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CaF2-structure CoSi2 layers were formed on Sis001d by reactive deposition epitaxysRDEd and
compared with CoSi2 layers obtained by conventional solid phase growthsSPGd. In both sets of
experiments, Co was deposited by ultrahigh-vacuum magnetron sputtering and CoSi2 formed at
600 °C. However, in the case of RDE, CoSi2 formation occurred during Co deposition while for
SPG, Co was deposited at 25 °C and silicidation took place during subsequent annealing. X-ray
diffraction pole figures and transmission electron microscopy results demonstrate that RDE CoSi2

layers are epitaxial with a cube-on-cube relationship,s001dCoSi2
i s001dSi and f100gCoSi2

i f100gSi. In
contrast, SPG films are polycrystalline with an average grain size of.1000 Å and a mixed 111/
002/022/112 orientation. We attribute the striking difference to rapid Co diffusion into the Sis001d
substrate during RDE for which the high Co/Si reactivity gives rise to a flux-limited reaction
resulting in the direct formation of the disilicide phase. In contrast, sequential nucleation and
transformation among increasingly Si-rich phases—from orthorhombic Co2Si to cubic CoSi to
CoSi2—during SPG results in polycrystalline layers with a complex texture. ©2005 American
Institute of Physics. fDOI: 10.1063/1.1774263g

I. INTRODUCTION

As Si-based microelectronic device scaling extends into
the deep submicron regime, the parasitic electrical resistance
of gate electrodes and source/drain regions will continue to
increase. Metal silicides have become the primary contact
and interconnect materials utilized in high-speed comple-
mentary metal-oxide semiconductor devices in order to re-
duce the propagation delay and increase the drive current.1

CoSi2 has been widely accepted as a replacement for TiSi2

for sub-0.25-mm technology due to its high electrical con-
ductivity, low thermal budget, superior plasma etch resis-
tance, and ease of implementation in narrow gate electrode
structures. In addition, process compatibility and the inert-
ness of CoSi2 toward dopants allow it to be incorporated in
the silicide-as-diffusion-source process2,3 and used in ad-
vanced raised source/drain devices.4,5 Despite the increased
stress generated by epitaxial CoSi2s001d, due to differences
in film/substrate lattice constant and thermal expansion
coefficients,6 the need forepitaxial CoSi2, rather than its
polycrystalline counterpart,7 has become apparent for future
generation ultrashallow junction devices in order to mini-
mize drain-induced barrier lowering and junction
punch-through.8,9 The relatively small lattice constant mis-
matchs.1.23%d between CoSi2 and Si and the similarity in
crystal structuresCoSi2 is Cl-CaF2 while Si is diamond cu-
bicd allow the possibility of growing epitaxial CoSi2 layers
on Sis001d.

The formation of epitaxial CoSi2 on Sis111d has been
demonstrated by solid phase growthsSPGd in which Co is
deposited at room temperature and silicidation occurs during
subsequent annealing, typically carried out at temperatures
Ta=500–800 °C.10,11 However, attempts to form epitaxial
CoSi2 on Sis001d by SPG have resulted in polycrystalline
layers. Lawrenceet al.12 demonstrated that the use of a thin

s.200 Åd sputter-deposited Ti buffer layer to mediate the
aggressive Co/Si interfacial reaction allows the formation of
epitaxial CoSi2s001d layers with s111d facets along the
silicide/Si interface. Subsequently, most research on the for-
mation of epitaxial CoSi2 on Sis001d has been focused on the
quest for improved buffer layers including the use of SiO2,

13

Ta,14 Hf,15 Nb,16 and Fe.17 A variety of techniques including
e-beam evaporation, thermal evaporation, sputtering, and or-
ganometallic chemical-vapor deposition18 have been used to
deposit the Co films. However, the growth of phase-pure
single-crystal CoSi2 films directly on Sis001d, without the
use of buffer layers, remains a challenge due to the competi-
tive formation of several CoSix phases and CoSi2

variants.19,20

In this paper, we report the growth of.400 Å thick
epitaxial CoSi2 layers on Sis001d, with no buffer layers, by
reactive deposition epitaxysRDEd in which Co is deposited
at 600 °C by ultrahigh-vacuum magnetron sputtering. The
heated Sis001d substrate provides an efficient sink, due to
rapid in-diffusion, for incident Co atoms, thus creating a Co-
flux-limited process allowing the direct formation of the Si-
rich CoSi2 phase while inhibiting formation of the competing
Co-rich phases. X-ray diffractionsXRDd and transmission
electron microscopysTEMd analyses show that the layers
consist of phase-pure epitaxial CoSi2s001d containing four-
fold symmetrich111j twins.

