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We demonstrate a novel technique for the synthesis of densely packed planar’

. nanostructures:; diffusion controlled aggregation at- surfaces. Through appropriate

control of the surface mobility and substrate symmetry well defined distributions

of one-dimensional (1D) or two-dimensional (2D) metastable nanostructures can

be built. Due to the high number density of these structures (10''-10'* cm~?%)

the physical and chemical propertles are easily accessible with conventlona.l surface
spectroscopies.

The physical properties of heteroepitaxial structures are ultimately determined by the
growth process. Conceptually, heteroepitaxial growth has been widely studied by means -
of the thermodynamiic approach which is essentially based on the idea that the surface
free energy must be minimized [1]. The conditions for this to happen in practice are only
fulfilled at sufficientiy high substrate temperature at which immediate rearrangements of
the diffusing adatoms at preexisting island perimeters are possible. In many experiments,
however, metastable structures that reflect the kinetic behavior are the common rule. Far
from equilibrium, a variety of metastable low-dimensional structures can be tailored by
controlling the deposition temperature, deposition rate, the symmetry of the substrate
and the atomic nature of the aggregate-substrate system [2].

The evaporation of adatoms onto a substrate drives the system into nonequilibrium,
which tries to restore equilibrium by forming aggregates [1]. The adatoms migrate on the
surface and when meeting each other they can form critical nuclei, which subsequently
can grow to clusters and islands by attachment of further adatoms. Nucleation and
growth are competing processes and the migration barrier of adatoms together with the
deposition rate determine the outcome of this competition [2]. The diffusion of an adatom
is terminated when it hits a critical nucleus or a stable aggregate and condenses there.
With increasing coverage the density of stable nuclei increases until a saturation density
is reached. From there on impinging atoms condense solely at existing aggregates. At
this stage they are migrating the average distance A,. The average adatom diffusion
length is temperature (and flux) dependent. At low temperatures A, is small, a high
density of stable nuclei is formed+and clusters grow. With increasing temperature A,
increases, the saturation island density decreases and larger aggregates can grow. The
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shape of these aggregates is determmed by directional anisotropy of A, and by the average
diffusion length of atoms adsorbed at the perimeter of the aggregate A; [3,4]. Here we
will demonstrate that via temperature contral of A, and Ay the:size and the shape of bhe
formed aggregates can be manipulated spec1ﬁcally on an atomic level.

The experiments were performed with a va,na:’f)le temperatire scanning tunneling mi-
croscope (STM) operatlrlg in ultra-high-vacuum [5] The accessible temperature range
for in-situ measurements is -between’ 95K 'atid B00K. The' systems we have studied are Ag
aggregates formed on"Pt(111) surface and Cu+aggregates grewn on.Pd(110). The metal
adsorbates were evaporated onto the substrates ffom MBE-Knudsen cells at rates of typ-
ically 1 monolayer (ML) per 900 s.  All STM images have been acquired jn a constant
current mode with tunneling current from I.= 1.0 nA.to 3.0 nA at sample voltage from
V=-05Vto-1.5V. . =

At very lowest temperatures. adatom ‘migratiof: is slow wi*thxrespectﬁ to deposition
resulting in small valued of Ay {a few A) and;ahigh density of stable nuclei. An example
for such a'situation isshown in Fig:la, Here 2% of a Ag monolayer have béewdeposlted
on the Pt(111) surface at’ 50K. Fhe! ‘migration barrierof Ag ‘adatoms:on Pt(11L) being
140£10 meV {5], the average diffusion length ttirns out'to beonly 9 A at this ttemperature,
giving rise to the exclusive aggregation of homogerieously distributed Ag-dimers.

With increasing substrate temperature during deposition, A,, the saturation island
density decreases and larger clusters can grow (aggregates containing several atoms to
thousands of atoms), the shape of which, in the absence of directional anisotropies in
A, - is determined by the average, diffusion. length of atoms adsorbed at the perimeter
of the aggregate. A, For simall wahws of the perimeter diffusion Iength the gggtegates
shonld grow mnuiw(l \\Inle for higher. Values ‘the. islands ape mp(‘cted t() condque in
compact shapoes [3:1]. \n example where the hindered perimeter diffusion leads to ramified
growth is shown in Flg Ld: largP fractal Ag-aggregates grow. on Pf(ll]) at 110K. The
large aggregate size has. Lwou talloxed~by reducing the flux to. 1.7x10" "MI /s. leddn% 10
saturation island density of only 1. 05x10" lema™? ip agreement with the e}\po(talmn 19]. k
Under these mmllilgns the free addtom mobllm is already suf’h« iently high (A(, = 200, A)
while the edge diffusion is still frozen [6], giying rise lug,hly mmllled Ag islands with lateral
dimensions of more than 3004A.

