CoSi, heteroepitaxy on patterned Si(100) substrates
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The influence of starting surface topography on the nucleation and growth of epitaxial silicide layers
was investigated. Cogilayers were grown via the template technique on one-dimensionally
patterned 3100 substrates. These substrates contained mesa stripes, running parallélLid, Si

and exhibited either a number of $hkl} facets, or “smoothly varying” sinusoidal profiles.
Conventional plan view and high resolution cross section transmission electron microscopy showed
that the orientation and morphology of the Cp§rains depend on the ang(® between the
CoSh/Si interface normal and &i00. CoSi(100) grains nucleated on mesa tops and trench
bottoms, whergg<5°, and formed atomically sharp interfaces. GoE10) and CoS(221) grains
nucleated along sidewalls of the mesa structures, in regions wher@<81° and 6>5°,
respectively. Co$(110) grains formed highly stepped interfaces with the substrate which were
punctuated by step bunches at the grain boundary/substrate triple pointg(Z2iJigrains formed

rough interfaces with the substrate which were punctuated by facetB-ayqk silicide/substrate
interfaces along $111} planes. Analysis of these data suggests that nucleation 05@d8) grains

is associated with the presence of double height steps and step bunches with small surface
misorientation, and that nucleation of Cg&i21) grains is associated with{$11}; facets, Si311}

facets, and step bunches with larger surface misorientationl98€6 American Institute of Physics.
[S0021-89706)07222-2

I. INTRODUCTION technique, singly oriented Co8100 films could be grown
on flat S{100) surfaces. However, use of the same opti-

Many questions still remain unanswered concerning thenized template technique resulted in silicide films containing
nucleation and growth of epitaxial films. One specific ques-—9595 CoSj(110) for growth on macroscopically rough
tion addresses the nucleation of different epitaxial orientasj(100) surfaces Similarly, growth of CoSj on Si100) wa-
tions of the same phase. In theory, reasons for the nucleatiqirs taken from different wafer batches also resulted in films
of different epitaxial orientations should be relatively Simp|econtaining different volume fractions of Cg8l00) and
to identify as nucleation is driven by the reduction in a spe-CoSj,(110).1® Other studies have shown that Cg3P1)
cific component of system energy Experimentally, reasons nucleation is associated with growth on higher indexed Si
for the nucleation of different epitaxial orientations are dif- gyrfaces including Si211} and Si{311},*! and on faceted Si
ficult to determine or verify. In order to determine the effect(100) surfaces? All of these data point to surface topogra-
of a specific variable on heterogeneous nucleation, it is negphy as a dominant influence in the nucleation of different
essary to minimizeideally, eliminate the effect of all other  CoSij, epitaxial orientations. However, in order to better un-
variables in the experiment. Nevertheless previous studiegerstand the role of surface topography in GdSi het-
have identified several factors affecting epitaxial nucleationeroepitaxy, a more systematic study is needed.
These include, but are not limited to, surface topogrép‘ﬁy, This study has focused on identifying the effect that
details of intermediate phase formatibndetails of  starting surface topography has on the nucleation of CurSi
deposition?®® as well as strain energy and coincidence siteSi. To accomplish this goal, CoSivas grown using a tem-
density® plate techniquéon patterned $100) substrates containing