II. EXPERIMENTAL PROCEDURE

All growth experiments were carried out in a load-
locked multichamber ultrahigh-vacuumsUHVd stainless-
steel magnetron sputter deposition system, described in de-
tail in Ref. 21, with a base pressure of 5310−10 Torr s7
310−8 Pad. The target, a 99.97% pure Co disk, was sputtered
in pure Ar s99.9999%d discharges maintained at 20 mTorr
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s2.67 Pad using a capacitance manometer and an automatic
mass-flow controller. The target power was 20 W resulting in
a Co deposition rate of.1 Å s−1.

The substrates were B-doped Sis001d wafers with resis-
tivities of 0.5–1.0V cm sp=1−331016 cm−8d. The initial
cleaning consisted of degreasing by successive rinses in
trichloroethane, acetone, propanol, and deionized water. The
substrates were then subjected to four wet-chemical
oxidation/etch cycles involving the following sequence of
steps: 2 min in a 2:1:1 solution of H2O:HCl:H2O2, rinse in
fresh deionized water, and a 30 s etch in dilutes10%d HF.
They were blown dry in ultrahigh-purity N2 and exposed to a
UV/ozone treatment to remove C-contaning species.22 An
additional 30 s etch in dilute HF was then used to remove the
native SiO2 layer and form a H-terminated Sis001d surface
prior to loading the substrate into a separately pumped
sample introduction chamber for transport to the deposition
chamber. Final substrate cleaning consisted of thermal de-
gassing at 600 °C for 30 min. The Co target was sputter
etched for 5 min, with a shutter shielding the substrate, prior
to initiating deposition.

Co deposition during RDE was carried out at a tempera-
ture Ts=600 °C, including the contribution due to plasma
heating. The Sis001d substrates were heated resistively and
Ts was measured using a pyrometer calibrated by thermo-
couples bonded to sacrificial Sis001d wafers. RDE layer
thicknesses ranged from 300 to 550 Å. For the SPG experi-
ments, 100 Å thick Co layers were deposited on Sis001d at
Ts=25 °C and.350 Å thick CoSi2 films were formed dur-
ing subsequent postdeposition annealing at 600 °C for
10 min.

Film microstructure and texture were investigated using
a combination of XRD, TEM, and cross-sectional TEM
sXTEMd. The XRD measurements were carried out in a
powder diffractometer system with a Cu Ka source sl
=1.5406 Åd and an incident slit divergence of 1° forv-2u
scans. Layer textures were determined from pole-figure mea-
surements using a four-circle Philips X-pert MRD diffracto-
meter operated at 45 kV and 40 mA with a 136 mm2 point-
focus Cu x-ray source and secondary optics equipped with a
parallel plate collimator, a flat graphite crystal monochro-
mator, and a proportional detector. For epitaxial CoSi2 lay-
ers, lattice parametersa' along the growth direction, in-
plane lattice parametersai, and residual strains were
obtained from high-resolution reciprocal lattice mapssHR-
RLMsd around 224 asymmetric reflections. A series ofv
-2u scans was acquired at differentv offsets.

TEM and XTEM analyses were performed in a Philips
CM12 microscope with a 120 kV LaB6 filament and a JEOL
2010F instrument equipped with a field-emission gun oper-
ating at 200 kV. Plan-view samples were mechanically
ground from the backside with SiC to a thickness of
.25 mm. Final thinning to electron transparency was ac-
complished by ion milling using a 4 kV Ar+-ion beam inci-
dent at 8°. Cross-sectional samples were prepared by gluing
two samples film-to-film and then cutting vertical sections
which were ground and milled in a manner similar to that of
the plan-view samples, but from both sides.

