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PROCESSES INVOLVED IN THE FORMATION OF SILVERCLUSTERS ON SILICON SURFACES. R. Bhattaharyya a, T. K. Chini a, D. Datta a,R. Hippler b, I. Shyjumon b, B. M. Smirnov*aSurfae Physis Division, Saha Institute of Nulear Physis700064, Kolkata, IndiabInstitut für Physik, Ernst-Moritz-Arndt Universität Greifswald17487, Greifswald, GermanyJoint Institute for High Temperatures, Russian Aademy of Sienes125412, Mosow, RussiaReeived Marh 25, 2008We analyze sanning eletron mirosopy measurements for strutures formed in deposition of solid silver lus-ters onto a silion(100) substrate and onsider theoretial models of luster evolution onto a surfae as a resultof di�usion and formation of aggregates of merged lusters. Sanning eletron mirosopy (SEM) attahedwith energy dispersive X-ray spetrometry (EDX) measurements of the formed �lms are presented. Solid silverlusters are produed by a DC magnetron sputtering soure with a quadrupole �lter for seletion of luster sizes(4:1 nm and 5:6 nm or 1900 and 5000 atoms per luster in this experiment); the energy of luster deposition is0:7 eV/atom. Rapid thermal annealing of the grown �lms allows analyzing their behavior at high temperatures.The results exhibit formation of luster aggregates via the proess of di�usion of deposited solid lusters alongthe surfae; an aggregate onsists of up to hundred individual lusters. This proess is essentially desribedby the DLA (di�usion-limited aggregation) model, and thus a grown porous �lm onsists of luster aggregatesjoined by bridges. Subsequent annealing of this �lm leads to its melting at temperatures lower than the meltingpoint of bulk silver. The analysis of evaporation of this �lm at higher temperatures gives the binding energy inbulk silver "0 = (2:74� 0:03) eV/atom.PACS: 36.40.-, 36.40.Sx, 61.43.Hv, 68.35.B-, 68.37.Hk1. INTRODUCTIONWe aim to formulate the harater of proesses inthe ourse of deposition of solid lusters onto a surfae.Beause there is a restrited number of models desrib-ing the harater of these proesses, the omparison ofresults of these models and experiments allows hoosingappropriate models and their parameters to desribethe behavior of solid lusters deposited on a surfae,as well as the parameters of suh models on the basisof ertain measurements. We do this for deposition of*E-mail: bmsmirnov�gmail.om

solid silver lusters onto a silion substrate, and ourmodels relate to this ase.From the standpoint of the desription of deposi-tion proesses, there is an analogy between solid lustergrowth and the deposition of atoms on a surfae [1, 2℄, ifdeposited atoms do not form hemial bonds with sur-fae atoms. We assume that the individuality of solidlusters is preserved in the ourse of their depositiononto a surfae and subsequent evolution. This meansthat only a small surfae luster layer takes part in theformation of hemial bonds between a solid lusterand a surfae and also between lusters. We assumethat the binding energy between lusters exeeds thatbetween a solid luster and a surfae. Therefore, af-1181



S. R. Bhattaharyya, T. K. Chini, D. Datta et al. ÆÝÒÔ, òîì 134, âûï. 6 (12), 2008ter deposition on a surfae, a solid luster may displaealong the surfae as a result of di�usion and form hem-ial bonds with other lusters, leading to a derease inthe luster di�usion oe�ient.If the intensity of a luster beam is small, evolu-tion of lusters on a surfae is desribed by the modelof deposition di�usion aggregation (DDA) [3℄; as a re-sult of this proess, fratal aggregates are formed onthe surfae onsisting of solid lusters [4℄. This modelis based on the di�usion-limited aggregation (DLA)model [5�8℄, whih assumes all the lusters to be ol-leted in one aggregate. At high intensities of depositedlusters, the fratal struture of a deposited substaneis lost, but the forming �lm has a porous struture,and its formation proesses oinide with those for theabove models. Hene, the elements of these modelsan be used in the analysis of formation and growth ofa dense porous �lm resulting from deposition of solidlusters on a surfae.The analysis of the above proesses is aompaniedby experimental study of the deposition of silver lus-ter onto a silion surfae. This proess is of inter-est for modern nanotehnology [9, 10℄. Indeed, it isknown sine long ago that silver is an e�etive anti-baterial remedy that kills mirobes [11�13℄. Speialstudy [14℄ proves that the strongest ation on bateriaorresponds to nonuniformities of silver surfae of 1�10 nm. Just suh a size of strutural elements relatesto a porous �lm that results from deposition of lusterson a surfae if these lusters are formed in a gas dis-harge soure. This means that in this ase, silver is aatalyst of biohemial reation for the distribution ofsize nonuniformities in the nanometer sale. Evidently,proesses of the same harater our in appliationswhen a metal surfae is used as a atalyst in hemi-al prodution. Thus, in onsidering the physis of theluster proesses on a surfae, we bear in mind thatthese proesses are of interest for modern nanoteh-nology [15, 16℄. In this ontext, optial and eletriproperties of silver and silver oxide lusters are used inontemporary miro- and nanoeletronis [17℄.We note that these �lms resulting from deposition ofsolid magneti lusters onto substrate may be of inter-est as a magneti material. Indeed, the lusters in suh�lms partly preserve their individuality, and an be re-garded as individual domains in magneti materials.Beause the size distribution funtion of deposited lus-ters an be narrow, this allows obtaining magneti ma-terials with resonant parameters that depend on lustersizes in a luster beam. For natural magneti materialswith a wide size distribution funtion of domains, thisis impossible.

