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Reactive deposition epitaxy of CoSinanostructures on S{001): Nucleation and growth
and evolution of dots during anneal
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Nucleation dependence of reactively deposited g(&8i001) morphology and structure were analyzed
situ by scanning tunneling microscopy and surface electron diffraction. On a flat surface, Volmer-Weber
growth results in a mixture of faceted Ce&21)-c(2Xv3)— and flat-topped Cogi001)-c(2X4)—
reconstructed three-dimensional nanocrysi@dss. To test their stability, the dots were annealed at the growth
temperature for prolonged periods of time. The initial dot shape was found to be metastable against elongation,
as the mean size increased significantly with annealing time. However, eventually the dot arrays attained a state
closer to equilibrium, as could be judged from the transition to a more laterally isotropic shape, simultaneously
with a reduction of the mean dot size. This “inverse coarsening” is achieved by partial dissolution of the dots,
with the excess material transferred onto the interdot silicon area, converting it into a silicide. Growth on a
3°-off vicinal surface results in two-dimensiona{2x 2)+ c(2X 2)—-reconstructed platelets. These observa-
tions may have important implications for the semiconductor indup8§163-182@09)00231-3

I. INTRODUCTION or in thermodynamic equilibrium. Indeed, we have found
that cobalt silicide nucleation on terraces resulted in the ap-
CoSj, is attractive as a self-aligned silicide for high- pearance of nonequilibrium 3D nanocrystals on the surface,
performance ultralarge scale integratédl SI) devices be- Wwhile nucleation at double-height step edges produced 2D
cause of its low lattice mismatch with SE—1.2%, and low platelets closer to equilibrium. By performing a detailed
electrical resistivity, ~14 uQcm? However, epitaxial —duantitative analysis of the nanocrystal late-stage growth ki-
CoSj, films of high structural quality have only been found Netics, we have shown that even though initially metastable,
to grow on Si111) substrates, while growth on the more they can be brought closer to equilibrium by prolonged an-
important S{001) substrates results in misoriented gralfs. neals at elevated temperature. The late growth stages occur

Recent scanning tunneling microscof§TM) observations under the conditions of mass conservation, where the initial

. : " ; flux or supersaturation, which drives the nucleation, ceases
of CoSp/Si(001) growth, by reactive deposition epitaxy . ’ "
(RDE) and molecular beam epitaxMBE), have revealed to exist. These late stages have been frequently attributed to

the formation of small three-dimension@D) islands of dif- Ostwald ripening, which has been observed to take place in

f i trical shap&swhil ther | b many materials systemé. However, various competing
erent geometrical shap lieé smoother layers can b€ achanisms, such as the static or dynamic coalesd@nige,

ach|eyed46v¥|th the aid of a so-called “template” gyain and different attachment-detachment barfiecan

technique,™" the small size and apparent crystalline perfec-ake the interpretation ambiguous. For example, not only

tion of the 3D islands imply the fascinating possibility of he |ate, but even the early stages of Ge/Si gréivttave

using them as self-assembled metallic quantum dots. Theligeen attributed to Ostwald ripening by several grotip&

is, however, an additional necessary requirement for the latyhile different mechanisms have been found to dominate by

ter purpose, i.e., the uniformity of size and shape of the dotghe others:1%1’ For the CoSi/Si(001) nanocrystals, we

in the array, which is usually the most difficult part of the have found static coalescence to dominate the late growth

self-assembled dot growfii'® Another fascinating possibil- stages, until transition from elongated to laterally isotropic

ity is to use the dots to detect an infrared radiation in anshapes took place.

internal photoemission sensor device, where the quantum ef-

ficiency due to CoSinanoparticles is six times higher than

in planar CoSi Schottky diodes! As the self-assembled Il EXPERIMENT

dots in this study are obtained in a more straightforward Therefore, two types of 8)01) wafer were chosen: flat,

fashion, and their degree of perfection and possibility of convery slightly contaminated with Nibelow the detectability

trol appear to be better than in Ref. 11, even higher quanturtimit of our Auger analyzer, and clean 3°-off vicinal wafers.