III. RESULTS AND DISCUSSION

A. Microstructure of RDE and SPG CoSi 2 layers

XRD v-2u scans obtained from RDE CoSi2 layers over
the range from 25° to 100° exhibit only 002 and 004 peaks,
while peaks arising from multiple grain orientations, prima-
rily 111 and 022, are observed for SPG layers. Typical results
are plotted in Fig. 1 with the scans offset vertically to avoid
overlap. The forbidden Si 002 peak, which occurs due to
multiple diffraction,23,24 is located at 32.97°saSi=5.431 Åd
while the 002 and 004 reflections from the 400 Å thick RDE
film corresponding to Fig. 1sad are at 33.86° and 71.06°ssee
the insetd, yielding a lattice parametera' along the film
growth direction of 5.302 Å. The reported positions of the
corresponding peaks for bulk powder CoSi2 samples25 are
33.40° and 70.12°saCoSi2

=5.364 Åd indicating that the RDE
CoSi2 films are in tension. In contrast, only a small 002 peak
is observed in SPG film scansfsee Fig. 1sbd corresponding to
a 350 Å thick SPG layerg, while 111 and 022 peaks are de-
tected at 28.88° and 48.19°, very close to the relaxed CoSi2

peak positions of 28.81° and 47.92°.
Figure 2 is a typical HR-RLM about the asymmetric 224

reflection of a RDE CoSi2s001d layer. Diffracted intensity
distributions are plotted as isointensity contours as a function
of the reciprocal lattice vectors aligned parallelki and per-
pendiculark' to the surface. The CoSi2 lattice parameters
determined from Fig. 2 areai=5.411 Å in plane witha'

=5.315 Å along the film growth direction. This corresponds
to an in-plane tensile strain«i of −0.37% which can be ex-
plained by differential thermal contractionfthe thermal ex-
pansion coefficients for CoSi2 and Si are 9.4310−6 and 2.9
310−6 K−1 sRef. 26dg during cooling from the deposition
temperature, 600 °C.

The relaxed RDE CoSi2s001d lattice constant, deter-
mined from measuredai anda' values through the relation-
ship

aCoSi2
= a'S1 − n

1 + n
D + aiS 2n

1 + n
D , s1d

wheren=0.33 is the Poisson ratio,27 is 5.363 Å. This is es-
sentially identical to the values5.364 Åd obtained from bulk
powder samples.25 The layer relaxationR is given by the
relationship

FIG. 1. XRD v-2u scans from RDE and SPG CoSi2 layers formed on
Sis001d at 600 °C. The inset showsv-2u scans around the CoSi2 004 peak.
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R=
ai − aSi

aCoSi2
− aSi

100%, s2d

whereaSi andaCoSi2
are the bulk Si and CoSi2 lattice param-

eters. For the RDE film corresponding to Fig. 2,R=29%.
The full widths at half maximum intensityG of the CoSi2
224 peak along 2u and v directions areG2u=0.86° andGv

=0.50°.
In-plane and perpendicular x-ray coherence lengthsji

and j' can be estimated from the widths of the diffracted
intensity distributions perpendicular,Dg', and parallel,Dgi,
respectively, to the diffraction vectorḡ using the following
relationships28 which, while strictly valid for the case in
which there is no crystallite misorientation or inhomoge-
neous strain, are commonly used to provide a measure of
epitaxial quality:

ji = 2p/uDg'u = l/f2Gv sinug s3d

and

j' = 2p/uDgiu = l/fG2u cosug. s4d

l is the x-ray wavelength. From the data presented in Fig. 2
with ḡ=224, ji and j' are 124 and 145 Å for 400 Å thick
RDE CoSi2s001d layers and limited, as shown by XTEM
results presented below, by the presence ofh111j twins.

Figure 3sad is a typical bright-field XTEM image, ob-
tained along thek110l zone axis, from a RDE CoSi2 layer.
The micrograph reveals the presence ofh111j planar defects.
A selected-area electron diffractionsSAEDd pattern and a
corresponding simulated pattern, in which all reflections are
labeled, are shown in Figs. 3sbd and 3scd, respectively. The
SAED pattern consists of overlapping symmetric single-
crystal diffraction spots emanating from theh002j, h111j, and
h220j planes of the RDE CoSi2 layer sld and the Sis001d
substratessd. The reflections labeled as solid circlessPd are
at positions corresponding toh111j twins in CoSi2 fthe planar

defects shown in Fig. 3sadg which give rise to double-
diffraction features labeled̂ . The reflections located at po-
sitions nḡ111/3, wheren is an integer, in the SAED pattern
are the mirror images of epitaxial CoSi2 diffraction spots
sld abouth111j twin planes. For example, Fig. 3scd shows

that the 11̄1̄t and 002t twin diffraction spots are the mirror

images of primary 11̄1̄ and 002 reflections across thes11̄1d
twin plane.

