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ABSTRACT

Clusters of Noble metals (Ag, Au, Cu, and Pt) with number of atoms of 3,
5 and 7 atoms deposited on ultra-thin polar oxygen terminated layer of
ZnO corresponding to the surface (0007 ) are studied within the context of
density functional theory (DFT). The slab thicknessisvaried from1to 3
double-monolayers. The calculated adsorption energies of these clusters
show significant negative values indicating good adhesion to the semi-
conductor surface. In general, the adhesion energy decreases with the
cluster size. The effect of oxygen surface defect inserted directly under
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the metallic cluster in some chosen systems is studied. The adhesion
energy of the metallic clusters still adhered to the surface is constant in
this case but the interaction energy varies in non-regular form.
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INTRODUCTION

Metal nanoclustersare commonly used in numer-
ous areas of technology applications. Noble metals
nanoclustersand especidly their supported nanoclusters
on semiconducting surfacesareknown for their cata-
Iytic and photo-cata ytic activities* andlow tempera-
ture carbon monoxide catalysis“. Supported
nanocluster semi conducting oxide surfaces are often
used to devel op new photo-catal ytic systemg®9. Ex-
perimental and theoretica studiesareabundantinthis
field. Many DFT studiesand experimental results of
metd clustersdeposited on semiconducting oxidesur-
facessuch astitaniumdioxideand zincoxideareavail -

able®™1, Theavailable experimenta worksprovidea
lot of detail sabout theatomic structure of theinterface
and featuresof small sizepalladium and gold clusters
deposited in high vacuum conditionson clean and de-
fected surfaces. The STM and AFM images show
clearly that thismetd clustersadherestrongly onto these
surfaces. Many of these strudel sarecompleted by DFT
calcul ations to emphasi ze some properties of the de-
posited clusters such asthe effect of stepsor the pres-
enceof vacanciesat thesurface. Theeffect of theoxide
ultrathin layerssurface onthe structure and adhesion of
themetdlic clustersat atomic scaleislessavailablein
literature. In contrast to the case of singlemetal atoms,
therearefew theoretica and experimenta studiesdedl -
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ing with theeffect of the cluster sizeand thethickness
of the polar oxygen terminated ZnO substrate on the
energeticsand thestructurd propertiesof themetd cdus-
ters, which affect naturdly the e ectronic properties; and
thusthethelr activity. In order to haveamorecomplete
picture about noble metal clusters adsorbed on this
particular ZnO surface, we present inthispaper aDFT
based theoreticd study on thedeposition of small size
Ag, Au, Cu and Pt clusters on clean and defect
ZnO(0007 ) surfaceswith athicknessranging between
2 and 4 double monolayers of ZnO atomic planes.

COMPUTATIONAL DETAILS

The study isperformed using density functional
theory based on pseudo-potential approximation and
using numeric atomic orbita pseudo-potentiasbased
on Siesta code. The ground state valence electronic
configurations of Zn, O, Ag, Au, Cu, and Pt are 4¢
3d°, 2s? 2p?#, 5st 4dW°, 6t 5d°, 4st 3d and 5d¥°
respectively. The GGA pseudo- potentia functiona type
isusedinal calculations. Themesh cu-off usedfor all
calculation was 200 Rh and the reciprocal spacewas
sampledfor dl structureswith amesh of 3x3x1 k points.
Thegenerdized gradient goproximation (GGA) hasbeen
utilized indl calculations, based on the specific func-
tional of Perdew, Burke and Ernzerhof (PBE)*2. Core
electrons are represented by norm-conserving pseudo-
potentia sof theform proposed by Troullier-Marting™?.,