efficiency seems viable. Narrow terraces of the latter were supposed to ensure suffi-
Deeper understanding of Cg®5i(001) growth may im-  ciently high probability of the adatoms to reach the step

prove the quality of flat layers for ULSI applications or 3D edges before nucleating an island, while wider terraces and

nanocrystals for quantum dot devices, which has been thii-induced trenché$ of the former were supposed to restrict

motivation for the present study. In particular, we aimed tosurface diffusion and to achieve the opposite effect. In UHV,

explore the effects of the silicide terrace nucleation and stepthe substrates were degassed for several hours and repeatedly

edge nucleation on the resulting morphology, and to deterflashed at 1400 K and a pressusl0 ' Pa, before slow

mine whether the structures obtained are kinetically limitedcooling to the desired temperature. Such treatment has gen-
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FIG. 1. 2 kV Auger spectra of the initial Si substratiotted
line) and the CoSi/Si(001) grown on top of it, at the end of the
experiment(solid line). Note the absence of elements other than Si
and Co, e.g., C and O at the spectral locations indicated by open
arrowheads, and the “pumping” of intensity from the Si LVV peak
at 92 eV into Co MNN peak at 53 eV in the grown layer.

erally proved effective in producing well-orderedX2) Si
surfaces? Indeed, for the clean vicinal sample, this treat-
ment resulted in single-domain KI2) terraces separated by
double-layer Dy steps®® For the Ni-contaminated flat
sample, it resulted in a trenched XA) surface(where &
<N<10a, a=3.84 A being the Si surface lattice constant
as expecte® A JEOL elevated-temperature STM, equipped
with reflection high energy electron diffractiofRHEED)
and low energy electron diffractiodLEED)/Auger spec-
trometer, and capable of operation up to 1500 K was used.
The base pressure of the STM chamber prior to growth was
1x 10 8Pa. The constant-current images were taken using
electrochemically etched/ tips, during exposure to a flux of
Co atoms at 770 K growth temperatui@hieved by direct
current resistive heating and measured by infrared pyrometer
with =30 K accuracy. Co was supplied from a water-cooled
four-elemente-beam source at 45° to the sample, and the
pressure during evaporation did not exceed “1Ra. After
the deposition the sample was left to anneal at the same
temperature for prolonged periods of time, and STM images
from several areas, diffraction patterns, and Auger spectra
were periodically taken to evaluate the changes to the sample
surface. It should be noted that, in spite of the long annealing FIG. 2. STM images ofa)—(0): terrace nucleation; ana)—():
times m.thls study, very low pressure in UHV comblneq with the resulting 3D morphology of cobalt silicide islands grown on a
rather high sample tem_perature reduced the adsorption onfay; Si(00) surface.(a)—(c)-Constant-current images showing pref-
the surface to a negligible level. Even after a few days, thengial island nucleation at the trenclfet.5 V, 0.08 nA. (d) 3D
only species detected in our Auger spectra were Si and CRypresentation of the typical silicide islan@sote the 3D flat-top
(see Fig. 1 islands and faceted huts oriented paralle{1@0 directions. (e)—

(g) High-resolution images of the typical silicide huts, where the

left-hand facet ine) is blown up in(f) [(e), (f) +0.3 V and 0.1 nA,;

IIl. DEPENDENCE OF THE EVOLVING MORPHOLOGY (g —0.5 V and 0.08 nA (h)—(j) High-resolution images of the
AND STRUCTURE ON THE SUBSTRATE typical flat-top silicide island$+0.5 V and 0.08 nA+0.3 V and
CONFIGURATION AND NUCLEATION SITE 0.08 nA, and—1 V and 0.08 nA, respectivelylnsets in(h) and (i)
are blowups of the boxed regions at the bottom rigif2 xv3),
A. Terrace-nucleation on a flat S{001) surface p(2x2), c(4x4), andc(2x4) unit cells are outlined irff), (h),

Comparison of STM images in Fig. 2 to those in Fig. 3, (1), and(j), respectively.
and of the corresponding electron diffraction patterns in Fig.
4, indicates a marked difference in the silicide growth mor-(Bearing in mind that some Co atoms may have gone into the
phology on flat and vicinal substrates. In both cases, abouhterisland area, cf. IV B, the actual Co coverage could be
0.8 ML of Co was deposited, as estimated from the totaklightly higher, but still less than a monolayeWhile in the
volume of CoSj nanocrystals/unit area on the flat substrate former case the surface is composed of 3D nanocryidtais



