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O-induced modification of growth of thin Cu films on Ru(0002)
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The film growth of Cu on clean and O-precovered ®01) substrates at temperatures between 300 and 450
K is studied by means of scanning tunneling microscopy. On cle&@®d), the Cu films grow in a multilayer
mode. For an O precoverage) §)<0.1 monolayefML), O remains trapped at the Cu/Ru interface and the
Cu film grows similarly as on clean R2001). Precovering the R000)) substrate with more than 0.1 ML of
O strongly modifies the film morphology. The excess O migrates to the surface of the growing film and acts as
a surfactant. Domains of an O/Cu structure are formed, the lateral extension of which linearly increases with
Op. For 0.4<0,=<0.5 ML, the O/Cu structure covers the film surface completely. For@2<0.5 ML, a
perfect layer-by-layer growth with a relatively high nucleation density is forced at temperatures around 400 K.
Decreasing the temperature andfg yields multilayer growth. For 04 0 5<0.5 ML, temperatures above
430 K, and substrate terrace widths below 100 nm, step-flow growth is observed. Two different types of O/Cu
surfactant structureA- and B-type) are identified. The A-type structure is established for 0.1
<0,=<0.4 ML, and displays some ordering on a local sddistorted hexagonal lattigelt causes heteroge-
neous nucleation at surface sites formed by a misfit-induced #ikéreelaxation of the Cu film. Its surfactant
effect can be described by the concept of two mobilities, which is based on a low adatom mobility during
nucleation, and a high adatom mobility on top of small islands. This implies an increase of the attempt rate of
Cu adatoms for step descent, enhancing interlayer diffusion. B-fype structure is established for 0.4
<0,=<0.5 ML, and contains a more irregular arrangement of O atoms. We assume that it behaves like a
continuous O/Cu layer, on top of which the adatoms migrate. Its surfactant effect is attributed to a large
diffusion barrier and a small additional step-edge barrier prevailing on top of the O/Cu layer. The latter also
implies increased interlayer diffusion. The relationship of our results to previously observed work-function
oscillations in the O-modified Cu film growth on R©0Y) is discussed.S0163-18207)00144-§

I. INTRODUCTION tially captured on top of the islands by an additional energy
barrier at the step eddgé,the atoms nucleate on top of the
The deliberate manipulation of epitaxial film growth is a islands before the already existing islands coalesce. As a
topical subject in thin-film research. One of the main objec-consequence, islands are repetitively created on top of previ-
tives is the change of a three-dimensiof&D) growth mode  ously formed islands and the film grows in a 3D multilayer
into a layer-by-layer growth to attain a homogenous two-mode®~’ Hence, the decisive process determining the growth
dimensional2D) film morphology. The general possibilities mode is the interlayer mass transport downward over the step
of manipulating film formation may be derived from the ini- edges. To induce a perfect 2D layer-by-layer growth, one has
tial stages of film growth, as has been demonstrated byo intensify the interlayer diffusion. Generally, there are two
Comsa and co-workers Epitaxial films are usually pre- possibilities for managing thati) By increasing the number
pared under conditions far from equilibrium. Consequently,of approaches to steen the upper terragethe atoms will
the film growth is controlled by kinetic processes. Initially, a more likely jump over the steps before they are trapped by
nucleation phase occurs. The impinging atoms are thermallgucleation.(ii) The probability of descent will be increased
activated and migrate over the substrate surface until thelpy decreasing the additional step-edge barfig¢rcan be re-
meet and form stable nuclei. The density of nuclei quicklyalized by an artificial decrease of the mobility of adatoms in
reaches saturation. The nuclei develop into small 2D islandghe nucleation stage, leading to an increase of the nucleation
which grow by trapping adatoms at edge sites where théensity, which is accompanied by a decrease of island size
bonding is strong. With the island size increasing, a growingconcept of two mobilitiey. Atoms impinging on smaller
number of atoms directly impinges on the top of the islandsislands can more frequently visit the step edges, which in-
The latter atoms may jump over the step edge, migratingreases the probability of jumping over the step. This may
downward to the lower surface level into step sites. In thisnduce the growth of 2D islands until coalescence. In order
case, the film grows in a 2D mode by alternating nucleationto maintain a continued layer-by-layer growth, one has to
growth, and coalescence of 2D islands. If the atoms are parepeat the artificial nucleation after completion of each layer.
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This can be attained by a temporary temperature reductiowhich is of nearly perfect long-range order at temperatures
and/or by jumps of the deposition rat&poth of which very  above 450 K.
effectively increase the nucleation density according to Small amounts of O drastically modify the Cu film for-
nucleation theory®!* Moreover, the nucleation density can mation. For an O precoverage©f)>0.1 ML of the
be increased by periodic ion sputter pulses, which create adku(000) substrate, part of O floats to the surface of the
ditional adatoms, thus enhancing the nucleafion. growing Cu film, as has been demonstrated by Auger elec-
All these kinds of growth manipulation, however, require tron spectroscopy (AES) and ion-scattering spectroscopy.
great efforts in growth control and preparation. Fortunately,This reduces the stability of the kinetically grown Cu films
growth can also be influenced by reducing the additionafnd lowers the temperature, where the transition from
step-edge barrier, which directly leads to a layer-by-layemultilayer growth to Stranski-Krastanov growth occtffs.
growth. This has been demonstrated for Ri/P1) Moreover, the O induces a Iayer-by-layer mode of film
homoepitaxy’ In Ref. 6, 2D film growth was initiated by 9rowth under special preparation conditions. The latter was
simply reducing the temperature, which, in the case ofProved byin situ monitoring of the integral work function

. . 7 . . - .
P111), induces a decrease of the additional step-edge bafuring Cu film growth'” Work-function oscillations with a
fier by changing the island morphology. The step-edge barViL period were observed at substrate temperatures around

rier can also be manipulated by applying surfactants, i.e.400 K, if Ru000]) was precovered With 0.3-0.4 ML of O.
For other values 0B, only a continuous change of the

small amounts of a foreign material floating up into the sur-Work function to a steadv-state value occurred. The work
face layer of the growing film? In metal epitaxy, this was y :

