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In order to evaluate the interfacial reactions in the TiB,/(100)Si system and the thermal
stability of non-stoichiometric TiBy films (0 < B/Ti < 2.5), TiB,/Si samples prepared by a
co-evaporation process were annealed in vacuum at temperatures between 300 and
1000°C. The solid phase reactions were investigated by means of sheet resistance, X-ray
diffraction, transmission electron microscopy, X-ray photo-electron spectroscopy, and
stress measurement. For TiBy samples with a ratio of B/Ti > 2.0, an apparent structural
change is not observed even after annealing at 1000°C for 1 h. For samples with a ratio of
B/Ti < 2.0, however, there are two competitive solid phase reactions: the formation of a
titanium silicide layer at the interface and the formation of a stoichiometric TiB, layer at the
surface, indicating the salicide (self-aligned silicide) process. The sheet resistance and the
film stress in the Ti/Si and TiB,/Si systems are well explained by the solid phase reactions.
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1. Introduction

The borides of transition and rare-earth metals are
primarily considered for application as wear- and
corrosion-resistant, decorative coatings on cutting tools
and engineering components to increase the lifetime or
to lend an attractive surface finish [1-4]. Boride thin
films have also been shown to have potential microelec-
tronics applications as a diffusion barrier and a boron
diffusion source [5—8]. In particular, titanium boride
(TiB,) is an interesting material for VLSI applications
in metallization schemes because of the high thermal
stability and low bulk resistivity [8]. The thermal expan-
sion coefficient of bulk TiB, is 4.6 x 10~ K~! which
is close to Si (2.5 x 107 K~1). It may thus be possible
to deposit TiB, films on silicon with very low stress.
Furthermore, TiB, films that varied from titanium-rich
to boron-rich have been shown to be useful in many
applications for microelectronic devices. For example,
boron-rich TiB, (x > 2.0) films are considered for ap-
plication as a boron diffusion source into p-type Si.
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Titanium-rich TiB, (x < 2.0) films, on the other hand,
are expected to form the TiB,/TiSi,/Si contact by a
simple post-annealing process, as shown in the Ti-rich
TiN,/Si system, which favors the formation of a low
contact resistance and good adhesion to the Si substrate.
This type of silicide fabrication allows the formation of
a silicide in a desired location without the need for an
additional lithographic step.

The purpose of this paper is to examine the thermal
stability of non-stoichiometric TiB, films (0 <B/Ti <
2.5) and the interfacial reactions in the TiB,/(100)Si
system as a result of vacuum annealing. The non-
stoichiometric TiB, films were deposited by a co-
evaporation process that allows the composition to
be varied from titanium-rich to boron-rich. The char-
acteristics of as-deposited and annealed TiB,/(100)Si
samples were then investigated by means of resis-
tance measurement, X-ray diffraction (XRD), transmis-
sion electron microscopy (TEM), X-ray photo-electron
spectroscopy (XPS), and stress measurement.
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2. Experimental procedure

P-type silicon wafers, (100) oriented with a resistivity
of 8-11 € cm, were cut into 25 x 25 mm pieces and
used as substrates. The wafers were cleaned with or-
ganic solvents, rinsed in distilled water, then immersed
in a buffered HF acid solution (5% HF in H,0O) for at
least 30 sec in order to remove a thin native oxide layer
on the surface, and finally rinsed in distilled water prior
to deposition.

TiB, films were produced by a co-evaporation pro-
cess which can evaporate of Ti (99.9%, 5 mm¢ rod
shape) and B (99.9%, lump shape) sources simulta-
neously. In this study, Ti and B were co-evaporated
by dual-electron-beams. The base pressure of the vac-
uum chamber was less than 4 x 10~° Torr, and the
substrate temperature was kept constant at 500°C. The
boron-to-titanium ratio of the TiB, film was obtained
by adjusting the power applied to the two indepen-
dent constituents. The typical evaporation rate for ti-
tanium was kept constant at 0.63 nm/s at 600 W
throughout this work, while the boron evaporation
rate was varied from O to 0.93 nm/s by adjusting
the power in the range 0—800 W. The deposition rate
was monitored with a quartz resonator plate. The
total thickness of the TiB, film was measured by
surface profilometry (Dektak). The B/Ti ratio, de-
position rate and film thickness for the TiB, films
are shown in Table I. The composition of the TiB,
films was determined by electron probe micro-analysis
(EPMA) and X-ray photo-electron spectroscopy (XPS)
analysis. In order to investigate the thermal stabil-
ity and the interfacial reaction in the TiB,/(100)Si
system, the samples prepared at various deposition
conditions were annealed for 1 h in the tempera-
ture range 300—-1000°C. During vacuum annealing the
base pressure of the annealing system was maintained
at5 x 1077 Torr.

