Surface studies of phase formation in Co—Ge system:
Reactive deposition epitaxy versus solid-phase epitaxy
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Morphological evolution of cobalt germanide epilayers,Gg,, was investigated

in situ by scanning tunneling microscopy and spectroscopy and reflection high-energy
electron diffraction, as a function of deposition method and, hence, the phase content
of the epilayer. During reactive deposition epitaxy, in which Co atoms were evaporated
onto a flat pseudomorphic Ge/Si(001) wetting layer at 773 K, the first phase formed
was cobalt digermanide, Cogen the form of elongated pyramidal islands. Each of
these three-dimensional islands has locally exerted an additional strain on the Ge
wetting layer already strained at the Ge/Si(001) interface, lifting the layer metastability
and causing, in turn, the formation of three-dimensional Ge pyramids underneath every
CoGeg, island. Solid-phase epitaxy of Co onto the same Ge/Si(001) epilayer resulted in
the formation of more Co-rich germanide islands. Coupling of strain from these
germanides to the epitaxial Ge/Si(001) strain has also facilitated a
two-dimensional-to-three-dimensional transition of the Ge layer, however, with the
germanide islands located at the Ge pyramid troughs, rather than crests. The difference
in the relative location of germanide and germanium islands in these two cases is
explained by accommodation of the large lattice-constant germanides at the more
relaxed regions of the Ge pyramid crests and the smaller lattice-constant at the
compressed Ge pyramid troughs.

I. INTRODUCTION tains seven phases cubic CeGe, hexagonal G&e,

The interest in cobalt germanides, in particular CaGe (@ = 3.93 A ¢ = 5.01A), hexagonap-Ca,Ge; and
stems from the fact that they can be used as a contaffthorhombica-Co,Ge;, monoclinic @ = 11.65 A,
material for Sj_,Ge, alloys and GaAs, and as infrared P = 381 A c = 4.95A) and cubicd = 4.64 A) CoGe,
detectors™® Although there is a considerable amount €tragonal CgGe, (a = 7.64 A,c = 5.81 A), orthorhom-

of literature on crystallography, microstructure, phasePic €0Ge (@ = b =568 A.c = 10.82 ), and Pearson’s
formation, and electronic properties of various cobaltCrystallographic Data contain also orthorhombic,Ge

silicides due to their potential as self-aligned silicides,(& = 502 A b = 382A,¢c = 726 A)° Co,Ge was
there are relatively few publications concerning struc-ound to form between Co and Ge layers after ion beam
ture and properties of cobalt germanides. The data ar@Xing by Dhar and Kulkamf. Solid-phase epitaxy (SPE)
incomplete and controversial. This is partly due to the®’ CO onto Ge/Si@followed by a 673-723 K anneal re-
complexity of the Co—Ge system and the different meth ;ulted in the formathr_1 of CoGe, which was transformed
ods of germanide synthesis used by various gréup into ?oG% on an additional 923—1023 K annéaé‘shpurn
addition, because of the importance of contacts t&! @ found CaGe, and CoGgin SPE of Co/Ge/Si(001)
Si, ,Ge, alloys, some groups investigate the reaction oféter a rapid thermal anneal (RTA) at 573K and 698K,
Co with Si,_Ge, rather than Ge, layers, which adds respectively. Epitaxial CoG&SaAs was obtained by simul-

complexity to the understanding of germanide formationi@€ous evaporation of Co and ‘Gesing partially ionized
kinetics®~2 The equilibrium bulk-phase diagram con- beam deposition at 1:2 flux ratfo? In addition to CqGe,

