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Abstract

The dynamics of cobalt thin films on ultra—high
vacuum clean Si(100) surfaces below the threshold
temperature for silicide formation (at 375°C) is studied. We
find Co grain formation and Co grain size evolution at all
temperatures at and above room temperature. The clustering
processis quantified with films post-deposition annealed for
15 minutes at temperatures between 250°C and 350°C. The
activation energy for clustering is found to be 0.3 + 0.2 eV,
indicating that a Co surface diffusion process dominates the
kinetics.
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Introduction

Metd silicidethinfilmson Si(100) have been studied
ingreat detail for morethan two decades dueto the possibility
to obtain self-aigned epitaxial metal-semiconductor interfaces,
i.e., structuresthat yield superior hetero-interfaces compared
to polymorphic metal deposits. Most metal silicideresearchis
directed toward film formation at high temperatures (above
400°C) wherethemain driving forcefor structural evolutionis
chemical compound formation, following the sequence Co +
S - CoS - CoS - CoS,(Lauetal.,1978; Tuetal., 1982,
Chenetal., 1991). Typical valuesreported for the activation
energiesof formation for thesecompoundsare 1.5—2.1 eV for
Co,S (Limetal.,1987),1.8—1.9¢V for CoS (Lienetal., 1985,
Miuraet al., 1991; Colgan et al., 1995) and 2.3 —-2.8 eV for
CoS, (Lienetal., 1984; Appelbaumet al., 1985; Van den Hove
et al., 1986). Due to the range of activation energies,
appreciablesilicideformation isnot observed at temperatures
below 375°C (van Gurp and Langereis, 1975; Lauetal., 1978;
Tuetal., 1982; Yalisoveand Tung, 1989).

In contrast, littleisknown about other dynamic effects
which may contribute to the final morphology, e.g., grain
formation and subsequent structural ripening of the metal
deposit. There is, however, indirect evidence that dynamic
effects occur in the cobalt-silicon system aready below the
slicideformation threshold temperature. Ottaviani et al. (1987)
and Colgan et al. (1995) observed minor changesintheinsitu
resistance of thin Co filmson Si at temperaturesin the range
of 300°C to 435°C. These changes were neither correlated
with silicide phase formation nor detectable diffusion of Co
into the substrate. A possible explanation was offered by
Colgan et al. based on experiments on the temperature
dependenceof the sheet resistance of acobalt layer onoxidized
and photoresist coated silicon in a high vacuum system
(~107 torr) (Cabrd et al., 1993). The authors assumed that
cobalt grain growth wasresponsiblefor the observed changes
under these conditions, but no microscopic study of cobalt
grainswasprovided. Inmolecular beam epitaxy, thinfilmgrowth
isdone on clean single crystal Si(100) surfaces under ultra—
high vacuum conditions (10-°—10*°torr), i.e,, under conditions
for which so far no microscopic study of Co layersbelow the
silicide formation temperature has been reported.

The main reason why such processes are usually not
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Figure 1. Top view (top) and side view (bottom) of the
molecular beam epitaxia growth system (right), the sample
load- ock (centre) and combined ion beam modification/ion
beam analysis system (left) used in the present study.

studied isthe general belief that they are second order effects
compared to the driving force toward chemical equilibrium
onceslicidation gtarts. Whilethisview may havebeenjustified
aslong asmgjor problemswith film formation were addressed,
the state—of—the—art growth capabilitiesfor thin silicidefilms
have significantly improved. The remaining problems, such
aspinholeformationinfilmson Si(100) may well beettributed
to“minor” causes, i.e., second order effectssuch asapossible
propensity of deposited cobalt to cluster.

We establish through direct observation in this study
the dynamics of cobalt on Si(100) under ultra—high vacuum
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Figure?2. Sideview of the sample/ source arrangement inthe
growth system. Note the position of the quartz crystal
oscillators.

conditions. In order to isolate these effects from concurring
chemical effects, the study focuseson athin cobalt deposit at
temperatures below the processing temperatures for film
formation, i.e., we discuss measurements in the range of
temperatures up to 350°C. The discussion will provide a
comparison with other metal layers on silicon which do not
form chemica compoundswiththesubstrate, suchastinwhich
isimmisciblewithsilicon.