Transmission electron microscopy (TEM), selected
area diffraction (SAD) and X-ray diffraction (XRD)
were used to characterize the crystalline structure of
the thin films. TEM samples were prepared by ultra-
sonic cutting 3 mm diameter discs and thinning from
the silicon side with mechanical polishing and chem-
ical etching (HF:HNO3; =1:1). The internal stress
of the thin films was calculated by measuring the ra-
dius of curvature of the Si substrate using an X-ray
Lang camera with a proportional counter [9]. The
sheet resistance was measured by a conventional four-
point probe equipped with Cu probes, on the specimen
of sufficient size (10 x 25 mm?) to exclude the edge
effects.

TABLE I B/Ti ratio, deposition rate and total thickness of non-
stoichiometric TiB, films deposited by dual-electron-beam evaporation

Sample B/ Ti ratio Deposition rate Ass) Thickness (A)
S-1 0 6.3 1100
S-2 0.59 7.2 1300
S-3 0.83 8.9 1600
S-4 1.24 9.7 1750
S-5 2.10 10.2 1900
S-6 2.38 11.3 2050
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Figure 1 X-ray diffraction patterns for the as-deposited TiB,/(100)Si
samples as a function of boron-to-titanium ratio: (a) pure Ti,
(b) B/Ti=0.59, (c) B/Ti=1.24, and (d) B/ Ti=2.38.

3. Results and discussion

The XRD patterns for the samples with various boron-
to-titanium ratios are shown in Fig. 1. For the pure ti-
tanium film, the XRD pattern shows a distinct (002)
preferred orientation. For a ratio of B/ Ti =0.59, only
single phase TiB with the cubic structure of the ZnS(B3)
type, showing a (111) preferred orientation is ob-
served. As the boron concentration increases, how-
ever, the TiB, phase with the hexagonal structure of
AIB,(C32) type evolves gradually. Samples with a ra-
tio of B/Ti> 2.0 exhibit only single phase TiB,, in-
dicating the existence of excess boron in these films.
The TiB, spectra show peak broadening. This can
arise from very small grain sizes, amorphous region
and high residual stresses. The Ti-B-N materials are
known to exhibit very broad x-ray diffraction peaks,
and the material is often interpreted as being nano-
crystalline [10]. As a result of the strong directional-
ity of the covalent boron-boron bonds, boride coatings
show a pronounced tendency to form extremely fine-
grained to amorphous structures if low-temperature
PVD processes are used [11]. In this study, TiB, films
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Figure 2 X-ray diffraction patterns for the Ti/(100)Si samples as a func-
tion of annealing temperature: (a) as-deposited, (b) 600°C for 1 h,
(c) 700°C for 1 h, and (d) 800°C for 1 h.

deposited at 500°C are polycrystalline. From the XRD
peak widths, the crystallite sizes are estimated to be
approximately 19 nm for B/Ti=0.59 and 10 nm for
B/Ti=2.38. This suggests that the grain growth of ti-
tanium was impeded by the presence of boron during
deposition.

