatures that are∼100◦C lower than those required with pure Ti, even at line
widths approaching 0.1µm.

Because X-ray diffraction reveals the presence of crystalline phases, but does
not indicate their physical relationship, TEM studies of microstructures and local
compositions have been essential in obtaining direct evidence for the interactions
between the precursor phases (C49, C40, and metal-rich silicides) and the final C54
phase. Quintero et al (21) have examined the reaction of Ti (5.9 at% Ta) with silicon
and found the sequence of phase evolution to be quite subtle. A Ti(Ta) thickness of
32 nm was deposited on Si(100) and annealed at 3◦C/s in N2, with multiple samples
quenched from various temperatures to examine the phase formation sequence. The
appropriate quench temperatures were determined from prior temperature-ramped
X-ray and resistivity measurements. It was found that a multilayer microstructure
forms below 600◦C with an amorphous disilicide layer appearing between the
Si substrate and a Ti5Si3 capping layer. At higher temperatures, the amorphous
layer crystallizes into the C49 TiSi2 phase, which transforms at another higher
temperature to C54 TiSi2. In some regions, the Ti5Si3 phase is found adjacent
to the C54 TiSi2 phase, suggesting that a template mechanism may be operating
between the overlayer of Ti5Si3 and the underlayer of C49 TiSi2, assisting its
transformation to C54. Eventually, the Ti5Si3 layer is consumed by the formation
of additional disilicide. A C40 disilicide phase was also observed at temperatures
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Figure 8 In situ X-ray diffraction patterns versus temperature for (a) Ti, (b) Ti(3.3 at%
Ta), and (c) Ti(5.9 at% Ta) on poly-Si (19).
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Figure 9 C49-to-C54 TiSi2 transformation temperature versus at% Nb or Ta added to Ti
(19).

Figure 10 Resistivity versus at% Mo, Ta, or Nb in Ti reacted with Si. The resistivity
ranges for C49 and C54 TiSi2 are indicated (19).
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Figure 11 C54 TiSi2 formation temperature versus line width for (a) Si(100) lines with
Ti or Ti(5.5 at% Ta) and (b) poly-Si lines with Ti or Ti(5.2 at% Ta) (19).

above those required for C54 formation, presumably stabilized by the Ta content
(31). However, in this case the C40 did not serve as a template for C54, because
the C54 appears before the C40 phase.

DISCUSSION

When it was found that ion implantation of Mo into Si enhanced the formation of
C54 TiSi2, two mechanisms were immediately considered. The first mechanism is
the reduction of grain size in the C49 phase, leading to a higher density of grain
boundary triple points, which have been proposed as nucleation sites for the trans-
formation to the C54 phase (32, 32a). Ma et al (32, 32a) had previously examined
the grain structure of C49 TiSi2 and estimated that 10–15% of the grain boundary
triple points were providing nucleation sites for growth of the C54 phase. The
precise structure of the nucleation sites has not been determined in this material,
because the site density is very low and the nucleation regions are erased by the
transformation to C54. However, each of the enhancement methods described in
this review causes a pronounced reduction in grain size of the final C54 phase,
by∼100-fold, providing evidence for this mechanism. Further studies of the mi-
crostructure associated with the C49-to-C54 transformation have shown that a
nucleation site density of∼0.1/µm2 is quite typical. Gignac et al (24) observed
the grain sizes and nucleation site density by in situ TEM, whereas Privitera et al
(33) obtained the nucleation site density from electrical measurements of various-
size structures, and Quilici et al (34) determined the nucleation site density from
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Figure 12 Lattice planes and stacking sequence of C11b, C40, and C54 disilicides.

Raman studies of the C54 phase. Taken together, these measurements show that
the nucleation site density typically represents only a fraction of ∼10−4 of the
grain boundary triple point density, not as high as the fraction of 10−1 previously
reported (32). These low fractions suggest that nucleation sites must have very
speci c microstructural features to initiate the growth of C54 grains.

