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Abstract

The C49 to C54 phase transition and the surface and interface morphologies were examined for titanium silicides formed on atomically

clean Si substrates. The properties were explored as a function of the Ti film thickness, deposition temperature and Si substrate orientation.

Ti films of thicknesses between 5 nm and 40 nm were deposited at elevated temperatures from 500 8C to 900 8C in increments of 100 8C onto

Si(100) andSi(111)wafers. The titanium silicides are analyzedwithX-ray diffraction,Raman, scanningand transmissionelectronmicroscopy

for phase identification and measurement of the surface and interface morphologies. The C49 to C54 TiSi

2

phase transition is observed to

occur between 600 8C and 700 8C for the thickest films on (100) wafers, but the transition temperature is observed to increase as the film

thickness is decreased or for films formed on Si(111) substrates. For a 20 nm Ti film deposited onto Si(100), the transition temperature

occurs between 600 8C and 700 8C. However, for the same thickness of Ti on Si(111), the transition temperature is found between 700 8C

and 800 8C. This retardation of the phase transition is discussed in terms of surface and volume free-energy considerations.
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1. Introduction

With the continuing increase in the densities of Si semi-

conductor devices, new gate and interconnection materials

with low resistivity and high temperature stability are

required [1]. Refractory metal silicides such as TiSi

2

, WSi

2

,

TaSi

2

and MoSi

2

have been studied extensively because of

their low resistivity and high temperature stability. TiSi

2

among these materials shows the lowest resistivity (12.4

mV cm) [2], high temperature stability, and compatibility

with current processing. As such, TiSi

2

is considered to be

good material for application in ultra large scale integration

(ULSI) [3–5]. Two significant problems limit the applica-

tion of titanium silicides into Si devices: the C49–C54 phase
transition temperature and the agglomeration of the silicide

during the annealing processes [6–8].

The TiSi

2

formed by thin film reaction has two different

structures: the C49 structure (base-centered orthorhombic)

which is formed between 450 8C and 650 8C, and the C54
structure (face-centered orthorhombic) which is formed

above 650 8C. The C49 TiSi

2

is known to be a metastable

phase and is usually observed to be the first crystal phase to

form in the thin film reaction of Ti and Si [9,10]. The C54
TiSi

2

phase is the stable phase which has a lower resistivity

than the C49 phase. Both crystal structures exhibit similar

atom arrangements in the atomic planes with a hexagonal

array of Si atoms around Ti atoms at the center, but the unit

cell of each phase shows a different stacking arrangement

(e.g. the C49 phase has a two-layer repeat while the C54
phase has a four-layer repeat).

In this study, we focus our attention on the phase retarda-

tion of the titanium silicide. Ti thin films were deposited onto

atomically clean Si(100) and Si(111) wafers. The phase

identification of each titanium silicidewas accomplishedwith

Raman scattering and X-ray diffraction (XRD). The surface

and interface morphologies of the C49 and C54 TiSi
2

phases

were analyzed by scanning and transmission electronmicros-

copy (SEMand TEM). The results of the phase identification

show that the phase transition temperature is increased (or

retarded) depending on the Ti film thickness and the Si sub-

strate orientation [4,11,12]. The results are discussed in

terms of the surface and volume free energies.

2. Experimental details

The substrates used in this study were Si(111) and

Si(100) oriented wafers (25 mm diameter) with resistivity
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Table 2

Summary of titanium silicide phases on Si(111) identified by XRD and

Raman scattering

Thickness (nm) Temperature (8C)

500 600 700 800 900

5 Not detected C49 C49 C49 Not detected

10 Not detected C49 C49 C49 Not detected

20 C49 C49 C49 C54 C54
40 C49 C49 C54 C54 C54

Table 1

Summary of titanium silicide phases on Si(100) identified by XRD and

Raman scattering

Thickness (nm) Temperature (8C)

500 600 700 800 900

5 C49 C49 C49 C49 Not detected

10 C49 C49 C49 C54 C54
20 C49 C49 C54 C54 C54
40 C49 C49 C54 C54 C54

of 0.8–1.2 V cm (n-type, P doped). The ultrahigh vacuum

(UHV) system was equipped with a turbopumped loading

chamber and an ion-pumpedUHV chamber with two stations

for deposition and analysis. The deposition station has a heat-

ing stage and Ti filament deposition source, and the analysis

stage has low-energy electron diffraction (LEED) andAuger

electron spectroscopy (AES) characterization. The base

pressure in the UHV chamber was less than 1=10

y10

Torr.