Experimental Set—up

The films discussed in this paper were grown in a
recently installed molecular beam epitaxy system at the
Western Science Centre of the University of Western Ontario.
Sincethisfacility has not been described previoudly, itsmain
characteristicswill bereported here.

Figure 1 shows the top view (top) and side view
(bottom) of the system manufactured by Kurt Lesker Co. The
facility congstsof two main chambers: samplecharacterization
/ion beam modification on theleft and molecular beam epitaxial
growth on the right. The growth system contains three
electron beam evaporation sources (two with 7 cm? capacity
and one with 40 cm?3 capacity, manufactured by MDC,
Hayward, CA) charged with Si, Ge and Co during this study
and optionally three Knudsen cell evaporators mounted on a
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Figure 3. Floor plan of the 1.7 MV Tandetron accelerator facility at the University of Western Ontario. Three beamlines are
currently active, amulti—purposeion scattering / channeling line, acombined standard ion implantation / high depth resolutionion
beam scattering line and aline leading to the system described in this paper.

largeflangeat the bottom of the chamber. The geometry of the
deposition and thickness monitoring is shown in Figure 2.
Since the quartz crystd oscillators have to be mounted at
different angles and distances, calibration is required with
each new sourcechargeandisdoneby ion scattering andysis.

A shutter is mounted above each electron beam
evaporation sourcefor fast control of the deposition process.
Abovetheshutter level isaplateto minimizeradiative hesting
of the chamber walls during deposition. Water—cooling
shrouds surround the chamber to guarantee a base pressure
of the system of 2 x 10° torr. The sample manipul ation stage
islocated in line of sight of all three sources and is equipped
with electron beam hesting capable of reaching 1100°C.

The two chambersin Figure 1 are separated to allow
sample characterization and ion beam modification of films,
both incompatible with the geometry and processing
conditionsof molecular beam epitaxy inthegrowth chamber.
The characterization chamber can be accessed in situ from
thegrowth chamber viaabidirectiona transfer system. Upto
eleven samplesof maximum diameter of 10mmareplacedina
carousdl whichistransferred into the vacuum system through
aload-ock (shownin centreof Fig. 1). Samplesaretakenfrom
the carousdl and are placed on the sample holder with awobble
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stick arrangement.

Figure 3 showsthelayout of thelaboratory, including
the accelerator facility used to provide theion beamsfor ion
scattering analysis and ion beam modification in the
characterization chamber. lon beamsare generated by either a
duoplas-matron source (for gas components) or a sputter
source (usually from solid samples) and are accelerated by a
1.7 MV Tandetron accelerator. Currently, the high energy
magnet provides access to three beamHines, at +45° to a
standard Rutherford backscattering/channeling facility
(multi-purposebeamHine), at —20° to astandard implantation
stage and a medium energy ion scattering fecility for high
resolution depth profiling (~ 10A at the surface) and at —45° to
the system described above. Note that the medium energy
ion scattering system is in—situ connected to a second
molecular beam epitaxy system featuring up to eight Knudsen
cells(labelled Group 11, V MBE system).

Experimental Results
The present study is based on thin cobalt films

(nominally 60 + 20A thick) deposited on clean Si(100)
substrates. The substrate preparation included ex—situ
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degreasing and oxidation with the oxide removed during an
HF dip just prior to sample mounting and transfer into the
vacuum system. Samples were then outgassed and Si buffer
layersof typically 50A thicknessweregrown at 650°C. Finally
sampleswere cooled to below 100°C when cobalt deposition
began (Carlow et al., 1995). Post—deposition anneding was
done at temperatures of 250°C, 300°C and 350°C for times
varying between 15 minutesand 60 minutes. After deposition
and annealing, samples were analysed with ion scattering
techniques (using 3 MeV He?* ion beams) and transmission
electron microscopy (using a Philips 100CX system; Philips
Electron Optics, Eindhoven, the Netherlands) using standard
ionmilling procedureswith Ar* beamsfor sample preparation.