4802

FIG. 3. Constant-current STM images(@j step nucleatiorf—2
V and 0.08 nA, and (b)—(c) the resulting 2D platelets of cobalt
silicide grown on a 3°-off vicinal $001) surface(—1.5 V and 0.08
nA). p(2x2) and c(2xX2) unit cells are apparent in high-
resolution images iffic) and, especially, in the upper-right corner of

(d).
2(d)], of faceted Figs. 2e)—2(g)], or flat-toppedFigs. 2h)—
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nation angles were measured from the slope of the STM
images,®,;=15.3+1° and®,=18.9+1.4°, with only®,
facets, such as the ones in Figge)22(g), atomically re-
solved. The dimensions of the centered unit cell at the flat
tops[outlined in Figs. 8) and Fa)] are 7.8 A< 15 A. Within

the experimental resolution limit, these are in excellent
agreement with 2 and 4a interatomic distances, respec-
tively, found on thg001) plane. On the other hand, the long
side, 12.8 A, of the centere®,-facet cell, 7.8 A< 12.8 A
[outlined in Figs. #) and 8b)], could not be expressed aa

on the(001) plane, but close to the double interatomic dis-
tance in a(112 direction on the{111} plane. This fact and
the apparent threefold symmetry sugggstl} as a possible
facet plane, in which case the nanocrystal orientation is such
that the{111} planes form a 15.3° angle with ifbkl} plane
parallel to S{001). {221} orientation matches this require-
ment, with the long side of the centerdtil1}-facet cell
12.8 A/cos(15.79°¥ 13.3A, i.e., exactly double interatomic
distance in 4112] direction[see Fig. B)]. Thus the{111}-
facet periodicity is conveniently described&d® <X v3). Fur-
thermore, now the®, facets can be identified within the
measurement error 410 planes. Summarizing, the flat-
topped nanocrystals were identified ag(2xX4)-
reconstructedrelative to Si(00)-(1X 1) bulk termination

2(j)] shape, the latter consists of arrays of double-layer 2rpitaxial CoSj(001) with the cubic axes parallel to those of
platelets(Fig. 3). The 3D character of the nanocrystals, andsilicon, and the orientation relations of the facete(?
2D though multilevel character of the platelets, are well re-

flected in the transmission-type spdtg. 4a)] vs intense
streaking[Fig. 4d)]?! in their respectivé110]-RHEED pat-
terns[the beam directions are indexed relative to th@®l)
crystallographic directions, as in Fig(ab]. [100] patterns
from the nanocrystals indicate4 surface periodicity, while
the platelets seem to b€2 reconstructedquarter- and half-
order reflections are marked by white arrows in Figd) 4
and 4e), respectively. Due to its normal-incidence geom-

etry, LEED is relatively insensitive to inclined and 3D sur-
faces, and thus the pattern obtained from the nanocrystal

[Fig. 4(c)] does not show thex4 periodicity (though the

presence of 3D features can be inferred from a very high

diffused background intensityA pattern from the less rough
platelet surface in Fig.(# does show thé3; 3) spot[absent
in Fig. 4(c), see black arrowsin addition to{1;0}- and{3;0}-
type spots.

7]

Nucleation on the flat surface takes place in the missing-
dimer trenches. Figs.(@—-2(c) show the progression of the
silicide nucleation with Co exposure. As coverage increases,
the formation of 3D islands is favored even at the expense of
some additional surface energy, because of the elastic
relaxation??23In equilibrium, isolated CoSihuts grow with
a square base until they reach a critical size of almost 200
nm, after which they elongate to minimize their enetdy.
Our huts become elongated at much smaller siZze8 nn),
indicating that they are not in equilibrium; this may be due to
hut-hut interactions, or some kind of facet-growth
instability 2® similar to that observed for Gel®01) huts®
The latter instability seems particularly likely, as the nonfac-

eted islands_ do not show the same tendency to elongate. F|G. 4. (a), (b) [110] and[100] RHEED, and(c) LEED patterns
Although at first glance the flat tops and the hut facets appeafom the 3D silicide surface, as in Fig. 2, aid), (e) [110] and
to exhibit similar reconstruction, such an impression is mis{100] RHEED, and(f) LEED patterns from the 2D platelet mor-

leading, because the former are parallel to th@®) sur-

face, while the latter are inclined to it. Two hut-facet incli-

phology, as in Fig. 3. Blackwhite) arrows in LEED (RHEED)
point to fractional-order reflections.
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3(d)].” The (3/2 Xv2)-R45° reconstruction of th8 surfacé

was not observed by STM or RHEED and LEED in this
study, although atomic shifts leading to this reconstruction
could be recognized at the platelet edpefsFig. 3c)]. Since