Figure 4sad is a f001g plan-view bright-field TEM micro-
graph, obtained using two-beam imaging conditions withḡ

FIG. 2. A HR-RLM around the asymmetric 224 reflection from an.400 Å
thick RDE CoSi2 layer grown on Sis001d at Ts=600 °C.

FIG. 3. sad Bright-field XTEM micrograph, obtained along thef110g zone
axis, from an.400 Å thick RDE CoSi2 layer grown on Sis001d at 600 °C.
The corresponding SAED pattern and a simulated diffraction pattern are
shown insbd and scd, respectively.

FIG. 4. sad Bright-field plan-view TEM micrograph, obtained along the
f001g zone axis, from a RDE CoSi2 layer grown on Sis001d at 600 °C.sbd
f001g SAED pattern. scd Simulated SAED pattern with all reflections
labeled.
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=400, from the same RDE CoSi2 layer shown in Fig 3. The
image consists of two distinct domains: dark, mottled regions
labeled E and bright regions labeled T. The fringes observed
in the epitaxial regionssEd arise from the extinction contours
as a result of specimen bending. The bright regionssTd, cor-
responding to the planar defects in Fig. 3sad, consist ofh111j
twins. These regions are tilted away from the Bragg condi-
tion with ḡ=400, therefore they appear in bright contrast
with no bend contours. Experimental and simulated SAED
patterns from this sample are reproduced in Figs. 4sbd and
4scd. The observedh220j and h040j reflections are common
to both the CoSi2s001d layer and the Sis001d substrate while
the h020j reflections, which are forbidden for the Si
diamond-cubic structure, emanate only from the epitaxial
overlayer. The combination of the plan-view and cross-
sectional SAED patterns show that the RDE CoSi2 layer
grows epitaxially on Sis001d with a cube-on-cube epitaxial
orientation,s001dCoSi2

i s001dSi and f100gCoSi2
i f100gSi.

Typical bright-field plan-view TEM and XTEM micro-
graphs from a SPG CoSi2 layer are presented in Fig. 5. TEM
images reveal that SPG films, in contrast to the RDE
CoSi2s001d layers which are epitaxial, are polycrystalline in
agreement with the XRD results. The bright-fieldf001g plan-
view TEM micrograph in Fig. 5sad shows that the SPG layer
is dense and consists of grains which are approximately equi-
axed. The average grain size of SPG films, obtained from
plan-view TEM imagesfincluding Fig. 5sadg corresponding
to a total area of more than 3mm2, is 1000±500 Å. Figure
5sbd is a plan-view SAED pattern composed of 111, 002,
022, and 113 diffraction rings arising fromh002j-, h111j-,
h112j-, and h022j-oriented CoSi2 grains. The rings are dis-
continuous due to the large grain size. Thef110g XTEM

image in Fig. 5scd shows that the SPG CoSi2 layer thickness
is nonuniform, ranging from 320 to 415 Å, giving rise to a
very rough surface.

The difference in microstructures of SPG vs RDE
CoSi2—polycrystalline vs epitaxial—can be understood by
considering the nature of the reaction path leading to film
formation in the two processes. During SPG solid phase re-
action, the high Co flux results in the initial formation of a
metal-rich silicide. The sequential nucleation and transfor-
mation among increasingly Si-rich phases during annealing,
from Co2Si to CoSi and to CoSi2, gives rise to disilicide
layers with polycrystalline texture. In contrast, the heated
Sis001d substrate provides an efficient sink, due to rapid in-
diffusion, for incident Co atoms, thus creating a Co-flux-
limited process and allowing the direct formation of the Si-
rich CoSi2 phase while inhibiting formation of the competing
Co-rich phases. Therefore, the formation of the metal-rich
Co2Si and CoSi monosilicide phases is avoided during RDE
growth, and the small lattice mismatch between CoSi2 and Si
combined with the similarity in film/substrate crystal struc-
tures results in epitaxial growth directly.

