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This paper studies the effects of pulsed laser-induced annealing of TiN-capped Co/ Si bilayers with
and without preamorphized Si substrate. For a low fluence of 0.2 J / cm2, nonstoichiometry Co
silicide with triple-layered structure is formed. On the other hand, highly textured CoSi2 grains in
共111兲 direction are formed for a high fluence of 0.7 J / cm2. The highly textured CoSi2 layer is
monocrystalline and fully coherent with the 共111兲 plane of the Si substrate. However, it has a large
amount of microstructural defects throughout the layer. Competitive growth mechanisms between
crystallization of homogenous intermixed layer and the nucleation from the melt boundary are
discussed. © 2006 American Institute of Physics. 关DOI: 10.1063/1.2171774兴
INTRODUCTION

In advanced complementary metal-oxide silicon
共CMOS兲 technologies, the self-aligned silicide 共SALICIDE兲
has shown the capability of lowering the resistance of gate
and source/drain regions and contact resistance, thus increasing the device performance, especially for shallow junction
and short channel devices. CoSi2 has been widely used for
sub-0.25 m CMOS technology due to its low resistivity,
good thermal stability, and the absence of fine-line effect in
narrow lines. However, the Co silicidation is sensitive to
oxygen contamination at the metal/Si interface. Hence, capping layers such as Ti and TiN have been introduced to prevent oxidation. The TiN-capped Co/ Si silicide has been reported to have a large process window in controlling the
silicide lateral growth.1 Besides, the gate resistance can be
reduced even for a gate length of 0.065 m for the TiNcapped Co salicide process.2 Moreover, it has been reported
that the TiN capping layer has improved the current driving
capability of p-type metal-oxide semiconductor field-effect
transistors 共pMOSFETs兲 compared to Ti capping layer.3
As semiconductor device dimensions continue to decrease, the main challenge in the area of silicide formation
involves decreasing the silicide thickness while maintaining
low contact silicide sheet resistance and low junction leakage. When the silicide thickness reaches 30 nm and below
a兲
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for 0.13 m devices, the second rapid thermal annealing
共RTA兲 process window becomes narrower.4 Above a certain
thermal budget the silicide agglomerates, causing the sheet
resistance to increase. However, a minimum thermal budget
is required for the formation of a smooth silicide/Si interface
while maintaining good junction leakage.4 An approach employing laser thermal annealing 共LTA兲 to form CoSi2 is investigated in this work. LTA provides several advantages
compared to RTA. The use of laser irradiation, which deposits most of its energy near the sample surface, allows the
reaction temperature for silicide formation and growth to be
attained in the localized region of the irradiation, without the
need of heating the entire wafer.5 In addition, the laserinduced melt depth can be used to control the silicide
thickness6 and possibly reducing lateral growth. In addition,
the composition of the silicide layer can be tailored by varying the laser fluence.7
In this paper, the transformation of Co silicide microstructure in TiN / Co/ Si system by single-pulsed laser annealing at low and high fluences will be discussed. The effects of
laser-induced TiN / Co/ Si system with preamorphization implantation 共PAI兲 layer will be investigated. The preamorphization layer has shown to improve thermal stability of
silicide formation on silicon and polysilicon using rapid thermal processing.8 Issues such as lateral voids, dopant segregation, thermal agglomeration, and increase of resistance on
narrow linewidth are suppressed by using the PAI technology. Liu et al. has achieved a well-controlled Ti silicide
thickness and a smooth Ti silicide/Si interface without ag-
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FIG. 1. Grazing incidence XRD spectra of a TiN / Co/ Si system with PAI
annealed for single pulse excimer laser at 0.2 and 0.7 J / cm2.

glomeration using germanium preamorphization.9 The PAI
layer can also be utilized to control the melt depth for laser
annealing for junction formation.10
EXPERIMENT