L7 . . function oscillations allowed the conclusion to be drawn that
studied in Eit,f‘" for the Ag/AG11) system by using Sb 452 the interaction of O with Cu on the surface induces a layer-
surfactant However, the surfactant effect of Sb is a

| h has b led b . like growth of Cu on R(0001) with a periodic variation of
complex pnenomenon, as has been revealed by scanning tWe " gensity” In principle, these results and their interpreta-
neling microscopy(STM).™> Sb not only reduces the addi-

h ; g ' oMY tion are confirmed by a recent study of Cu growth on
tlongl step-edge barrier, but it also increases the dlffu3|0|@;u(1ll), using thermal-energy He atom scatteriflgeAS).2
barrier for Ag adatoms on terraces and at step edges. Thisy, special O doses and temperatures of 200 and 400 K,
leads to a high density of 2D Ag islands of dendritic shaperespectively, slight oscillations of TEAS intensity were ob-
possessing a high number of step sites. Hence, the 2D filerved. In Ref. 2, the surface O is concluded to reduce the
growth is also affected by an increased number of attemptsobility of Cu adatoms, resulting in an island density higher
of Ag atoms to descend from the islands. The same complexhan that of the pure Cu/Cul1l) system. This is in accor-

ity may be expected for O, which has been identified aslance with previous STM investigations of the Cu/O/
another very effective surfactant in metal epitaxy. O-inducedRu(0001) system, indicating that O induces a high island
layer-by-layer growth has been reported for RP1),'® density in the first Cu layers grown at room temperature
Cu/RY0001," Cu/P(111),® and Cu/C@11)? The O- (RT.»

mediated growth effects have been investigated mainly by The aim of our STM investigations was to characterize
integral methods. Detailed real-space investigations of thée O-modified Cu film growth on RQ002) in more detail

film morphology have been sparse up to now. Therefore, théor substrate temperatures between 300 and 450 K. Our ex-
role of O as a surfactant is not yet fully understood. periments cover the entire range @, accessible under ul-

In the present work, we have re-examined both the contrahigh vacuum (&6 ,=<0.5 ML).?® Three different growth
ventional and the O-modified growth of Cu films on a regimes were revealed that strongly depend on temperature
Ru(0001) substrate by means of STM. The conventionaland Og. With the temperature rising, these are 3D
growth of clean Cu films on hexagonal-closed-packegp  multilayer growth (300—-360 K, 2D layer-by-layer growth
Ru(0001) has been extensively investigated as a model syg360—430 K, and step-flow growtl430-450 K. The inves-
tem of heteroepitaxy of strained thin metal filf¥s?! The  tigations confirm the O-induced increase of the nucleation
lattice parameter of Cu in the ClL1) surface is 5.5% density suggested in previous experiments. At
smaller than that of RB001). Due to the relatively large ©o~0.1 ML, first traces of O are detected in the surface of
misfit, the Cu film grows by the Stranski-Krastanov modethe Cu film. Domains of an O/Cu structure are observed, the
(2D film growth followed by 3D island formatignat tem- lateral extension of which linearly increases with,. For
peratures above 500 ¥.At temperatures between 300 and 0.4<6,<0.5 ML, the growing Cu film is completely cov-
500 K, the growth is kinetically controlled and proceeds viaered with an O/Cu layer.
3D multilayer island growth. Due to the high mobility of Cu ~ Two different O/Cu surfactant structur@samedA- and
adatoms, the nucleation density is relatively small, whichB-type) have been identified. Th&-type O/Cu structure is
induces the growth via step flow on small terraces. The firsestablished for 04 0 ,<0.4 ML. Locally, it displays some
layer grows to a pseudomorphic structure. The film stress isrdering in the form of a distorted hexagonal lattice. It
reduced by a series of reconstructions in the following layerscauses heterogeneous nucleation at special surface sites
as has been demonstrated by the STM investigations dbrmed by the misfit-induced moidke relaxation of the
Gunther et al?® Above 3 monolayergML), the Cu film clean Cu film. Triangular islands develop within the O/Cu
grows with the lattice parameter of clean(ClLl) in a face- domains, the edges of which run alofidLO-like directions.
centered-cubid(fcc) structure, with the Cu layers almost Small islands remain free of O. The diffusion length of Cu
completely relaxed. The films, however, are slightly rotatedadatoms on top of the O-free islands is larger than on the
by about=+0.65° with respect to the substradtand show a O/Cu domains. This implies a high attempt rate for step de-
moire corrugation pattern corresponding to the Cu/Ru misfit,scent of Cu adatoms, which drastically increases interlayer
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diffusion. The B-type O/Cu structure is established at 0.4layers using STM. In determining the Cu coverage, we esti-
<6,=<0.5 ML, containing more irregularly arranged O at- mated an error of about 10%. For each experiment, the clean
oms. It completely covers the Cu film. We assume that itRU(0001 surface was restored by desorbing Cu and O by
behaves like a continuous layer, on top of which the ciheating the crystal to 1600 K. _
adatoms migrate. For tHé-type structure, the surfactant ef- _ Since the Cu film growth strongly depends on the quantity
fect is ascribed to a large diffusion barrier and a small addi©f Preadsorbed O, it was important to reliably determine
tional step-edge barrier established at the O/Cu layer, whicRo- USing O-induced intensity changes in the LEED

implies a stronger interlayer diffusion. Our STM investiga- Pattern,” previous Z\ésvork-funcuon measurements, in combi-
tions are discussed in relation to previous work-functionn@tion with AES,™“and the known coverage for a certain

measurements. surface structurd®® enabled us to calibrate our,Qlose
The paper is arranged as follows. The experimental descale. In particular, we used the fact that at 400 Ja@sorbs

tails are outlined in Sec. Il and the results are given in Secdissociatively, developing p(2x2) overlayer structure up

IIl. The discussion of the results follows in Sec. IV. Finally, 0 ©0=0.25 ML, and a(2x1) overlayer up to a saturation

. . . . . . 29,30 iotil i
the main results of our investigations are summarized in Segoverage of 0.5 M7 A characteristic increase of curva-
V. ture of the work-function rise was observed if the2

x2) was completed®?® Simultaneously, a sharp intensity
maximum in thep(2x 2) LEED spots was measurétiwe
used both signatures of the completion of {h@x2) to