2. CHARACTER OF THE INTERACTION OFSOLID CLUSTERS ON A SURFACEIn analyzing the evolution of solid lusters depositedon a surfae, we are guided by the ase of deposition ofsolid silver lusters onto a silion surfae and assumethe same hierarhy of interations in the luster�surfaesystem. We assume that solid lusters have an almostspherial shape and only a small part of surfae atomstake part in the formation of a strong hemial bond be-tween two lusters or lusters with the surfae. There-fore, a major part of luster atoms do not hange theirpositions either in formation of luster bonds or afterthe formation when the luster is bound with otherlusters or with the surfae.Next, lusters are ompat systems of atoms,whereas luster aggregates are porous systems beausethe major part of atoms preserve their positions in lus-ter aggregates. The ompatness of individual solidlusters of silver has been investigated experimentallyin [18, 19℄. The mass of an individual luster an bemeasured by two methods. First, we use a quadrupolemass spetrometer as a �lter in generation of a mass-se-leted luster beam, i.e., the luster mass follows fromthe mass-spetrometri measurement. Seond, whenan individual atom is plaed onto a surfae, its size anbe measured by mirosopy. If we assume that the lus-ter density orresponds to a liquid drop, i.e., the lusteris ompat, then we an �nd the luster mass. Consid-ering the ompatness of our silver lusters depositedunder similar onditions as in the experiment in [18℄,we an estimate the number of atoms in a luster to betypially given by 103�105, whih orresponds to usualsoures of metal lusters.We onsider the regime of luster deposition whenthe binding energy of two lusters is large omparedto that between the luster and surfae. This deter-mines the harater of luster evolution on the surfaeuntil this surfae is more or less free. Attahing toa surfae, a luster is displaed over it as a result ofdi�usion. If two lusters enounter on a surfae, theyform a strong hemial bond, and hene this bond ispreserved in the ourse of luster evolution. Neverthe-less, reonstrution of this bond is possible. This meansthat a ommon region of two lusters may hange, i.e.,two lusters may rotate with respet to others with theonservation of their ommon surfae. In partiular,an aggregate of lusters is formed in this way, and thenumber of nearest neighbors for an individual lusterin this aggregate is greater than two.The lusters move over the surfae under the a-tion of thermal �utuations. In this situation, a er-1182



ÆÝÒÔ, òîì 134, âûï. 6 (12), 2008 Proesses involved in the formation : : :tain number of hemial bonds with the surfae is pre-served in the ourse of an individual movement, andas a result, the di�usion harater of luster motionis realized. We haraterize this luster motion by atypial distane a over whih the diretion of lustermotion hanges and a typial time � of traveling overthis distane, and hene the luster di�usion oe�ientis D � a2=� . We note that the typial distane a sig-ni�antly exeeds the lattie onstant of the surfae fora large luster.Thus, the harater of proesses in the ourse of de-position of solid lusters onto a surfae under the aboveonditions is as follows. Solid metal lusters of an al-most spherial shape are deposited onto a surfae andtravel along it as a result of di�usion. Collision of lus-ters on the surfae leads to formation and growth ofluster aggregates. In addition, the aggregates growbeause solid lusters are deposited onto aggregatesrather than a free surfae. These proesses lead to theformation of a porous �lm onsisting of luster aggre-gates. Our aim is to �nd the parameters of this proesson the basis of experimental data for deposition of solidsilver lusters onto a silion surfae and in this way todesribe a general piture of the aggregate haraterof �lm growth as a result of deposition of solid metallusters onto a neutral surfae.3. EXPERIMENTAL SETUP AND RESULTSWe brie�y desribe the main features of the ex-perimental tehnique from the standpoint of the prob-lem under onsideration. There is a more detailed de-sription of the used setup in previous papers [18�21℄.For generation of a beam of silver lusters, a standardmagnetron soure of silver lusters [22℄ was used, withthe lusters formed in the hamber of length 15 mexited by a magnetron disharge of the power 100�200 W and ooled by liquid nitrogen. The vauum sys-tem that inludes a moleular turbo pump, baked androughed by diaphragm pumps, an attain a vauum of� 8 � 10�8 mbar in the deposition hamber.A quadrupole mass �lter (Quadrupole Mass Fil-ter, QMF 200, Oxford Applied Researh, Version 1.1)plaed at the exit of the magnetron hamber seletslusters by masses. We assume solid lusters to be largeand ompat, and their density to oinide with that ofa marosopi solid. Assuming the luster to be spher-ial, we express its radius asr = rWn1=3; (3.1)where n is the number of luster atoms and rW is theWigner�Seitz radius (for silver, rW = 0:166 nm [23℄).In this experiment, the diameters of seleted silver lus-