The equilibrium island s}mpe is: t.ormed upo? bnef am\eal of l\me’mcally detex mined
_aggregates to temperatures above. 250K. The 2D, ng islands shqwn in Fig.le have been ob-
tained by annealing of dimers, such,as shown in Fig.la, to 280K. The observedhexagondl
equilibriun shape with trigonal symmetry reflects the free energy ratio of the (1103{100}

and {LHOY{ 111} ((directional) {microfaget}) island edges 9{100}/a{111}=1.25 [7].

Of particular.importance is, however, the intermediate ra.u;g;e.:of cluster siges from a
few atoms up to several-hundred atoms.  Many. experimental and theoretical efforts are
currently underway to explore the evolution-of the physical and chemical properties from
the single atom to the bulk as a funetion of atoms involved [8]; the.most dramatic effects
heing expected for small clusters composed of only a few up toseveral tens of atoms. Two-
dimensional clusters of this size could in prinsiple be nudleated on Hlll[d((s directly by
diffusion controlled aggregation at an appropriate chosen temperature, flux and coverage.
Aecording to nucleation theory [9] the cluster size distribution of this aggregates would,
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Figure 1. STM-images of two-dimensional Ag-aggregates grown on the Pt(111) sur-
face. a)Ag-dimers (©4,=0.012ML) grown and imaged at 40K. b) and c¢) Compact 2D
Ag clusters of average size n=6 (b) and n=26 (c) (©4,=0.12ML) synthesized by growing
dimets at 40K and successive annealing to 110K and 150K, respectively (also STM imag-
ing temperatures). d)Large fractal Ag aggregates (©4,=0.12ML) grown and imaged at
110K; the deposition flux was reduced here to 1ML per 6x10%. e) 2D equilibrium shape
Ag islands obtained by annealing dimers such as in image a) to a temperature of 280K
(©4,=0.12ML).
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however, be rather broad.

We have explored an a.lternatwe route which glves rise to narrow cluster size distri-
butions (Fig.1b. c) In a ﬁrﬁt step yutior nf stable nuclei is grown
2 clusters are formed by
thermally actlva,ted coalescence of the nuclei. Two typi i 8 Vare shown in Figs.1b
and lc, where compact Ag cfust:ara w1th an a,vera,gé size ¢ : 's; (n 6 and 26 have been

images. Fa
The diffusion barner of the prenucleated dlmers is twice g high as that of Ag adatoms
[10] and the dimers are stable in an extended temperature range up to 100K. Annealing the
surface to temperatures above 100K, dimer diffusion and/or dissosiation and subsequent
adatom diffusion sets in, resulting in the formation of larger clusters by coalescence. The
size of these clustéers da;&e aqunentlally on: the annealing’ temperature according to

n(T.) = (1/16) exp(T4/26). - |

Diffusion controlled ggregatmn can also be used to synthesaze Qne-dlmensmnal aggre-
gates. 1D-systems have, indeed, been the focus of much mtemst&eeame of the unique
behavior and the fact tb&t ain | “roblems can be solved ’exa.ctly for these systems [11].
The growth of lD—aggreg&tgs ke use of the directional anisotropy of A, [12]. For sur-
faces with C, symmetry there are two different mlgra,twn barners, representative of two
orthogonal directions. An example s the Cu diffusien on ‘the Pd(110) surface, where the
migration ba,rrler are 0.76 eV and 0.51 eV for the orthogonal’ [001] and [110] directions,
respectively (see below) A, [110] is thus larger then A,[001] giving rise to a large growth
speed along the [110] channels. With decreasing deposition temperature the ration of
diffusion along the close-packed direction to that perpendicular increases. Therefore it
should be possible to freeze out cross-channel diffusion along [061] while diffusion along
the [110] channels is still sufficiently high. Under such favorable conditions exclusively
one-dimensional chains of adatoms should grow along the [110] direction of the surface.