The experiments were performed in an ultrahigh-vacuundetermine our dose calibration. We followed the course of
chamber with an ion getter pumgbase pressure 5 thep(2x2) LEED spot intensity during the Qexposure to
X 10~ mbay, equipped with an STM operating at RT. This find the sharp intensity maximum. This allowed us to corre-
microscope consists of a piezoelectric tripod fgiztransla-  late our dose scale and the observed surface structures with
tion of the tip, and a piezoelectric stepper with the sampleprevious work-function measuremeRts® The accuracy of
carrier. The tip was electrochemically etched frowawire. determining the O coverage was estimated to be better than
Details of the construction are described elsewRéfEhe  10%. More details of this calibration are described in another
STM was used in the constant-current mode with typic;;;xlpaper?1 which focuses on the evolution of the O structures
sample bias voltaged, in the range betweenr 50 mV and  on RU0001), revealed by STM.
—1V, and a tunneling currerit on the order of a few nA.
The chamber also houses instrumentation for high-resolution . RESULTS
low-energy electron diffractiofLEED). ) _

The RY000J) crystal of a miscut of less than 0.5° was A. Conventional Cu/Ru(000) film growth
mounted on a transfer plate of Mo and prepared by cycles of First, the conventional growth of thin Cu films on clean
Ar ion bombardment(energy: 1 keV, current density: Ru(0001) is considered. The Cu/R2001) system was al-
about 10uA/cm?) followed by heating to 1300 K, each step ready analyzed in detail by the Behm grétipsing STM at
lasting for half an hour. After this initial treatment there fol- growth temperatures above 500 K. Different relaxation struc-
lowed cycles of 20 Langmuir (L) (1 L=1.33 tures depending on film thickness were detected. Our inves-
X 10”8 mbar s) of O adsorption and desorption by heating tatigations focus on the Cu film formation on R®01) at
1600 K to removeC andS contaminants from the surface, as temperatures between 300 and 450 K in order to provide a
described elsewhefé:28 Sample heating was performed by reference for the O-mediated Cu film growth. In particular,
electron bombardment and radiative heating Vil ilament  results are presented for the high coverage regime
on the backside of the crystal. Initially, the temperature wag>3 ML) of Cu/Ru0001), where the Cu films are almost
measured by a Ni/NiCr thermocouple spot welded to thecompletely relaxed. The STM images of Fig. 1 present typi-
edge of the crystal. After calibrating the heating parametersal film morphologies. Figure(d) shows a 10-ML-thick Cu
the thermocouple was cut off to allow the free sample transfilm grown in the 3D multilayer mode at 300 K. About five
fer to the STM by means of a wobble stick. The cleanness ofayers grow simultaneously with a relatively small number of
the sample was checked by LEED and STM. The final sur2D nuclei or islands having a density of about 2
face showed an intense and cleax 1 LEED pattern. The x10'° cm 2. Similar growth structures and island densities
STM images revealed large clean terraces, typically aboutre observed at temperatures around 400 K indicating a weak
100 nm in width. Under stable tip conditions, the(B001)  temperature dependence of the nucleation.
surface and the Qull) film were acquired with atomic Figure 1b) shows a 20-ML-thick Cu film grown at 450
resolution. K. The film morphology is strongly changed. The film dis-

In the growth experiments, O was dosed via a leak valveplays large plateaus with smooth surfaces separated by deep
at a constant pressure 020 ® mbar at a substrate tem- holes. In the holes the local Cu film thickness is 2—3 ML,
perature of 400 K. The Cu films were prepared by molecularwhich we deduced from characteristic relaxation structures
beam epitaxy. Cu of 99.996% purity was evaporated from af 2- and 3-ML-thick Cu films on R@001) (Ref. 20 [not
resistively heatedV basket. The temperature of the basketvisible in Fig. 1b) due to the gray-tone scale cho$efhe
was controlled by an encapsulated Ni/NiCr thermocouplemeasurement demonstrates the transition to the Stranski-
During evaporation the pressure increased to about Krastanov growth of the Cu/R0001) system, as has been
% 107 1% mbar. The evaporation rate of typically 0.2 ML/min revealed for temperatures above 508%K.
was determined by a quartz oscillator. The rate was cross The STM images of Fig. () show a 6-ML-thick Cu film
checked by imaging the areas covered with ultrathin 2D Curepared at 400 K, measured with high resolution. Linear

II. EXPERIMENT
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mean surface level. They form either trianglé¢$ 6r ele-
ments of a honeycomb patterh)( We observe these defects
at growth temperatures between 300 and 450 K and a film
thickness between 5 and several tens of ML. They are parts
of misfit-induced metastable relaxation structures of the Cu
film, which are preforms of the stable mois&ucture occur-
ring at temperatures>450 K, having a film thickness
>3 ML. Usually, the moirdike relaxation structures are
strongly disturbed and only of short-range order. Respective
details will be described in a separate pafaviost interest-

ing are the triangular defects, having a density of about 3
X 10" cm™2 at growth temperatures around 400 K. As dis-
cussed below, they may drastically influence the O-mediated
Cu film growth under certain preparation conditions.

B. O-mediated Cu/Ru000) film growth
as a function of O

O-mediated Cu film growth on R000) has been sys-
tematically analyzed as a function 6f5 and growth tem-
perature. We first characterize the film morphology, which
develops with risingd at a constant growth temperature of
400 K, where the O-induced layer-by-layer growth was pre-
viously observed’ In the investigations, the film thickness
was nominal 6.4 ML. First, the general features of the O-
induced modifications of the Cu film morphology are consid-
ered, which are illustrated by large-scale STM imagégs.

2 and 3. Then, high-resolution STM images show the details
of O-induced structures on top of the growing Cu films.

For 0<©0<0.1 ML, the Cu film morphology was almost
the same as in conventional Cu film growth, with no indica-
tion of O in the surface layefnot reproduced This is in
agreement with previous investigatiocffswhich revealed
that about 0.1 ML of O remains trapped at the Cu/Ru inter-
face.