ters were d = 2r = 4:1 nm and d = 5:6 nm; aord-ing to formula (3.1), this orresponds respetively ton = 1900 and n = 5000 atoms per luster. These lus-ters with the energy 0.7 eV/atom are deposited on asilion target plaed at the distane 32 m from theexit of the magnetron hamber; the deposition time is8 min. We note that the ompatness of these silverlusters is on�rmed by experiments in [18, 19℄, wherethe luster mass and its size on a substrate were mea-sured simultaneously.Prior to the deposition of silver nanolusters, sub-strates are prepared from the grown single rystalline Siwafers with (100) orientation polished on one side. Ineah experiment, these Si wafers were leaned by eth-ing with HF (Hydro�uori) aid solution to remove thenative oxide from the surfae to ensure that bondingours between the silver atom of deposited luster andthe Si atom of the substrate wafer. However, after theluster deposition, when suh Si wafers were broughtout of the deposition hamber, i.e., exposed to ambientonditions, native oxide is expeted to form again onthe substrates.The deposited �lm of solid lusters is examined by asanning eletron mirosope attahed with energy dis-persive X-ray analysis (SEM/EDAX) (model: Quanta200 F). To obtain information about the height andlateral sizes of the deposited partiles, an atomi foremirosope (AFM) (model: NanoSope IV, Veeo In-str., USA) was used in the tapping mode under ambientondition using a Si tip having the resonane frequeny428 kHz. One of the silver lusters of deposited �lmswas heat-treated by rapid thermal annealing (RTA)(model Jet�rst 100, Jipele, Quali�ow, Frane). Fig-ure 1a represents the SEM images of the morphologyof a silver �lm with luster sizes 5.6 nm for the depo-sition time 6 minutes at room temperature (300 K).The �lms were annealed in nitrogen atmosphere at thetemperatures 473 K, 673 K, 873 K, and 1073 K for 3minutes eah; they are shown in Figs. 1b to 1e.SEM measurement of the nanoluster �lms was a-ompanied by the analysis of energy dispersive X-rayspetrometry (EDX), whih gives the elemental om-position of a sample. This EDX tehnique essentiallygives the eletron spetrum resulting from ionizationof internal eletron shells of atoms by X-ray photons[24, 25℄ by deteting the harateristi X-rays of theelements present in a sample. We analyze the eletronspetrum in a range of several hundred eV, dependingon both the eletron energy and the angle near a givenresonane, with the typial exposition time 100 s. Wenote that the range of a fast eletron in a medium isequal to [25℄1183
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Fig. 1. Sanning eletron mirosopy (SEM) images of silver �lms formed on a silion surfae as a result of deposition ofmass-seleted silver lusters of 5:6 nm (a) at room temperature (300 K) and subsequently annealed at 473 K (b), 673 K (),873 K (d), and 1073 K (e) by rapid thermal annealing (RTA) set up for 3 minutes in nitrogen atmosphere in eah ase�(nm) = 27:6AZ0:89�E1:670 ; (3.2)where A is the atomi weight, Z is the atomi number,� is the density given in g/m3, and E0 is the averageeletron beam energy expressed in keV. Using X-rayphotons from K-radiation of Al with the photon en-
ergy of the Al K� line ~! = 1486:6 eV, the eletronrange in silver for eletrons resulting from ionization ofthe Si atom is found to be � = 24 nm at the energy175 eV; for eletrons from ionization of the K-shell ofoxygen atoms of the energy approximately 50 eV, therange of Auger-ionization eletrons is � = 3 nm. As1184
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Fig. 2. Energy dispersive X-ray (EDX) spetrum ofthe �lm orresponding to SEM image in Fig. 1a (a)and SEM image in Fig. 1e (b)is seen, a silver �lm sreens eletrons formed in Augerionization of oxygen atoms bound with silion atoms.These measurements exhibit the absene the oxidationof silver lusters in ontrast to the titanium ase [20℄.As a result of annealing of the �lm at the temperature1073 K, an intense signal of SiO2 is observed both dueto a more intensive silion oxidation and beause of aninrease in the transpareny of the silver �lm.Figure 2 gives the EDX spetra of deposited silver�lms with the diameter 4.1 nm for inident solid silverlusters and di�erent exposition times of lusters. Theenergy of X-ray photons is 5 keV in this experiment.The prominent peaks in the EDX spetra orrespondto an L� exitation in silver, K� exitation in silion,and K� exitation in oxygen. Aggregates formed fromlarger solid lusters 5.6 nm in diameter are harater-ized by a larger silver ontent than those onsisting ofsolid lusters 4.1 nm in diameter. These measurementsde�nitely prove the absene of silver oxidation in theourse of deposition, whereas oxidation proeeds in thease of deposition of Ti lusters [20℄.As disussed above, solid lusters deposited on a sil-ion surfae under onditions of this experiment propa-gate along the surfae as a result of di�usion and mergein luster aggregates as a result of luster attahmentto eah other and the reonstrution of a forming aggre-gate with an inrease in the number of ontats betweenneighboring lusters. SEM measurement allows esti-