Figure 2 shows STM images of submonolayer Cu islands | grown on Pd(110) at various
temperatures T and low Cu coverages (O¢, £ 0. IML). Cu islands have high aspect ratios
at all temperatures and are oriented along the.[110] direction. At temperature of 300K
and below (Fig.2a and b) linear chains monoatomic in width are formed. At T' = 300K
the monoatomic Cu-wires can reach length up to IOOOAcorrespondmg to aspect ratios
as large as A=300. Above about 300K, 2D-islands that are still elongated in the {110]
direction start to form (see Fig.2c and d). As is clear from Fig.2, the surface density of
islands drops as a function of temperature. This illustrates that a set of images taken at
different deposition temperatures contains information on the adatom diffusion length on
the surface.

The diffusion analysis of thls data can be done by analyzmg the densvty of 1sla.nds a8 a
function of the substrate temperature as outlined in recent papers [5,13,14]. At constant
deposition rate and coverage, the island density N is found to be proportlonal to D—4/2(d+1)
where D is the diffusion coefficient of adatoms. In the case of isotropic 2D diffusion d = 2,
while in the case of 1D diffusion d = 1. Fig.3a) and b) show log-in plots of the overall
surface density of islands and of the linear density of islands in the [001] direction as a
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Figure 2. Cu aggregates grown on the anisotropic Pd(110) surface at four different
temperatures and nearly the same Cu coverage of ©¢,=0.1ML except for b) where

O¢,=0.0TML. Temperatures are: a) 265K, b) 300K, c) 320K and d) 350K.

function of 1/T. As long as the transverse diffusion is not activated, the overall density
of islands (Fig.3b) determines the diffusion barrier in the easy direction while the linear
density of islands perpendicular to the channel walls (Fig.3a) essentially determines the
diffusion barrier in the [001] direction. In order to avoid accidental coalescence, the experi-
mental data focus on the low coverage regime below 0.1ML. Possible island coarsening due
to growth of bigger islands at the expense of smaller ones through reevaporation of atoms
from the edges has only been observed for T' > 400K. The island densities in Fig.3 nicely
reflect the transition from 1D to 2D growth. The overall density shows Arhenius behavior
in the entire range from 350K to 180K demonstrating that the longitudinal diffusion is
active in the entire range down to the lowest measured temperatures. The atoms move
along the [110] channels without any transverse migrations and the island formation is a
true’'lD problem. In this case the analysis that consists in considering the island density
to be proportional to D~1/4 is justified. The diffusion barrier that can be obtained from
the truly 1D regime through the overall density is Ej;j0) = 0.51 £0.05 V. On the other
hand, the linear island density along [001] (determining the cross channel barrier), shows
Arhenius behavior only above 300K and is constant at temperatures below. This indi-
cates that below 300K transverse diffusion of Cu adatoms is frozen. It is only above this
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;'overa,ll density (b) of -
sland denSi es are in arbitrary units.

Cu islands on Pd(llO) ‘a,s a ftvmctlonk of 1/T. ‘TK

temperature that cross channel diffusion is active and contributes to 2D island formation.
The diffusion barrier is determined to be Eyig) = 0.75 £ 0. 07.eV. ~

The average length of the one-dimensional Cu-wires can be tmlored for. example by
varying the deposition temperature. - Diffusion along [100] being negligible already at
300K the nucleation at temperatures T < 300K, will also result in the aggregation of
1D-chains, the average length of which will decrease with decreasing temperature (i.e.
decreasing A,[110]). While for 300K at a total coverage of 0.05ML the monoatomic Cu-
chains consist in-average of 130° Cu-atoms, at 180K (a,t the same coverage) the avera,ge
chain is composed of only 10 Cu-atoms.

We would like to conclude by stressing, that the a,pproach of dlfﬁismn controiied ag-
gregation for the synthesis of 1D- and 2D-matter outlined here is neither testricted to the
systems discussed nor restricted 'to metal-aggregates on metal surfaces. Diffusien con-
trolled aggregation is applicable for all growth systems in the kineti¢ regime (including
metals on serhiconductors or msulators), and one should always be able to find a temper-

“ature window, in, which 2D- or 1D-aggregates (substrates with dlrectmna,lly a,msotropxc
diffusion) can be tallored via the ma,nlpulatlon of A, and A{ R
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