At ©5~0.1 ML, the film morphology starts to change, as
the STM image of Fig. 2 shows fo®o,=0.12 ML. The
multilayer growth mode is still operative. About 5 layers are
growing simultaneously. Some parts of the top terraces,
however, are occupied by a large number of small Cu islands
at a local density of about210' cm™2 (see arrow. Below,

® - 9 e
13 nm x 13 nm
FIG. 1. STM images of Cu films grown on clean (RQ0J). (a)
Growth temperature 300 K, film thickness about 10 M), growth
temperature 450 K, film thickness about 20 ML; af@ growth
temperature 400 K, film thickness 6 MI@) and (b) display vari-
ants of the 3D film morphology) shows characteristic patterns of
triangular defectst]) and honeycomblike defect) in high reso-
lution belonging to a moirdike reconstruction of the Cu film.

defects are observed that give rise to a marked bright/dark
contrast. They are about 4 nm long and run parall¢lLtd]- FIG. 2. STM image of a 6.4-ML-thick Cu film grown at 400 K
like directions. The bright and dark regions of the linearon slightly O-precovered RQ001) showing multilayer growth
defects are measured at about 0.2 nm above and below tl{®,=0.12 ML). For details see text.
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(b)Ee

50mnm

FIG. 3. STM images of 6.4-ML-thick Cu films grown at 400 K
revealing layer-by-layer growth for(a) ©,=0.2 ML, (b)
0,=0.32 ML, and(c) ©,=0.42 ML. The arrows in(a) indicate

areas of the O/Cu surfactant structure. There is a clear contra

between these areas and the O-free neighborhood.

IncreasingO g to 0.2 ML induces an almost perfect layer-
by-layer Cu film growth Fig. 3(@)]. Even if large film areas
(um range are inspected by a number of STM images, we
observe only 1-2 simultaneously growing layers. The film
formation is governed by a high density of nuclei and is-
lands, respectively. The Cu islands are of triangular shape,
with step edges parallel {d10]-like directions. Similarly to
Fig. 2, the film surface is rather inhomogeneous. There are
areas with a high density of islands and others entirely free
of islands. The islands strongly differ in size. Larger islands
are usually surrounded by smaller ones, yielding a large size
distribution®® The surfaces of smaller islands are generally
very smooth, as expected for clean Cu. Around the islands,
there are highly corrugated are@siaximum corrugation
height 0.06 nm as in the former experiment. In the STM
image of Fig. 8a), the resolution is just sufficient to perceive
the roughness of these areas. The corrugated areas occur on
smooth Cu terrace@rrowg and, occasionally, on large is-
lands, too. The smooth terraces appear about 0.03 nm below
the maximum height of the corrugated areas, showing the
defects of the misfit-induced moitike reconstruction of the
Cu film, as Fig. {c) indicates in high resolution.

Increasing®, from 0.12 to 0.2 ML increases the cover-
age of the corrugated areas. In Figa)3 the latter cover
about 40% of the surface. Cu nuclei and islands only occur
within the corrugated areas. Therefore, we conclude that the
corrugated areas correspond to domains of an O/Cu surfac-
tant structure, which strongly increases the nucleation.
Within the O/Cu domains there is a nucleation density of
about 2< 10" cm™2 that is similar to that locally observed at
0,=0.12 ML (Fig. 2, arrow. The height of the smooth Cu
islands(within the O/Cu aregsabove the smooth Cu terraces
was determined to be 0.20 nm, which corresponds to the
monolayer height of 0.208 nm of Cl11). Hence, we con-
clude that the Cu islands are located within the O/Cu struc-
ture and not on top of it.

In Fig. 3(b), the STM image of a Cu film demonstrates
that the almost perfect 2D mode of film growth is preserved
at ©5=0.32 ML. A total Cu nucleation density of about 2
X 10* cm~2 is measured. The rough O/Cu domains, now
cover about 80% of the Cu film. Only small areas still dis-
play the O-free Cu surface. Within the O/Cu domains, the
number of triangular islands is similar to that observed in
Fig. 3(@). The island size is more homogeneous than in Fig.
3(a). Again, small islands exhibit a smooth surface. The
characteristic defects of the Cu film, shown in Figc)lare
partly resolved on terraces and large islands.

For ©5=0.40 ML, the film surface is almost completely
covered with the O/Cu structure and the nucleation density
reaches a maximum of about X80 cm 2. As high reso-
lution images will reveal below, small islands and the edges
of larger islands remain free of the O/Cu structure.

The STM image of Fig. @) demonstrates the film growth
occurring at® o=0.42 ML. Surprisingly, the small increase
B O from 0.40 to 0.42 ML strongly changes the film mor-
phology. The film growth continues in the layer-by-layer
mode. However, the nucleation density is drastically reduced

it will be shown that these islands are formed within areasy a factor of almost 30. Nevertheless, it is a factor of about
showing a characteristic corrugation pattern, which is in-10 larger than for the conventional Cu film growth at 400 K.

duced by an O/Cu surfactant structyret resolved in the
large scale image of Fig.)2

The shapes of the Cu islands also change, becoming irregular
and more compact. Most conspicuously, the whole film sur-
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_ ——————135=1 1.0 = Both types of O/Cu structures are characterized by charac-
e 3.0r o A ] = teristic patterns of small protrusions and depressions. Actu-
o - 108 % ally, there are several structural and morphological differ-
= : & ences that support the idea of two different O/Cu surfactant
; 2'0__ 10.6 ‘5 structures. Considering th&-type structure, we observe a
> - l - certain order on a local scale. Typically, a distorted hexago-
Z ok 104 g nal lattice, as shown in Fig.(&), is formed inA-type O/Cu