and CoGg, Co,Ge, was observed to form in metal vapor

vacuum arc cobalt implanted germaniirdence,a— and

3Address all correspondence to this author. B—Ca,Ge, seem to appear only in the bulk form, whereas
e-mail: ilang@eng.tau.ac.il Co;Ge, appears only during implantation. Diffusion
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of Co through the Ge layer, with subsequent formation ofwvould have resulted in the formation of 3D Ge pyramids
CoSi, at the Ge/Si interface, i.e., Ge/CgSi, has been and hut$>?°The M x N) surface mesh is formed by
witnessed, as well. the intersection ofN-periodic dimer vacancy lines
Not only the phase type but also the phase morpholog{DVLs) with M-periodic dimer row vacancies (DRVS), in
determine the metal-semiconductor compound layeresponse to buildup of epitaxial strain in growing 2D
properties. For example, although cobalt disilicide (GpSi Ge/Si(001) layers, as explained in detail elsewHéré?
exhibits exceptional properties as a self-aligned silicideThis critical thickness corresponded to approximately
the use of epitaxial CoSilayers grown on Si(001) is seven monolayers (7 ML), as determined by the deposi-
impeded by misoriented three-dimensional (3D) crystaltion rate found from image subtraction at submonolayer
lites*” To overcome this problem, the growth should coverages$>?°Hence, Co, supplied from a water-cooled
take place on a vicinal Si(001) surfatepr a special four-elemente-beam source at 45° to the sample, was
“template” techniqu&—?3should be used. deposited at 10 Pa onto this maximally ordered
These two aspects, i.e., phase type and morpholog¥e(001)-M x N)/Si(001)-(2 x 1) surface either by re-
are not unrelated. Because each phase has its unigaetive-deposition epitaxy (RDE) at 773 K or by SPE at
lattice constant, resulting from its crystalline structure500 K followed by an anneal at 773 K. Modifications to
and bonding, this affects the lattice mismatch with thethe Ge(001)41 x N) surface due to exposure to the flux
underlying substrate. The elastic strain from this mis-of Co atoms at the 773 K growth temperature were moni-
match, combined with the relative surface and interfaceored in real time, initially by STM and at the later stages,
energies, may, in turn, influence the surface morphologyecause of the tishadowing effect, by RHEED. RHEED
of the growing laye* We show that different morpholo- patterns (9—15 k\vere recorded parallel to tfi200and
gies of the cobalt germanide layers observed in our exEl100azimuths relative to the Si(001) surface directions.
periments correspond to different germanide phases and
are the consequence of the optimal strain—relaxation by, RESULTS

the growing layer in each case. A. RDE of Co on Ge(001)-( M x N)/Si(001)-(2 x 1)

Figure 1 shows the evolution of the initial Si surface
Il. EXPERIMENT after the Ge layer growth and subsequent exposure to the
The experiments were performed in a JEOL ultrahighflux of Co atoms at 773 K. As can be judged from
vacuum (UHV) elevated-temperature scanning tunnelingrig. 1(a), the initial surface is a well-ordered, atomically
microscope (STM), equipped with reflection high-energyflat Si(001) surface, (2 x 1) and (1 x 2) reconstructed,
electron diffraction (RHEED) and low-energy electronas deduced from smaller area STM observations and

diffraction (LEED)—Auger spectrometer, and capable offrom the RHEED pattern in the inset [blown up in
operation up to 1500 K by resistive heating. Si(001) wa-Fig. 6(a)]?° The Ge(001)4 x N) shown in Fig. 1(b)
fers were chemically treategk vacuoby repeated etch- layer is also of comparable quality, although of course, it
and-regrowth procedure, to produce clean andontains two types of vacancy line defects (that appear as
homogeneous oxide at the top. In UHV (base pressure dark fringes in the STM image) causinlyl (x N) peri-

x 108 Pa), after thorough degassing, this oxide wasodicity and streak splitting in the RHEED pattern in the
evaporated by repeated flashes at 1400 K, and the cleanset® [indicated by short white lines in Fig. 6(b)]. It is

