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Theoretical optimization of the self-organized growth of nanoscale arrays
through a figure of merit
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A figure of merit is proposed in order to optimize the self-organized growth of nanoscale elements
into one-/two-dimensional arrays via a fine selection of the deposition/annealing conditions. This
figure of merit has been designed to account for the most significant defects inherent in such arrays.
Its versatility has been studied by kinetic Monte Carlo simulations of self-organized growth of metal
clusters on the X7 reconstructed $111) surface. The optimization relationships between
deposition/annealing conditions and characteristics of the metal(@di4%i X 7 systems are
obtained and analyzed within the framework of competition between thermodynamical tendencies
and kinetic limitations. €2004 American Institute of Physid®DOl: 10.1063/1.1807032

In recent years the subject of self-organization in inor-  Q « g(1/w)(1 — a)(1 - B), (1)
ganic materials has emerged as a frontier topic in the field of
materials science. Taking advantage of the self-assemblinghereg(1/w) is a generic function that adjusts the statistical
growth on surfaces with a periodic distribution of adsorptionweight of the uniformity defect for highly regular arrays
sites (such as highly-corrugatéd. stress-modulated,or ~ (With 0 <1). _ o
vicinal surface$, or those with a dislocation netwobk one- In this letter,Q is used, for example, to optimize the
or two-dimensional1D/2D) arrays of nanometer-sized ele- deposition conditions of metal cluster arrays or 7 recon-

ments can be fabricated. Beyond the low coverage regime§,tru_(,:te_d Sﬁlll)zssurfa_\ces, a re§earch topic of increasing sci-
the lifetime and versatility of such arrays should be pro_entn‘lc interest:2® This work is intended to complement pre-

L i imental studié<.
longed by inhibiting the early coalescence of arrayed eleY!0US €xperimen . .
ments via self-patterning mechanisfnshich constitute “a The S{111)7X7 surface is described as a honeycomb

second line of defense.” These latter mechanisms, which ar%tructur'e formed by two '?fg(e/: 24.5 atomstriangular half
cells with alternate stacking fault$ault, f, and unfault,u,

very different from artificial nanopatterning techniques suchhalf celly, which are separated by high energy barriers

as lithography or mechanical milling, make use of instabili—(~0 7-1.0 eV° at the dimer row and corner hole sites. The

ties and kinetic limitations operating in these systems to Conbrganizational capacity on this surface resides in an adsorp-
fine the nucleation areas and thus to retard the coalescenﬁgn probability differentiated by half cell typeswith a
regimes.

) .. higher preference for the faulted hadind in the confinement
Once the manufacturing procedures by self-organization/yje played by the barriers at the dimer rows. Such barriers

self-patterning have been established, it is necessary to opfimjt the inter-half cell diffusion, preventing cluster coales-
mize the deposition conditions to improve the ensemble feacence at moderated temperatures. Thus, the balance between
tures (quality) of such arrays by minimizing their defects. kinetic limitations at finite relaxation times and thermody-
From the assumption of a grid template, which describes th@amical tendencies rules the spontaneous arrangement of
array symmetry, three major array defects can be consideregietal adsorbates on($iL1)7 X 7. This balance can be tuned

(i) misalignment defectwith density ) that takes place by varying the deposition/annealing conditiofise., tem-
when some elements nucleate out of the expected $itgs; perature;T, deposition ratef, and coverages) as a function
filling defect (B) occurring when some arrayed elements areof the system intrinsic characteristicsee belowy.

missing; and(iii) a uniformity defect connected to a broad
element size distribution. The two first defects are analogous
to Frenkel and Schottky point defects in crystalline lattices,
respectively, and can be evaluated according to their corre-
sponding defect densitiémsl and B<1). On the other
hand, the third defect is described through the quadratic de-
viation of the size (n) distribution:
w=(n-(nN]»¥2 where( ) denotes the size averaged over
the arrayed element population. Because the defects are not
independent of each other in practice, a figure of mEit

can be defined, on the basis of simultaneous minimization of

Coverage (ML)

the defect densities and with the goal of improving the array 100° 150 200 20 300 30/ 4000 430 50 590
quality as Temperature (K)
’ FIG. 1. Q(T, 6 surface(represented as level curyesalculated by kMC
simulations, assuming a prototype set of paramet&ts=0.75 eV, AE
dCurrent address: Swiss Federal Institute of Technology, Laus&rieL), =0.10 eV,E,=0.10 eV,F=0.01 ML/S,N4=6, andi"=1) within the range
Ceramic Laboratory, IMX-D Ecublens, CH-1015 Lausanne, Switzerland;of characteristic values of diffusion and aggregation of metal adsorbates on
electronic mail: enrique.vasco@epfl.ch the S(111)7 X 7 surface(Refs. 11 and 1R
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FIG. 3. Overlap of kMC-simulate®’ curves[plotted vsT'kg (a) and ¢ x™*