mating the geometrial size of the formed aggregates.As a result, we an �nd the size distribution funtion ofaggregates. Subsequent formation of bridges betweenneighboring aggregates leads to formation of a ontin-uous �lm. The regime of deposition in this experimentis suh that the average �lm thikness does not exeedthe diameter of a typial aggregate, and hene a ma-jor part of the �lm mass is onentrated in individualaggregates. Within some auray, we an thereforerepresent a deposited �lm as onsisting of individualaggregates, and the parameters of individual aggregatesand their size distribution funtion give the total �lmdesription.Based on this model of �lm deposition, we giveits parameters as a result of the omplete experimenton morphology. For this, an AFM analysis of thesamples was onduted. A representative diagram ofAFM studies is shown in Fig. 3. The root-mean-square(RMS) roughness of the �lm was found to be 5.8 nmand the average height of the features was � 27 nm.Comparing vertial diameters of aggregates from AFMmeasurements and their transverse (lateral) diameterson the basis of SEM measurements, we �nd that aggre-gates are �attened, and their transverse diameter ex-eeds the vertial diameter by up to 40%. This meansthat the restruturing time of aggregates is omparableto a typial time of attahment of new lusters to anaggregate. Below, for simpliity, we assume aggregatesto be spherial, whih orresponds to a relatively smalltime of restruturing. In Figs. 4 and 5, we give thesize distribution funtions of aggregates resulting fromjoining of solid silver lusters of diameters 4.1 nm and5.6 nm at idential exposure times. We note that thestatistis of these aggregates do not allow determiningthe form of the distribution funtion, and we assume itto be Gaussian. Figure 6 ontains the same size distri-bution funtion if a deposited �lm in Fig. 5 is heatedup to 873 K and remains at this temperature for 3 min.Then aggregates soften and partially melt, suh that af-ter melting the bridges between them are transformedinto almost round drops, and their size inreases. Allthis is used below for the analysis of proesses of forma-tion and evolution of luster aggregates resulting fromdeposition of solid silver lusters onto a silion surfae.4. MODELS OF EVOLUTION OF DEPOSITEDCLUSTERS ON A SURFACEBelow, we onsider simple models desribing lus-ter deposition on a surfae. In this onsideration, weassume the surfae to be amorphous and lusters notto hange bonds between surfae atoms. But lustersform hemial bonds at the points of their ontat with8 ÆÝÒÔ, âûï. 6 (12) 1185
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0Fig. 3. Atomi fore mirosopy image of a silver �lm formed on the Si substrate by 5:6 nm lusters for the deposition time6 minutes orresponding to the sample presented in Fig. 1a. The san size of the image is 1 �m and the rms roughness ofthe �lm is 5:8 nmthe surfae, and we have two limit ases of luster de-position on the surfae depending on the luster energy.If this energy is su�iently high, lusters are embeddedinto the upper surfae layer and remain motionless un-til other deposited lusters form hemial bonds withthem. In the other limit ase, deposited lusters prop-agate along the surfae up to the formation of hemialbonds with other lusters. In both ases, we assume thehemial bonds to be stronger between lusters thanbetween lusters and the surfae. We note that theriterion for eah limit ase is determined not only bythe spei� energy of inident lusters but also by theintensity of a luster beam.We �rst onsider the limit ase of embedded lustersthat orresponds to a high energy of deposited lusters.In this ase, the luster is stuk with a solid, and itssubsequent motion along the surfae is hampered, as inexperiments [26�28℄ with deposition of fast silver lus-ters on silion and arbon surfaes. This orrespondsto the deposition model where a deposited luster ismotionless, and we onsider this model below. Beausea deposited luster does not hange its position on the

substrate surfae and the point of its stiking has a ran-dom harater, we have the following equation for theoverage of a substrate surfae:dSdn = s�1� SS0� : (4.1)Here, S0 is the total substrate area, S is the oupiedarea, s is the ross setion of an individual monomer,and n is the number of monomers on the surfae. Todesribe matter in this model, we throw some disks ofarea s on the surfae. As a result of solving this equa-tion, we obtain the degree of overage� � SS0 = 1� exp��nsS0� : (4.2)Comparing this model with observed data, we seethat this model does not work in the framework ofthe ful�lled experiment, i.e., luster monomers hangetheir position in the ourse of aggregate formation. Wetherefore relate this model to the onditions of experi-ments in [26�28℄, and below we analyze the other limitase of luster deposition. This model may be used1186