Before loading, the wafers were cleaned by a UV–ozone

exposure [13,14] and a spin etch with HFqH

2

Oqethanol

(1:1:10) at room temperature [15]. The wafer was then

loaded into the UHV system and heated to a temperature of

800 8C for 10 min to desorb the residual contaminants and

hydrogen [16]. The chamber pressurewas typically less than

approximately 1=10

y9

Torr during the heat cleaning. After

heat cleaning, the base pressure returned to (1–2)=10

y11

Torr. Following the in situ cleaning, the LEED showed either

2=1 Si(100) or 7=7 Si(111) diffraction patterns and AES

indicated no evidence of oxygen or carbon [17]. The Ti films

were then deposited at elevated temperatures from 500 8C to

900 8C onto the Si(100) and (111) substrates, and the film

thicknesses were monitored with a quartz crystal monitor.

The Ti deposition rates were about 0.2 nm s

y1

. The phase

identification of the grown layers of TiSi

2

was carried out

with XRD and Raman scattering. Surface and interfacemor-

phologies of the films were observed with SEM and TEM.

3. Results

The Ti films of 5 nm to 40 nm thickness were deposited

onto Si(100) and Si(111) in UHV, and titanium silicides

were formed by annealing at temperatures between 500 8C

and 900 8C. The phase transition temperaturewas determined

by XRD and Raman. Table 1 is a summary of the observed

crystal phases of theTiSi

2

filmsonSi(100) in the temperature

range 500–900 8C. For the Ti films of 40 nm and 20 nm

thickness, the C49 to C54 transition temperature occurs

between 600 8C and 700 8C. However, for silicides formed

from Ti films less than 10 nm thick, an increased transition

temperature was observed. For Ti films of 10 nm on Si(100),

the phase transition occurs between 700 8C and 800 8Cwhile

for Ti films of 5 nm, the C49 phase is stable up to 800 8C.

Table 2 presents a summary of the observed crystal structures

of the TiSi

2

films on Si(111) in the temperature range 500–

900 8C. For Ti films of 40 nm on Si(111), the transition to

the C54 phase occurs at a temperature between 600 8C and

700 8C, while for Ti films of 20 nm, the transition occurs at

a temperature between 700 8C and 800 8Cwhich is about 100

8C higher than the transition temperature observed for similar

films on Si(100). For the Ti films under 10 nm thick, the

C49 phase is stable up to 800 8C. These results show that the

phase transition temperature is increased as the Ti film thick-

ness is reduced, and this retardation is more significant on

Si(111) than on Si(100).

Fig. 1 displays the surface morphologies of TiSi

2

on

Si(100) and Si(111) surfaces formed at temperatures of 500

8C, 700 8C and 900 8C. Fig. 2 shows the interface morphol-

ogies of each sample as observed by TEM. These results

display the surface morphologies of both the C49 and C54
phases on both Si(100) and Si(111) surfaces. The surface

morphology of the C49 phase exhibits significant pit forma-
tionwhile that of theC54 phase showsTiSi

2

islands at various

stages of coalescence. The interfacemorphologies of theC49
and C54 phase show wavy and relatively smooth characters

respectively.

4. Discussion

In this study the TiSi

2

films were formed by thin film

reactions in UHV (thus eliminating effects due to contami-

nation). The important result of this experiment is that the

C49 to C54 phase transition temperature depends on the Ti

film thickness and Si substrate orientation. The increased

temperature for thinner films indicates that the phase transi-

tion is retarded. Generally the metastable C49-TiSi
2

phase is

formed at low temperatures (450–650 8C) and the stable

C54-TiSi
2

phase at high temperatures (above 650 8C), but in

this experiment the phase transition temperature dependedon

both the Ti film thickness and the Si substrate orientation. In

order to discuss this retardation of the phase transition of

TiSi

2

, we consider the variation in the free energy vs. film

thickness. Previously we have shown that islanding and the

initial C49 phase nucleation could be ascribed to similar

effects based on the surface and interface energies [11]. To

discuss the temperature dependence of the phase transfor-

mation, we assume that the initial titanium silicide was
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Fig. 1. SEM images of titanium silicide formed from 40 nm of Ti deposited onto Si(100) at (a) 500 8C, (b) 700 8C, (c) 900 8C and onto Si(111) at

(d) 500 8C, (e) 700 8C, (f) 900 8C.

formed uniformly (i.e. the energies of the boundaries

between silicide grains are not significant). We define the Si

substrate surface energy, the TiSi

2

/Si interface energy and

the TiSi

2

surface energy as g
1

, g
2

, and g
3

respectively. For

the bulk energies it is necessary to obtain the ratio of atoms

consumed from the film and substrate. To form a titanium

silicide of thickness t, 0.4t of the Ti film and 0.9t of the Si
substrate are consumed. Therefore the free energy change

DG to form titanium silicide is

DGsA[(G y0.4G y0.9G )tqg qg yg ] (1)0TiSi2 0Ti 0Si 3 2 1

The free energy change per unit area is then given by

DG/As[(G y0.4G y0.9G )tqg qg yg ]0TiSi2 0Ti 0Si 3 2 1

sDG tsDg (2)0

whereDG
0

is the volume term andDg is the surface/interface

term of theGibbs free energy change. This equationdescribes

the free energy change per unit area as a function of the

titanium silicide film thickness t. A schematic representation

of this equation is shown in Fig. 3. The intercept at thevertical

axis defines the surface/interface free energy changeDg and

the slope of the line is the volume free energy differenceDG
0

.