3D CoS;j island nucleation has been observed even at the
Si(001) Sy edges, the stepped platelet morphology dis-
cussed above is not simply due to step-edge nucleation, but
involves specific interaction of growing CaSvith Dg edges

and single-domain (X 2) terraces. In equilibrium, step-step
separationsl, on a surface are determined by competing in-
teractions between force multipoles causing strain relaxation
at the step edgeS-3'For example, the force-dipole interac-
tion term,\4a2l ~2, arises mainly due to the rebonding %
andDyg steps on §D01). However, due to the differences in
atomic configuration between these two steps, their force-
dipole coefficients\y, differ considerably'* Thus, while it

may be energetically favorable to accommodate the tension
from the CoSj/Si mismatch by growing platelets extending
the Dy silicon steps, at thé&g step edges 3D islands may
prove more effective in relaxing the tension. It is difficult to
make a more quantitative analysis because the exact structure
and force-multipole coefficients of the CeSurface are not
known. However, there are at least two important similarities
with a vicinal S{001) surface: (i) it contains descending
double-height steps separated by single-domain terraces, and
and(b), respectively. Large empty circles represent the upper Iayer(,") .contrast enhance.ment a.t the edpsee Fig. .BC)] can be
small filled circles represent the second layer, and the bonded on(§§trIbUth to rebondm@z. It_ 1S thgrefore possible tha_t the.
stand for dimers. Directions in a (8D1) plane are shown in the StePped platelet structure is stabilized by the force-dipole in-
upper-left corner ir(@), and directions inf111) facet of CoSj(221)  teraction between the steps and the force-monopole interac-

crystal in(b). This schematic drawing should be regarded as purelyfion due to mismatch strain. The latter monopole differs from
geometrical, and does not provide the position and bonding contheé dimerization induced o833 and arises because the

figuration of the atoms. applied strain on one side of the step is not balanced by an
equal and opposite strain on the other siti€® Thus, the
Xv3)—reconstructed ones were determined to bestep-edge atoms are able to partially relax by shifting out-

CoSi(221)Si(001) and CoSj110]IS[110] (see Fig. 5. V\{ards(inv_vards under bulk compressiofiensior). Since_ the
Grains of the latter orientation have been observed by trangign of this monopole does not alternate for successive steps,
mission electron microscop§TEM),>* forming {00L-{221} It causes Ioga_rlthmlc attract!drgln(l) b_etween thenfiwhere
and{111-{111}, or {511-{111} twin boundaries with the un- Ae 1S proportional to (strairstep height (Refs. 34 and
derlying silicon, with the interface Co atoms seven- or eight-39], Which can ultimately lead to step bunchifigThe equi-

fold coordinated. The combination of high coordination andlibrium platelet width,lo=av(2A4/\¢), is then obtained by

close lattice match over a wide temperature range lends st@inimizing the energy of the stepped arrdy,o+\qa®l 2
bility to this orientation +X\cIn(l)}, with respect td (where\, is the CoSj double-

height step formation energy due to bond breaking, dangling

bonds, and elastic deformatitfh Knowing\4, one can de-

o ) _ ) termine whether the stepped arrays of 5-nm-wide platelets
A 3°-off vicinal Si(001) surface contains double-height shown in Fig. 3 represent an equilibrium configuration. In

Dg steps, separated by 5-nm-wide terracdse., general, however, the sign of strain should also be

0.27 nm/tan(3% When Co is deposited onto this surface, 2D considered®*’since it determines the sign of the monopole-
silicide platelets nucleate at the step edges, as can be seengfole cross terni>=