B. High-resolution TEM and XRD studies of RDE
CoSi2„001… microstructure

We use high-resolution XTEMsHR-XTEMd to charac-
terize the planar defectsfsee Fig. 3sadg in RDE CoSi2 layers.
Figure 6sad is a typical HR-XTEM micrograph obtained
along thef110g zone axis of an epitaxial RDE CoSi2 layer

with a s11̄1d twin. The lattice fringes are continuous through-
out the entire layer thickness and exhibit a 180° rotation

about thes11̄1d plane, oriented at 54.73° froms001d, to form

FIG. 5. sad Bright-field plan-view TEM micrograph, obtained along the
f001g zone axis, from an.350 Å thick SPG CoSi2 layer formed on Sis001d
at 600 °C. The corresponding SAED pattern is shown insbd. scd Bright-field
XTEM micrograph, obtained along thef110g zone axis, from the layer
shown insad.

FIG. 6. sad HR-XTEM micrograph obtained along thef110g zone axis show-

ing an epitaxial RDE CoSi2 layer with as11̄1d twin andsbd the correspond-
ing atomic structure model of the twinned region.
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a mirror image across the twin. A CoSi2 atomic structure
model, corresponding to Fig. 6sad and based upon the orien-
tation relationships determined from HR-XTEM and SAED
patterns, is shown in Fig. 6sbd. All lattice positions in the

twinned region are displaced in the shear directionf1̄12g by

an amount proportional to their distance from thes11̄1d twin
plane. Theh001j planes exhibit a 70.53° rotation about the

f110g pole. Consequently, thes22̄1d plane is perpendicular to
the film growth direction, yielding the following epitaxial
relationship between CoSi2 twinned regions and the sub-

strate: s22̄1dCoSi2
i s001dSi and f110gCoSi2

i f110gSi. Bulle-
Liewma et al.29 reported a similar orientation relationship
betweenh221j-oriented grains and the substrate in polycrys-
talline CoSi2 layers, with a dominant 110 texture, formed on
Sis001d at 900°C using solid phase growth.

A typical bright-field XTEM image of RDE CoSi2s001d
layer is shown in Fig. 7sad. The film/substrate interface is
primarily planar alongs001d, but containsh111j interfacial
facets, as indicated with arrows, located at 54.73° to the
s001d plane. Based upon multiple images, corresponding to
more than 5mm of interface, obtained from several samples,
the average facet size measured alongs111d planes is
<12 nm and the average facet separation is 56 nm. Figure
7sbd is a HR-XTEM micrograph of the interfacial region in
the RDE sample corresponding to the area highlighted in
Fig. 7sad. The image was obtained with the electron beam
along the CoSi2 f110g direction. The upper-left side of the
micrograph is an untwinned epitaxial RDE CoSi2 region

bounded bys001d and s11̄1d Si planes indicated by dotted
and dashed lines, respectively. The general orientation rela-
tionship for theh111j interfacial facets as determined from
HR-XTEM images is h111jCoSi2

i h111jSi and
k110lCoSi2

i k110lSi. We attribute the formation of these facet-
ted interface segments to the lower energy of thes111d com-
pared to thes001d surface of CoSi2. Calculateds001d and

s111d CoSi2 surfaces energies, based on density functional
methods employing the generalized gradient approximation,
are 258 meV Å−2 and 136 meV Å−2, respectively.30

XRD pole-figure measurements were carried out to de-
termine the in-plane orientation of the twinned regions in
CoSi2s001d. The left side of Fig. 8 shows two quadrants of a
typical 224 XRD pole figure from a RDE CoSi2s001d layer;
the right side is a simulated pattern with all reflections la-
beled. The detector angle 2u was set at 89.479° and the tilt
angle c was varied from 0° to 86° in 2° steps while the
azimuthal anglef was continuously scanned at everyc
value and integrated over 2° intervals with 5 s acquisition
periods for each data point. The epitaxial relationship be-
tween the CoSi2 layer and the Sis001d substrate gives rise to
the following reflectionsslabeled Od in Fig. 8: the four peaks
located atc=35.3° and separated byf=90° emanate from

s224d, s2̄24d, s22̄4d, ands224d CoSi2 planes while the eight
peaks atc=65.9° and separated byf=37.9° and 52.1° origi-
nate from four sets ofsh1 k1 2d and sh2 k2 2d planes, where
h1=k2= ±4 andh2=k1= ±2.

