Burrowing of Co nanoparticleson clean Cu and Ag surfaces
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Metal nanoparticlesan display a unique behaior when depositedon substratesvith a significantly lower
surfaceenegy. Co nanoparticlesn the 10 nm sizeregime burrow into cleanCu(100)and Ag(100) substrates
whendepositedat 600 K and also assumehe substrateorientation. Depositionat room temperaturdails to
shav either burrowing or reorientation. Crucial in understandingheseresultsare the capillary forcesand
surfacetensionassociateavith a nanoparticlethey mustbe high enoughto drive atomsaway from underneath

thecluster

An ahundanceof evidence now demonstrateghat the
growth of epitaxialthin films doesnot necessarilyjollow one
of the three classicalmodes(layerby-layer, agglomeration,
two-dimensionagrowth followed by islandgrowth). A spe-
cific exampleis the caseof a metalgrown on a single crys-
talline substrat®f muchlower surfaceenegy thanitself. One
monolayerof Ni depositedon Ag(111) or Ag(100), in par
ticular, becomescoveredby one or two layersof Ag upon
annealingto 770K and620K respectiely. [1,2] . Theoret-
ical calculationg2-4], predict,moreover, thatthesecapping
layersremainon top during further deposition.Monte-Carlo
simulations[5] shav thata Ni monolayeruponannealingto
620 K spreadsover 6 — 7 subsurécelayersin the form of
clusterswith (111)and(100)facetswhich containabout100
atoms. Similar behaior was obsened when 20 monolayers
of Cowereepitaxiallygrown on Cu(100)atroomtemperature
[6]. Uponannealingto 670K a cappinglayerof Cu formed
by diffusion of substrateCu atomsthrough“pinholes”, step
bandsand the like, onto free surfacesof the Co film [6,7].
In the early stage=f this growth, STM studiesrevealedthat
Co forms triangulardouble-layerislandson Cu(111)with a
Cuoverlayerat 300K [8,9]. Theseislandsalsooccupy one
subsurécelayer. Lastly, we notethat when pure Co is de-
positedon Cu between700and900K, a Co-Cualloy grows
on the surface,eventhoughthesemetalsare nearlyimmisci-
ble in equilibrium [10]. ThereCu flows from the bottom of
thefilm throughpinholesandmixeswith thearriving Co.

Thisletterreportson obsenationsof arelated put new phe-
nomenonconcerninghe depositionof nanoparticle®n sin-
gle crystallinefilms. We find that Co nanoparticlesvith di-
ameterf & 10 nm do notremainon the surfaceof Cu(100)
and Ag(100) films whendepositedat 600 K, but ratherthey
burrow into thesesubstratesThis behaior is fundamentally
differentfrom the cappingbehaior in the work cited above,
sinceit is driven,aswe will shaw, by the exceptionallylarge
capillaryforcesratherthanthe differencesn surfacefree en-
ergies. ThefactthatCohasalargersurfaceenegy thaneither
Cuor Ag, predictsonly the formationof athin layer of sub-
stratematerialaroundthe particles,but not burrowing. We
further obsene that the Co nanoparticlegseorientto become
coherentwith the Cu matrix asthey sink, whereaghey only

becomesemi-coherenin the caseof Ag. Thesefindingsim-
ply that burrowing is rathergeneraland thatit is in facta
mechanisnof surfacesmoothinghathasnotbeenpreviously
considered Burrowing alsohasobviousimplicationsfor the
mobility of clustersonsurfaces.

The Co nanoparticleswvere generatecoy DC magnetron
sputteringof a cobalttarget (99.95% purity) in 1.0 Torr of
ultracleanargon (< 1 ppb) and a baked ultra high vacuum
(UHV) chambei(basepressurén thehigh 10~1° Torr range).
This sputterchambelis attachedo a UHV compatibletrans-
missionelectronmicroscopg TEM) (modified JEOL 200CX
[11], basepressuren the low 10~° Torr range)via a con-
nectingtube. After sputteringfor 30 s in the staticargon at-
mospherethe argon gaswas pumpedout throughthe micro-
scopeandthe particleswere depositedon the substrate. The
temperaturef the substratecould be regulatedwith anaccu-
ragy of 20 K. Details of the instrumenthave beendescribed
elsavhere[12]. The CuandAg substratesvere producedas
singlecrystallinefilms, 50 - 100 nm thick, by e-beamevapo-
rationon (100) rocksaltin a UHV system.Subsequentiyhey
weremountedon Si supportringsandtransferrednto the mi-
croscope. Any possibleoxide on the films was reducedin-
situ: by heatingin vacuumto 800K in the caseof Ag, andby
heatingin methanolvaporat 600K in thecaseof Cu[13,14].
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FIG. 1. In-situ TEM bright field imagesof Co nanoparticle®n
Cu(100)at 300K (a) andat 600K (b). Theimagesshav represen-
tative areasof the samplesusedfor the AFM scansin Fig. 2. The
particle coverageis identicalwithin 5%. Theinsertsshov enlage-
mentsof typical clusters.