The starting material was an n-type 共100兲 silicon wafer.
Two types of samples were prepared. One of them was implanted with Si+ at 20 keV to a dose of 2 ⫻ 1015 cm−2 in
order to form a 50 nm preamorphization layer. Prior to metal
deposition, the samples were subjected to a standard Radio
Corporation of America 共RCA兲 cleaning and followed by a
diluted hydrofluoric acid clean. A 13 nm Co was deposited,
followed by the deposition of a 20 nm TiN using dc magnetron sputtering without breaking vacuum. The samples were
then irradiated in normal ambient 共class 100 cleanroom兲 with
a 248 nm KrF laser. Single pulse with pulse duration of
23 ns and fluences of 0.2 and 0.7 J / cm2 was irradiated on the
samples. The laser spot size was about 3 ⫻ 3 mm2.
The sheet resistance was measured using four-point
probe. A grazing incidence x-ray diffraction with an incident
angle of 1° was used to identify the phase transformation
after LTA. Auger electron spectroscopy 共AES兲 was used to
investigate the depth profile of silicide after LTA. The microstructures and thickness of the CoSi2 were observed for some
selected samples with cross-section transmission electron
microscopy 共XTEM兲. Electron dispersive x-ray spectroscopy
共EDX兲 and electron-energy-loss spectroscopy 共EELS兲 analyses with TEM were used to determine the localized elemental composition. In addition, the surface morphology of the
films was examined using atomic force microscope 共AFM兲.
RESULTS

Figure 1 shows the XRD spectra of a TiN / Co/ Si system
with a 50 nm PAI layer after single-pulsed laser annealing
with fluences of 0.2 and 0.7 J / cm2. Co silicide 共111兲 peak
was detected for both fluences with the peak intensity at
0.7 J / cm2 being stronger than at 0.2 J / cm2. However, the Co

FIG. 2. AES depth profiles of the TiN / Co/ Si systems with PAI 共a兲 before
annealing and after annealing with a single laser pulse at 共b兲 0.2 J / cm2 and
共c兲 0.7 J / cm2.

silicide peak intensity of 0.7 J / cm2 is stronger than
0.2 J / cm2. Co2Si formation is observed for both 0.2 and
0.7 J / cm2 samples. The XRD peaks at ⬃36.7° and ⬃42.6°
correspond to the TiN 共111兲 and 共200兲 planes, respectively.
Hence, this suggested that the capping layer stayed intact
after the exposure to the high laser fluence. To examine the
atomic distribution of the samples after LTA, AES was carried out for both fluences of 0.2 and 0.7 J / cm2 for the
TiN / Co/ Si with PAI samples. The AES profile of the asdeposited sample before annealing is shown in Fig. 2共a兲 for
comparison. The distribution of atomic concentration for
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FIG. 3. XTEM image of the TiN / Co/ Si system with PAI after single-pulsed
laser irradiation at 0.2 J / cm2. The inset shows the as-deposited
TiN共20 nm兲 / Co共13 nm兲 / PAI共50 nm兲 / Si film stacks before annealing.

FIG. 4. XTEM image of the TiN / Co/ Si system without PAI after singlepulsed laser irradiation at 0.2 J / cm2.

single-pulsed LTA at 0.2 J / cm2 is shown in Fig. 2共b兲. There
is a minimal change in the depth profile and the TiN capping
layer remains intact. Intermixing and interdiffusion of Co
and Si have taken place. For the sample of 0.7 J / cm2, as
shown in Fig. 2共c兲, a larger extent of interdiffusion and intermixing of Co and Si has occurred for the PAI sample.
Similar results were obtained for non-PAI substrates. A
deeper melt depth was resulted in the 0.7 J / cm2 samples
compared to that of 0.2 J / cm2. More Si atoms have taken
part in the atomic interdiffusion in the liquid phase and a
nearly 1:2 of Co:Si ratio has been achieved after solidification. Compared to the AES spectra of the 0.2 J / cm2 sample,
the depth profiling of the 0.7 J / cm2 sample shows that TiN
has propagated towards the substrate.
Figure 3 shows the microstructures of the TiN / Co/
PAI-Si system after a single-pulsed laser annealing at
0.2 J / cm2 while the inset shows the XTEM micrograph of an
as-deposited sample. It can be seen that the 20 nm TiN layer
stays intact but has deformed. A triple-layered microstructures can be observed 共excluding the TiN and amorphous Si兲.
The top layer which is in dark contrast is the unreacted polycrystalline Co of ⬃5.4 nm. The two bottom layers are the