Grain sizeasafunction of annealing temperature

The first set of data presented were prepared at
varying temperatures (room temperature to 350°C) with
constant annealing time (15 minutes) and nominal cobalt film
thicknesses of about 60A. Actual film thicknesses were
mesasured by two techniques: Rutherford back scattering (RBS)
and cross—sectional transmission electron microscopy (TEM).
Notethat both methods determinethicknessesdifferently and
can therefore be used in combination to determine whether
the Co films are incoherent, i.e., composed of isolated Co
grains. Thefilm thickness determined from RBS is based on
thenumber of Co atomsper unit areaon the surface, averaged
over the analysing beam spot size (millimetre range). In
contrast, cross-sectional TEM givesadirect sideview of the
structure with the average height of the film or the grainsin
the film. From the deviation between both methods the areal
density of grainscan be estimated. Notethat adirect thickness
measurement in RBSisonly possiblefor thicknessesin excess
of the detector resolution, typically starting at 150 — 200 A.
When that thickness is reached, RBS alone can be used to
discuss areal density of a clustered structure.

TEM cross—sectional photographs of a sample
annealed at 250°C are shown in Figures4a-4c. Thecobdt film
can be identified in Figure 4a as a black stripe in centre of
photograph with the silicon substrate below and TEM glue
abovethefilm. Figures4b and 4c show thesamefilm at higher
magnification. It becomes obviousthat thefilmis composed
of asmooth layer on the silicon substrate (Si epilayer grown
prior to Co deposition) and arough granular structure which
represents the Co film. The contrast variation between the
silicon substrate and the silicon epilayer is due to different
doping levels of the layers. RBS and cross- sectiona TEM
results are shown in the second and third column of Table 1
for the samples discussed in this section. The determined
thicknesses differ systematically, with the nominal RBS
thicknesses smaller by 73 £ 6%, i.e., again indicating an
incoherent film of Co grains. The quantitative difference
between the RBS and TEM thickness data will be discussed
further in Discussion.

Figures 5a-5d show TEM diffraction patterns at the
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Figure 4. Cross-sectional TEM for the Co film annealed at
250°C. (a) Original micrographwith S substrate bottom and
TEM gluetop. The Co film appears as a black stripe. (b, ¢)
show two sections magnified at different contrast. Note the
smooth Si epilayer (between arrows) and thegranular Cofilm
abovethe epilayer.
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Figure5. TEM diffraction patternsfor (a) aroom temperature sample showing an amorphous halo and a spot pattern dueto the
Si(100) crystal. (b) For the sample annealed at 250°C the halo becomes structured in diffuse rings, with the rings significantly

sharper at 300°C (c). At 350°C (d) theringsarewell defined and granular.
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same temperatures as shown in Table 1, demonstrating the
progression of pattern evolution. Theroom temperaturesample
(a) showsonly an amorphous halo and aspot patternwhichis
associated with theunderlying Si(100) crystd. Theamorphous
hal o becomes structured into diffuseringsat 250°C (b) and at
300°C (c). At 350°C theserings arewell defined and become
granular indicating apropensity of the structuretoward larger
grain sizeswith apossible trend toward texturing.

Since these diffraction patterns indicate structural
changes as afunction of annealing temperature, plan view
TEM was used to image these structures and to quantify
their typical sizes. Typical sizeinformationisnot only useful
as a quantitative indicator of the extent of morphological
reorganization, but isalso useful to determine thedynamics
of the underlying growth process. Figures 6a—6d show TEM
plan view micrographs of the same samples for which the
diffraction patterns were given in Figure 5. Again, a
progression of pattern evolution with increasing temperature
is observed. Figure 6a for a sample grown at room
temperature shows very small grains which become larger
and better defined in Figure 6b, for the sample annealed at
250°C. As annealing temperature is increased further, to
300°C in Figure 6¢ and to 350°C in Figure 6d, the grains
becomelarger and theformation of isolated clustersbecomes
more evident. The fourth column in Table 1 contains the
typical length scale of granular structures, A, on sets of
samplesasshownin Figure 6. These dataare quantitatively
discussed in Discussion.