< 102 § domains, with unit mesh dimensions of about 0.53 and 0.66
= i 17 3 nm, respectively. However, there is no long-range order and,
ﬁ-; 0.(())’0"’ (’)'1 . 0'2 : 0'3 : 0'4 0”500 % consequently, no O-induced LEED pattern. Furthermore, the

bright area in Fig. B8) demonstrates that islands growing
oxygen precoverage (ML) within the A-type structure initially remain free of O. Even at
) _ o 0=0.40 ML where theA-type structure almost completely
FIG. 4_. Nucleation densitysolid ling) and surface coverage gyers the film surfacgFig. 5(b)], smooth surfaces of clean
(dashe.d. ling of .the O/Cu surfactant layer, as measureq for theCu are observed for small islands. This also holds for the
O-modified Cu film growth on R@00Y) at 400 K as a function of edges of larger islands. In contrast to that, EBréype struc-
. ture always completely covers the Cu film surface, including
face including small Cu islands and island edges is now coveven small islands and island edges, as demonstrated in Fig.
ered with a rough O/Cu structure. This characteristic chang®(c). For theB-type structure, the degree of order is some-
of the film morphology at©,=0.40+0.02 ML, has been what lower. In the STM images, the O-induced corrugations
proven for different Cu film thickness in a series of experi-are more irregularly arrange@f. the images in Fig. 6 In
ments. addition, theB-type structure seems to be more dense with
Further increasing o up to the saturation at 0.5 ML does espect to the O-induced corrugation.
not induce a further change in the film morphology. Again, a Comparing the film morphology in Figs.(&-5(c) in-
layer-by-layer morphology occurs, with island shapes andluced by both O/Cu structures, it is very characteristic for
densities similar to that in Fig.(8). the A-type structure that small Cu islands are of triangular
Inspecting different growth stagés.g., island formation shape with steps running parallel[tbl0}-like directions. For
and coalescengat film thicknesses between 5 and 20 FfL, the B-type structure, the islands are of irregular shape, with
we conclude that the ratio between the smooth areas of cledi? step direction prevailing. In addition, defects being part of
Cu and the rough ones of the O/Cu domains remains corfhe moirelike relaxation of the Cu filmlcf. Fig. 1(c)] are
stant for any©,, value. Hence, the surface coverage of theclearly discernible within theA-type structure. Figure (b)
OICu structures is independent of film thickness and growttshows a part of a film with honeycomblike defects) (
stage, which corresponds to the results of previous AE$ormed within anA-type O/Cu domain. Thé\-type O/Cu
investigations? structure seems to be interrupted at the defects, which accen-
Figure 4 summarizes the main data hitherto obtained, wittiuates their visibility. It is most characteristic that we only
the nucleation density and the surface coverage of the rougpbserve honeycomblike defects within the O/Cu domains,
O/Cu domains measured at 400 K as a functiorOgf. At whereas the triangular defects) (exclusively occur on the
0,~0.1 ML, small O/Cu domains start to appear on the CuO-free areas. Obviously, the smallest triangular islaridls (
film surface, with the island density beginning to deviateare always of the same shape and dimensions as the triangu-
from that of the conventional Cu film growth on R001). lar defects of clean Cu films. Moreover, the local density of
At 0.1<0,<0.4 ML, the relative surface coverage of the the small islands is almost the same as that of the triangular
O/Cu domains increases almost linearly. Correspondinglydefects. This correlation of triangular island$ énd defects
the average nucleation density increases linearly up to &) is also reflected in the maximum nucleation density mea-
maximum of about 2.5 10*? cm™2. In that range 0D, the  sured if theA-type O/Cu structure almost completely covers
number of Cu nuclei created within the O/Cu domains isthe film surface. At 400 K, it is 2.810" cm™2, which is
constant. A©D =0.42 ML, the nucleation density drastically comparable to the density of triangular defects (3
drops to about X 10 cm~2. This sudden decrease in nucle- X 10" cm™?) on clean Cu films.
ation occurs whenever the O/Cu structure completely covers As mentioned above, thB-type structure always com-
the film surface. Further increasiyg does not induce fur- pletely covers the whole surface; thus it can be considered as
ther changes in nucleation and O/Cu structure. a continuous layer that is not interrupted at the defects of the
The rapid decrease in the nucleation density atCu film. The defects of the moitkke reconstruction are
0,=0.42 ML is most conspicuous. Therefore, we concludetherefore hard to detect, and the film surface appears more
that there are two different types of O/Cu structures, strongljnomogeneous.
differing in nucleation efficiency. In the following, the struc-
ture with the high nucleation efficiency formed at . i
0.1<6,=<0.4 ML will be called A-type structure and that €. O-mediated .CUIRL(OOO]) film growth
with  the low nucleation efficiency formed at as a function of temperature
0.4<0,=<0.5 ML B-type structure. We now turn to the temperature dependence of the O-
Both O/Cu structures are shown in the high-resolutionmediated Cu film growth. In particular, we will show the
images of Fig. 5. The images were taken of 6.4-ML-thick Cudifference in the temperature dependence of the Cu nucle-
films grown at 400 K, with©,=0.32, 0.40, and 0.5 ML. ation of both O/Cu structures. For analyzing théype O/Cu
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FIG. 6. STM images of 6.4-ML-thick Cu films grown on
Ru(000)) at temperatures ofa) 300 K and (b) 400 K, with
0,=0.32 ML, revealing(a) multilayer growth and(b) layer-by-
layer growth.

6(a)], the film growth proceeds in the multilayer mode, char-
acterized by small atomically stepped growth hillocks of 3 to
4 incomplete layers. At 400 K, however, we observe layer-
by-layer growth. At both temperatures, the films are covered
; with domains of theA-type structurénot resolved in Fig. 6
Small O/Cu domains are observed at RT, becauséttype
1 5 nm X 1 5 nm O/Cu structure is interrupted at the step edges of the hillock
terraces. Most conspicuously, the density of the Cu islands of
FIG. 5. High-resolution STM images of Cu films grown on O- about 5< 10 cm~2 is smaller by a factor of about 3 than
precovered R{®00J). (a) ©65=0.32 ML, (b) ©65=0.40 ML, and(c) that observed at 400 K. This result is rather surprising, as the
6,=0.5ML. (a) and (b) show theA-type O/Cu surfactant struc- nucleation density is expected to increase with decreasing
ture; the smooth areas belong to O-free islands or island edgetemperature.