Titanium silicide is formed by the solid phase re-
action between titanium and silicon. Two crystallo-
graphic structures with minor differences have been
proposed for TiSi;. Laves et al. [12] found C54 TiSi, to
be face-centered orthorhombic witha = 8.24,b =4.78,
and ¢ =8.54 A. Cotter et al. [13], on the other hand,
found C49 TiSi, to be base-centered orthorhombic with
a=3.62,b=13.76,and ¢ = 3.605 A. In annealed sam-
ples, both C49 and C54 TiSi, phases were found as a
function of annealing temperature. Fig. 2 shows the
XRD patterns for Ti/(100)Si samples annealed for 1 h
in the temperature range 300-1000°C. After anneal-
ing at 500°C for 1 h or longer, no silicide or other in-
termetallic compounds were detected. Above this an-
nealing temperature, however, the titanium film with a
distinct (002) preferred orientation rapidly disappeared
and Ti reacted with Si to form two kinds of TiSiy:
metastable C49 and stable C54. On increasing the tem-
perature to 600°C, the metastable C49 TiSi, begins to
form [Fig. 2b]. At 700°C, the complete conversion of Ti
into silicide has occurred and C49 TiSi; is transformed
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Figure 3 X-ray diffraction patterns for the TiB, (B/Ti=0.59)/(100)Si
samples as a function of annealing temperature: (a) as-deposited,
(b) 600°C for 1 h, and (c) 900°C for 1 h.
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to stable C54 TiSiy, as shown in Fig. 2c. Finally over
800°C, the C49 TiSi, phase is completely transformed
to stable C54 TiSi; phase. A similar result for annealed
Ti/Si sample has been reported and explained by other
researchers [14].

Fig. 3 shows the XRD patterns for TiB,(B/Ti=
0.59)/(100)Si samples annealed for 1 h in the tempera-
ture range 300—1000°C. At temperatures below 500°C,
there is no evidence of silicide or other compounds at
the Si-TiB; interface, although the sharpening of TiB,
peaks due to grain growth is observed. On annealing
at 600°C for 1h, however, Ti starts to react with Si to
form the C49 TiSi; and at the same time the single TiB
phase transforms to TiB,, as shown in Fig. 3b. It is
considered that there are two competitive solid phase
reactions as a result of annealing: the formation of C49
TiSi, and the formation of stoichiometric TiB,, indi-
cating the salicide (self-aligned silicide) process. At
800°C, C49 TiSi; is transformed to stable C54 TiSi,
and the coexistence of TiB and TiB, is observed. How-
ever, the TiB phase is completely transformed to the
TiB, phase by annealing at 900°C [Fig. 3c]. In annealed
TiB,/(100)Si sample with 1 <B/Ti < 2.0, the thermal
stability of non-stoichiometric TiB, films and the solid
phase reactions in the TiB,/(100)Si system are similar
to those in the annealed B/ Ti < 1.0 system. In the sam-
ples which are boron-rich (B/Ti > 2.0), on the other
hand, an apparent structural change is not observed.

Fig. 4 shows the XRD patterns for the TiB,(B/Ti=
2.38)/(100)Si samples annealed at various temper-
atures. As shown in Fig. 4c, even after annealing
at 1000°C, an apparent structural change is not ob-
served. By detailed XPS depth analysis, however, it
was found that there are two solid phase reactions
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Figure 4 X-ray diffraction patterns for the TiB, (B/Ti=2.38)/(100)Si
samples as a function of annealing temperature: (a) as-deposited,
(b) 700°C for 1 h, and (c) 1000°C for 1 h.

taking place, namely, the transformation from non-
stoichiometric TiB, to stoichiometric TiB, and the dif-
fusion of B atoms into the Si substrate as a result of
the decomposition of boron-rich TiB,. This makes the
boron-rich titanium boride film (B/Ti > 2.0) act as a
boron source, doping the underlying silicon substrate
during heat treatments. This outdiffusion of boron to the
silicon substrate during annealing has been reported by
Ryan et al. [15].

In order to confirm the interfacial reactions, some
samples were analyzed by XPS. Fig. 5a shows the depth
profile for the as-deposited TiB, (B/ Ti = 1.24)/(100)Si
sample. A relatively high oxygen concentration was ob-
served at the outermost surface due to the contamina-
tion formed on the surface of the sample. Also, a small
amount of oxygen appears at the boride-silicon inter-
face due to a small amount of interfacial SiO,. After
Art ion sputtering (7 A /sec) for over 10 sec, as shown in
Fig. 5a, the boron and titanium distributions in the film
are fairly uniform from the film surface to the interface,
and the boron-to-titanium ratio is close to B/ Ti = 1.24,
as determined by EPMA. Although the substrate tem-
perature was kept constant at 500°C during deposition,
significant inter-diffusion behavior at the Si-TiB, in-
terface does not occur. Vacuum annealing, on the other
hand, creates a wide diffuse region, indicating that
a solid phase reaction has occurred at the interface.
Fig. 5b shows the depth profile for the TiB, (B/Ti=
1.24)/(100)Si sample annealed at 1000°C for 1 h. The
boride film with a ratio of B/ Ti = 1.24 is transformed
from the non-stoichiometric to the stoichiometric com-
position (B/Ti =2.0). Thus, there is a significant vari-
ation in the titanium signal, indicating that excess tita-
nium is consumed during the formation of a silicide at
the interface. The composition of the silicide as derived
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Figure 5 XPS depth profiles for the TiB, (B/Ti = 1.24)/(100)Si sample:
(a) as-deposited and (b) after annealing at 1000°C for 1 h.