Grain sizeasafunction of annealingtime

Inasecond set of experimentsthetime dependence of
the grain growth was studied at the highest temperature used
above (350°C). Deposition conditionswerethesameasbefore
and the post—deposition annealing period wasvaried between
15 minutes and 60 minutes. Figures 7a and 7b show two
structuresgrown at 60 minutesdemondtrating aclosesimilarity
to structures grown at 15 minutes (Fig. 6d). The same
quantitative analysis of the average length scale of the
granular structures, aspresented in thefourth column of Table
1 was donefor these samplesand resultsin 240 + 204 i.e., a
25+ 15%increase over theresult at 1/4 of theannealing time.

Discussion

Figures5and 6 clearly indicate asafirst result of this
study that athin cobalt film on a clean Si(100) surface does
undergo amorphological evolution at temperaturesbelow the
threshold temperaturefor silicideformation, whichisreported
a around 375°C (van Gurp and Langereis, 1975; Lau et al .,
1978; Tu et al., 1982; Yalisove and Tung, 1989). Cross—
sectional TEM and plan view TEM indicate that a granular
structure is formed. The growing grains seem to display a
preferential orientation athough thetrend toward texturing is
definitely quiteincomplete in the temperature and annealing
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time regime studied. Further studies are reguired to reach
conclusions on texturing of Co grains below the silicide
formation threshold temperature.

Idedlly one wants to study the evolution of surface
structuresasafunction of temperature, timeandinitia coverage
(Zinke-Allmang et al., 1992). Instead, we provide TEM and
RBS data to characterize the dynamic properties of a cobalt
film on silicon primarily varying thetemperature, but support
our conclusionswith some datataken asafunction of timeat
constant annealing temperature. A more detailed study of the
time dependence was not undertaken since only a typical
length scaleincrease of lessthan one order of magnitude can
be observed between 15 minutesand 60 minutesannealing at
thehighest possibletemperature (Figs. 6d and 7). Establishing
a power law for the dynamic process requires observation
over several ordersof magnitude of sizeandwould requirein
the present caserather long time sequenceincompatible with
the experimental conditions of ultra—high vacuum studieson
surfaces. We conclude therefore only qualitatively that the
morphological evolution of cobalt grain growth occursrather
fastinitialy (i.e., inlessthan 15 minutesat 350°C) with avery
dow progressthereafter. Thisimpliesthat thetime dependence
of thetypical length scale of the structure, A, evolves at least
asA" O twithn= 3. Such atime dependence may be expected
e.g. for diffusion limited cluster ripening (Zinke-Allmang et
al.,1992).

Alternatively, dynamic processescan beidentified by
varying the temperature at constant annealing time. While
this does not provide directly the power law dependence of
the structura evolution, the data can provide the activation
energy of the process which may be used to characterize the
microscopic rate limiting step. Although the study of cobalt
structural evolution on a Si surface is again limited by the
accessible temperature regime, an activation energy can be
estimated from the data shown in Table 1 leading to the
second, quantitative result of this study.

Thetypical length scaledataareshowninanArrhenius
plotin Figure8 (InA  vs. /T withindex 15 denoting that all
data are taken from samples annealed for 15 minutes). Note
that samplesat room temperatureclearly deviatefromtheother
data. A fundamental reason for such a deviation is the
occurrence of other faster processesuptoacertaingrainsize,
e.g. grain nucleation and early stage cluster coalescence, which
precede grain growth. Wewill not attempt to quantify energy
barriers involved in the nucleation process with the present
data, mainly sincewe believethat our room temperature data
pointsareof limited precisionintemperature and time el apsed
until the clustering processis terminated.