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Fig. 4. Deposition of solid silver lusters with the diameter 4:1 nm for the exposition time 8 min. (a) SEM photography ofa �lm; (b) the distribution funtion of surfae aggregates with respet to diametersin the ase where solid lusters are strongly embed-ded into a solid, and subsequently deposited lustersontating with them form bonds with these lusters.The aggregates formed under these onditions have thefratal dimension lose to 3 [29, 30℄, i.e., this leads toformation of ompat �lms. Of ourse, suh �lms have
pores, but these pores are minimal in aordane withthe ase of onservation of a shape of eah solid luster.If the surfae overage by deposited lusters is low,their di�usion along the surfae leads to the forma-tion of fratal aggregates in aordane with the DLAmodel (di�usion-limited aggregation) [5�7℄ or DDA1187 8*
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ÆÝÒÔ, òîì 134, âûï. 6 (12), 2008 Proesses involved in the formation : : :bond between two solid lusters, restruturing of a sys-tem of bound lusters proeeds. As a result, a testluster is displaed and forms a hemial bond withother solid lusters of this aggregate. Therefore, eahsolid luster in a fratal aggregate mostly preserves itsstruture, but has several nearest neighbors in a formedfratal aggregate.The DLA model is rough in relation to the experi-mental onditions where the intensity of a luster beamis relatively high and the formed �lm is not rare�ed.But this desription of luster growth is supported bythe fat that the measurements for silver aggregateson the silion surfae with AFM show that its shapeis lose to spherial. Below, we therefore model thesestrutures as fratal aggregates with the fratal dimen-sion D = 2:46. Considering the metal �lm to be om-posed of fratal aggregates formed aording to theDLA model, we analyze some properties of this �lmfrom this standpoint. We let a denote the luster ra-dius and r the radius of the fratal aggregate; we thenhave the number of luster monomers in a fratal ag-gregate [8, 31, 32℄ � = �ra�D ; (4.3)where D is the fratal dimension of this luster. Cor-respondingly, the area per luster monomer is equal toSl = �r2� = �a2�2=D� = s�1�2=D : (4.4)Under the experimental onditions, r = 15 nm anda = 2:8 nm, we have � = 62. This implies that forma-tion of lusters leads to a derease in the absorbed (o-upied) area by 2.2 times, whih roughly orrespondsto the data of the graph presented in Fig. 6.We an analyze the size distribution of lusters onthe surfae in aordane with Fig. 6, whih gives thesize distribution for liquid lusters. The relation be-tween the radius r of a fratal luster and the radius Rof a liquid luster is given byR = rD=3a1�D=3 (4.5)in aordane with the de�nition of fratal dimen-sion (4.3). Thus, the size distribution of liquid lus-ters gives the size distribution of initial lusters underthe assumption that solid lusters are melted indepen-dently. But omparison of the distribution in Figs. 5and 6 shows that in reality, several lusters are joinedinto one drop. Figure 6 allows �nding the total spei�mass of silver on a substrate. Beause it is the samein the ases in Fig. 5 and Fig. 6 (i.e., this mass does

not hange on melting), we �nd that the porosities oflusters in Fig. 1b and 1 are equal. We an �nd theporosity by another method on the basis of the fratalstruture of lusters,� = � ra�3�D ; (4.6)whene R = 18 nm (a = 2:8 nm, D = 2:46). It isneessary to explain that � in Eq. (4.6) is the ratio ofthe volume of a fratal aggregate to the volume o-upied by solid lusters, i.e., 1=� is the volume partoupied by solid lusters. Thus, the size distributionof melted lusters allows reonstruting the size distri-bution of solid lusters. On average (with a = 2:8 nm,r = 15 nm, and D = 2:46), this formula gives � thatorresponds more or less to the above operation. Thus,the average value is � = 0:40, i.e., pores oupy roughly60% of the aggregate volume, whih orresponds to thedata in Fig. 6.5. DIFFUSION MODEL OF CLUSTERAGGREGATIONWe onsider the di�usion model of growth of lusteraggregates on a surfae. In this model, we assume thatsolid lusters of a radius r are direted onto a surfaeand are merged there in aggregates. We let J denotethe luster beam �ux to the surfae, and let R be theurrent aggregate radius. For simpliity, we assumethe aggregates to have a spherial shape and identialradii. Next, the overage � of the surfae by aggregatesis assumed to be small,� = N�R2; (5.1)whereN is the urrent number density of aggregates onthe surfae. Eah ontat with an aggregate leads to at-tahment of a solid luster to the aggregate, and subse-quently this aggregate takes an almost spherial shapeas a result of restruturing. Condition (5.1) means thatthe mean free path � of lusters over a surfae is rela-tively large, � = 12�RN = R2� � R: (5.2)We haraterize the di�usion motion of lusters overthe surfae by the length a of luster motion on whihthe motion diretion is hanged and the time � of dis-plaement over this distane. Then the di�usion oef-�ient of lusters over the surfae isd � a2� : (5.3)1189