Fig. 3@. As the growth continues further, the platelets

mimic the configuration of the substrate by creating arrays of

double-height silicide steps separated by approximately IV. LATE-STAGE GROWTH OF CoSi , DOTS
5-nm-wide terracefsee Fig. &)]. Such a growth is realized
via silicide bilayers, where every bilayer can be regarded as
an extension of the I step edge where it was nucleated. The surface immediately after Co deposition is shown in
The observed morphology seemed to be unaffected by a pré-ig. 6(a), and consists of faceted Co&21)—c(2Xv3)—
longed anneal at the growth temperature. As GaSalways and flat-topped Cogi001)-c(2Xx4)-reconstructed three-
terminated by at least one monolayer of Si, double-heightimensional nanocrystals, which coarsen with annealing time
steps are representative of a Si-ri8lsurface?®8which is  [Figs. 8b)—6(c)]. The size distribution§SD’s) correspond-
also confirmed by a characteristic mixture af2x2) ing to Figs. &a)—6(d) are shown in Figs. (8—7(d), respec-
+p(2X2) reconstructions at the platelet surfdeee Fig. tively. Continuous elongation of the distribution tail towards

FIG. 5. Orientation relations of (8 CoSi(001)c(2
X4)/Si(001)-(2x1), and (b) CoSik(221)-c(2Xv3)/Si(001)
nanocrystals, as deduced, e.g., from Figp.a&nhd Zf), respectively.
c(2Xxv3) andp(2x 1), andc(2x4) unit cells are outlined irfa)

B. Step-edge nucleation on vicinal $001) surface

A. Kinetics of the nanocrystal island growth
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FIG. 7. Size and voluménse} distributions of CoSi/Si(001)
nanocrystals at various stages of anné&ll h, (b) 18 h,(c) 66 h,
and (d) 111 h. The best fits to normatashed-dotted lingsand
log-normal(solid lineg distribution are presented.

FIG. 6. Constant-current STM images showing the evolution of
CoS,/Si(001) nanocrystals with annealing tinje) 1 h (=2 V and
0.08 nA), (b) 18 h(—5 V and 0.08 nA, (c) 66 h(—5 V and 0.08 best fitted with the log-normal curves. Existence of nanoc-
nA), and(d) 111 h(=5 V and 0.08 nA. rystals larger than twice the mean size is a clear fingerprint
. . . of coalescence. In the Ostwald ripening-type process the
the large-size end, causing strong positive skewness, is in, imum particle size is restricted tqr3 (or even less in

mediately apparent v_vhen going from Figayto Fig.. 7(9)’ __the original formulation of Lifshitz and Slyozd%), where(r)
and even more so in the nanocrystal volume distribution

(VD) given in the insets. It is also apparent that Fig&l) 6 'S the mean par'ticl'e size in eqpilibrium with the surroynd—
and 7d) deviate from this trend. To guide the eye, the sD's'N9s: neither §hr|nk|ng nor growm’ﬁ.quever, .SUCh restric-
and VD’s were fitted with the normal Gaussian curves, adions are not imposed on the coalescing particles. When two

well as with the log-normal curves. WAhilL h after the depo- SUCh particles, which can be both larger than encounter,
sition both the SD and VD are rather symmetrical and We”_fast diffusive interaction causes them to coalesce. The result

fitted with the Gaussians, the positively skewed distributiondS the removal of these particles from the smaller-size range
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FIG. 8. Time dependence df) mean nanocrystal size fitted
with r(t)=ro[1+k(t—t,)]Y° (dotted ling, inset: linear fit to FIG. 9. Variation of the growth anisotropy of the nanocrystals
r3(t)=r3+k(t—to); (b) size distribution skewness, inset: volume With annealing time, expressed as the nanocrystal length in the
distribution skewness, where solid lines only guide the dge; [110] direction vs the length ii110] direction. Values close to a
mean nanocrystal height fitted with(t)=ho[ 1+ k(t—to)]Y® (dot- line at 45° intersecting the origin represent isotropic nanocrystals.
ted line, inset: vertical nanocrystal aspect rati@) nanocrystal
number density; ande) fraction of the area covered by nanocrys- =r,, ho[1+k(t—to)]". [The SD and VD skewness were
tals. observed to follow the same trend: Figib8 demonstrates

the droppage of the skewness values after 66 h of afneal.

larger-size range, which explains the positive skewness antine more reliable way of finding the exponent of a strongly
long large-size tail. Coalescing nanocrystals are clearly obronlinear function, is by converting it to a linear one, and
served in Figs. @) and Gc). thus we have performed fits to a function of the typ3ét)