We quantify therefore the activation energy for the
grain growth based on the data at elevated temperatures. The
slope of the curve gives an activation energy of E_=0.15¢eV.
At this point, a systematic error due to the nucleation and
early stage coalescence has to be corrected since the effect
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Figure®6. Transmission Electron Microscopy plan view micrographsfor the same sample set for which the previousfigure shows
thediffraction patterns. (a) The sampleannealed at room temperature displaysvery small grains. (b) Thegrainsbecomelarger and
better defined for the sampleannealed at 250°C. The size of the grainsincreasesfurther for the samplesannealed at 300°C (c) and
annealed at 350°C (d). At the sametimetheformation of isolated clustersbecomes more evident. Note the varying magnification
indicated through the length bar for 0.1 um in the bottom left corner of each micrograph.
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(b)

Figure7. Two structuresanned ed at 350°C for 60 minutes, i.e., the sametemperature but four timeslonger anneding timeasFigure
6d. Theaveragelength scale of the granular structuresis 240+ 20, i.e., 25 + 15% larger than for Figure 6d.

Tablel. Structural datafrom TEM and RBSfor Co films post—deposition annea ed for 15 minutesat variabl e temperatures below
the threshold temperature for silicide formation. The second column shows the RBS data converted to anominal thickness for
comparison with the cross-sectional TEM data (column 3) using the density of metallic cobalt. Plan view TEM givesthelatera

structure sizesin column 4.

T, e [°C] (t=15min)  |d [A] (RBS) d [A] (c.s. TEM) L [A] (p. v. TEM)
RT 40 +3 - 90 + 10
250 77+ 4 100—110 115+ 15
300 83+ 5 110120 140 + 15
350 54+3 70— 80 190 + 15

seen at room temperature is not negligible. We determine an
upper limit of the activation energy by analysing a second
Arrheniusplot for In(A —A ;) vs /T where RT standsfor room
temperature. We report therefore a value for the activation
energy of clugtering for Coon Si(100) of E.=0.3+0.2¢eV.
Note that we avoided carefully to label the processa
“late stage” clustering process as no particular power law
dependencewas established (Zinke-Allmang et al., 1992) and
anextremely high areal coverageof Cograinsmay resultina
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prolonged transient regimetoward late stage dynamics (Barel
etal., 1996). Thustheactivation energy represents clustering
in the size regime studied (severa tens to few hundred A)
independently on whether it is an isolated late stage
(Lifshitz-Slyozov- Wagner type) ripening processor atransent
process (“early stage clustering”).

Thisrather low activation energy can be compared to
availabledatafor the Co/Si system. Bulk diffusionof Coin Si
isreported with an activation energy of 2.8 eV (Kitagawaand
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Figure8. Arrheniusplot of typical length scalesfrom Table 1.
Notethe deviation at room temperature. Thed opeof thecurve
for thedataat €l evated temperaturesgivesan activation energy
of E. =0.15eV. After correction using an Arrhenius plot for
In(A —A_,) vs UT, anactivation energy of E_.=0.3+0.2eV is
found.

Hashimoto, 1977). This clearly demonstrates that bulk
indiffusion cannot be the rate determining factor for the
evolution of the surface grain structure. That such a
mechanismisunlikely isalso obviousfromthelow solubility
limitof Coin S, withamaximum of 2.5x 10 stoms/cm2at high
temperatures (Kitagawaand Hashimoto, 1977). At suchlevels,
electronic properties of silicon may be influenced, but
morphological structure evolutions on the surface remain
unaffected. Also Co bulk self—diffusion with an activation
energy of 2.8eV to3.2¢eV (Leeet al., 1993), determined from
radioactivetracer diffusion experiments, isnot theratelimiting
process.

Small activation energies usualy indicate that a
process is driven by surface processes rather than bulk
processes. Typica clustering activation energies on Si(100)
areintherangeof 0.7—1.2 eV with somelower values, e.g. S/
Si(-111) with0.32+ 0.04 eV. Thelow valuesfor Snonboth Si
surfaces, Si(111) and Si(100), are particularly noteworthy as
Snisdsoimmiscibleinsilicon. However, tin doesnot forma
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compound with Si and clustering studies are therefore not
limited to low temperatures. Sn clustering dynamicscan also
be observed on S at temperatures around 200°C with initial
nucleation stepsalready observed at room temperature (Zinke—
Allmang et al., 1992). Another difference between both
systemsisthat Sn clustering occursat temperatureswhere Sn
isliquid and clustering proceedswith partial spherical cluster
shapes representing the equilibrium (Young-Dupré)
condition. Thereforethe height and thewidth of clustersscale
proportiondly during cluster growth. In the present study,
we observe cluster sizeevolution for thelateral structuresize
(M) without acorresponding increasein height (from comparing
RBS and cross-sectional TEM data). This can be attributed
to different activation energiesfor the nucleation and growth
of additional layersin agranular crystalline structure (Ahn
andTien, 1976).