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Fig. 6. (a) SEM image of solid silver nanolusters with the diameter 5:6 nm for 6 min deposition after annealing at 873 K innitrogen atmosphere for 3 min, and (b) the orresponding histogram to show the distribution funtion of surfae aggregateswith respet to diametersWe note that the di�usion harater of luster motionmeans that a typial distane L over whih a lusterpropagates before its attahment to an aggregate isL � pdt � pa�� �; (5.4)where t is the lifetime of a luster on the surfae with
respet to its attahment to aggregates. This gives theriterion for the di�usion harater of luster motionbefore its attahment: � � aR: (5.5)We now analyze the experimental onditions from1190



ÆÝÒÔ, òîì 134, âûï. 6 (12), 2008 Proesses involved in the formation : : :the standpoint of the di�usion model of luster aggrega-tion. In the ourse of aggregate growth, a surfae is ini-tially free, and then the lusters deposited as a result ofdi�usion along the surfae merge and form aggregatesonsisting of many lusters. We are guided by typialvalues of experimental data with the typial luster ra-dius r = 5 nm, the aggregate radius R = 30 nm, andthe �ux of inident lusters J � 1010 m�2 � s�1. Wederive the ondition that an inident luster attahesto an aggregate rather than to a luster on the sur-fae. Under this ondition, the mean free path of adeposited luster � with respet to attahment to anaggregate muh exeeds the path for attahment to asurfae luster �l. In terms of the above parameters,the attahment time ta of a surfae luster to an aggre-gate is ta � ��=a, and the number density of free solidlusters on the surfae Nl is given byNl � Jta � J��a � J�a R�a :From this, the ondition that the mean free path for afree surfae luster to attah to another surfae luster�l = 1=(2�rNl) be small ompared to the mean freepath � for luster attahment to aggregate isRrJ�a� � 1: (5.6)If we use the parameters of this experiment and takea � 1 nm as a minimum value of this parameter, weobtain � � 10�12 s at � � 1, whih orresponds to atypial time of moleular motion. This means that thedi�usion regime of luster motion along the surfae inthe ourse of aggregation ours only in the ase of anonativation harater of luster motion over the sur-fae. This ours only for a relatively weak interationbetween a deposited luster and the surfae, if a lusteris not embedded deeply inside a solid. Evidently, thisis ful�lled at the deposition energy 0:7 eV/atom of thisexperiment and is not ful�lled at higher luster energiesfor the same sort of lusters and the surfae [26�28℄.Thus, under these experimental onditions, we anspeify the harater of aggregate growth that is sim-ilar to the formation of fratal strutures on a surfaewhen solid partiles attah to a surfae and an moveover it. Then solid lusters are merged on a surfaedue to a ontat between them, and when several lus-ters are joined in an aggregate, and its restruturingproeeds that leads to formation of three-dimensionalaggregates in whih eah luster has bonds with sev-eral nearest neighbors. Of ourse, the fratal lusterstruture relates to a low density of aggregates on thesurfae. This is not ful�lled under these experimental

onditions. Nevertheless, the formed porous struturemore or less onserves fratal properties of aggregatesthat onstitute a formed porous �lm. Therefore, theabove di�usion model may be used for understandingthe struture of a formed �lm and for estimating itsparameters.6. MELTING OF SURFACE CLUSTERSUpon heating to the temperature 873 K (Fig. 1d),the �lm is separated in round drops beause of melt-ing. We note that this temperature is lower than themelting point of bulk silver (Tm = 1235 K); it is aommon fat that the melting point of lusters is lowerthan that for a marosopi system (see, e.g., [36℄). Wehave that the melting point of lusters depends not onlyon the luster size but also on the ompleteness of itsstruture, and a derease of the luster melting point isdetermined by surfae phenomena. Beause in this asethe �lm struture is onstruted from individual solidlusters, this onlusion regarding the melting point isvalid for the silver �lm under onsideration. We alsonote that melting of silver lusters was studied speiallyin [37�39℄, and the melting point of lusters in all theases was lower than that for bulk silver.The basi advantage of �lm melting in the ourseof its annealing onsists in the onservation of the �lmin individual drops. It is simple to analyze this systemafter its solidi�ation beause in this ase, SEM mea-surements allow determining the overage of the surfaeand the size distribution funtion of drops. From this,we an �nd the total �lm mass, and beause the �lmmass does not hange upon melting, this allows �ndingthe pore distribution for the initial porous �lm. In ful-�lling this operation, we verify that the above oneptof �lm onstrution of luster aggregates is appliable.Moreover, the fratal struture of aggregates onsist-ing of individual solid lusters in aordane with for-mula (4.3) orresponds roughly to the mass of liquiddrops. Thus, the analysis of a melted �lm that is di-vided in round drops justi�es our basi onept thatthe �lm formed onsists of luster aggregates. Theseaggregates inlude tens of individual solid lusters, andthe fratal struture of these aggregates may be validin essene.Thus, transformation of a �lm as a result of its heat-ing allows analyzing the harater of �lm melting. The�lm onsists of individual lusters that interat with thesubstrate surfae weakly if the bond between lustersoupies a small part of the luster surfae. Therefore,this method gives the possibility of melting individual1191



S. R. Bhattaharyya, T. K. Chini, D. Datta et al. ÆÝÒÔ, òîì 134, âûï. 6 (12), 2008lusters. In addition, we an study the harater of thesolid�liquid phase transition in this way. Indeed, due tomixing of di�erent rystal strutures, premelting maybe observed below melting [40℄ (luster softening belowthe melting point). Evidently, this e�et is observed inthis experiment, but it requires a more detailed inves-tigation. 7. THE EVAPORATION STAGEHeating of a deposited �lm leads to its partial evap-oration, and the analysis of this proess allows deter-mining the parameters of luster evaporation at hightemperature. In this analysis, we assume the surfae�lm to onsist of individual lusters, i.e., the surfae ofluster ontats to be small ompared to the total areaof the luster surfae. In addition, the total area of on-tats between lusters and the surfae is also relativelysmall. We an then onsider the luster behavior athigh temperature in the framework of the liquid dropmodel [23℄, and the binding energy of atoms in lustersmay be determined from experimental results.Indeed, in the framework of the liquid drop modelfor the luster, taking a liquid luster to onsist ofn � 1 atoms (and hene its surfae energy small), wede�ne the total binding energy Eb in terms of both thevolume and the surfae luster energy as [23℄Eb = "0n�An2=3: (7.1)In the ase of silver, the spei� binding energy of bulksilver is "0 = 2:87 eV, and the spei� surfae energy isA = 2 eV [23℄. The rate onstant of atom attahmentto the luster iskn = k0n2=3; k0 = �r2Wr T2�M ; (7.2)where the temperature T is expressed in energy units,M is the atom mass, and rW = 0:166 nm is the Wigner�Seitz radius for liquid silver. For silver at T = 600 K,we have k0 = 7:4 � 10�12 m3/s. The rate of lusterevaporation �ev(T ) is�ev(T ) = k0n2=3Nsat(T ) exp(�"=Tn1=3); (7.3)where Nsat(T ) is the number density of atoms forsaturated vapor, with Nsat(T ) � exp(�"0=T ), and�" = 2A=3 aounts for a derease in the atom bindingenergy due to surfae energy.We apply the above formulas to experimental on-ditions of evaporation of silver and silver lusters. Inpartiular, at temperatures T = 600 K, 700 K, and

800 K, the saturated number density of atoms Nsatis respetively equal to 15 m�3, 1:3 � 104 m�3, and1:2 � 107 m�3. From this, we have the balane equa-tion for a derease in the luster size due to lusterevaporation dndt = ��ev(T ): (7.4)Its solution gives the total time �0 of luster evapora-tion �0 = 9Tn2=32Ak0Nsat(T ) exp�� 2A3Tn1=3� : (7.5)In partiular, for the luster radius r = 1 nm, atthe temperatures T = 600 K, 700 K, and 800 K, wehave the evaporation times �0 = 2 � 105, 1000, and0:8 hours. An inrease in the luster radius twieleads to an inrease in �0 by an order of magni-tude. We also evaluate the luster evaporation timeat T = 873 K and T = 1073 K for the luster ra-dius R = 25 nm aording to the data in Fig. 1(n � 3 � 106). In this ase, the exponential in for-mula (7.5) is unity, Nsat(873 K) = 6 � 107 m�3,Nsat(1073 K) = 7�1010 m�3, and k0 � 1�10�11 m3/s.Then formula (7.5) gives the total evaporation time tobe about 2 hours at T = 1073 K and three orders ofmagnitude higher at T = 873K. This means that underthe experimental onditions, several perent of silver isto be evaporated at T = 1073 K, and the evaporationproess is not signi�ant at T = 873 K.The results onerning the evaporation of liquiddrops on the surfae an be used in another way. Therate of evaporation of a drop is sensitive to the bind-ing energy of atoms loated on the surfae of the drop.The auray of values used is restrited, and there-fore we now solve an inverse problem, with the experi-mentally observed parameters. In reality, we are basedon two energeti parameters of surfae atoms in aor-dane with formula (7.1), the bulk binding energy "0and the spei� surfae energy A, and omparison ofthe drop distribution funtions before and after evapo-ration allows determining both parameters in priniple.Beause we now deal with the average drop size only, weestimate a rough hange of the binding energy "0 only.Based on the data in Fig. 6, we have that the drop sizeunder annealing at T = 1073 K during 3 minutes de-reases by approximately 20%, whih orresponds tothe total evaporation time of about 13 min instead of50 min as follows from formula (7.5) with the lusterparameters presented in [23℄. We an obtain this valueif we replae the binding energy "0 = 2:87 eV withthe value "0 = (2:74 � 0:03) eV, i.e., have this value1192