Si surface was left to order during a slow cool to theimportant to note that this Ge wetting layer is absolutely
desired temperature (773 K in this case, measured bffat and shows no 3D islands at this stage. Therefore,
infrared pyrometer with £30 K accuracy). Such treatmenthe appearance of 3D islands, in the form of bright
has generally proved effective in producing well-orderedhanometer-size protrusions, such as the one shown in
(1 x 2) and (2 x 1) surface$;*>?8as was indeed veri- Fig. 1(c), immediately after opening the Co-evaporator
fied this time by LEED and, after transferring the sampleshutter could be directly attributed to the interaction of
into the STM chamber, by RHEED and STM. The nextCo with the Ge layer. Equally striking is the change of
step consisted of obtaining a flat and pseudomorphic Géhe RHEED pattern from a 2D to a 3D chevron-type
layer by gas source molecular-beam epitaxy (GSMBE)attern [see inset in Fig. 1(c), and Fig. 6(c)], character-
from GeH, to the maximal wetting layer thickness, istic of faceted nanocrystals, such as the Ge pyramids and
namely, below the critical thickness for the Stranski-huts?® Comparison between this RHEED pattern in
Krastanow transition. Ge growth was monitored in realFig. 6(c) and a pattern from pure Ge nanocrystal-covered
time by continuous STM acquisition in a constant-surface [from a different set of Ge-Si(001) growth ex-
current mode by using electrochemically etched W tipsperiment$®>~2°shown in Fig. 6(d)] reveals close similar-
as described elsewhet&?>~?2The growth was termi- ity in the shape of {111} and {002} reflections and the
nated the moment theM( x N) vacancy lines attained arrowhead shape of the {113} reflections, as well as in
their minimum meander state, because further growtlthe zigzag shape of the half-order streaks pointed to by
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white arrows. Close examination of these nanoprotruerests of the underlying pyramidal ones (with the sides
sions (Fig. 2) reveals that they are composed of two difparallel to theZLOO0directions). Hence, the pyramids at the
ferent types of nanocrystal: elongated ones situatetottom, as outlined in Fig. 2(b) and 2(d), are undoubtedly
diagonally (parallel to th&l10substrate directions) at the Ge nanocrystals responsible for most of the zigzag or
chevron RHEED pattern. The elongated features at the
Ge nanocrystal tops, most probably Co-containing ger-
manides, were the ones to contribute to the RHEED pat-
tern in Fig. 1(c) the four spots at the quarter-order
positions, marked by black arrows in Fig. 6(c).

Scanning tunneling-V spectra (STS) were then ac-
quired from both nanocrystal types, as well as from the
surrounding Ge(001)M x N) layer. The results are
shown in Fig. 3: although all the spectra exhibit rectify-
ing behavior, there are, nevertheless, recognizable differ-
ences between them, suggesting the different nature of
the three substances.

B. Solid-phase epitaxy of Co on
Ge(001)-(M x N)/Si(001)-(2 x 1)

The Ge(001)4¢1 x N) surface with a few germanide
nanocrystals on top of Ge pyramids, obtained by RDE of
Co as described in the previous section, served as a sub-
strate for the next set of SPE experiments. Although in a
typical SPE experiment metal deposition is performed at
room temperature (RT), the temperature for our experi-
ment was set to 500 K. On the one hand, it should be too
low to promote phase formation, and on the other hand,
sufficiently high to prevent undesired adsorption onto the
sample surface, keeping it atomically clean. The latter
consideration is very important, because most STM stud-
ies are based on the analysis of surface features, and
every effort should be paid to keep any unrelated and irrel-
evant species away from the surface under investigation.
Otherwise, some adsorption onto a surface, especially at
RT, may take place with time even under UHV conditions.

The results of Co deposition at 500 K are shown in
Fig. 4(a): the entire surface appears to be covered with
small bright protrusions. Germanide nanocrystals on top
of Ge pyramids from the previous RDE experiment
can be clearly distinguished from the rest of the
Ge(001)-M x N) substrate, even under this additional
Co coverage. The RHEED pattern [in the inset and blown
up in Fig. 6(e)] has also changed accordingly, from a
chevron-type characteristic of 3D faceted islands to a
spot-pattern from transmission through less-defined 3D
features, which could be indexed as cubi¢ 09zone.