The second mechanism immediately considered is the known similarity in crys-
tal structures between the orthorhombic C54 TiSi2 phase and both the tetragonal
C11b and hexagonal C40 disilicide phases, depicted in Figure 12. Crystallites of
C11b or C40 phases could provide template sites on which the barrier to nucle-
ation of the C54 phase would be greatly reduced. Systematic measurements of
silicide crystal structures have shown that many disilicide phases consist of a lay-
ered hexagonal (or almost hexagonal) structure (31, 35—37).The tetragonal C11b
MoSi2 structure is a two-layer (abab...) stacking of almost hexagonal metal disili-
cide planes and is the high temperature phase of MoSi2 and WSi2. The hexagonal
C40 CrSi2 structure is a three-layer (abcabc...) stacking of hexagonal metal disili-
cide planes and is found in TaSi2, NbSi2, and the low-temperature phase of MoSi2
and WSi2. The orthorhombic C54 TiSi2 structure is a four-layer (abcdabcd...) stack-
ing of almost hexagonal metal disilicide planes, and the similarity of this structure
to C11b and C40 is much greater than to the orthorhombic C49 ZrSi2 phase, which
is a buckled structure. The phase diagrams of many metal alloy disilicides have
been determined, and it is well established that C54 TiSi2 that is alloyed with C40
metal disilicides such as WSi2 has a wide range of single-phase C40 compositions
and a small range of single-phase C54 compositions (31, 36). Two Ti(Mo)Si2 com-
positions with the C40 structure are also documented (22). The atom spacings in
the hexagonal layers of many metal alloy disilicide C40 phases are also close to
those in the (040) plane of C54 TiSi2, with a mismatch of only 0.3% for TaSi2,
for example (17). With this crystallographic information as background to these
studies, a careful search for evidence of template phases has been made with both
X-ray diffraction and TEM methods (16—19,21, 24, 25, 25a, 28, 29, 38).
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A significant challenge in identifying a template phase is that the template ma-
terial may exist only briefly in the sequence of phase formation, being eventually
consumed by the growth of the final phases. Clear identification therefore requires
either quenching many samples from a narrow temperature range for detailed room
temperature study or sensitive in situ phase identification methods that can provide
structure information during heat treatment. In these silicide systems, both meth-
ods were needed, using temperature-ramped X-ray measurements to reveal the
presence of phases and to narrow the range of compositions, heat treatments, and
other parameters before undertaking extensive microstructure studies. Detailed
TEM studies were essential in establishing direct evidence for template mecha-
nisms, such as grain-to-grain relationships in the intermediate temperature regions
of phase formation.

Based on X-ray diffraction measurements, the template role of C40 (Ti, Mo)Si2
in Ti/Mo/Si interlayer samples was described by Mouroux et al (16), and the
presence of the C40 phase was reported in Ti/Ta/Si interlayer samples (17) and
in alloy samples of Ti(Mo), Ti(Ta), and Ti(Nb) (19). Kittl et al (25, 25a) reported
TEM identification of MoSi2 in Mo-implanted samples, along with Ti5Si4, Mo5Si3,
and another phase related to Mo5Si3. Cheng et al (28) also reported the ternary
C40 (Ti, Mo)Si2 phase in Mo interlayer samples and used N2 ion implantation to
partially separate the effects of Mo-based templates and C49 grain size reduction.
Their results indicate that the presence of Mo is more important than grain size
reduction alone. Ohmi & Tung (29) also examined both Mo and amorphous MoSix
interlayers and favor grain size reduction as the main mechanism. Quintero et al
(21) reported both C40 and Ti5Si3 phases in Ti(Ta) alloy samples. Although there
have been suggestions that the C49 TiSi2 phase is bypassed in some of these mod-
ified Ti/Si systems (25, 25a), in situ temperature-ramped studies have consistently
shown evidence of C49 before C54 formation, although it may exist only in a nar-
row temperature range. One complicating factor is that the X-ray diffraction peaks
for C49(131), C40(111), and Ti5Si3(211) lie very close to each other for these Ti
alloys, and a clear separation of these phases needs additional diffraction peaks to
be confirmed.

Microstructure measurements with TEM have provided significant details on
the physical relationship of precursor phases and the C54 phase. In the study of
Ti(Ta) alloy reactions with Si by Quintero et al described above (21), there is
clear evidence for an amorphous disilicide layer adjacent to a layer of Ti5Si3, and
then the C49, C54, and C40 disilicides appear in specific physical relationships to
each other. This study strongly suggests a template relationship between the Ti5Si3
and C54 phases, which is supported by their small lattice mismatch and physical
proximity (21). Also, the role of solid-state amorphization in the initial metal-Si
mixing reaction needs further consideration (21, 39), because the subsequent evo-
lution of crystalline phases can be complex, with multiple phases reported in
close proximity in the Ti-Si system and other silicides (21, 39). Clearly, X-ray
diffraction alone cannot confirm direct grain-to-grain orientation relationships and
amorphous layer interactions, and more TEM examinations are needed to fully un-
derstand the template mechanisms in these closely related silicides.
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Additional measurements that have provided insight into the mechanisms for
C54 formation are the crystallographic texture distributions and in situ TEM ob-
servations of the moving C49-to-C54 transformation front. In the reaction of pure
Ti with Si, a trend from (311) to increased (040) texture has been observed with
decreasing film thickness and line width (40), presumably because of surface
energy minimization as the surface-to-volume ratio is increased. Also, in-plane
alignment of the C54 structure was found in very narrow patterned lines, with
the C54(004) direction aligned with the patterned line direction, suggesting an
anisotropic growth velocity of the phase boundary between growing C54 grains
and the fine-grained C49 phase (41). In this latter experiment, the normal (040)
texture also showed anisotropy relative to the line direction, indicating that the C54
grains had a greater angular range of tilt perpendicular to the line direction than
along the line direction. These relationships are more consistent with an align-
ment mechanism based on growth rate anisotropy than with a mechanism based
on sidewall nucleation. The in situ measurements (24) showed the transforma-
tion to be very sparsely nucleated, with a nucleation site density of∼0.1/µm2,
with the front moving at velocities of 0.5–1.0µm/s at a temperature of 830◦C in
blanket and narrow-line samples. The motion appeared as a combination of rapid
advances and pauses, as the front appeared temporarily pinned. Also, while some
narrow lines underwent the transformation, neighboring lines were often observed
to remain in the C49 phase. These observations support the earlier observations of
sparse nucleation density (6) and small energy change (7) associated with the C49-
to-C54 transformation. Although such detailed studies have not been reported in
Ti/Si samples with implanted, interlayer, or alloy metal additives, such additional
detail could help to distinguish between the mechanisms of reduced grain size and
crystallograpic templates.