CoSji, on Si(100 is an example of a system where sur- either a number of high indexed $hkl} surfaces? or
face topography has been linked to the nucleation of differ*smoothly varying” sinusoidal profiles® The template
ent epitaxial orientations of the same phase@r heteroepi-  technique was chosen as the deposition process for two rea-
taxy on S{100, CoSk, a metal with a Cajcrystal structure  sons. First, silicide growth on flat @00) using an optimized
(ap = 0.536 nm), grows with the following primary epitaxial template results in singly oriented Ce&i00) films of the
orientation: CoSi(100)//Si(100) [referred to as highest structural qualit§/.Second, deposition of the silicide
CoSi(100)] 28 Two secondary epitaxial orientations have layer should not significantly alter the topography of the sub-
also been identified: Cogil10)//Si(100)(Refs. 3, 8, and strate starting surfac&’ The template is formed by room
10) [referred to as Cogi110)] with two in-plane rotational temperature deposition of thi*~0.2 nm) Co and Si layers
variants, and Co$i221}//Si(100) (Refs. 10—12[referred to  followed by a brief anneal af < 470 °C. Due to this low
as CoSj(221)] with four in-plane rotational variants. Table | annealing temperature and to the fact that nearly all of the Co
summarizes the crystallographic relationship of each £oSiand Si were deposited in a stoichiometric rgtoly the first
epitaxial orientation relative to the 300) substrate. Previ- monolayer of Co was deposited without additiona), Sill
ously, it was shown that by using an optimized templatereactions should be confined to the top monolayer of sub-
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TABLE I. CoSi, epitaxial orientations and their rotational variants on

Si(100). [0?1]

Out-of-plane orientation In-plane orientation [001]
CoSi(100)//Si(100 CoSp[011)//Si[011] \ ?
CoSi(110//Si(100) CoSi[001)/Si[011] a)

. CoSi[110]//S{011]
CoSh(221)//Si(100) CoSi[110]//S{017] [001]
CoSi[110]//Si[011] t [113]
CoSi[114)//Si[011] [113] [115]
CoSi[114)//Si[011] / / f[m] [0?1]
?
b)

strate Si, and the topography of the substrate should not be

significantly altered®!’ Since the epitaxial orientation of the [0?01]

CoSj, grains is determined at the start of growth, during ‘B/ [001]
template formation, microscopic analyses of the silicide/Si N
interface should reveal topographic features characteristic of 0° <5< 15°

each CoSi epitaxial orientation, and could help identify po- )

tential nucleation sites for each silicide orientation. In order

to insure that surface topography was the only variable af-

. e : . : . FIG. 1. Schematic diagram of the surface profile of a patternétOgi
fecting silicide nucleation, Cogiwas grown using an opti substrate. In all of the schematics, th¢(0%il] direction is normal to the

mized template, described in detail in Sec. Il, on both ﬂatpage.(a) Si(100) substrate profile after plasma etchittigh Si(100) substrate
and patterned €100 substrates, taken from the same batchprofile after plasma etching, 100 nm buffer layer growth at 650 °C, and

of wafers!® Since the template produced singly oriented?:]””efc')iggnfr‘i’1 1bh f?‘r9|50 °?-(Cr> a{it(ﬁooz Z‘é%sfg“e ELOf”ﬁnaﬂel_fnP'iSfr“g g‘chh't

CoSi(100) films on flat Si100, any change in the Cogi gé’(’) C. uiter fayer growth & » and annealing for 2> h &

film morphology or epitaxial orientation could be attributed

solely to changes in surface topography between the flat and

the patterned $100) substrates. The advantage of using pat- . S ] )

terned substrates was that each substrate contained a witien beam evaporation of a solid Si source. Following Si

range of surfaces and surface topographical features. Thiguffer layer growth each substrate was annealed @0 °C

provided a means by which to quickly evaluate the effect offor 1-3 h to achieve the de5|_red surface profllg. Shorter an-

surface topography on silicide nucleation, and eliminated'€@ls produced substrates with a number oftsil} facets,

many problems associated with reproducibility and analysidncluding S{711, Si511, Si{31%, S{11%, and S{100

of films grown on different substrates. (Refs. 14 and 1p[see Fig. 1b)]. Longer anneals produced
substrates with smoothly varying sinusoidal prof{lese Fig.