from the XPS profile is close to Ti/Si= 2.0, indicating
the C54 TiSi, phase in accordance with XRD [Fig. 3c].
This indicates that excess titanium retained in the non-
stoichiometric TiB, film reacts with the underlying sil-
icon substrate resulting in the formation of a titanium
silicide layer. These results were also confirmed by
TEM imaging and SAD patterns.

Fig. 6 shows a SAD pattern and TEM micrograph
for the TiB, (B/Ti=1.24)/(100)Si sample annealed
at 1000°C for 1h. As shown in Fig. 6a, in addition
to the sharp diffraction rings from the stoichiometric
TiB, phase, many diffraction spots derived from the
C54 TiSi, phase are observed after annealing. This re-
sult is in agreement with the results from both XRD
and XPS. As shown in the bright-field image [Fig. 6b]
taken from the region corresponding to the SAD pattern
of Fig. 6a, the grain size of C54 TiSi, is much larger
than that of TiB,. The TiB,; layer, the light area in the
TEM image, is uniform. However, the grains of C54
TiSi, (dark areas) are agglomerated. The TiB, near the
surface transforms to stoichiometric TiB, by the for-
mation of a titanium silicide at the interface.

The sheet resistance as a function of annealing tem-
perature is shown in Fig. 7. All as-deposited samples
exhibit a sheet resistance of between 14-23 Q/cm.
The resistivity, p (=R X tz, R: sheet resistance, 7;:
film thickness), increases linearly with increasing boron
content in the film. A similar result has been reported
for TiB, films deposited by reactive sputtering in a mix-
ture of argon and 6% diborane [16]. Therefore, it is



Figure 6 SAD pattern (a) and TEM image (b) for the TiB, (B/Ti= 1.24)/(100)Si sample annealed at 1000°C for 1 h.
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Figure 7 Sheet resistance of the TiB,/(100)Si samples as a function
of annealing temperature. All anneals were carried out in a vacuum of
5 x 10~7 Torr for 1 h.

likely that the resistivity of as-deposited TiB, films di-
rectly correlates with the nominal B/ Ti ratio of the film.
On annealing, however, the sheet resistance changes as
shown in Fig. 7. For the pure Ti film, the sheet resis-
tance increases gradually with temperature until 500°C.
The increase in sheet resistance at these low tempera-
tures is most likely caused by impurity effects produced
as a result of Si diffusion into the Ti film. At 600°C,
however, the sheet resistance decreases steeply due to
the formation of a Ti silicide at the interface, as shown
in Fig. 2b. At temperatures above 700°C, the sheet re-
sistance is mostly dominated by the formation of C54

TiSi, on the surface. The sheet resistances of all the an-
nealed TiB, samples follow similar trends with temper-
ature until 500°C. However, the TiB, samples annealed
above 600°C can be divided into two groups, depending
on the sheet resistance. The sheet resistance in the first
group (B/Ti < 2.0) decreases abruptly as a result of the
formation of TiB, on the surface as well as the forma-
tion of a Ti silicide at the interface as shown in Fig. 3. On
the other hand, the sheet resistance in the second group
(B/Ti > 2.0) decreases gradually due to the transfor-
mation from non-stoichiometric TiB, to stoichiometric
TiB; as shown in Fig. 4. It is suggested that the sheet
resistance variation in the annealed TiB, samples re-
sults from the thermal stability of non-stoichiometric
TiB, films and the interfacial reactions in TiB,/(100)Si
system.