respectively.(c) shows theB-type O/Cu surfactant structure. All To investigate the temperature dependence of the Cu film
films have a nominal thickness of 6.4 ML and are grown at 400 K.growth mediated by th&-type O/Cu structure, we use the
For details see text. O-saturated R{@001) substrate ©,=0.5ML). Figure 7

shows STM images of Cu films of a mean thickness of 6.4
structure, we use an O precoverage of 0.32 ML, where alML, grown at 330, 380, and 450 K. At 330 K, the growth
most 80% of the surface is covered with tAetype O/Cu  proceeds in the multilayer modlEig. 7(a)]. A relatively high
structure during Cu film growtfcf. Figs. 3b) and 4. Figure  nucleation density of about’210'? cm™? is observed, caus-

6 shows STM images of 6.4-ML-thick Cu films grown with ing the formation of a large number of small, atomically
0,=0.32 ML at RT and 400 K, respectively. At R[Fig.  stepped, growth hillocks. About five atomic layers are simul-
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SRR — - -
150 nm x 150 nm
FIG. 7. STM images of 6.4-ML-thick Cu films grown on an
O-saturated R@001) substrate @ ,=0.5 ML) at temperatures of
(a) 330 K, (b) 380 K, and(c) 450 K. The measurements reveal

multilayer growth,(b) perfect layer-by-layer growth, an@) step
flow.
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FIG. 8. Arrhenius plot of nucleation density, as measured by
STM for Cu film growth on R(000)) at different temperatures on
O-precovered R@®00)). O precoverage: 0.32 MLY) and 0.5 ML
(A). The temperature ranges of the observed growth modes are
indicated.

perature, 2D nucleation and island growth, respectively, are
observed solely on terraces100 nm, with a rather low is-
land density of about % 10*° cm™2. On our Ru crystal, with

a mean terrace width of 100 nm, step flow dominates over
2D island growth at temperatures above 430 K. In all ex-
amples, the film surface is entirely covered with Bype
O/Cu structure similar to that displayed in the high-
resolution image of Fig. ®).

The measured dependencies of island denNityersus
growth temperature are presented in the Arrhenius plot of
Fig. 8. The dashed and full lines connect the data points
obtained for Cu films covered with either ti#eor B-type
O/Cu surfactant structure, respectively. The ranges of the
different growth modes observed are indicated. For the
B-type O/Cu structure, there is a strong temperature depen-
dence of the nucleation density, revealing an Arrhenius-like
behavior. The island density changes by two orders of mag-
nitude within the temperature range investiga(860—450
K). Most obvious, however, is the reversed temperature de-
pendence of the nucleation density measured forAthigpe
O/Cu structure.

IV. DISCUSSION
A. Conventional Cu film growth on clean Ru000) (©,=0)

As Fig. 1 shows, the low island density of the clean Cu
films and its weak temperature dependence at temperatures
between 300 and 400 K indicate a high mobility of Cu ada-
toms on clean Q1)) films. This agrees with previous ex-
perimental and theoretical investigatiéri$® revealing a
small diffusion barrielEy of 0.03—-0.05 eV for the Cu ada-
toms on Cy111) crystal surfaces.

The observed multilayer growth of Cu on clean(&2021)
demonstrates that the interlayer diffusion is hampered by an
additional step-edge barriekXg (Ag is defined byA=Eq
—E4, with Eg being the energy barrier of the step desgent

taneously growing. Figure(d) demonstrates the O-induced Ag can be roughly estimated by applying a formalism of
layer-by-layer growth at 380 K as described above, governethultilayer growth, presented recently by Meyral” It was

by an island density of about>210' cm 2. Figure 7c)

applied to conventional and Sb-mediated (AHl)

demonstrates the growth by step flow at 450 K. At that temhomoepitaxy. For A, the formalism yields
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Ag~KT In{[(D/2R;)?—h¢/h{]Ry/2a,}, (1) We now turn to the growth effects caused by théype
structure. Foi© o=0.2 ML, there is an almost perfect layer-