1(c)]. The annealing process was monitored vifihsitu re-
flection high energy electron diffractiofRHEED) and low
Patterned, boron doped, (800 wafers, p~0.2—-0.4 energy electron diffractiofLEED). Analysis of RHEED and
Q cm, were prepared using conventional photolithographyEED patterns helped determine anneal times and verify the
and plasma etching. Etching was performed with a rf generpresence of various facets on the substrate surface. After
ated plasma in a mixture of gand Q. Following etching, annealing, substrates were rapidly cooled to room tempera-
the wafers were stripped of photoresist and degreased. Thegee prior to silicide growth, and were analyzed with Auger
wafers contained mesa stripes that extended across the entetectron spectroscopy to evaluate the cleanliness of the sub-
wafer surface in the 8011] direction, with a periodicity of 4 strate surface.
um, and a depth that varied from 100—300 depending CoSj, layers were grown on the patterned Si substrates
on the length of etching[see Fig. 1a)]. The wafers were using an optimized template technigi@he template con-
then diced to appropriate siz€3.25 in. X 1.20 in), cleaned sisted of a room temperature deposition of 0.2 nm of Co,
using a modified RCA cleaning procedure that left the subfollowed by codeposition of an additional 0.2 nm of Co in a
strates capped with a thin volatile oxide layB/Substrates ~ stoichiometric ratio with S{Co:Si=1:2). These layers were
were introduced into a four chamber cryopumped moleculaannealed to~470 °C for 2 min to form the CoSitemplate.
beam epitaxy(MBE) system P~ 5.0 E-11 Torp) viaa  With the substrate held at470 °C, the silicide films were
mechanically pumped loadlock, and moved into a samplé¢hickened to~10-20 nm by codeposition of Co and Si in a
preparation chamber. In the sample preparation chambestoichiometric ratio. Both Co and Si were deposited via elec-
each substrate was outgassed for 15 min at 100 °C, 15 min &#bn beam evaporation of solid sources. Deposition rates
300 °C, and 2 h at 550 °@;ifter outgassing, substrates were were monitored by quartz cantilevers and were calibrated
transferred into the growth and analysis chamber. The prowith Rutherford backscattering spectroscopy and cross sec-
tective oxide layer was then thermally volatized by heatingtion high resolution electron microscopy. During deposition
to ~1000 °C for 2 min. Substrates were then cooled tothe pressure in the growth chamber remained below 1.0
~450 °C, and a 100 nm Si buffer layer was grown by elec-E-9 Torr. After deposition, substrates were rapidly cooled to

Il. EXPERIMENT
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CoSix110 direction parallel to the direction of the mesa
stripes, gi011]. Data concerning the location of the misori-
ented silicide grains were obtained by reducing the size of
the electron probe and collecting microdiffraction patterns
from various regions of the films. Microdiffraction patterns
taken near mesa tops and trench bottoms show that in these
regions CoSi grows with only one epitaxial orientation,
CoSi(100//Si(100. However, microdiffraction patterns
taken near the sidewalls indicate that in these regions
CoSh, grows with all three epitaxial orientations.

Plan view TEM micrographs taken near thé180) zone
axis show that the silicide films are continuous, and that the
defect density and epitaxial orientation of the Gofiims
vary with location along each mesa structure. Zone axis
bright field micrographgFig. 2) indicate that CoSj with a
low defect density, grows on the mesa tops and trench bot-
toms, while along the sidewalls of the mesa structure the
defect density in the silicide film dramatically increases. In
order to locate the position of the misoriented Go@ains,
and to verify the results of the microdiffraction analysis,
FIG. 2. Bright field plan view transmission electron micrograph, taken nearbright field and dark field micrographs were taken using dif-
B o ot v v s ot o o scone e g 2ton maxima fom Cosgrains of cach eptal rinta
:’actidn pattern taken fromppthis r%gion of the substrate. Eon' The position and denSIt,y of ,CQ&OO) gralns We,re

determined from two-beam bright field and dark field micro-

graphs taken using=200, andy=200 with a 200 diffraction
room temperature and removed from the MBE system fomaxima of CoSj(100, respectively. These micrographs
postgrowth analysis. All substrates were heated resistivelghow that the mesa tops and trench bottoms contain exclu-
by passing current directly through them. sively CoSj(100). The density and position of Ca$110