To estimate the kinetics, we have plottgdlas a function =rg+k(t—to). The best fit was obtained for=5 [inset of
of time in Fig. §a). (In view of the strongly skewed nature Fig. 8a)]. This is a striking result, as the samet*® depen-
of the SD’s and, especially, VD’s, we have used the geometdence was found for the growth of Ge nanocrystals on
ric mean and standard deviation, which better characteriz8i(001) and attributed to a transport-limited growttlhis
log-normal-type distributions. For the annealing timet implies that, similarly to the growth of thicker CoSilms,
<66 h the mean nanocrystal size and heigtigs. §a) and  the growth of CoSi nanocrystals is not controlled by the
8(c)], were found to obey power law of the fornt), h(t) Si-Co reaction. However, while the parabolic dependence of
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8i-Co
e(4xd)ip(2x2)

FIG. 11. Schematic drawing of the relation betwg®i2 X 2)
(thin lines andc(4x4) (thick lines reconstructionsc(4xX4) can
be obtained by shifting every second protrusifilied circles from
their equilibrium positions in110] rows of ap(2X 2) structure, in

[TlO] and[lTO] directions.

more isotropic the nanocrystals are, i.e., the more symmetric
base they have, the closer they lie to a 45° line intersecting
the origin. One can clearly see that the increase in the mean
size, up to 66 h of anneal, is achieved by nanocrystal elon-
gation in only one of thé110 directions, indicated by the
values scattered parallel to the plot axes. It seems likely that
such growth is achieved by material addition to the nano-
crystal facet, with corresponding elongation in a direction
perpendicular to that facet, similar to that observed in
Ge/S{001).%1°4 However, after 111 h of anneal, a marked
tendency towards a more isotropic shape is apparent in Fig.
6(d), as quantitatively displayed in Fig(®.

B. The interisland area

In a simple mass-conserved scenario, immediately after
the termination of Co flux, the supersaturation that drives the
nucleation of new nanocrystal islands is reduced, and most
of the residual Co atoms diffusing on the surfager

FIG. 10. Constant-current STM images showing the transitionsubsurfac®) join the existing islands. Therefore, as the is-
of Si(2x1) interisland area into a mixture of Co-$(4x4) and  lands grow and coalesce, as indeed follows from the positive
p(2x2) phasegsee text for details (a) 18 h of anneal+1.5V  skewness of the SD and VD in Fig(bj, their number den-
and 0.08 nA; (b) same as irfa), but +0.5 V and 0.08 nAfc) 66 h  sity should decrease, in agreement with Figl)8up to 18 h
(=0.3 V and 0.08 nA Inset in(a) is a blowup of the right-bottom  of anneal. As the growth and coalescence continue, the frac-
region, demonstrating the mixed character of tféx4) recon-  tion of the area covered by the islands should increase, while
struction. their number density decreases further. However, that is not

what was experimentally observed. After 66 h of anneal, the

the film thickness on time follows the trivial solution of SD and VD are even more Skewésbe F|g YC)], as ex-
Fick's diffusion equation] = (Dt)"**°thet* dependence pected from progressively coalescing nanocrystals, but both
indicates additional limitations to dlfoSlOgﬂ.AS will be the island coverage and number density were increm
shown below, one possible reason is that not all of the diffigs. §d) and 8e)]. This can only happen if new islands are
fusing Co atomgwhich are the main diffusants in the tem- nycleated, which requires a new source of Co atoms. Fur-
perature range relevant to this experini@nteach the nano- thermore, after 111 h of anneal, the mean island size, island
crystal islands; some of them are used to convert theoverage, and number density decreased, as shown in Fig. 8.

interisland area into various Si-Co compounds. These observations cannot be explained without allowing
Plotting the nanocrystal axial length along fHELO] di-  some material exchange with the interisland area.
rection vs the length along tH&10Q] direction, as shown in Figure 10 shows typical Coghanocrystals and the sur-

Fig. 9, helps to estimate the effect of anneal on the lateralounding interisland area under various bias conditions, after
growth anisotropy and provides another useful instgfithe  18/(a)—(b)] and 66[(c)] h of anneal. The structure and ori-
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2 vanished in the first 18 h of anneal, when there was no more
~ T CoSi, 1 free Co leff. However, after 111 h of anneal, the epilayer
é 1L y was closer to a true equilibrium, which required far more
£ c4xd) A1 isotropic island shapeg:?®
E I __i_(_z.;sl_z,." . In the model proposed by Tersoff and TroRihe bal-
heS OF = . ance between the elastic relaxation of mismatch strain by the
% [ ] island and the additional surface energy of the island walls,
s -1F 3 causes such an island to have a square base in equilibrium.
2 r ] However, under the assumption of constant island height,