intermixed layer consisting of Co and Si atoms, and its total
thickness is ⬃22 nm. The difference in the contrast in the
poly-Co silicide layer indicates a difference in the compositional ratio and orientation of the Co silicide grains in the
two layers. The elemental composition of the layer obtained
by EDX/TEM analysis is shown in Table I. The upper layer
is a 10 nm Co2Si 共as shown in XRD兲 and the other layer is of
larger grained CoSi composition ratio. The random distribution of the grain structures in the poly-Co silicide layer indicates that crystallization has taken place after solidification.11
As shown in Fig. 4, on the contrary, the microstructures
in the TiN / Co/ Si system without PAI after single-pulsed laser annealing at 0.2 J / cm2 are different from the system with
PAI. A bilayered structure is clearly observed. The top layer
is a poly-Co of ⬃8.3 nm and the bottom layer is an ⬃13 nm
of poly-Co silicide. The corresponding TEM/EDX analysis
and the estimated thickness of the layers are shown in Table
I. The EDX detected insignificantly small amount of Ti in the
top poly-Co layer for both systems. For the layers below the
top unreacted Co layer, both systems give rise to poly-Co
silicide that has almost similar atomic concentration distribution. Nevertheless, the microstructures of laser-annealed sil-

TABLE I. EDX analysis and the estimated thickness of the TiN / Co/ Si system with and without PAI after
single-pulsed laser annealing at 0.2 J / cm2.
TiN / Co/ PAI/ Si

Poly-Co
Poly-Co silicide
Coarse-grained
poly-Co silicide
a-Si

TiN / Co/ Si

EDX

Estimated
thickness
共nm兲

Co: Ti: Si⬃ 83: 4 : 13
Co: Si⬃ 73: 27
Co: Si⬃ 57: 43

5
10
12

100

37

EDX

Estimated
thickness
共nm兲

Co: Ti: Si⬃ 91: 2 : 7
Co: Si⬃ 74: 26

8.3
13
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icide layers are different in the two systems. Large and randomly oriented polycrystalline silicide grains are being
formed on the amorphized Si substrates, signifying that well
intermixing has occurred during the melting and preserved
upon fast crystallization. The PAI has played a role in affecting the growth and formation of the Co silicide layer. The
amorphized layer has served as the nucleation template for
the silicide growth and therefore results in the poly-Co silicide grains, as shown in Fig. 3. It can be further seen from
Fig. 3 that the interface between the a-Si and the intermixed
poly-Co silicide layer is very uniform, abrupt, and sharp, and
this can be attributed to the presence of an abrupt melting
boundary during annealing since no Co element was detected
in the remaining a-Si layer. For the non-PAI case, a sharp
interface can also be obtained on the crystalline Si, but the
melt depth is shallower since the intermixed silicide layer is
thinner. This is reasonable as the amorphized Si has a lower
melting point 共1420 K兲 compared to c-Si,12,13 and has therefore a larger melt depth. In both systems, the TiN remains
intact at low laser fluence of 0.2 J / cm2.
The microstructures of the TiN / Co/ Si system with PAI
after single-pulsed laser annealing at 0.7 J / cm2 are given in
Fig. 5. A few layers can be identified from Fig. 5: the top
layer is TiN and the bottom layer is a highly textured Co
silicide. Figure 5共a兲 shows that the TiN layer at A is thinner
than that at B. This is due to a partial melting of the TiN
layer at location A. Besides, a thin residual amorphous Co
silicide is being observed just underneath the TiN layer at
location A. The bottom poly-Co silicide layer is a highly
textured layer with defects oriented in the 共111兲 direction, as
shown in high-resolution transmission electron microscopy
共HRTEM兲 of Fig. 5共b兲. Their corresponding elemental compositions as detected using EDX are shown in Fig. 5共a兲. The
analysis shows only the existence of Co and Si with no detectable nitrogen incorporated in the intermixed silicide
layer. An EELS experiment has been carried out to show the
Co and Si distributions with some Co-rich intervening regions, as shown in Figs. 6共a兲 and 6共b兲.
DISCUSSION