The silicide films were analyzed using conventional plangrains were determined from two-beam bright figkig.
view transmission electron diffraction and microscdD  3(8)] and dark field micrograph§Fig. 3(b)] taken using
and TEM, respectively and cross-sectional high resolution g=111, and g=111 with a 111 diffraction maxima of
transmission electron microscogREM). Plan view TEM  CoSk(110), respectively. The density and position of
samples were prepared by ultrasonic cutting, mechanic&l0oSh(221) grains were determined from two-beam bright
thinning to ~125 um, and chemical etching to perforation. field [Fig. 4@], and dark field micrograpH&ig. 4(b)], taken
Cross-sectional HREM samples were prepared by substratesing g=311, andg=311 with a 311 diffraction maxima
cleavage, mechanical thinning t©30 um, polishing, and from CoSp(221), respectively. These micrographs confirm
ion milling to perforation with 5 keV Af ions. Plan view that the CoSi110 and CoSj(221) grains are most highly
TEM was performed using a Philips 420 T, operating at 120concentrated near the sidewalls of the mesa structure. They
kV. Cross-sectional HREM was performed using a JEOLalso indicate that the density of Ce&21) grains along the

4000 EX, operating at 300 kV. sidewalls of the mesa structure is higher than the density of
CoSi(110 grains. However, identification of specific nucle-
IIl. RESULTS ation sites for these misoriented grains was not possible. The

plan view TEM micrographs also show that all of the grains
along the sidewall are elongated in the direction of the mesa
stripes.

A. Plan view transmission electron diffraction and
microscopy

Analysis of selected ardasing an aperture size ef10
um) plan view transmission electron diffraction patterns of
the CoS; films grown on patterned &i00) substrates B. High resolution cross-sectional transmission
suggests that the silicide grows with three epitaxial orientaglectron microscopy
tions. Diffraction patterns taken near the(1%0) zone

. . . ) o ; Cross-sectional HREM analysis of the Co8ims cor-
axis (see inset, Fig. Psuggest the following epitaxial orien-

o ’ ) ) ; ; roborated the plan view TEM/TED analyses, and provided
tations:  CoSi(100//Si(100  with - CoSpO1D//Si(01D,  qgitional information about the film morphology. Lattice

and one rotational variant of CoS110//Si(100 with  jnaqes of the silicide films on patterned Si substrates con-
CoSp(001//Si(011). Diffraction patterns taken along other firmed the presence of all three epitaxial orientations indexed
Si zone axes suggest one additional epitaxial orientatiofy, the plan view TED patternCoSi,(100), one rotational
with two rotational variants: Cogil22)//Si(100) with  variant of Co0Sj(110), and two rotational variants of
CoSip(411)//Si(011), and  CoSi(122)//Si(100)  with  CoSi(221)]. Additionally, an alignment of a CoSIL10
CoSi(411)//Si(011). From these diffraction patterns it was direction with the mesa stripe direction,[@L1], was ob-
determined thaall of the silicide grains were aligned with a served in all CoSigrains. The epitaxial orientation of each
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FIG. 4. Plan view transmission electron micrographs of a €6l grown
on a patterned $100 substrate.(a) Two-beam bright field micrograph
taken with the transmitted beam ageF311 of the CoSi(221) grains.(b)
Dark field micrograph taken with a 311 diffracted beam of the Q@2i1)
grains andg=311 of the CoSi(221) grains.

measured between the Ce¢fi interface normal and
Si(100. In total, 10 CoSi films and a combined interface
length in excess of-40 um were analyzed. In order to sim-
plify the representation of this data, analysis of growth on all
Si surfaces was included in the plot.