Fig. 8 shows the TiSi,/ TiB; ratio and the sheet resis-
tance of annealed TiB,/(100)Si samples as a function
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Figure 8 TiSip/TiB, intensity ratio and sheet resistance of the an-
nealed TiB,/(100)Si samples as a function of boron-to-titanium ratio.
All anneals were carried out at 1000°C for 1 h.
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Figure 9 Residual stress of the TiB,/(100)Si sample as a function
of annealing temperature. All anneals were carried out in a vacuum
for 1 h.

of B/Ti ratio. All anneals were carried out at 1000°C
for 1 h. As shown in Fig. 8, the sheet resistance attained
the maximum value in films of B/ Ti > 2.0 that exhibit
only single phase TiB,, and decreased linearly with in-
creasing TiSiy/ TiB; ratio. The sheet resistance in TiB,
samples with B/ Ti < 2.0 is due mostly to the forma-
tion of a Ti silicide at the interface, although there may
possibly be some contribution from factors such as film
thickness, grain size, etc.

Fig. 9 shows the variation in film stress of the an-
nealed TiB,/Si samples as a function of annealing
temperature, where T and C refer to tensile and com-
pressive stresses, respectively. The as-deposited Ti/Si
sample has a very low tensile stress which does not
change significantly up to 400°C. At 500°C, the tensile
stress in Ti film changes to a compressive stress due
to the diffusion of Si into the Ti layer indicating the
atomic peening effect [17]. Above this annealing tem-
perature, the film exhibits a tensile stress. The tensile
stress increases with increasing annealing temperature
up to 900°C. It is suggested that this is due to the for-
mation of a Ti silicide that is 23 vol% smaller than Ti.
All as-deposited TiB,/Si samples, also, have a tensile
stress. The magnitude of the stress in the TiB, film de-
pends on the nominal B/ Ti ratio. It was found that the
stress in TiB, films increases gradually to a maximum
value for B/Ti ratio of <2.0, whereas the stresses in
TiB, films with B/ Tiratio of > 2.0 are lower. However,
the stress in all the TiB, films is changed by annealing
at 600°C or higher, although the stress does not change
significantly up to 500°C.

In the annealed TiB, sample with B/Ti=0.59, the
tensile stress is somewhat higher than that in Ti sam-
ple owing to the existence of a TiB, layer with a
tensile stress, although overall the variation in film
stress is very similar to that for pure Ti sample, as
known in Fig. 9. Also, the stress changes in the an-

520

nealed TiB, /(100)Si samples with 1 < B/Ti < 2.0 are
similar to these in for 0 <B/Ti < 1.0. On the other
hand, the stress in the sample with B/Ti> 2.0 de-
creases gradually as a result of the grain growth of the
TiB, phase as well as the diffusion of excess boron
into the Si substrate. The stress variation in Ti/Si and
TiB,/Si systems is well explained by the solid phase
reactions.

4. Conclusions

The thermal stability of non-stoichiometric TiB, films
(0<B/Ti<2.5) and the interfacial reactions in the
TiB,/(100)Si system have been studied. For the ratio
of B/Ti=0.59, only a single phase TiB with a cubic
structure of the ZnS(B3) type, showing a (111) pre-
ferred orientation, was observed. As the boron con-
centration increased, however, the amount of the TiB,
phase with a hexagonal structure of the Al1B,(C32) type
increased gradually. Samples with a ratio of B/ Ti > 2.0
exhibit only single phase TiB,. For TiB,/Si samples
with B/Ti> 2.0, an apparent structural change is not
observed on annealing. For samples with B/ Ti < 2.0,
however, there are two competitive solid phase reac-
tions; the formation of titanium silicide layer at the
interface and the formation of stoichiometric TiB,
layer at the surface, indicating the salicide (self-aligned
silicide) process. The sheet resistance in TiB, films
with a B/Ti ratio of <2.0 decreases owing to the for-
mation of stoichiometric TiB, on the surface as well
as the formation of a Ti silicide at the interface. On
the other hand, the sheet resistance in TiB, films with
a B/Ti ratio of >2.0 decreases gradually due to the
transformation from non-stoichiometric TiB, to stoi-
chiometric TiB,. The stress in as-deposited Ti/Si and
TiB,/Si systems is tensile. The stress in annealed sam-
ples changes with B/ Ti ratio: the tensile stress in sam-
ples with B/ Ti < 2.0 increases owing to the formation
of a Ti silicide at the interface, while that in sam-
ples with B/ Ti > 2.0 decreases due mostly to the grain
growth of TiB; phase. The stress variation in Ti/Si and
TiB,/Si systems is well explained by the solid phase
reactions.
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