whereD is the average distance between islands grown on RY-layer growth at 400 K. The film growth is governed by a
smooth substrateR; is the critical radius of the islands on high density of O-free small islands. Surprisingly, the island
top of which nucleation starts, anal, denotes the lattice density increases with increasing temperature. The nucle-
constanth; andh; are the hopping rates of adatoms on theation and Cu island formation induced by tAetype struc-
smooth film surface and on top of the islands, respectivelyture will be discussed first. Within the O/Cu domains there
For our almost completely relaxed Cu filfrmean thickness are small triangular Cu islands, whose dimensions and local
>6 ML), we assumda;=h;. We have utilized experiments, densities correspond to those of the triangular defects of the
where Cu films of the Stranski-Krastanov morphology weremoirelike relaxation of the Cu film{Fig. 5b)]. This con-
prepared(growth temperature 550 )K displaying smooth spicuous correlation can be explained by the heterogeneous
plateaustheight >20 ML) larger than that in Fig. (b). The  nucleation of Cu atoms within the triangular defects. The
latter were used as substrates for investigating thelCly  details of this mechanism of nucleation will be discussed in a
homoepitaxy at RTnot shown. In the submonolayer region, special papef® Here, we only describe its main features.
we observed Cu islands of monatomic height on the Cu plaPuring film growth, the triangular defects act as traps for the
teaus, and the beginning of formation of second layers oi©u adatoms while being covered with thetype O/Cu struc-
top. From the average island distan&~250 nm) and the ture. Initially, the defects are populated by Cu atoms, thus
critical radius of the second-layer formatioR,(~50 nm), appearing as small triangular islands, instead of triangular
respectively, we estimate an additional step-edge barrier afefects, within the O/Cu domairi§ig. 5b)]. The unusual
about 0.16 eV using Edq1). This value is in good agreement temperature dependence of the island density ofAthigpe
with previous estimates for similar systems such as Aghktructure is also explained by the defect-induced nucleation.
Ag(111) and Pt/Pt111).” Annealing the films causes the density of the triangular de-
fects to increase at the cost of the honeycomblike defécts.
Therefore, the density of the triangular defects rises with
B. Growth for 0.1<60=<0.4 ML temperature. Consequently, the nucleation density rises with
Precovering the R0001) substrate with O drastically temperature, too.
changes the film morphology. F& 5>0.1 ML, O/Cu sur- We now consider the size distribution of the islands. For
factant structures are observed on top of the growing Cismall© 5 where only parts of the Cu film surface are covered
film, which induce a perfect layer-by-layer growth for with the O/Cu structurgsee, e.g., Fig. @], there is a rela-
0,>0.2 ML. First, we discuss the effects caused by thetively great variety of island sizes. In the central part of the
A-type O/Cu structure (046 ,<0.4 ML) and focus on the O/Cu domains, usually, larger islands are found which are
atomic arrangements within that structure. The STM imagesurrounded by smaller ones. Obviously, the larger Cu islands
[Figs. 5a) and 5b)] reveal a distorted hexagonal pattern are formed by coalescence of smaller islands. This means,
formed by depressions, with unit mesh dimensions of 0.53he larger islands represent an advanced stage after nucle-
and 0.66 nm, respectively. The arrangement of depressions éion, whereas the smaller ones correspond to a stage just
qualitatively similar to that observed by Jenseral3for O,  after nucleation. Considering also that the small islands are
adsorption on C(111). The authors identified a distorted free of O, we conclude that tha-type O/Cu structure is
hexagonal structure, of similar lattice parameters and twaather mobile. Obviously, it is laterally displaced by the
different supercell structures, called “29” and “44” struc- growing Cu islands, which induces a new nucleation around
tures. However, we detected neither these supercell struthe larger islands. Therefore, nucleation together with the
tures in our STM investigations, nor any O-induced diffrac-O/Cu domains spreads over formerly O-free Cu terraces. As
tion pattern by LEED. The latter indicates that the orderinga consequence, for th&-type structure nucleation and coa-
of the O/Cu surfactant structure is only of short range andescence may simultaneously proceed during film growth.
different from that observed for the adsorption of &  Since the O/Cu domains only occur on larger islands, we
Cu(111).%® The atomic arrangements forming the O/Cu struc-assume that the O/Cu structure migrates to the top level of
tures observed in our experiments are unknown up to nowthe film before the islands coalesce in the central parts of the
They cannot be directly deduced from the STM imagesO/Cu domains. Probably, the O/Cu structure is pushed on top
There might be a mixture of topographic and chemical conwhen it is compressed between growing islands. The mecha-
trasts due to the complexity of the O/Cu system. For exhism of the lateral and the vertical O/Cu migration, however,
ample, the depressions can be interpreted either as®foless unknown. So far, we cannot decide whether individual O
within an O/Cu structure, or as individual O atofisCer-  atoms, molecules of O-Cu compounds, or even whole com-
tainly, the O/Cu structures will correspond not only to simpleplexes of the O/Cu structure are transferred.
adsorption layers of O atoms. We assume a kind of a surface We now turn to the main surfactant effect, i.e., the O-
oxide to be formed on the Cu film. This we conclude frominduced layer-by-layer growth observed for 0.2
combined LEED and STM investigatiod%>® where we <©O,<0.4 ML. Obviously, the interlayer diffusion is in-
studied the O/Cu top layer formation on Cu films induced bycreased by the O/Cu structure. For #hdype structure, it is
preadsorption and postadsorption of O. At temperaturemost important that small islands are always free of O.
above 500 K, we observed O/Cu structures with long-rang& herefore, the diffusion of the Cu adatoms on top of the
order, which we characterized by LEED. We have developedslands should not initially be affected by O. Consequently,
models of these structures, which consist of sandwichlikewo different diffusion lengths of Cu adatoms have to be
arrangements of G@(111) layers®® considered. The diffusion length within the O/Cu structure is
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short, as the high nucleation density indicates. On top of thenative in this respect. High-resolution STM images show the
O-free islands, the diffusion length is relatively large, simi- O-induced depressions on the lower side of h&0]-like
larly to that of the clean Cu film. Hence, the adatoms aresteps[Fig. 2(c)]. Recently, for Ril11), it has been shown
visiting step sites with a high frequency, so that the numbethat O is adsorbed on the lower side of t{0G steps,
of attempts the adatoms on top of the islands have for stephereas, fo{111} steps, it is on the upper sidéProvided
descent is drastically increased compared to clean Cu filméhis relation holds also for our system, we have to conclude
Therefore, the interlayer diffusion is intensified, resulting inthat O most probably stabilizes 00 steps of Cu.
2D island growth. Before the coalescence of the initially
clear_l Cu islands, the_ O/Cu structure migrates on top, again C. Growth for 0.4<0,=<0.5 ML
causing a large density of nuclei on the newly formed layer.
Thus, the situation is very much in line with the model of ~We now turn to the growth effects induced by tBeype
surfactant-mediated film growth recently described byO/Cu structure. As mentioned above, tBetype structure
Rosenfeld, Poelsema, and Comsehey also assume a low completely covers the surface. Even small islands and island
adatom mobility during nucleation and a high adatom mobil-edges always display the same corrugation pattern as large
ity on top of the small islands. terraces do. Obviously, thB-type O/Cu structure immedi-
For small© [Fig. @], the O/Cu structure forms sepa- ately forms on top of newly formed islands. The experiments
rate domains. Here it becomes evident that the 2D filnfeveal a strong temperature dependence of the Cu nucleation
growth also presupposes the lateral displacement of the O/dnduced by theB-type structure, which is demonstrated by
structure. The lateral movement of the O/Cu domains duringhe Arrhenius plot of Fig. 8. Unlike thé-type structure,
the 2D growth of the Cu islands enables the O-induced 20here is no correlation between the nucleation and the defects
nucleation to spread over the entire surface. Hence both ekelonging to the moirdike reconstruction of the Cu film. As
fects, i.e., the retarded formation of the O/Cu structure on tohe B-type O/Cu structure is not interrupted at the defects, it
of the islands(it prevents the nucleation on top of already can be considered as a continuous layer bridging Cu defect
grown 2D Cu islands and the lateral displacement of the sites. Regarding the Cu adatom diffusion, generally, there are
O/Cu structure(it induces the island formation on formerly three possibilities: Cu adatoms may diffugeon top of the
O-free areasexplain the 2D film growth established for O/Cu layer,(ii) within it or (iii) below it. Our oxide model
0.2<0,<0.4 ML. developed for the O/Cu structdfeimplies strong ionic
At 0.1<0,<0.2 ML, the growth mode is different. Here, bonds between O and Cu atoms. Hence, we eliminate possi-
the O/Cu structure forms isolated domains, which remairpility (ii), since it presupposes breaking of these bonds. Pos-
separated during the Cu film growth. Within the O/Cu do-sibility (iiil) we exclude also because then the nucleation
mains, nucleation, growth, and coalescence of small Cu isvould be influenced by defects of the Cu film below the
lands proceeds locally. The small islands coalesce, resulting/Cu layer, which was not observed for thetype structure.
in large islands, on top of which the O/Cu structure migratesTherefore,(i) is the most favorable case. The adatoms may
There the process of locally restricted O-induced nucleatio®asily migrate on top of the O/Cu layer, where most of the
periodically repeats. As a result, multilayer growth is in-ionic bonds are saturated. Occasionally, the adatoms may
duced, where the top terraces are decorated with 2D islandgenetrate the O/Cu layer in order to form nuclei or to be
and the lower terraces spread by step fl§ig. 2). This type  incorporated at step sites. In order to understand the
of multilayer growth is different from that of the clean Cu/ Arrhenius-like temperature dependence of nucleation, we as-
Ru(0001) system. It is induced not only by a high step-edgesume specific diffusion barriers on top of tBetype O/Cu
barrier but also by the local restriction of the O-inducedlayer, which induce a homogeneous nucleation of Cu ada-
nucleation. The latter most effectively traps the Cu adatom$oms. Correspondingly, we also assume specific additional
on top of islands, thus also reducing the interlayer diffusionstep-edge barriers. Following nucleation thetity; and as-
Finally, we consider the shape of the Cu islands. Withinsuming the simplest case, with the dimer being the stable
the A-type O/Cu structure, the islands are always triangulanucleus, the diffusion barrieE; can be estimated from
in shape, with steps parallel to atomically closed-packeducleation densityN via Eq=3KT In(N), wherek is the
[110]-like directions[Figs. 3a), 3(b), 5(a), and §b)]. The  Boltzmann factor, and is the absolute temperature. The fit
A-type O/Cu structure is always found on the lower side ofto our measurements yiel@;~0.9 eV, which is more than
the [110]-like steps, with the upper side being free of O.one order of magnitude higher than the diffusion barrier of
Along the[110}-like steps, the O/Cu structure shows a spe-the clean C(L11) surface. Moreover, the additional step-
cial configuration, with the step edges appearing like a sawedge barried can roughly be estimated by Ed.). In order
tooth [Fig. 5a), see arroit Obviously, this special O/Cu to obtainAg, we analyzed Cu films grown on O-saturated
configuration drastically reduces the energy [@f0]-ike =~ Ru(0001) showing the transition from 3D to 2D film growth
step edges. The latter can be considered as the driving for@ a temperature of about 350 K. For the measured Cu island
in the promotion of the morphology of triangular islands. FordistancesD~110 nm and the critical island radiuR,
{111} surfaces of fcc crystals there are two typedbf0- ~50nm, at which 2D nucleation starts on togg
like steps. They are either ¢L0C} type, or of {111} type. = =0.08 eV is obtained. Comparing this value with that of the
Our investigations indicate that only one type[@fi0]-like  clean Cu film, we see that for tH&-type O/Cu layerAg is
step prevails. If both step types had formed, hexagonal isabout 50% smaller. Of course, these results have to be con-
lands instead of triangular ones should have been observesidered with some care. The assumption of the dimer as the
Up to now, we do not know which type ¢110]-like step is  smallest stable nucleus is problematic. For clean metals, the
favored. The O-atom configuration at the steps may be infordimers may dissociate well below R¥ On the other hand,
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for surfactant-mediated film growth the situation is quite dif- tween our STM experiments and the previous work-function
ferent and more complex. In particular, for the O/Cu systemmeasurements that should always be taken into account.
the surfactant may even stabilize the dimer. ThermalWhile the STM measurements are performed after Cu depo-
desorption spectroscopy proved that O generally reinforcesition, the work-function oscillations are measuriedsitu