The results of the cross-sectional HREM analysis show
FIG. 3. Plan view transmission electron micrographs of a i grown that the CoSi(100) grains grew predominantly at mesa tops
on a patterned §100) substrate.(a) Two-beam bright field micrograph and at trench bottom@ig. 6), in regions wher&<5°. These
taken with the transmitted beam ager111 of the CoS{(110) grains.(b) grains were large in sizel(> 250 nn) and formed atomically
Dark field micrograph taken with a 111 diffracted beam of the @d430)  gharp interfaces with the Si substrate. Close inspection of
grains andg=111 of the CoS{(110) grains. . . . . . .

Fig. 6 reveals that, in regions of low misorientation,
CoSh(100) grains easily accommodated Si steps at the
silicide/Si interface(these steps appear to be single height
silicide grain relative to the Si substrate was determined byteps. Conversely, Co${110) grains grew along the side-
indexing simulated diffraction patterns of the lattice imageswalls of the mesa structures and had grain sizkes- (30 nm)
These diffraction patterns were produced by taking fast Fouthat were significantly smaller than those of the G6Bi0)
rier transforms of the CoSiSi lattice images, and were used grains, as seen in the plan view TEM analysis. GASIi0)
to map the location of Cogil00, CoSi(110, and grains nucleated in regions whegevaried from 5° to 11°,
CoSi(221) grains as a function of misorientation ang®,  and formed rough interfaces with the substriddig. 7). Fur-
from Si(100 (Fig. 5. The plot in Fig. 5 was generated by thermore, in most~90%) of the CoSj(110) grains, the
calculating the linear fractions of Cg8l00), CoSp(110,  grain boundary/substrate triple points were punctuated by re-
and CoSj(221) grains and plotting them versus the angle  gions of step bunching. Similarly, Co$221) grains grew
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Angle (8) FIG. 7. Cross-sectional high resolution transmission electron micrograph

showing a lattice image along a($10 projection of a CoS{110) grain

FIG. 5. Plot of the linear fractions of Co$L00), CoSj(110, and between two Co${100). This silicide/substrate interface normal is misori-

CoSi(221) grains as a function of, the angle measured between the en_ted~5° from Si(100) in this region. The _arrowheads in the mlcr_ograph

CoSi,/Si interface normal and €i00). The plot includes data for growth on point to facets and step bunches at the grain boundary/substrate triple points.

patterned substrates with both well definedIskl} surfaces and smoothly

varying sinusoidal profiles. The plot does not include grains that nucleated

at facet intersections. grain size with increasing misorientation from(80). This
plot was generated from the cross-sectional HREM data
rather than from the plan view TEM data in order to elimi-
along the sidewalls of the mesa structures and also exhibitesate errors associated with measuring grain sizes on inclined
small grain sizesd ~ 25 nm). These grains nucleated in re- surfaces. Comparison between the two data sets shows a
gions whereg>5° and dominated film growth in regions of qualitative agreement.
high misorientationg>12°. CoSj(221) grains also formed
rough iqterfaces with _the Si substrate. These interfaces wel¢ piscussioN
predominantlyB-type interfaces along §ill} planes(see
Fig. 8. A B-type interface is described by a 180° rotation of ~ Before attempting to analyze the above results, it would
the silicide lattice relative to the Si lattice, about #13i)  be useful to review what is known about Si surface topogra-
direction. CoSj(221) grains were also found in relatively Phy, and determine which surface topographical features are
flat areas of the substrate on features with locally high mislikely to be present on the patterned(I0) substrates.
orientation(i.e., isolated step bunches of i1} facets (see  Keeping in mind that the substrates were patterned with
Fig. 9). Figure 9 shows a CogR21) grain that appears to Mesa stripes along [®i11], and that steps on Si surfaces run
have nucleated on a step bunch between two relatively flatlong S{110 directions}**it is expected that steps on the
regions of the substrate containing C4$00). patterned substrates will run predominantly along sidewalls,
The high resolution cross-sectional TEM analysis of theparallel to the mesas. In regions of low misorientation from
CoSj, films also provided an opportunity to investigate the Si(100), 6<4°, near mesa tops and trench bottoms, the pat-
grain size dependence of Ce%is a function ofy, the angle terned substrates should contain predominantly single height
of misorientation from SiL00). The plot generated from this steps(for the purposes of this discussion, no distinction be-