If reduced C49 grain size were the only mechanism enhancing C54 formation,
then one would expect almost any additive metal or second-phase particle to have a
similar effect. The published evidence shows, however, that the elements that most
strongly enhance C54 TiSi2 formation (Mo, W, Nb, and Ta) are grouped to the right
of Ti in the periodic chart of the elements (Figure 13). Whereas many elements
have been tested, only those with clear enhancement effects on C54 formation have
been examined in detail, and a comprehensive evaluation of all possible additives
has not been published.

Recent tight-binding calculations of the electron density of states in silicides
by Bonoli et al (42) confirm the very small energy difference between C49 and
C54 TiSi2 (<50 meV/atom) and provide a clear understanding of the trend from
C49 to C54 to C40 disilicides as the electron/atom ratio is increased. For exam-
ple, increasing the number of electrons per formula unit from 12 to 13, equivalent
to moving from ZrSi2 to NbSi2 (4 electrons per Si, 4 per Zr, and 5 per Nb), in-
creases the total energy of C49 relative to C54 and lowers the total energy of C40
relative to C54. This trend originates in the rapidly increasing electron density
of states at the Fermi level vs electron/atom ratio for the C49 structure and the
more moderate increase for the C40 structure. This is exactly what is achieved by
adding increasing concentrations of the elements highlighted in Figure 13 to Ti.
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Figure 13 Elements near Ti in the periodic chart of the elements, showing the direction
of increasing electron/atom ratio.

A supporting observation is that, by adding Al to the Ti/Si system (43), which de-
creases the electron/atom ratio, C49 is stabilized, and the C54 formation tempera-
ture is increased. Based on this trend, one expects that V and Cr should cause a
similar enhancement to that observed for Mo, W, Nb, and Ta. This has not been
confirmed, however, possibly because the smaller atomic size of V and Cr rela-
tive to Mo, W, Nb, and Ta should weaken the template effects of C40 VSi2 and
C40 CrSi2.

The interplay of reactive-phase growth kinetics and thermodynamic-phase sta-
bility continues to challenge our ability to predict the behavior of metal silicide
systems (44, 44a, 45), because we have the capability to calculate the relative en-
ergetics of crystalline phases (42), but not the full capability to predict the atomic
motions that are required to obtain the necessary local concentrations. For example,
the presence of additive metals retards the formation of the C49 phase in some of
the systems discussed above, an effect that can be ascribed to the formation of a
temporary diffusion barrier (18). The temperature for subsequent phase formation
and interdiffusion is thereby increased, which changes the relative fluxes of metal
and silicon atoms and also the relative stability of competing phases. Therefore, we
can expect to continue to find subtle relationships between morphology and phase
formation in multicomponent metal silicides, such as those observed by Quintero
et al (21).
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CONCLUSIONS

Three methods for introducing additive metals have been developed which enhance
the formation of C54 TiSi2 at lower temperatures and in narrower-line features than
occur with the pure Ti/Si reaction. In each of these methods, there is evidence for
decreased grain size of the precursor C49 TiSi2 phase, and in some cases there
is structural evidence for a crystallographic template mechanism. Both of these
effects are expected to lower the barrier to nucleation of the C54 phase. The elec-
tronic origin of the stability trend from C49 to C54 to C40 structures with increasing
electron/atom ratios supports the picture that the specific disilicides formed with
Mo, W, Nb, and Ta are important in the enhancement mechanism. The large num-
ber of possible template phases includes disilicides of the C40 or C11b structure,
alloy disilicides such as (Ti,Mo)Si2 which may also have these structures, and
the metal-rich phases including Ti5Si3, Ta5Si3, and their alloy counterparts. Be-
cause a template phase may have only a transitory existence, conclusive proof of
the enhancement mechanisms has still not been obtained and probably involves
aspects of both grain size reduction and template silicide phases. The relevance
of this subject remains high as the semiconductor industry continues to shrink
the size of silicon devices and their contacts, and a better understanding of com-
pound phase formation in very small dimensions will be required for continued
progress.
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