Positively identifying theratelimiting step onthebasis
of the activation energy aone requires knowledge of severa
other activation energies, such asfor surface diffusion of Co
on Co and Si(100) as well as the energy of formation of Co
aggre-gates. Asthat informationisnot available, other criteria
have to be used to determine the mechanism of the
morphologica changes observed in this study. For this we
rely onthecombination of our RBS and cross-sectional TEM
data. These data result in a description of the structure with
isolated but dense Co clusters or interconnected grains with
an appreciablefraction of voids, covering of the order of 75%
of the surface. That conclusion is also acceptable after a
detailed analysisof the plan view TEM photographs, although
cautionisneeded asnot every Co grain orientation showsthe
same contrast inthismethod. Consequently, surfacediffusion
of Coon Si or onaCo-Stranski—Krastanov layer on Si andthe
associ ated ripening mechanism should determinethekinetics
of the clustering process. The reported activation energy isa
combination of the Co bulk formation energy and the
activation energy for Co surface diffusion on the uniform
substrate (Zinke-Allmang et al., 1992).

The results of this study are aso relevant to film
growth above the silicide formation threshold temperature.
Undoubtedly, the propensity toward clustering of Co will
determine the dynamics of free Co atoms on the surface at
elevated temperatures. Thiswill beimportant for atransient
timeuntil deposited Cowill react withsilicontoformsilicide
andwill also play arolewhenlocally aCo excessconcentration
occurs, e.g. due to fluctuations in the deposition process.
The propensity toward clustering isadriving force for Co to
not beavailableasauniformlayer for thesilicidation process.
This can lead to uneven layer thicknesses, as observed in
titanium silicides (Ho, 1993) or may belinked to the pinhole
formationin cobalt silicidelayerson Si(100).
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Conclusion

We have demonstrated that a Co layer on Si(100)
undergoes clustering at temperatures below the silicide
formation threshold temperature and as low as room
temperature. The processeswhich cause these morphological
changeshaveavery low activationenergy (E.=0.3+0.2eV)
and arelikely dueto Co surfacediffusion betweentheclusters.
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Discussion with Reviewers

L. Schowalter: Surfacecleanlinessiscrucial for experiments
as reported in this paper. The present method may result in
many surface contaminations, in particular in SiC precipitates,
which can nucleate defectsin the epitaxial Si layer. Havethe
authors considered this point?

Authors: Weinvestigated the Si epilayer in planeview TEM
and found no evidencefor nucleation withinthislayer. Based
ontheareaanalysed, we can thereforereport an upper limit of
nucleation siteson theepilayer with 10° per cm? onthesample.

L. Schowalter: Thesilicideformation threshold temperature
(Yalisoveand Tung, 1989) iscloseto the highest temperature
used in the present study. What evidence do the authors
have that they are not forming silicides at that temperature?

Author s: Weanalysed carefully our TEM diffraction patterns
and our RBS spectrafor this point. Both techniques show no
evidence of silicide formation. The RBS data, however, are
close to the resolution of this technique, and we therefore
emphasizethe TEM diffraction datato support our conclusion.

E.A. Fitzgerald, Jr.: Do the cross—sectiona TEM data in
Figure 4 agree with the conclusion of a75% coverage drawn
from RBSand planeview TEM?

Authors: Qualitatively they support the concept of an
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incoherent layer asstructuringinthelayer isvisible. However,
whether this indicates just misaigned grains or grains and
voids cannot be concluded from cross-sectional TEM asthe
depth of view in transmission correspondsto the thickness of
thefail (of the order of 100 nm). Thisisalso the reason why
our valuefor the areal cluster coverage (75%) is reported as
anorder of magnitudevalue. A dight miscut of the TEM sample
may result in an overestimation of thethicknessbased onthat
method.
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