The surface/interface free energy termDg here includesboth

the surface energy and the interface energy between TiSi

2

and Si.

If we apply Eq. (2) to the C49 and C54 phases of TiSi

2

,

we can explain the retardation of the phase transition. Since

the C54 phase is the stable phase of TiSi
2

, the values of DG
0

are given byG
0C54-G

0C49-0. Similarly, since theC49phase
is the first phase to nucleate, but has the higher volume free

energy, we can conclude that DgC49-DgC54 [11]. The

curves are different for the different substrate orientations

since for Si, the surface and interface free energies of the

(111) surface are lower than those of the (100) surface. The

driving force for the C49 to C54 phase transition at any

thickness t, is the energy difference of the two free energy

lines. As is evident in Fig. 3, the driving force for the phase

transition decreases as the film thickness is decreased. Simi-

larly, the driving force for the phase transition of the silicide

film on Si(100) becomes greater than that on Si(111). The

results of this experiment can then be explained by these

considerations based on the volume and surface and interface

energies. The transition temperature is known to be about 650

8C for films with thickness greater than 40 nm. However, for
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Fig. 2. TEM cross-section images of titanium silicide formed from 40 nm

of Ti deposited onto Si(100) at (a) 500 8C, (b) 700 8C, (c) 900 8C and

onto Si(111) at (d) 500 8C, (e) 700 8C, (f) 900 8C.

Fig. 3. Schematic relationship of the free energy per unit area vs. film

thickness of the C49 and C54 TiSi
2

on Si(100) and Si(111).

Fig. 4. HRTEM cross-section image of C49 TiSi
2

on Si(111).

the thin Ti films less than 20 nm, the phase transition tem-

perature begins to increase up to 800 8C with decreasing Ti

film thickness. This increase in transition temperature can be

ascribed to kinetic considerations. Since the driving force

decreases as the film thickness is decreased, therefore the

transition temperature must be increased to nucleate the C54
phase. This is indicated schematically in Fig. 3, where at t

2

we represent the energetics for 40 nm of Ti and at t
1

we

represent the energetics for 10 nm of Ti. Then the driving

force DG
1

at t
1

is much smaller than the driving force DG
2

at t
2

.

According to Fig. 3 the driving force is decreased as the

film thickness is decreased, and ultimately there exists a (crit-

ical) film thickness at which the driving force DGC49yC54 is

zero. For thicknesses less than this critical thickness the C49
metastable phase becomes stable. Therefore, independent of

annealing temperature and time, the phase transition from

C49 to C54 will not occur below this critical thickness. From

the experimental results presented here, the critical thickness

is about 12.5 nm (titanium silicide thickness) on Si(100)

and 25 nm (titanium silicide thickness) on Si(111). The

experimental results of others show similar results indicating

that the phase transition for 13 nm titanium silicide grown by

chemical vapor deposition does not occur up to 850 8C [2].

The results also show that the Si substrate orientation

affects the phase transition temperature. As shown in Table 1

and Table 2, the titanium silicide on Si(111) shows a signif-

icant increase in the transition temperature compared with

the temperature for a similar silicide thickness on Si(100).

This dependence on substrate orientation is attributed to the

lower surface and interface energies of Si(111) compared

with those of Si(100) [11]. The lower interface energy of

the Si(111) may be a result of the silicide interface structure.

As shown in Fig. 4, the interface of TiSi

2

/Si(111) exhibits

a pseudomorphic character. It is likely that the epitaxial reg-

istry of the C49 TiSi
2

on Si(111) has a much lower interface

energy than the heteroepitaxial TiSi

2

on Si(100). According

to Fig. 3, the driving force for the phase transition isdecreased

significantly owing to the lower interface energy of TiSi

2

/

Si(111).

5. Summary

In this study, we have investigated the retardation of the

C49 to C54 phase transition of TiSi

2

. Two effects were

observed. As the Ti film thickness is decreased below 40 nm,

the C49–C54 TiSi
2

transition temperature increases, and the

transition temperature is further increased for (111) oriented

Si substrates vs. Si(100). The volume and surface/interface
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free energies were considered, and the driving force of the

transition was modeled. The transition temperature effects

were related from kinetic considerations based on the mag-

nitude of the driving force of the transition. According to

these considerations, the C49–C54 transition temperature

depends on the Ti film thickness and also on the orientation

of the Si substrate. The orientation effect is attributed to

different surface and interface energies. TEM results indicate

a pseudomorphic character of the C49 TiSi
2

/Si(111) inter-

face which should result in a low interface energy. Themodel

also predicts that the C49 phase is the stable phase for film

thicknesses less than a critical thickness. The experimentally

determined critical thickness is found to be about 12.5 nm of

TiSi

2

.
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