The atomic structure of bulk ZnO was optimized
with someof other ca culation parameterssuch asthe
mesh cut-off, the K points mesh and split norm. The
obtai ned resultswere used to optimizethe C param-
eter of aZnO dab of few doublemonolayers. This set
of crystall ographic and caculation parametersare used
to perform the determination of atomic structuresand
system energiesof the deposited clusterson theZnO
polar surface. Thestructuresare made of dabsof ZnO
of few atomic monolayer wherethez axisisparald to
thecrystall ographic[0007 ] direction. Themonolayers
aretakeninpair number to ensurethe presence of zinc
and oxygen atomic planesinthe structure, wherethe
thicknessisvaried from 2 to 4 doublemonolayers. The
atomic clustersarefirst put at aheight above the sur-
faceof about 2 A. At this distance, the interactions can
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drivethecluster towardsitsequilibrium location ac-
cording to how therelaxation processisperformed. If
theheight ismuch bigger, therel axation may takemore
cdculaiontime Theatomsinthedustersarepostioned
randomly with inter-atomic nearest neighbor distances
ranging between 1.8 and 2.5 A. The horizontal atomic
positionsof the *first’ atomic plane are chosen so that
some atomsarelocated above Zn atomswhile others
areabove O atoms. Someatomsmay |ocate abovethe
hollow sitesonthe surface. Thisensuresthe cluster to
havedl typeof inter-atomicinteraction with the surface
so that therelaxation can lead toaredistic equilibrium
location onthe surface. The distance between theclus-
ter and itsimageisabout 10 A, enough to ensure the
non interaction between the given cluster and itsim-
ages. The surfaceeffect issmulated by athick vacuum
layer of about 4 doubleatomichbilayers. Thisisanenough
thickness for such cal culations as reported by other
workson polar ZnO surface[Zhang Yufe et d; 2010].
The conjugate gradient rel axation agorithmisadopted
fordl caculaiond'. All atomsof both thesurfaceand
thecluster aredlowed to move accordingto theforces
exerted by the surrounding atoms. Thenumber of steps
needed to thefull relaxation variesfrom onestructure
to another. Therelaxation isundertaken when the ap-
plied forceon each atomislessthan 5.103eV/A. For
the defected surface, oneor two oxygen atomsarere-
moved from the surface oxygen atomic monol ayer. The
clustersare postioned asgivenintheclean surface con-
figuration wherethe defected sites of the surfacelayer
aredirectly under thecluster.

RESULTSAND DISCUSSION

Bulk and surfaceZnO structureoptimization

In this section we present the optimization of the
gructureof thebulk ZnOinitswurtzitephaseusngthe
SIESTA code. Thisincludesthetest of pseudo-poten-
tias, theoptimization of calculation parametersand the
mesh cut-off energy, the Eshift and Norm split param-
etersto beused later in thisstudy. Experimental unit
cell parametersfor bulk ZnO were used for this pur-
pose. The obtained values are 150 Ry for the mesh
cut-off (sartingfromthisvdue), 0.15meV for the Eshift
parameter for both the bulk and surface respectively.
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The Norm split parameters are 0.30, and 0.14 meV
for bulk and surfacerespectivey. The SZP(SingleZeta
Polarization) and DZP (Double ZetaPolarization) for
atomic orbitalswere also tested and the resultsgive
more accuracy when DZPisas mentionedinthe Sl-
ESTA manud. Theobtained parameters’ set is then used
torelax theBulk wurtzite ZnO unit cell. The obtained
unit cell parametersa, b, and care 3.272, 3.281 and
5.293 A respectively. This is very close to experimen-
tal and theoretical vauesfound intheliterature>1.,
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Figurel: Cluster deposited on theclean and oxygen defected
polar oxygen terminated ZnO (0007 ) surfacewith variable
thickness

Metal cluster sadsor ption on ZnO polar surface

Thegtructureswerebuilt asmentionedintheprevi-
oussection. Thetotal energy Etot iscomputed for the
last obtained configuration. Thetota energiesfor sepa
rated surface and cluster EZnO and EClust are also
calculated conserving their relaxed structures and
vacuum conditions. Thedistances ensuring theloss of
interaction between the consdered system and itsim-
agesto zero are conserved for the separated systems
cdculations. Theadsorption energy per aomof theclus-
ter isestimated us ng thefollowing formula:

Eods = %(b‘, ot — Ezno — Eciust) @
Nat

WhereNat isthe number of atomsinthecluster or the
clusersze

In TABLE 1 we present the adsorption energy per
atom asafunction of thecluster szeandtheZnO dab
thickness. Theseenergiesareplottedinfigure 3. The
interaction energiesareplotted for oxygen defected sur-
faces. The adsorption energy rangesfrom-0.879 eV/
A for 7 atoms copper clusters to -3.57 eV/A for plati-
num clusters deposited on one oxygen defected sur-
face of 2 doublemonolayers. Our caculationsarelim-
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ited to 4 bilayersthicknesseswhichisthelimit of sur-
faceeffectsasreportedinliterature”. Itisclear from
thefiguresthat, in general, the adsorption energy de-
creaseswithincreasing cluster size. TheAg, Au, and
Cu havequite comparablevaueswhilethe Pt clusters
adhere stronger on the ZnO polar surface. Thesere-
sultswerereported for smilar sysemd*®24, Other stud-
iesreported opposite behavior of theformation energy
of noble metal deposited on the Zn terminated ZnO
surface. Theadhesion energy increasesinthiscasewith
thesurfacefor low coveragewhichisassumed to small
sizecluster deposition017,