N/ A T when such an island reaches a certain critical size, elongation

2 1 0 1 2 is favored to maintain a low mismatch strain, at least along

tunneling voltage (V) one of the island axes. Using a special growth technique,
based on implantation, Brongersma and coworkers have ob-
FIG. 12. Scanning tunneling spectra fromx2) (dotted line,  tained unusually large and well-separated G#S{001)
¢(4x4) (thin line), and CoSj (thick line) regions. Note that the nanocrystal islands, and, by preventing secondary nucleation
(4% 4) spectrum is intermediate between the semiconducting (nd island-island interaction effects, proved the validity of
x1) spectrum and metallic CoSone. the modeP* However, this model is not applicable to our
experimental conditions for the following reasor§; our
entation of these nanocrystals were discussed in Sec. Ill, sganocrystal islands are smaller by at least one order of mag-
here we would like to focus on the interisland area. At thenitude; (i) they are closely spaced and island-island interac-
early annealing stages this area consists primarily of (Zion cannot be neglectedjii) secondary nucleation takes
x1)-reconstructed Si, and what seems to beplace; and finally(iv) Fig. 8c) shows that the island height
c(4x4)-reconstructed regions, and as the annealingaries almost by the factor of 2 during growth. Therefore the
progresses more and moreX2) regions are transformed equilibrium model by Tersoff and Trompis not likely to
into c(4Xx4) regions[Figs. 1@a) and 1@b)]. This is a dy- account for the anisotropic island elongation shown here,
namic and reversible process. However, although we havehich commences immediately and at island sizes signifi-
occasionally observed &4 x 4)-to-(2X 1) transition, even-  cantly smaller than the critical 185-nm size found in Ref. 24.
tually all the (2x1) regions are transformed into &4 Furthermore, if the island height is allowed to vary, as in our
X4), as shown in Fig. 1@). Close examination of voltage- case, square-based pyramids represent an equilibrium shape
dependent STM images revealed that thi@x 4) recon- atanysize?? Thus, the island elongation in our experiment is
struction is actually a mixture af(4xX4) andp(2x2) [see  more likely to be explained by kinetic instability due to facet
Figs. 1Qa) and 1@b)]. In fact, these two reconstructions are growth, as has been proposed by Jesson, Chen, and Penny-
closely related, and Fig. 11 shows how t{dx 4) structure  cook for SjiGe, _,/Si(001) 2> and experimentally confirmed
can be obtained from @(2x2), by periodic shifts. Al- by Goldfarb and coworkers!%4!
though the exact nature of the bright protrusions forming the Elongated islands, such as the ones shown in Figp—6
(2x2) mesh is not yet known and even controvers®&l**  6(c), can only transform into the more symmetrical ones,
this reconstruction, as well ax(4x4),2"?® has been ob- such as in Fig. @), by detachment and outdiffusion of some
served and associated with Co-silicide surfaces by severaff the island material. Since this material must go some-
authors’26-2843gcanning tunneling spectt8TS shown in  where, e.g., into the interisland area, as the “equilibration”
Fig. 12 indicate that the electronic structure of sux progresses one would expect to see more 8i(2 interis-
x4) differs from that of a clean silicon, as well as from that land area converted into a silicide, which is precisely what
of a disilicide. Although more systematic STS studies arewe observed. Figure 16) shows that even after 66 h of
required, the nature of theV curve from ac(4x4)/p(2 anneal there are practically no SK2) patches left, and
X 2) mixture, i.e., intermediate between semiconducting anefter 111 h of anneal the islands are only slightly elongated
metallic behavior, implies some sort of a Co-containing[see Fig. €d)] and all the interisland area (4x4)/p(2
phase. As the solubility of Co in Si is negligiblewe at-  x2) reconstructed. This island shape, rather then ideally
tribute it to the formation of a silicide, perhaps poorer in Sisquare based, was proposed to be the equilibrium shape of a
than the disilicide. CoSi, nanocrystal, with faceted rather than flat nanocrystal-
substrate interfacé4. Thus, slightly elongated 3D silicide
islands interconnected by a 2D silicide layer seem to repre-
sent a close talobal equilibrium configuration. It is also
We therefore propose the following explanation of ourworthy to note that, unlike all the parameters analyzed in
observations. Some of the residual Co atoms, diffusing beFig. 8, the vertical nanocrystal aspect ratio does not decrease
tween the nanocrystal islands during the anneal, transforraven after 111 h of anneféee inset of Fig. @)]. Such an
the initial Si(2x1) interisland area into Co-Si compounds. increase in aspect ratio can be expected, as by that time the
These compounds serve as a reservoip@al quasiequilib-  nanocrystal size has increased by about §6%. 8a)], and
rium with the islands, and thus material can be reversiblyjits volume by 300%not shown, favoring steeper islandé.
exchanged between them. This can explain the increase iinally, the (001)-oriented nanocrystals appear to be more
island density after 66 h of anneal, if the supersaturation oftable than thé€221)-oriented ones, as their respective ratio
Co contained in the reservoir is sufficient to drive the secdincreases with annealing timie.g., compare Fig. (8) to
ondary nucleation of new islandthe primary nucleation has 6(d)].