(b) for the corresponding,,; and T, respectively for a broad spectrum of
parameter values. The parameters are alternatively modified from a proto-
type set of parameterE.=0.75eV, AE=0.10 eV, E,=0.10 eV, F
=0.01 ML/s, ny,,,=6 andi"=1) as follows: Ey series(CJ/M, 0.65; A/ A,

0.75; and,O 0.85 eVj, AE series(¢, 0.05;A/A, 0.10;V/V, 0.15 eV, F
series(open and solid hexagons, 0.001/A, 0.01; and +, 0.1 ML/g and
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source(targey half cell; E, is the effective intra-half cell
binding energy; andk represents a spatial attenuation factor
for the nonlocal substrate-mediated interactigiiis. The dis-
sociation of clusters with sizei* (subcritical clusterssuch
that the aggregation to such clusters becomes revergibje.

AE @) The existen(ielzof_a_\ ma?<imum capa'lc[lrymag of adsprbates

*f (d) - 95[ g _~0015 per half celt* giving rise to blocking and bpuncmg_ back
phenomena from half cells saturated by maximum-size clus-
ters.(v) A postdeposition relaxation to take into account the
§ 0 2 delay between the stages of evaporation and sample charac-
I terization(here 4 h.

System inspectionOnce the model has been depicted,
the array formation process is described by the statistical
characteristics of the system averaged over 25 runs. These
05 characteristics ardi) the surface occupatiof©), defined as

) j o . the ratio of the number of occupied half cells to the total
FIG. 2. kMC-simulated dependencies between the optimized depositiony, mper of half cells in the simulated surface and comprising
annealing conditions and the characteristics of met&l/13)7 X 7 systems. . .
The parameters are alternatively modified from a prototype set of parambOth faulted(f) and unfaulted(u) contributions(O=f+u);
eters(E=0.75 eV,AE=0.10 eV,E,=0.10 eV,F=0.01 ML/s,n,»=6, and  and (ii) faulted (fN) and unfaulted(uN) occupation prefer-
i"=1) as follows:(a) E; dependence oQpa (left axis) andTop, (right axis  ences described d@8=f/0 anduN=u/O (fN+uN=1). From
f(gr d'ggfg;g"g;“g:g; ! (Eér?t%(ii ﬁ)a?g g)aé?ei'g;‘nd;pgde?ﬁfﬁc’f these definitions, the misalignment and filling defects can be
axia. V), N (right axis, 0) andO (right axis, (). (d) Q() for differentn,,,  connected with the nucleation on unfaulted half cells and the
values specified in the graph. The symbols correspond to the simulated dagiensity of empty faulted half cells, respectively, such that the
whereas the lines represent the fitted analytical dependefi@bke |). The terms in Eq.(1) are identified acf?j_—a):z(f'\‘—]_/z) and (1
insets in (a) and (b) show the evolution of the fitting parameters _ oy_—of— N —
[O In(1/®)]op and u, respectively, while inset igd) displays thefyy(Nyay) fuﬁ)ctig:cw hzaz(;) lf)éer? Eh:)hseenosg %reg(?r?t?é i?g/sz)nsilt?v(eléﬁz mod-
dependence.
erate way the statistical weight of the uniformity defects in
metal S{111)7X7. Thus, for the metal cluster self-
organization on $111)7 X 7, Q can be rewritten as

Q. (8rb. un.)
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Model The metal/Si111)7 X 7 growth has been numeri-
cally studied by kinetic Monter%CarI(kMC) simulatiort® un-
der the following assumptions: (i) A uniform flux (F in
ML/s) of thermally evaporated particlgsvith kinetic ener- Q=-40f(f"~0.5n(w). 2
gies in the meV rangeon the S{111)7 X7 surface. The sur- The so-defined figure of merit depends implicitly on the
face is modeled as a discrete point lattice, where each poirlystem intrinsic characteristics as well as on the deposition/
corresponds to one half cell such that intra-half scale pheannealing parameters. As part of a large simplification a total
nomena are ignoredii) An inter-half cell cooperative diffu- of seven parameters forming a seven-dimensional space have
sion of monomers biased by nearest neighboring adsorbatggen here considered. This space has been explored in dif-
(via nonlocal attractive interactiopghat takes place at a ferent directiont’ (with  #=0-0.4, T=73-573K, F
jump raté' vy exd—(EM'+(n—1-kn)E,)/keT]. Here v,  =105-10"1 ML/s, E;=0.60—0.90 eV,AE=0-0.30 eV, i"
=5x10° s (Refs. 11 and 1Rcorresponds to the preexpo- =1-4, n,=4—14 for Q maximum conditions avoiding
nential factor;EL’u is the hopping energy barrier to escape possible saddle points for the deposition/annealing param-
from faulted/unfaulted half cells whose difference A&  eters(T, F, and 6). The results of such explorations are