(a)

Figure 2 : Atoms silver cluster deposited on 4 double
monolayer sthicknessZnO(0007 ) surface: (a) Top view, (b):
3D view

In figure 1, asample of the suited systems after
relaxationisshown. Infigure 2, thestudied clustersare
presentedin 3D view. Aswe can see, the shape of the
clustersisnon regular, and it depends on the cluster
size, thedab thickness and the existence of oxygen va
canciesontheZnO surface. To have aquantitative de-
scriptionwidth (W), length (1), height (H), and Mean
negatorsdistance (d) within the cluster, the calcul ated
vauesareplottedin4. Asthefigureshows, thegenera
geometrical featuresfor Ag (and for the other studied
metals) clustersvariescons stently with theadhesion
energies. Theclusterswidth (and length) increaseswith
thecluster size. Thisisdirectly related to the decrease
of the adhesion energy per atom. Theweaker the ad-
hesionis, themorethehorizontal size of cluster ishig-
ger. Inone hand, the additional interactionsfrom the
surface strengthstheinteratomic forces and hence com-
pactsthe cluster, and in the other hand, the cluster get
morevertica structureaswe can seefromtheincrease
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Figure3: Calculated adsor ption ener giesper atom of noble
metal cluster sdeposited on the clean and oxygen defected

polar oxygen terminated ZnO(000 1) surfacewith variable

thickness and for clean and defect surfaces.3 Calculated
adsor ption energies per atom of noble metal clusters
deposited on the clean and oxygen defected polar oxygen

terminated ZnO(000 1) surfacewith variablethicknessand

for clean and defect surfaces
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Figured: Geometrical featuresof theAg cluster sdeposited
on the clean and oxygen defected polar oxygen terminated

ZnO(0007 ) surfacewith variablethicknessand for clean
and defect surfaces

of theheight of theclustersasafunction of their sze. The
ratiowidth/height returnstoitsvauefor isolated dugters
Neverthe ess, themean nearest nelghbor distancevaries
insmall range(2.682t02.844 A), its value for the float-
ing clustersisnaturally that for theisol ated onesfor the
samesze. Thesmdl variationsof inter-atomic distances
show that, ingenerd, thereissmal changesinthecoor-
dination number of theatomsand thusthemain bonding
mechanismwithinthecluster. Theeffect of theadsorp-
tion remainsin the rearrangement of the shape of the
atomic aggregates. Theinteraction energy increaseswith
thelayer thickness. Adding more double monolayers
enhancesthemetd clustersadhesion, thusacting assta
bilizationfactor. Theoxygen defectsonthesurfaceof the
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ultrathinlayersbehave assrengthening agent for Auand
Agdugters. For copper and platinum clugters, theadhe-
soniswesker for studied cases.

TABLE 1: Calculated adsor ption ener gy of metallic clus-
terson the oxygen terminated ZnO(000 7 ) surface

0 10x. 2 Ox.
Ox.defect defect defects
. (double
Slab  Thickness ML)
2 3 4 2 3 2 3
Cls?;éer Eads
(atoms) (eV/at)
3 -1.940 -2.035 -1.977
Ag 5 -1.287 -2.062 -1.926 -1.633 -1.595 1804
7 -1.100 -1.062 -0.941 1353
3 -1.985
Au 5 -1.507 -2.812
7 -1.172 -2.097
3 -2.251 -2.295 -2.137
Cu 5 -1.359 -1.451
7 -0.879
3 -3.011 -3.575
Pt 5 -2.101 -1.813 -2.373
7 -1.719 -1.997 -2.265
CONCLUSION

We presented theresults of the structural proper-
tiesand the energies of adhesion of small sizenoble
metal clustersdeposited onthe polar oxygen terminated
ZnO ultra-thin layers using pseudo potential DFT
method. The calculated energiesindicate the strong
adhesion of the clusters on the clean and oxygen de-
fected zinc oxide polar surfaces. We showed al so that
the adhesion energy decreaseswith theclusterssize.
The shape of the clustersis controlled by itssizeand
theinteractionsfrom the adjacent surface. The pres-
ence of oxygen defectsat the surface of the ultrathin
layersactsas strengthening agent for somemetaswhile
isthe contrary for the others. A detailed study of the
exact oxygen defect effectsisdesirable.
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