After a 1-h anneal at 660 K, reaction and/or growth
seem to have taken place, because the small protrusions
increase in size and become elongated [see Fig. 4(b)].
This change modified the reciprocal space accordingly,
FhlG-( %-_Qt(?nlStSé}?ot(-ﬁl;fzgni %T':' rifr:egiit eSrhE)t;’)VingStZg ?(\:/g'l;/tlisg ggmanifested in the corresponding RHEED pattern in the
the (@) initial I - u u i i
Go(001)-0 x N)-Si(001)(2 1) and (c) reactiveg_ deposition epitaxy inset [also cf. Fig. 6(f)]. Yet another changt_e occurs after
of Co/Ge(001)41 x N)/Si(001)-(2 x 1) at 773 K. (a,b) -1.5V, a prolonged anneal _at 673 K, even though !t seems not to
0.08 nA, (c) -4.0 V, 0.08 nA. RHEED patterns (12 kV) in the insets Nave affected the diffraction pattern: this time there are
correspond to Si1100Jazimuth (dimer row and step directions). rather symmetrical, equiaxed crystallites located at the
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troughs of the faceted pyramids [see Fig. 4(c)]. Hencerelates the effective concentration of the metal atoms at
once more, the reaction caused two types of nanocrystéhe growth interface available to participate in the reac-
to appear: pyramids similar to the ones obtained by RDEtion, with the sequence of phases formfddccording to
with, however, equiaxed rather than elongated secondhis model, slow metal deposition onto a substrate at high
type nanocrystals, at the pyramid troughs (magnified andemperature ensures low effective metal concentration at
outlined in Fig. 5). Figure 6(a)—6(f) summarizes the evo-the growth interface. In other words, every metal atom
lution of RHEED patterns (see text for details). It is arriving at the surface reacts immediately, and accumu-
important to note that there were no variations in surfacéation of metal is avoided. As a result, the first phase
periodicity, as measured from interstreak spacings, sugermed is not the one with the lowest heat of formation,
gesting full coherency throughout the entire transformabut the one with the lowest metal content. In metal—
tion sequence. silicon systems, it is usually metal disilicide, MgSi
The surface morphology after a further 15-h anneal isvhich is the last phase in the equilibrium diagram.
shown in Fig. 7(a). Although STS spectra from theselmmediate and direct formation of disilicides in RDE
nanocrystal islands and from the interisland area, showwas experimentally confirmed for Co-Si, Ni-Si, and
in Fig. 8, still differ from each other, they both show Fe-Si system&® For example, the authors themselves
ohmic behavior (especially at low biases), very differenthave obtained CoSiby RDE at 773 K& about 50 K
from the rectifying spectra in Fig. 3. lower than the SPE Cosformation temperaturé® and
avoiding the intermediate G8i and CoSi phases.
IV. DISCUSSION Therefore, it is reasonable to assume that our RDE
A key to understanding the observed morphologies asf Co onto Ge(001)N! x N)/Si(001)-(2 x 1) layer,
a function of growth method and heat treatments is thevhich was slow enough and at sufficiently high tem-
Effective Heat of Formation model (EHEY,*?which  perature of 773 K, has led to the formation of cobalt

b

<M e (MxN)
L <010

facet

trough

FIG. 2. (a) Atomically resolved constant-current STM magnification of one of the nanocrystals shown in Fig. 1(c) (filled-states: =1.5 V, 0.08 nA).
(b) Outline and annotation explaining the features described in the text. Note the location of the elongated germanide nanocrystal (parallel and
perpendicular to the dimer rofit 10C0directions) at the crest of the underlying germanium pyramid (at 45° to the dimefliidirections), as

well as the interisland Ge(001)(x N) surface. (c,d) Another example, where the germanide is close to the Ge-pyramid crest. (d) Filtered to
emphasize the contours of equal height of the pyramid.
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digermanide, CoGg which is also the last phase in layer, and, in turn, promotes 2D-to-3D transition there.
the equilibrium diagram® This orthorhombic phase This can explain the formation of the Ge pyramids and
(3coce = bcoce = 5.68 A, Ccose = 10.82A) is thus  huts at the initially flat Ge epilayer, as shown in
under 0.35% compression on Gagf = 5.66 A), if Figs. 1 and 2. The pyramid STM images in Fig. 2 and
(001)CoGe|| (001)Ge (see left-hand side of Fig. 9).
However, in our case, the Ge layer is fully strained to
the Si lattice constantag; = 5.43 A), at least at the
Ge(001)-M x N)/Si(001)-(2 x 1) interface. The lattice
constant at the top of the Ge layer can be slightly closer
to the Ge lattice constant. Hence, the effective mismatch
between the CoGeand Ge(001)M x N)/Si(001)-