The h111j twins in RDE CoSi2 layers generate an addi-
tional set of 224 peaks, labeled as diamonds and squares
sL,l,h,jd in Fig. 8, atc=17.7°, 35.3°, 47.1°, 65.9°, 74.2°,
and 82.2° corresponding to the six tilt angles between the
221 and 224 families of planes. This observation is in good
agreement with HR-XTEM results showing that the 221
planes ofh111j-twinned regions are orthogonal to the growth
direction, i.e., h221jCoSi2

i s001dSi. The formation of h111j
twins yields four setssthere are fourh111j planes in the
CoSi2 unit celld of symmetric 90°-rotated reflections. The
peaks due to twins associated with thes111d plane are la-
beled asL: they consist of twelve 224 reflections atc
=17.7° andf=64.1° ,206.0°;c=35.3° andf=135.0°; c
=47.1° and f=292.1° ,337.9°; c=65.9° and f
=63.9° ,206.0°;c=74.2° andf=97.9° ,172.0° ,313.9°;c
=82.2° andf=16.0° ,253.9°. The remaining 224 twin re-

flections associated with thes11̄1d, s1̄1̄1d, ands1̄11d planes,
are labeled asl, h, andj, respectively.

FIG. 7. sad Bright-field XTEM micrograph, along thef110g zone axis, from
the interface region of a RDE CoSi2s001d layer. sbd HR-XTEM micrograph
of the area highlighted insad.

FIG. 8. A 224 XRD pole-figure from a RDE CoSi2s001d layer grown on
Sis001d at 600 °C. The horizontal axis corresponds to thef010g direction
and the concentric circles indicate 30° increments in the tilt anglec. The left
quadrants are experimental data and the right quadrants are simulated pat-
terns with all reflections labeled.
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Based on a combination of the TEM and pole-figure
analyses, we find that the region labeledT in Fig. 3sad con-
sists of fourfold symmetric twins whose orientation relation-
ships are the following:

L s111d twins: s221dCoSi2
i s001dSi and

f1̄10gCoSi2
i f1̄10gSi,

l s11̄1d twins: s22̄1dCoSi2
i s001dSi and

f110gCoSi2
i f110gSi,

h s1̄1̄1d twins: s22̄1dCoSi2
i s001dSi and

f110gCoSi2
i f110gSi,

j s1̄11d twins: s2̄21dCoSi2
i s001dSi and

f110gCoSi2
i f110gSi.

IV. CONCLUSIONS

We have shown that RDE CoSi2 layers grown on Sis001d
by reactive deposition epitaxy using ultrahigh-vacuum mag-
netron sputtering in pure Ar discharges exhibit a cube-on-
cube epitaxial relationship with the substrate,
s001dCoSi2

i s001dSi andf100gCoSi2
f100gSi, and a relaxed lattice

constant ao=5.363 Å. CoSi2 layers, .400 Å, formed at
600 °C are in a weak state of tensions«i=−0.37%d and
partially relaxedsR=29%d. In contrast, solid phase growth
results in the formation of polycrystalline CoSi2 layers with
average grain sizes of.100±50 nm and a mixed 111/002/
022/112 orientation.

We attribute the striking difference in the microstruc-
tures of RDE and SPG CoSi2 to rapid Co diffusion into the
Si substrate during RDE for which the high Co/Si reactivity
gives rise to a Co-flux-limited reaction resulting in the direct
formation of the Si-rich disilicide phase. In contrast, sequen-
tial nucleation and transformation among increasingly Si-
rich phases during SPG give rise to CoSi2 layers with poly-
crystalline texture.

A combination of XRD pole-figure and HR-XTEM
analyses reveals the existence of fourfold symmetric twinned
regions, with h221jCoSi2

i s001dSi and k110lCoSi2
i f110gSi, in

the epitaxial RDE CoSi2 layers. The twin planes and shear
directions, based on detailed HR-XTEM analyses, areh111j
and k1̄12l, respectively.h111j facetted CoSi2/Sis001d inter-
face segments are also observed.
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