Co clusterswerefirst depositedat room temperatureon a
cleanCu(100)surfacein the UHV TEM. Thefilms could be
imagedwithin aboutone minute of deposition.The particles
wererandomlydistributed,andtheir sizedistributionwaslog-
normalwith ameanparticlediameterf 13nmandavariance
of 4 nm. Bright field imagesshown in Fig. 1(a) together
with dark field imagesand selectedareadiffraction patterns
(not shavn) indicatedthat the particleswere randomly ori-
entedwith respecto the substrate.In the diffraction pattern
thefirst four fcc ringswerevisible. The (220)ring wasmuch
strongerthanthe (200) ring, which indicatesa 111 texture
of the particles. This agreeswith their highly facetedshape
seenin brightfield (Fig. 1(a)),assuminghatthey arefaceted
along 111.
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FIG. 2. TappingmodeAFM scandor Conanoparticlesleposited
on Cu(100)(a) andAg(100) (b) at 300and600K. At roomtemper
atureall particlesaresitting on the surface,whereaghe majority of
themburrowvedinto the substratet 600K.

Particleswerethendepositedvith equalcoverageona sub-
strateheld at 600 K, which are showvn in bright field in Fig.
1(b). Note that the particle size distribution remainedun-
changed. The vastmajority of the Co particlesbecameepi-
taxial with the Cu(100)film, assuminghe substrateorienta-
tion. The particlesweredislocationfree, andsincethelattice
constanbf Cois 1.9 % smallerthanCu, they strainedthe Cu
matrix. Formationof coherentgdislocationfree Coislandson
Cu, up to 37.5nm in radius,were also reportedfor the va-
por depositionof Co onto Cu (100) at 620K [15]. Notably
theimagecontrastobsenedin Fig. 1(b) resemblesheimage
contrastof coherentCo precipitateembeddedn a Cu matrix
calculatedby Ashby and Brown [16], providing initial evi-
dencethatthe nanoparticlesverebelow thetop surfaceof the
film.

Ex-situ atomicforce microscoly (AFM) scanson the non
electrontransparenpart of the TEM specimensperformed
in tappingmode revealeda pronouncedlifferencein the sur
facetopographiedor the 300and600K depositionsasseen
in Fig. 2(a). Whereasall particlesresideon the surfaceaf-
ter depositionat room temperaturethe majority of themhas
sunkinto the substrateafter depositionat 600 K. Enegy dis-