(2 x 1), i.e. at the CoG#£Ge(001)-M x N) interface, is
0.35% <e < 4.2%. Thus, a situation arises in which the
Ge layer experiences 0.35-4.2% tension at the upper,
CoGe—Ge(001)-¢ x N), interface, and 4.2% compres-
sion at the lower, Ge(001M x N)-Si(001)-(2 x 1),
interface. CoGg on the other hand, experiences
0.35-4.2% compression at the Cof&ae(001)-M x N)
interface. The strain can be even larger if, as was found
by Mello et al.? the ¢ variant Ccoce, = 10.82 A
stretched over two Ge unit cells) is present in the film.
This compression should be sufficient to drive the
2D-to-3D transition of the CoGg because 3D islands
allow for elastic relaxation at their crestéwhich can
account for the formation of the elongated 3D nanocrys-
tals (cf. Fig. 2).

Furthermore, the additional strain exerted by the
CoGeg, on the Ge layer, which is already strained to 4.2%
at the Ge(001)N! x N)/Si(001)-(2 x 1) interface, ap-
parently lifts the metastability of this pseudomorphic

8 1 O
6
2 ______
S 4
A
~N— Lo IR [
s L i1 Ge-pyramid
= T
= 2 N EREEE ;
= L .
i L i Ge-(MxN) = e
; : i
L 717 germanide | |
N I
0 1 2 3 FIG. 4. Constant-current STM images showing the evolution of the
bias (V) Ge(001)-M x N)/Si(001)-(2 x 1) surface after (a) solid-phase epitaxy

of Co/Ge(001)41 x N)/Si(001)-(2 x 1) at 500 K, and anneals (b) 1 h
FIG. 3. Scanning tunneling spectra (STS) from the germanide an@t 660 K, and (c) 15h at 673 K. (a,b) -1.5V, 0.08 nA, (c) 2.0V,
underlying germanium nanocrystals shown in Fig. 2, as well as fron0.08 nA. RHEED patterns (12 kV) in the insets correspond to Si
the surrounding Ge(001M x N) surface. [1100Jazimuth.
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their corresponding RHEED patterns in the inset ofmanide contribution to the diffraction pattern is the four
Fig. 1(c) and Fig. 6(c) are fully consistent with nanocrys-spots near the shadow edge [indicated by black arrows in
tals found at the surface of Ge layers grown beyond thé&ig. 6(c) and 6(f)], close to the one-fourth order spectral

Stranski—Krastanow limit [cf. Fig. 6(dff**° The ger-

&— ']"' romani 'j'_'

positions, which do not belong to the Ge-hut chevron
pattern®’—2°

The relative location of the elongated CoGand
pyramidal Ge nanocrystals can also be understood in
the framework of strain distribution and relaxation in the
layers. Because CoG@ossesses the larger unit cell of
the two, the most “comfortable” location for it would be
at the maximally relaxed regions in the vicinity of the
pyramid or hut crests. Hence, the most probable scenario
consists of the formation of strained CoG®nocrystals,
which, by applying additional strain on the Ge wetting
layer, lift the layer's pseudomorphism and “pull out”
Ge nanocrystals. Existence of 3D cobalt germanide
nanocrystals has been implicitly suggestdut not con-
vincingly shown until this work.

EHF states that in the case of solid-phase reaction,
when the effective metal concentration at the growth in-
terface is large and/or the substrate temperature is not
high enough for the instantaneous reaction, the first
phases formed will be richer in metil.Indeed, in the
Co-Si system the sequence of phase formation under
SPE conditions is C&i, CoSi, and only then Cosiln
the Co-Ge system, GBe, has been shown by Ashburn
et al to be the first phase to form by solid-phase reaction
at 573 K, transformed to CoGat 700 K. This can explain

FIG. 5. (a—c) Magnified and outlined constant-current STM image offjEses

one of the surfaces shown in Fig. 4(c) (filled-states: =2.0 V, 0.08 nA),

to exemplify the relative disposition of the germanide and germaniunFIG. 6. Surface evolution starting from the (a) initial Si(001), via
nanocrystals. (c) Magnification of the framed rectangular region in (a),(b) flat Ge/Se(001), up to (c) Co/Ge/Si(001) by RDE and (e,f) by SPE,
to show the “nesting” of the equiaxed germanide nanocrystal at thas reflected in1103RHEED patterns. (d)110ZRHEED pattern from
valley made by the troughs of the surrounding germanium pyramidslean Ge/Si(001) surface exhibiting hut and pyramid morphology,

and huts facets.

