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Nitride-mediated epitaxy of CoSi , on Si(001)
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Epitaxial layers of CoSihave been grown on @i00) by the technique of nitride-mediated epitaxy.
An ultrathin layer of silicon nitride was formed on the(@)1) surface by exposure to ammonia gas
at 900 °C, followed by the deposition of a layer of €20 A in thickness at room temperature. The
sample was then annealed at 600°C and the microstructure monitored ity transmission
electron microscopy and diffraction. The formation of epitaxial islands of Ca&is observed
directly, with no evidence of the formation of intermediate phases. The,@sl&nds were found to

be elongated along the in-plang(&i0) directions, consistent with reports of the deposition of Co
by molecular beam epitaxy on clean( B0 at low deposition rates and elevated temperature. This
technique of silicidation may be of particular interest in the fabrication of advanced devices
incorporating multilayer oxide/nitride gate stacks. 2003 American Institute of Physics.

[DOI: 10.1063/1.1555708

As ultralarge scale integration design rules move into thedler UHV conditions-° the template methot}, allotaxy*?
deep submicron size regime, the fabrication of integrated cirand fabrication by mesotaxy, using high-energy, high-dose,
cuits places increasingly stringent demands upon the perfo€o implantations?
mance of materials and processing technologies. The need to In this letter we report the synthesis of epitaxial CoSi
form ultrashallow junctions at the source, drain and gatdayers on Si001) by first depositing an ultrathin layer of
electrodes of the metal—oxide—semiconductor field effecsilicon nitride. A layer of Co~20 A in thickness was sub-
transistor device is an established challenge, and singlesequently deposited over the nitride layer and the sample
crystal epitaxial silicide contacts are an attractive potentiahnnealed at a temperature of 600 °C. The formation of epi-
solution. Epitaxial silicides are preferred over their polycrys-taxial CoSj (with cube on cube orientatiprwas observed
talline counterparts because of their smoother interfaces, exturing the annealing process. No evidence of the formation
cellent layer uniformity and superior thermal stabifi/in  of any intermediate or second phases could be found during
particular, CoSi is superior to TiSi since its formation is annealing, which was monitored situ using transmission
not linewidth dependeritAdditionally, CoSj exhibits low  electron diffraction. The technique of nitride-mediated epi-
resistivity (14 pQcm), low lattice mismatch with Si taxy may be of particular interest in advanced complemen-
(—1.2%), and good process compatibility with very largetary metal—oxide—semiconduct@MOS) front-end-process
scale integration technolody. However, a simple postjunc- technology for the fabrication of devices incorporating
tion silicidation, involving room temperature Co deposition multilayer oxide/nitride gate stacks.
followed by a high temperature anneal, does not lead to the Our experiments, involving the use of ultrathin nitride
formation of epitaxial CoSiexcept in the case of Qi11),° layers, were performed in the polepiece of a modified trans-
an orientation which is not widely used in the semiconductommission electron microscope to enable us to monitor the
industry. growth and microstructural evolution situ. The system is

To form an epitaxial CoSion Si001), several methods equipped with electron beam evaporation, gas injection, and
have been developed including titanium-interlayer-mediatedample heating capability (1400 °C) with a base pressure of
epitaxy, oxide-meditated epitaxfOME),® high-temperature 1.5x 10~ *° Torr (JEOL JEM 2000V. Boron-doped p-type
sputtering) molecular beam epitaxy on clean Si surfaces unsilicon on insulator wafergesistivity 6—9¢ cm) with (001)

orientation were used as starting substrates. The silicon layer
dAuthor to whom correspondence should be addressed; electronic maiV:VaSN:I-500 A in thickness, and the oxide layer3000 A.
m-yeadon@imre.a-star.edu.sg Electron-transparent samples were prepared by dimpling and
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chemical etching from the backside of the substrate. Thegs
samples were cleaned according to the Shiraki mettvaith '
a layer of Shiraki oxide formed on the Si surface prior to £
insertion into the growth chamber, which is built around the
polepiece of the objective lens.

The samples were heatadsituto ~1100 °C to remove
surface oxide, before being cooled to room temperature td
confirm the formation of a clean Si surface. Electron diffrac-
tion and imaging were used to confirm the absence of Si
islands, which are observed to form on samples either con
taminated during preparation, or poorly outgassed prior to ® ®
heating to 1100 °C.