. L . P H 9,20
data (Fig. 10 shows a significant decrease in the silicidetweenS, and S, steps will be made’® As the surface
misorientation increases above 5°, moving down a sidewall

in the mesa structure, a transition from single height to

_—

10nm

FIG. 8. Cross-sectional high resolution transmission electron micrograph
FIG. 6. Cross-sectional high resolution transmission electron micrograplhowing a lattice image along a($10 direction of several Cogi221)
showing a lattice image along a($10 projection of a CoSilayer grown grains. The arrowheads in the micrograph point to facets at the silicide/
on a patterned $100 substrate. The silicide layer is oriented with substrate interface, along{$i1 planes. The silicide/substrate interface
CoSi(100//Si(100. Note the steps along the silicide/substrate interface. normal is misoriented-24° from S{100) in this region.
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Furthermore, the high temperature annealing step should re-
sult in surface smoothing and in the elimination of surface
roughness associated with multilayered islanded structures.
In summary, it is expected that the surfaces of the patterned
substrates contaifl) single and double height steps running
parallel to the mesa stripes?) stable high indexed Si
{hkl} surfaces,3) nanoscale facet§probably S{111}) on

the high indexed S{hkl} surfaces, and4) regions of step
bunching.

In light of the above discussion, the heteroepitaxial
growth of CoSj on patterned Si substrates can be analyzed,
and possible nucleation sites for each GaSiitaxial orien-
tation can be suggested. One interesting feature of the plan
view TED/TEM data is the presence of only one rotational

FIG. 9. Cross-sectional high resolution transmission electron micrograeranam of COSj(llO) and two rotational variants of

showing a lattice image along a($10) direction of a CoSi(221) grain that COSE(ZZ_l), as compqred to two variants of CQEP'.’H-O) and
has nucleated on a Si step bunch between two relatively flat regions of thfour variants of CoS{221) for growth on nominally flat

substrate containing Co$100). Si(100 surfaces. This observation implies that the nucleation
of misoriented CoSigrains is related to the symmetry of
surface step structure on the substrate. By artificially con-
double height steps should occdr”* A further increase in  straining steps to run predominantly along onél 80 direc-
surface misorientation should result in the formation oftjon (Si[011], parallel to the mesa®n patterned substrates,
stable facets and surfaces such &9 8i}, S{511, S{311l,  as opposed to along two orthogona{13i0) directions, as on
and S{111.'*?*"?*Unfortunately, most of these higher in- nominally flat S{100 surfaces, the number of rotational
dexed surfaces have complex structures that have not yghriants of misoriented CoSgrains was reduced by a factor
been fully determined. Past work has shown thd6Bl  of 2.
(Ref. 26 and S{311 (Refs. 27-32 surfaces are recon- The plan view TED/TEM data also show an alignment
structed, and are not simply made up of smalll80) ter-  of CoSj, grains with Sj011]. Along this direction the silicide
races separated by double height steps, as may be the caggins are elongated, grow with a Cggil0 direction par-
with Si{711 surfaces” It is also possible that these higher 4jje| to S[011], and have favorable lattice matchingl.2%.
indexed surfaces contain small facets of other orientationgiowever, along $011], the direction moving down the
(i.e., S{11%, Si{31;}).34'35|ndeed, a recent study has shown gjgewall of the mesa structures and across step edges, the
that Si surfaces vicinal to §111} contain a high density of gjjicide grain dimensions are smaller. The lattice mismatch
{111} nanoscale facefS. Additionally, the surfaces of the for the CoSj(110) grains is also considerably worse,
patterned wafers were annealed at high temperatures for ex-4 795 These data imply that the nucleation of misoriented
tended periods pric_)rto silicide growth. During this annealing rains is related to the symmetry of the initial surface step
process, step motion on the substrate surface, coupled W'glructure, and epitaxy is disrupted by the presence of step
the presence of pinning sitése., impurities, could |ndu<:7e edges. Epitaxial growth along steps resulted in large grain
the formation of step bunches, as well a3$l} facets”’  gimensions and favorable lattice matching, while growth
across steps resulted in reduced grain dimensions and, in the
case of CoS{(110) grains, poor lattice matching with the Si
250 [ e e substrate. Since cross-sectional HREM micrographs suggest
_ that single height steps do not appear to hinder Cbst-
200 eroepitaxy(cf. Fig. 6), this points to double height steps and
| larger scale surface topographical featufies., facets, step
- bunche$ as dominant influences in the nucleation of misori-
ented silicide grains.
Analysis of cross-sectional HREM data was used to help
] identify possible nucleation sites for the misoriented GoSi
ey ] grains. As already mentioned, Cg®jrowth using the tem-
plate technique should not significantly alter the structure of
g g, oY e ] the starting Si surface, although limited mass transport in the
Q Tttt bt T top monolayer of Si is expectédPrevious work has already
0 5 10 15 20 25 30 demonstrated that silicide growth of CgSin S(111) pre-
Misorientation Angle (8) serves the surface step structure of the substrate at room
temperaturé® but does result in slight alterations of the sur-