persie X-ray analysis(EDX) andelectronenegy lossspec-
trometry (EELS) measurementsonfirm that the topography
changewasdueto the Co particlessinkingratherthanspread-
ing overthesurface.Fig. 2 alsoshavs thata smallfraction of
theparticlesdepositecht 600K did not sink. We attributethis
obsenationto residualcontaminatioronthefilm. The height
to heightcorrelationfunctionsof the two samplesshown in
Fig. 3(a), (thebracletsdenote
anaverageoverall possible andasphericabverageover ),
have almostidenticalshapesbut with theRMS roughnesse-
ing reducedby afactorof 2 for depositionat 600K. Thereare
no correlationsin interparticledistancesagainshaving that
they arerandomlylocatedon the surface. It shouldalsobe
notedthat the characteristidength scalederived from these
graphsdoesnot correspondo the actualparticle size but to
thesizeof theAFM tip. Coveragan the AFM imagesappears
muchhigherthanin the TEM micrographdor thisreason.
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FIG. 3. Height to height correlationfunctions calculatedfrom
AFM imagesof Co on Cu (a) andAg (b). The characteristi¢tength
scalein bothimagesis around40 nm and determinecby the AFM
tip. Beyond that thereis no sign of ary correlationbetweenparti-
cles.All curvesriseroughlywith the dependencexpectedor a
sphericalAFM tip. Thevaluesof the RMS roughness aredirectly
comparablevithin (a) and(b) sincethe 300K and600K sampleof
eachsubstratenaterialhadanidenticalcoverage( 5 %).
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Despitethe lattice mismatchof 13 % betweenCo andAg,
this systembehaed very much like Co-Cu. The particles
wererandomlyorientedon the Ag(100)film after deposition
at room temperaturewhile after depositionat 600 K they
againassumedhe (100) orientationof the substrate. Also,
the ex-situ AFM measurementsn the two samplesin Fig.
2(b) shaw thatthe majority of the Co clustersankafterdepo-
sition at 600K, but not after depositionat 300K. The height
to heightcorrelationfunctions(Fig. 3(b))alsoshav areduced
roughnesst 600K, andno correlationbetweerparticles.To
further confirm theseresults,a Ag film with Co clustersde-
positedat 600K waspreparedn a cross-sectionajeometry
andanalyzedby EDX. Carehadbeentakento align the sur
faceof the Ag film parallelto the electronbeam.The mapof
the Co EDX signal,illustratedin thetop right cornerof Fig.
4, showns 5 Co clustersin thefield of view. Linescanf the
CoandAg signalthroughthe particlesalongthefilm normal,
includedat the bottomof Fig. 4, shov moreclearlythatthe



particlesarelocatedjustbelown thetop surfaceof thefilm, not
merelycappedoy substrateatoms.
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FIG. 4. Cross-sectionalEM micrographof Co on Ag(100) at
600K combinedwith EDX data. The insertin the top right corner
shaws the spatialdistribution of the Co EDX signalacrosshe film.
Also shawvn arealine profile of theCointensityparallelto thesurface
(overlayedthe TEM image)andof the Ag andCointensitieghrough
particlesi —iv alongthefilm normal. They confirmthattheparticles
arelocatedjustbelav thesurface;scanii is slightly off centerwhich
explainsthe apparengreaterdepthof particleii.

The basic driving force for this sinking processis, of
course,the reductionin total free enegy by exchangingthe
Co-vacuuminterface above the surfacewith a Co-substrate
interface belowv the surfacewithout increasingthe substrate
surfacearea.This processs likely to occurin two stepsfirst
by the coatingof the particlewith substratenaterial,assug-
gestedby Ref. [1-10], followed by burrowing. We illustrate
thesavingsin free enegy by thesetwo processefor the case
of Coparticleson Ag. By coatingthe Co particlewith Ag, the
reductionin enegy perunitarea, |, is:

(1)

The surfaceenegy of Ag(100)is 1.2 [17] while
for Cowe choosehe lowestenegy surface(0001)for which
is 2.8 [17]. The enegy associateavith the semi-
coherentCo-Ag interface is approximatedby the average
of the high-anglegrain boundaryenepies of Co and Ag,
, 0.6 [18], plus an additionalterm accounting
for the immiscibility at the interface. We estimatethis term,
, usingthe zero-layermodel dueto Becker [19], such
, Where is ageometricfactor( ),

[20], and

that
is the heatof mixing parameter0.2
is the areadensityof atomson the interface,
With this setof values, equate$o 0.8
By particle burrowing an additional amount (rather
thanmerely ) is gainedin free enegy per unit area. For

particleswith nanodimensionghecapillaryforcesassociated
with this reductionin surfaceareaareon the orderof thethe-
oreticalstrengthof the material[21]. We have estimatedhe
rateat which nanoparticlegnterinto the substratdy assum-
ing that Ag atomsdiffuse from underthe Co clusterto the
surfacealongthe Ag / Co interfaceof width . With therea-
sonableassumptiorthatthe Co clusterremainsnearlyspher
ical, it is straightforwardto shav usingthe procedureof Chu
et al. [22] for the sinteringof two sphereghatthetime re-
quiredfor theclusterto burrow to adepthequalto 99 % of its
diameteris:

)

is a geometricfactor, which hasa valueof 0.8in this case.
is the volume of onesubstrateatomand thediffusion
coeficientalongthe Ag / Cointerface. isthesubstratéem-
peratureand theBoltzmannconstant.The samedependen-
cieson , ,and in Eq. (2) aretypical for processethat
aredominatedby surfaceor interfacediffusion but with dif-
ferentboundaryconditionshaving differentnumericaffactors
. The time for two spheresof radiusr to sinterand form
onesphereby surfacediffusionis givenby Eq. (2) but with
[23], while Coblecreep[24] is describedy Eq. (2)
with [25].