Ammonia gag99.95% was then injected into the cham-
ber and a partial pressure ofx8.0 © Torr was stabilized.
The sample was heated to a temperature of 900 °C in the
ammonia ambient, for a period of 2 h, before being cooled tderns recorded at this stage show no evidence of the presence
room temperature and the ammonia flow terminated. Highof any remaining Co, and a representative example is pre-
resolution phase contrast imaging, in combination with sesented in Fig. &).
lected area electron diffraction, was used to confirm the for- The observed Cogiexhibits the cube-on-cube epitaxial
mation of a uniform film of amorphous silicon nitride over orientation, with Si(10§/CoSh(100) and
the Si surfacgimage not shown The thickness of the amor- Si[110]//CoSp[110]. With the reaction apparently complete
phous layer was estimated from high resolution images refafter ~15 min at 600 °C), the sample was cooled to room
corded from the very edge of the sample to-b#0 A. Elec- temperature and the thermal drift allowed to stabilize. Elec-
tron energy-loss spectroscopy analysis confirmed théron energy loss spectroscopy analysis at this stage revealed
incorporation of nitrogen into the sample, with no detectablehat the NK edge was still detectable, indicating that the
carbon contaminatiofdue, for example, to ammonia expo- silicon nitride layer was most likely still present at the
sure. sample surface. This is consistent with previous observations

Approximately 20 A of Co was subsequently depositedof oxide-mediated epitaxy of CoSbn Si(001), where the
(at room temperatuyever the anorphous nitride layer, again amorphous silicon oxide layer remains after silicidation.
in sity, by electron-beam evaporation at a rate~af0 A per Analysis of video recordings made duringsitu anneal-
hour. The pressure in the chamber was maintained below g suggests that silicidation proceeds by vertical diffusion of
X107 1% Torr throughout the Co deposition sequence.Co through the interlayer, beneath the Co island. We observe
Growth of the Co layer was monitored periodically under thethe growth of epitaxial cobalt disilicide laterally, along the Si
electron beam, and the film was observed to nucleate angurface, the growth front moving away from the shrinking
grow as three-dimensional islands of random orientation, ago island along one of the two in-plaf@10 directions.
determined by electron diffraction. Whilst it might be assumed that Co is diffusing primarily

Following Co deposition, the samples were heated to @long the silicon: silicon nitride interface, subsurface diffu-
temperature of 600°C. As the temperature was increasesion of Co in Si can be substanfialnd this may also play a
from room temperature, a significant coarsening of the Cqole at this annealing temperature. The presence of nanoscale
Iayer was Observed, with the film breaking up into iSOlatEdis|andS e|ongated a|ong the in-p|ane<s_’]_0> directions sug-
islands of Co with no Continuity between islands. Thegests the ear|y Stages of growth may be dominated by a
Debye—Scherrer diffraction rings from the Co film becamepalance between interfacial energies in competition with het-

less broad as island size increased, as expected. No evidensggepitaxial strain relaxatiol?:'® From bright-field images
of any reaction was observed until the annealing temperature

of 600 °C was attained, approximately 5 min from the start
of heating. At this stage, the first signs of reaction were in-
dicated by the gradual formation of elongated islands in the
bright-field images, emanating from the Co islands. Diffrac-
tion patterns recorded at this stage revealed the emergence
a set of reflections, which correspond to the Go&00)
planes, in addition to the existing Debye—Scherrer Co rings
The long axes of the Cogislands formed parallel to the two
in-plane S{110 directions, with no apparent preference for
either direction. In Fig. (g we present a bright-field image
recorded at short exposure tirt@1 9 due to the presence of
sample drift following the ramp to 600 °C. The presence of
both Co islands and Cogislands(arrowed may be seen. As o ®

the CoS; islands gradually increased in size, the Co ISIand%IG. 2. (a) Bright-field image reccorded post-silicidation withse) a trace

decreased in number denSity and diaméﬁg- 1(b)] until of the facets of one Cogisland.(b) Corresponding selected area diffraction

they were no longer discernib[&ig. 2(a)]. Diffraction pat-  pattern.
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FIG. 1. Bright-field images recording aftéa) 1 and(b) 2 min annealing at
600 °C.
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Silicon nitride layer oxide layer _ tor devices comprising alternating oxide and nitride layers as
\ Oxide spacer part of a multilayered stack for the gate dielecfic®*As the
gate dielectric typically adjoins the region in which epitaxial
STI o ’ L 4 .
\_/ cobalt disilicide is desired, nitride-mediated epitaxy may be a
viable technique compatible with this technology. During the
fabrication of the oxide—nitride multilayered stack, the for-
mation of the first nitride layer of the multilayer could be
(c) extended over the source and drain contact regéig.
3(a)], followed by the addition of one or more other layers to
the stack region. Subsequent deposition of a layer of Co
[covering both the stack region as well as the nitride-coated
(b) source and drain contact regions, Figh)3 followed by an-
nealing would result in the formation of an epitaxial cobalt
disilicide at the source and drain contact regipfig. 3(c)].
Clearly, continuous Cogilayers would be required for de-
o _ vice fabrication; such layers could be formed either by depo-
such as that presented in Figlbp facets in some of the sition of a thicker layer of Co, or by the repeated deposition
larger |§Iands can be clearly dlstmgwshexdee insgtby a  of Co followed by annealing®
mass-thickness image contrast mechanism.
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FIG. 3. Fabrication of epitaxial source and drain regions(dy silicon
nitride deposition(b) Co deposition, andc) final anneal.
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