C. Towards the equilibrium
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V. CONCLUSIONS skewing the size and volume distribution functions to pro-
. . gressively positive values. The elongation did not match the
flatlntocc;m\:/lizisr;g?’o% cdhuar?ng|n?e;r;(a\(/goclj)esgg;it;%teefrict)g( aofequilibrium model, but rather implied a kinetic instability
CoSh. we observed transit?on from 3D npanocr staFI) ro&lth reflecting unequal probability of growth along different size
>b, b growt ‘facets, as was found for the Ge®1) hut clusters. Because
which can be useful for self-assembled quantum-dot applic

. . AT at'hel rowth exponent was also identical to the one found in
tions, to 2D platelet growth important for metallization in 5 9 P

ULSI technology. These morphological differences can beGE/S(OOD huts, it indicated the CogiSi(001) nanocrystal

linked to different nucleation sites on fld@errace nucleation grolllvtlcav;/a;lsngtfgﬁzgotl:]eg tt)%/etk}?ltgr?sﬁlnzjee:;ggnéerves as a
2][1Clt\élcgnilrgst/?g}]e;ggogli;: Iﬁ]atl?gsnligfgge.[(;Fhi(tea;(rir;?osritl?crilgz two-way reservoir, and plays an important role in establish-
orientgtions has also been notped by Kegnat?al 45 hased on ing equilibrium. While initially the kinetics drives the aniso-

; . . o tropic nanocrystal island elongation, after prolonged anneal-
their LEED analysis of Fegi] To achieve a clear distinction g times the thermodynamic tendency is to attain a more

. . i
252’1\2?12“ t?;fear:g%g:qtnge ggf,lvﬁt'gg gnO(jI:?d(;IvrT?a?na\\;ﬁ:iL:l; r@/mmetric shape, which is achieved by outdiffusion from the
y ’ 9 slands into the interisland area. As a result, a transition to a

S|.(00.1) sqbstratesf. The trenches helped to avoid th? c?therﬁ]ore energetically favorable island shape takes place. Simul-
wise inevitable mixed nucleation modeédowever, as simi-

larly oriented nanocrystals have been observed by othé[ra neously, transformation of the Si2l) interisland area

group$—62% on nontrenched 01 substrates, we believe into ac(4><4_)/p(2><2) silicide mlxtu_re takes pla_ce, upon
. . accommodation of the excess material from the islands.

the trenches did not have any other major effect. h i fi : £ siill I defectf q

We have also studied the evolution of Co8anocrystal T € resu ting con |gur§1t.|c')r? of still small, defect- ree, an
islands with annealing time at 770 K. This was achieved b only slightly elongated disilicide nanocrystals, seemingly in
monitoring the chan ges of various étatistical arameters X quilibrium with the surrounding flat silicide layer, provides

g ges ¢ P - "hope that they can be used as self-assembled metallic dots.

the nanocrystal array at different stages of the anneal, prim

filv by in situ scanning tunneling microscopy. The nanocr S_as'uch dots can be used to improve the quantum efficiency of
y by 9 9 Py YS"the internal photoemission sensors.

tal growth was found to obey a power law, with the time
exponent around 1/5, and was highly anisotropic with the
elongation along only one of thd10) nanocrystal axes. It
continued to impingement with the neighboring nanocrystals, The authors are grateful to J. Tersoff for useful discus-
upon which diffusive interaction caused them to coalescesions.
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