Two possible growth mechanisms are proposed for the
microstructures formation of Co silicide in the TiN / Co/ PAI
Si system 共as shown in Fig. 3兲. When a laser pulse is irradiated on the sample, the heat is just enough to partially melt
the amorphous Si and some Co at the interface without melting the TiN. This is feasible since the melting temperatures
of Co and amorphous Si are 1768 and 1420 K, respectively.
During the melting of the a-Si layer, some Co atoms partially
diffused into the molten phase of Si since the solute atoms
prefer to stay in liquid phase than in solid phase.14 Hence,
the interdiffusion and intermix of Co and Si atoms in the
liquid phase were resulted. This molten intermix of Co silicide is sandwiched between the nonmelted TiN / Co film
stack and partial nonmelted a-Si. At the instance of solidification, the contained hot melt of well-intermixed Co and Si
may crystallize and propagate from the unreacted Co layer.
This is feasible since the top unreacted polycrystalline Co
layer could have become the nucleation sites for Co silicide

FIG. 5. 共a兲 XTEM and 共b兲 HRTEM images of the TiN / Co/ Si system with
PAI after single-pulsed laser annealing at 0.7 J / cm2. The symbols A and B
in 共a兲 indicate the location where the TiN capping layer has melted partially
and has stayed intact after LTA, respectively. In 共b兲, the highly textured Co
silicide grows along the 共111兲 direction of the silicon substrate.

to grow. Simultaneously, another silicide layer nucleates
from the liquid/a-Si interface using the a-Si nuclei as the
template. Eventually, the two propagating solid/liquid interfaces collide in the middle; the position where the interfaces
meet is the sharp demarcation between the two layers, as
shown in Fig. 3.15
The second possible growth mechanism for the irradiation of 0.2 J / cm2 on TiN / Co/ PAI Si system can be illustrated in such a way that there is one liquid/solid interface
propagating towards the unreacted TiN / Co film stack during
the solidification. Comparing the thickness of both layers,
the bottom random and larger grain layer is thicker than the
top homogeneous layer of poly-Co silicide. Based on the
simple expression of heat flow,16 which is written as
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FIG. 7. The phase diagram of Co–Si system 共Ref. 21.

FIG. 6. 共a兲 Elemental mapping of Co of a section of the highly textured
CoTi silicide layer. The brighter contrast in the elemental map corresponds
to cobalt-rich region. 共b兲 The corresponding XTEM of 共a兲.

⌬Hm = K

T
,
z

共1兲

in which ⌬Hm is the enthalpy of melting,  is the density, v
is the velocity of crystallization, K is the thermal conductivity, and T / z is the temperature gradient. During the solidification, the enthalpy of melting must be balanced by the
heat flow K共T / z兲 into the substrate. Initially, the heat-flow
gradient available for the heat transport at the liquid/a-Si
interface is limited by the poor thermal conductivity of a
-Si.17 As a result, the initial interface velocity is small. This
interface limited crystal growth has given rise to an ample
time for recrystallization due to the slow solidification velocity. The structure and phase of the solidified layer are
strongly affected by the solidification velocity.18 Subsequently, the increment in the amount of polycrystalline Co