With the approximationthat the diffusion coeficient  in
Eq. (2) alongthe clustersubstraténterfaceis equalto thege-
ometricaverageof grain boundaryself-diffusionat 600K in
polycrystallineAg, [26], andCo,

[27], Eq. (2) yieldsatime of less
than 0.1 s for a clusterof 13 nm to sink into the substrate.
At roomtemperatureon the otherhand,the time requiredis
of the order of months. Theseratesfit nicely with our ob-
senationsthatno burrowing is obsenedat roomtemperature
even after s, while it occursin lessthan100s at 600K.
The -dependencén Eq. (2) explains, moreorer, why this
phenomenotmasnot beenobsenedfor larger particles.Note
thatincreasinghe particlesizefrom 10nmto1 m slowsthe
sinkingtime by afactorof , whereasncreasingthe tem-
peraturefrom 600 K to even the melting point only gainsa
factorof

Thesituationis somavhatmorecomplicatedor Coclusters
on Cu(100)sincethe particlebecomegoherentwith the sub-
strate. The strainenegy, however, is not significantfor these
smallparticlesizes.Thestrainenegy of asphericalCocluster
embeddedoherentlyin aCumatrixis only ’
timestheclustervolume[28]. For aclustercloseto thesurface
we confirmedby computersimulationsthatthe strainenegy
is, in goodapproximationproportionalto the clustervolume
alreadyembeddedn thefilm. Thusthestrainenegy only be-
comessignificantfor particlesmuchlargerthanthosein these
experiments. The surfaceenegiesinvolved ( =22

[17], =0.02 [18], =0.1
[20]) againpredictthat the Co clusterwill acquirean
initial Cu coating. The burrowing time accordingto Eq. (2)
and approximatedy thegeometricaverageof CoandCu



grainboundarydiffusivity ( (Cu) = at

600K [27]), is lessthan1 s. Sincethe Co particlereorients
to becomecoherentwith the Cu matrix, however, the diffu-

sionalongthe Cu/ Cointerfacemay in factbe slover. The
reorientatiorprocesstself wasalsorapidandwascompleted
alreadyby thetime the particlescouldbeimaged.

Finally we argueagainstan alternatve pathway that could
leadto buried clusters. The clustersin principle canbecome
buriedon alocal scaleby surfacediffusionof substratatoms
onto the side of the clusters. This surface structurewould
have thicknessvariationsof the order of the averageparticle
sizeunlessthey werefurthersmoothenedby the processug-
gestedn Ref.[10], whereatomsfrom the bottompart of the
film diffusethroughholesin thefilm to fill the spacebetween
particles.In analogyto Eq. (2) we estimatethatthis process
would be a factor of to times slower than the bur-
rowing onthebasisof thelengthscalesvolved,whichwould
betheinterparticledistancefor the driving forceandthe hole
distancefor the amountof materialthat hasto be supplied.
This slower rateis not offset by the fastersurfacediffusion.
This mechanismmoreorer, hasother difficulties to explain
our specificresults:(i) particlesstill remainingonthesurface
asseenin Fig. (2) could not be explainedand(ii) Ref.[6,10]
do not obsene diffusion throughpinholesat temperaturess
low as600K. Thereforewe excludethis processere.

In conclusion,we have presentedexperimentalevidence
that Co nanoparticlesn the 10 nm size regime sink below
the surfacewhendepositecbn Ag(100) andCu(100)surfaces
at600K, andthatthis processs likely dueto burrowing. Bur-
rowing is drivenby the extremelylargecapillaryforcesonthe
particles. This work suggestshat burrowing shouldoccurin
all systemsvherethenanoparticledave asignificantlyhigher
surfaceenegy thanthe substratelf the particlehada smaller
surfaceeneqy, it would simply wetthesubstratelmmiscibil-
ity is notanessentiafeature.
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