FIG. 10. Plot of the average CgSjrain size as a function of misorientation . o~ 17 Qimi iAr i _
from Si(100). The plot was generated by plotting the average grain size offace step structure dt ~ 450 °C.”" Similar behavior is ex

the silicide grains v#, the angle measured between the GéSiiinterface  Pected for growth on 5100) Due to the low gro_vvth tem- _
normal and SiL00. peratures and the stoichiometry of the deposited material

150

100

50

Average Grain Size (nm)
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(only the first monolayer of Co can react with the subsjrateand S{311} facets are expected along higher indexed Si
used in this study, mass transport between the deposited mghkl} surfaces. For these reasons it is speculated that nucle-
terial and the substrate should be limited to the top monoation sites are limited to §ill} facets and surface topo-
layer of substrate Si, and some signature of the nucleatiographical features that closely resemblgl$i}, including
sites for each misoriented silicide grain should remain. Thestep bunches with large misorientations fron§18D), and
HREM micrographs show that Co$l10) grains are large surface corrugations and roughness on high indexed Si
bounded by regions of step bunching at the grain boundaryhkl} facets.

substrate triple points. Although these features are seen in

nearly all(~90%) of the CoSj(110) grains, their final mor- V. SUMMARY

phology could be influenced by mass transport driven by  1hig study has demonstrated that surface topography
balancing of interfacial and grain boundary energies betweeg|one can induce the nucleation of variously oriented €oSi
CoSi(100), CoSj(110), CoSi(221), gnd the Si _substrai\"é. grains on patterned Qi00 substrates. These results suggest
Based solely on the HREM data, it is not possible to f|rmlyp0\,¢,sib|e nucleation sites for both CgQil0) and
establish the role of microfacets and step bunches in thegj,(221) grains, and have provided additional information
nucleation of Co$(110) grains. Additional information on 5, the effect of surface topography in CeSi heteroepit-
ppssible n_ucleation sites for CQ&IIO)_ grains is .provide-d in axy. The approach used in this study involved silicide
Fig. 5. This plot shows that the density of Cg3i10) grains  growth, using an optimized template technique, on patterned
rapidly increases af>5°, a value of surface misorientation sj100) substrates that contained mesa stripes, parallel to
where one would expect to see double height steps and st&fjo11], and a wide variety of surface topographical features.
bunches with low misorientation from @00. Although the  gjnce the template technique utilizes low growth tempera-
association of Cog(110) grains with the presence of double yres, the interface between the silicide and the substrate
height steps and small step bunches on the Si surface ¥hould be topographically similar to the starting substrate
strongly suggested by the data, this cannot be confirmegyrface. Hence, microscopic analyses should help determine
without further experimentge.g., analysis of CoSihet-  possible nucleation sites for each silicide orientation. Indeed,
eroepitaxy on 00 substrates miscut~5° towards  mjicroscopic analyses revealed that the epitaxial orientation
Si(011)]. Nevertheless, speculation that these surface topogng morphology of CoSigrains had a strong dependence on
graphical features are linked to Cg&i10) nucleation, per- the misorientation between (300 and the silicide/substrate
haps by providing a more favorable geometrical latticejnterface normal. Co${100) grew in relatively flat regions