silicide formed enhances the rate of heat transfer from the
liquid to the as-grown Co silicide. This is because the asgrown polycrystalline Co silicide possesses better thermal
conductivity compared to that of a-Si. With the increase of
the heat transfer, this has caused the increase in interface
velocity according to Eq. 共1兲. When the velocity of solidification front reaches some critical value,19 the crystallization
process takes place without having time for grain growth.
Therefore, fine grain of Co silicide having defective and disordered crystallites can be observed on the top of the asgrown coarsed-Co silicide.
For the high fluence of 0.7 J / cm2 on the TiN / Co/ Si
system with PAI, the laser energy is high enough to melt the
whole Co and PAI layer and it has caused the melt front to
propagate beyond the PAI layer as it can be seen from AES
shown in Fig. 2共c兲. Besides, the high fluence has also partially melted the TiN capping layer although TiN has a very
high melting temperature. The silicide intermixed layer that
is formed is thicker since the melt depth for 0.7 J / cm2 is
larger than 0.2 J / cm2, as can be seen from the AES. A rough
interface of the silicide and substrate 关see Fig. 5共b兲兴 can be
observed. The interfacial instability can be attributed to the
constitutional supercooling 共CSC兲 since it is likely to occur
at high fluence.20 As there is unlimited supply of Si substrate
for the reaction with the as-deposited Co layer, large compositional gradients of Co–Si mixture have been resulted after
the melting of Co and Si. This concentration gradient of Co
and Si atoms in molten phase has led to a gradient of the
freezing temperature of the liquid in front of the liquid/solid
interface. Based on the two elemental compositions of the
textured Co silicide shown in Fig. 5共a兲, the liquidus temperature of the initial solid/liquid interface 共i.e., the interface between the textured Co silicide and the Si substrate兲 is determined to be lower than the one in the liquid further away
from the initial liquid/solid interface. As can be seen from
the Co–Si phase diagram21 in Fig. 7, the liquidus temperature
of the more Si-rich Co binary system 共i.e., Co: Si⬃ 12: 88兲 is
higher than the Co–Si binary system which has the composition of Co: Si⬃ 21: 79. Hence, the liquid in front of the
initial liquid/solid interface would have been supercooled.
With the compositional gradient of molten phase and the
supercooled ahead of the initial liquid/solid interface, this
has facilitated CSC. As a result of CSC, precipitated CoSi2

Downloaded 30 Jun 2011 to 155.69.4.4. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

044902-6

J. Appl. Phys. 99, 044902 共2006兲

Chow et al.

formed between Si grains and cellular structures accompanied by the growth of defects can be observed from the textured Co silicide in XTEM 共Fig. 5兲.22 The dark contrast of
defects that resemble stems and branches can be attributed to
twinning, which is generally known as “type-B orientation.”
It can be seen that defects have grown from the nucleation
sites at the silicide/substrate interface and orient in the 共111兲
direction. This phenomenon happens due to the segregation
of the Co solute atoms during CSC and later forms along the
共111兲 direction that has the lowest interface energy.23,24 In
addition, the growth of the highly textured Co silicide can be
attributed to the epitaxial regrowth with Si substrate as a
template. The dark contrast of the textured Co silicide shown
in Fig. 5共b兲 corresponds to Co-rich regions. This has been
confirmed by the EELS data 共Fig. 6兲. When the solidification
front propagates towards the surface near location A, as
shown in Fig. 5共a兲, the thermodynamic of crystallization has
been affected by the presence of Ti.24 The dissolution of TiN
is believed to have led to Ti redistribution and an increase in
the Ti concentration in the regions at which the TiN capping
layer has partially melted.
CONCLUSION

In summary, the laser-induced reactions of TiN / Co/ Si
film stacks with and without PAI by irradiation of single
pulse excimer laser at low and high fluences have enabled us
to identify and understand the transformation of Co silicide
microstructure during excimer laser irradiation. The LTA at
0.2 J / cm2 on the PAI and non-PAI samples has given rise to
the formation of different microstructures, in which the understanding of Co silicide growth mechanisms in these two
systems has been suggested. The solidification velocity is
approximately inversely proportional to the total latent heat
liberated at the interface. The LTA at 0.7 J / cm2 has formed a
thick layer of highly textured Co silicide and is attributed to
CSC and epitaxial regrowth.
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