ÆÝÒÔ, òîì 134, âûï. 6 (12), 2008 Proesses involved in the formation : : :dereased by 5%, whih is probably within the limitsof auray of the used data. The indiated auraytakes into aount that a part of the luster surfaedoes not partake in the evaporation proess. Thus,this method an be used to determine the binding en-ergy and the surfae tension of small drops with highauray.Thus, this method of evaporation of a porous �lmresulting from deposition of solid lusters onto a sur-fae allows �nding the parameters of evaporation forfree lusters as well as the binding parameters of atomsin lusters. 8. CONCLUSIONThe above analysis based on experimental studiesallows desribing the harater of evolution of largesolid lusters deposited on a surfae if the energy ofdeposition is relatively small and the interation en-ergy between deposited lusters and the surfae is smallompared to the interation energy of two ontatedsolid lusters. In this regime, lusters deposited ontoa surfae propagate along it as a result of di�usion,and merging of lusters onto the surfae leads to for-mation of luster aggregates. As a result of restru-turing that inreases the number of nearest neighborsfor eah bound luster, these aggregates have a three-dimensional struture rather than a planar one. In ad-dition, aording to their struture, the formed lus-ter aggregates are lose to fratal aggregates that areformed in a rare�ed matter. Subsequent joining ofneighboring aggregates by deposited solid lusters thatattah to aggregates diretly leads to formation of aporous �lm that is of interest for various appliations.The parameters of this porous struture may be de-termined by annealing of the �lm, whih leads to itsmelting and transformation into a set of separate om-pat partiles on the surfae. This program is partiallyrealized above for deposition of solid silver lusters ontoa silion surfae.As follows from the above analysis and omparisonwith similar studies [26�28; 41℄, there is a variety of de-position regimes of solid lusters onto a surfae thatalso depend on the deposition energy [15℄. Energetilusters are embedded deeply into a solid and are stukthere, whereas lusters of a relatively small energy areloated on the surfae and an move along it as a resultof di�usion. The regime of luster deposition a�etsthe properties of a thin porous �lm formed. Therefore,the struture of a porous �lm resulting from deposi-tion of given solid lusters onto a ertain target may be

adjusted by the energy of the deposited lusters. Sub-sequently, this a�ets the eletri, optial, mehanial,and hemial properties of a formed porous �lm.Understanding the harater of �lm growth is ofimportane for nanotehnology beause suh �lmsmay be used as a mediine [14℄, atalysts [42℄, andnanoeletroni devies [43�45℄. But the developmentof this kind of nanotehnology requires the develop-ment of methods for generation of luster beams anddiagnosti methods for nanostrutures. In partiular,this study inludes a modern tehnique as a soureof intense beams of seleted metal lusters and san-ning eletron mirosopy (SEM). All this, as well asX-ray methods for the analysis of surfae hemistry,ompliates suh investigations. In addition, themethod developed allows studying proesses thatinvolve luster melting and evaporation. Indeed, thebinding energy of atoms in an individual luster islarge ompared to the interation energy betweenthis and neighboring lusters, and also between thisluster and a substrate. Therefore, proesses of lustermelting and evaporation in a formed �lm are lose tothose involving free lusters. As a result, we have amethod for determining luster parameters, and thismethod is more reliable than those with luster beams.The authors thank Mr. S. Banerjee for tehnialassistanes in operating the SEM and Mr. P. Mishrafor AFM analysis. This work was supported in part byDFG, Germany and the RFBR, Russia (Grant 06-02-16146a). One of the authors (SRB) is grateful to Insti-tut für Physik, Ernst-Moritz-Arndt Universität Greif-swald, Germany for loal hospitality to arry out theexperiment in the Nanoluster Deposition faility.REFERENCES1. S. A. Kukushkin and V. V. Slezov, Disperse Systemson Solid Surfaes, Nauka, Petersburg (1996).2. S. A. Kukushkin and A. V. Osipov, Phys. Uspekhi 168,1083 (1998).3. P. Jensen, A. L. Barabási, H. Larralde, S. Havlin, andH. E. Stanley, Phys. Rev. 50B, 15316 (1994).4. A. Perez, P. Melinon, V. Dupuis, P. Jensen, B. Pre-vel, J. Tuaillon, L. Bardotti, C. Martet, M. Treilleux,M. Broyer, M. Pellarin, J. L. Vaille, B. Palpant, andJ. Lerme, J. Phys. 30D, 709 (1997).5. T. A. Witten and I. M. Sander, Phys. Rev. Lett. 47,1400 (1981).6. P. Meakin, Phys. Rev. 27A, 604, 1495 (1983).1193
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