match and a lower strain energy density than flét®),'°is  of the substratég<5°), where single height steps should be
consistent with past work and with the observations and arthe dominant surface topographical features. Gd3D)
guments mentioned abouelouble height step edges and grains were found in regions of slightly higher surface mis-
larger scale surface topographical features might be linked tgrientation (5°<6#<12°. These data suggest that
the nucleation of misoriented CgSirains. CoSi(110 nucleation is linked to double height steps and
Possible nucleation sites for Ce&21) grains are also small step bunches on the Si surface, perhaps due to more
suggested by direct inspection of cross-sectional HREM mifavorable geometric lattice matching than on flat18D).
crographs. These nucleation sites includ¢lBl} facets, CoSi(221) grains were found to dominate growth in regions
Si{311 facets, and step bunches with high misorientationof high surface misorientatiorig>5°), wherever silicide
from Si(100. HREM micrographs of Co$(221) grains grains were able to fornB-type interfaces along §il1}
show a high density oB-type interfaces with the substrate planes. These data suggest that G@1) nucleation is
along S{111 planes(see Fig. 8 Other micrographs show linked to S{111} facets, Si311 facets, and large step
that CoSj(221) grains grow along §11} facets and on step bunches along the substrate surface.
bunches along the Si surfageee Fig. 9. In many cases The symmetry of the surface step structure was also
these grains also formeitype interfaces with the substrate found to influence silicide nucleation and growth. Growth on
along S{111} interfacial facets. This is not surprising for two one-dimensionally patterned substrates resulted in half the
reasons. First, the Co$P21) epitaxial orientation is crystal- number of rotational variants as typically found for growth
lographically related to $100) by a B-type interface along on flat S{100) substrates. This was attributed to the fact that
an off-normal S{111) direction. Second, the formation of steps run predominantly along one in-plan€1$0) direc-
B-type CoSj/Si interfaces is expected for this particular tion, parallel to the mesa stripes, on the patterned substrates,
CoSj, template along $111 surfaces’*6-*9Similarly, due as opposed to two in-plane (510 directions as on flat
to a good geometrical lattice match and overall low interfa-Si(100) substrates. Furthermore, epitaxial growth of the sili-
cial energy, the growth of Cog221) along Si311 surfaces cide grains parallel to mesa stripéalong step edgese-
can be explained in terms of the minimization of interfacialsulted in large grain dimensions and favorable lattice match-
energy between Cogand Si due to the formation &-type ing (all silicide grains shared a common Cg8il0)
interfaces along $111} facets at the silicide/Si interfadé.  direction with the direction of the Si mesas,[®i1]). In
From these data it is clear that the formation dfl$il} fac-  contrast to this, growth normal to the direction of the mesas
ets andB-type interfaces are important to the nucleation of(across step edgegesulted in smaller grain dimensions and
CoSip(221) grains. Furthermore, it is unlikely that these fac-poorer lattice matching. These data seem to suggest that
ets form as a result of deposition because mass transport ggowth across step edges disrupted epitaxial growth, whereas
limited to the top monolayer of the Si substrate, and 8}  growth along step edges facilitated epitaxial growth.
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