from different experiments, given here for comparison.
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the morphology presented in Fig. 4. EpitaxiakGe, (a = is strained to a value close to that of Si) on the underlying
7.64 A,c = 5.81 A), with its (001) surface parallel to the Ge(001)-M x N) layer, with CeGe, periodicity in 1000
Ge(001) surface and @8e, (100 Ge 110 Jwould exert  crystallographic directions doubles the Gd.0period-
4.5% compression (or even more if the Ge lattice constarntity (see right-hand side of Fig. 9). Again, this would
result in the formation of Cgise, and Ge nanocrystals.
However, as the G&e, lattice constants are smaller
than that of Ge, this time the most “comfortable” location
would correspond to the more compressed regions at the
Ge pyramid and hut troughs creating a “raisin-cake” ap-
pearance, as shown in Fig. 4(c). The magnified image in
Fig. 5(a)-5(c) nicely shows and outlines this “nesting” of
the germanide nanocrystals in the troughs formed by the
{601} facets of the neighboring Ge huts. The small pro-
trusions in Fig. 4(a) are most probably unreacted Co,
which begins to react and form g8e, nanocrystals at
660 K, as shown in Fig. 4(b), with subsequent “pullout”
of the Ge pyramid and hut nanocrystals [Fig. 4(c)]. The
germanide contribution to RHEED patterns, in the insets
of Fig. 4(b), Fig. 4(c), as well as in Fig. 6(c) and 6(f), at
this point prevailed over the Ge-hut contribution, as
could be concluded from the increased intensity of the
four germanide spots, at the expense of the chevron pat-
tern intensity. Further anneal at the close to 700 K tem-
perature caused the ¢®e, to transform to the final,
CoGe, phase. Again, because of lattice mismatch with
Ge, CoGeg was in a shape of elongated 3D nanocrystals,
as shown in Fig. 7(a). In accordance with RHEED, Ge
pyramids and huts were not seen anymore in the STM
images, either because they were all covered by the ger-
manide nanoclusters or because all the Ge was consumed
by that time. The latter seems more likely, because none

e S L BN G
Lt HH - I N N - R W H
P P L =
6
<
= 4
-
N
=1
o
= 2d
= | inter-island area [
[ — - H
+ I » nanocrystal islands |._
il I S Y S O B B

-1 0 1 2 3

FIG. 7. Constant-current STM images of (a) germanide nanocrystals blﬂS(V)

(-0.5V, 0.08 nA) with the corresponding (ljl100and (c) (1000

12 kV RHEED patterns (see text for details). (d) Cobalt disilicide FIG. 8. Scanning tunneling spectra (STS) from the germanide
nanocrystals (-4.0 V, 0.08 nA) and the correspondingdéJand nanocrystal islands (thick) shown in Fig. 6(a) and from the surround-
(f) 100012 kV RHEED patterns are shown for comparison. ing interisland area (thin lines).
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of the -V spectra in Fig. 8 resembled the spectrum fromedly exhibits germanide reflections, and is not similar to
Ge-huts shown in Fig. 3. Coshas been detected at the the CoSj [1100pattern [compare with Fig. 7(e)], the
Co/Ge interface of the Co/Ge/Si sandwich structure by100pattern in Fig. 7(c) exhibits distinct arching of in-
Ashburnet al® and by Prabhakaraat al.”** and ex- tensity characteristic of CoSicompare with Fig. 7(f)[:322
plained by the Co diffusion through Ge layer to prefer-It is, however, possible that the germanide also produces
entially react with Si due stronger Co-Si borftf€.  such curved streaks. The origin of the curvature is not clear:
There are three indications that CgSnay, in fact, although some explanations have been proposed by Stalder
have been formed in our samples at that point. (i) Theet al.?® our previous work did not agree with thefhgjii)
surface shown in Fig. 7(a) resembles C#Si(001) sur-  Finally, the ohmic STS spectra in Fig. 8 resemble the ones
face shown in Fig. 7(d). Of course, there are similaritiesfrom CoSi.*® Hence, even though CoGeesistivity is not
because the size of disilicide and digermanide nanocrysonsiderably highel;® certain presence of CaSin our

tals is comparable, and the elongation directions are pasample at that final stage could not be ruled out.