=E;—E§¢O; n; (n;) is the size of the cluster nucleated on the shown in Figs. 1 and 2. Figfure 1 shows 1Q€T, 6) surface
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TABLE I. Found analytical dependencies between the optimized deposition/annealing parameters and the characteristics of thiglh)@tal7 Systems.
a, b, c and d correspond to dependencies shown in Figs-2d), respectively.

Hopt Topt Qmax
E! IOopl JEs~0 ~ Qmax=40 In (1/@)]opd N AN =1/2)
Top=—EY /keln(uF), n=10"7s 2a), 2(b max opt opt, " opt
F o/ IF =0 onn= B3/ Kaln(uF), @), 20) N = [1+exg-AE/KsTop) ] 2(0)
i" Tt/ di* =0 T/ d* =0 2a)
AE 30/ IAE~0 ITopt/ IAE~0 [O In(1/w)]opeexp(=i*) 2(a)
Nmax Bopt=XNmax X =0.0152d) ‘ﬂ-opt/ MNiax=~0 Qmax/ Minax=0 2d)

for a prototype set of parameters used along the tegé  sal” tri-dimensional space, which is common for any metal/
Fig_s. 2 and 3 _T_he surfat_:g featurgs a ma_ximum around thesj(111)7 X 7 system. Such a space would be characterized by
optimal deposition conditions defingth this casg as To:  reduced deposition/annealing parametefs and ¢ as re-

=420+10 K andf,,=0.09£0.01 ML. The most significant yeajed by the overlap of the open/arealess symbol curves in
outcomes concerning the kMC-performed optimization pro—Fig 3.Q does not scale withi* (i.e., the form of theQ'

cess are summarized in Fig. Bymbolg while the fitted curves modifies a& changesas shown in Fig. 3 on com-

analytical dependencigtnes) are compiled in Table I. The . .
x-independence of thg parametewith x andy taking ge- ~ Parison of the open/arealess symbol curves with the closed

neric values within the explored parameter space is indi- SYmbol ones fof* #1/kg and ¢ <, respectively. Thee-
cated as:dy/dx=~0. The optimization relationships of the ducedfigure of merit would explain th2e perfection of the In
deposition/annealing conditions with the system intrinsiccluster arrays achieved by Lét al® by assumingE;
characteristics to be outlined are the followin@ The =0.75+0.05 eV ana,,=8 (parameters not reported in Ref.
ToplEs, F) dependence shown separately in Fig&) 2nd  2). In any case, systematic experimental studies are required
2(b) describes the necessity of increasing the depositionfo validate the optimization procedure presented here.
annealing temperature to strengthen the system relaxation to |n conclusion, the proposed figure of merit gathers the
the thermﬁd{namlc?l _qulhbrlyrg St?ﬁ) at r((ajlatlvgly.dshortmost significant defects inherent in 1D/2D arrays of self-
times as the kinetic limitations induced by random Inci enceorganized nanoelements and constitutes a worthy tool with
and/or the high surface corrugation are enhahdeel, F and . . o - 7

0 ; . -~ scaling properties to optimize the deposition/fabrication con-
E. increase, respectively Thus, the existence of a fitting . :

ditions of such arrays. Its usefulness has been theoretically

constantu=~10"s [Fig. 2b) insei indicates the found ;
Top(EY,F) dependenceTable |, first cell atT,, column demonstrated on self-organized metdll$il)7 X 7 systems,

satisfies the equilibrium conditiony exp(—EY/kgTon)/F in which the main optimization relationships between the
=y pointing to a constant ratio of the diffusion rate to depo_deposition/annealing parameters and the system characteris-
sition rate.Q decreases a3, increases according to the tics have been revealed through a simple model.

equilibrium relation that predicts a reduction of occupation
preference with the temperatufsee below theN(AE) de-
pendence (i) Thei’ dependence of shown in Fig. 2a)
(main and insgtand compiled in Table (first cell at Q,,ax
column is related to kinetic limitations imposed by the re-
versible aggregation into large quasi-immobile clusfers,
which retard the system relaxation rati.) The AE depen-

The author thanks V. Nagarajan and M. Davis for a criti-
cal reading of the manuscript.
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