allel to (1100 (ii) Although the[11000RHEED pattern in
Fig. 7(b), from the surface shown in Fig. 7(a), undoubt V. SUMMARY

Although the wide interest in metal-semiconductor
0568 nm - compounds stems from their useful properties as contacts
and interconnects in very large scale integration (VLSI)
technology, there is another side to them that has not
been sufficiently explored so far. This side is related
to the morphology of metal-semiconductor epilayers,
which is determined by a complicated interplay between
metal-semiconductor crystalline mismatch, metal-
semiconductor interface energy, and surface energy of
the metal-semiconductor compound phase. These param-
eters can be exploited to create 3D nanocrystal arrays on
semiconductor surfaces in a controlled manner for nano-
technological applications, which has been our motiva-
tion for this research.

Another degree of freedom is added to the equation if
the metal is reacted not with a bulk substrate but with a
thin pseudomorphic layer on the substrate, as in the case
of an interlayer strain coupling to that of the metal-
semiconductor phase. That is why we reacted Co with a
Ge layer on Si(001), rather than with a Ge(001) substrate.
The results proved fascinating. Reactive-deposition epi-
taxy of Co onto Ge/Si(001) epilayer resulted in the for-
mation of elongated cobalt germanide nanocrystals,
which, in turn, caused Ge nanocrystals to form at the
initially flat layer, with the germanide nanocrystals lo-
cated at the crests of the Ge ones. Solid-phase epitaxy of
Co onto Ge/Si(001) led to similar results with, however,
equiaxed germanide nanocrystals at the Ge nanocrystal
troughs. After prolonged anneal, these equiaxed nano-
crystals underwent shape transition into elongated ones.

To interpret these results, we used scanning tunneling
microscopy and spectroscopy, reflection high-energy
electron diffraction, and the Effective Heat of Formation
model. It was concluded that CoGwas formed as a
FIG. 9. Schematic drawing of Ge (bottom), CoGgeft), and  result of reactive-deposition epitaxy, whereasGe, re-
CO(EiG?:? gig[fitgo?ﬁlé p[figg?sy f;ndctgeir(gool%{ﬁgl)(\\ogi)(OO% sulted from solid-phase reaction first, and only later
an 0Ge e an gGe, e an
Co;Ge,[100] || Ge[_llO] matching possibilities. The long t_hin arrow :rear:]][s)];()t‘;Tuel‘g tgt;%%fgléxggé%nlaetgeagenren?zla_r?ﬁ.lr?]lea\;]a(‘:}egir-
connects the unit cells for CoG@01)| Ge(001) matching, and . ) . ) .
long thick arrow connects unit cells for the respective Manide layers accounted for their three-dimensional na-
Co5Ge,(001)|| Ge(001) matching. ture, as well as for their relative disposition; with the
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smaller-lattice CgGe, at the Ge-hut troughs, and larger- 9.
lattice CoGg at their crests.

More intense experimental and theoretical efforts arg
required to understand and to model such complex ma-
terials systems and processes. For example, advanced
equipment with high-spatial resolution and sensitivity,

allowing determination of chemical composition of indi- 12-

vidual nanocrystals with sufficient precision (so-called ,
“nanoprobes”), is imperative. Because in the meantime
the only information that can be obtained from individual 14.
nanocrystalsn situ is scanning tunneling |-V spectros-
copy, quantitative interpretation of such spectra can bé®:
very useful, because their derivative is proportional to the
density of states. However, such an analysis requires
massive theoretical modeling. Considerable theoreticals.
efforts, e.g., large-scale thermodynamics and elasticity,
are also needed to calculate the energies and strain dis-
tribution in relevant layered structures and to model th
resultant morphologies, and state-of-the-art diffraction;g
equipment to measure and verify these strains. Neverthes.
less, this work shows certain ability to design surface
morphologies based on strain considerations. The need -
“tailor” surface nanostructure is facilitated by future de-
vices where nanometer-scale effects will be of paras,
mount importance.
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