the bonding of Cu aton®:? Thus, our assumption of the (€.g., during evaporation After the Cu deposition is
dimer as a stable nucleus is not unfounded. Moreover, it i§topped, the work function increases to almost the same con-
sustained by the absence of bends in the linear slope of tH&ant value after several seconds, independently of growth
Arrhenius plot of Fig. &2 Nevertheless, we have to empha- Stage, as reported in R_ef. 17. Thg final work-function rise
size that the atomic configurations defining the diffusion barMay have two explanations.(i) It might be caused by the
riers at the O/Cu layer may entirely differ from those of the "étarded flow out of thé\-type O/Cu structure on top of the
clean C111) surface. As a consequence, the diffusion bar-growing Cu islands. The latter may predominantly occur af-

riers obtained for the O/Cu structure do not directly correlatd®" €vaporation is stoppedle., during Cu film growth the
to the barriers of clean Qu11). islands are covered with fewer O/Cu areas than observed by

The relatively small additional step-edge barrier found forS TM). (i) The work-function rise can be attributed to a pos-
the B-type structure implies a strong increase of the inter-SiPleé change in the film morphology. During film growth, a
layer diffusion. Hence, it immediately explains the layer-by-déndritic or fractal island morphology may be established,
layer growth observed at temperatures around 400 K. Th¥ith an extremely high density of step sites. At the end of
alternative model based on the concept of two mobilities €vaporation, a fast step-edge diffusion may quickly change
(low adatom mobility during nucleation on terraces and highthe dendritic morphology into regular triangular islands, re-
adatom mobility on top of the islangés clearly not appli- veale(_j by STM This reductlon_ln step sites is accompanied
cable to theB-type O/Cu structure. Since small islands asPY @ final rise in the work function.
well as large terraces always show the same O/Cu corruga-
tion pattern, therg is no reason to assume different mobilities V. SUMMARY
at any stage of film growth.

At first glance, theB-type O/Cu structure seems to induce STM was used to investigate the growth of Cu films on
effects similar to those observed for Sb-mediated14g)  clean and O-precovered RI001), respectively, revealing
homoepitaxy. There also quite a large diffusion barrier and alrastic differences in the growth behavior. Within the range
rather small additional step-edge barrier were deduced froraf temperatures analyz€800—-450 K, clean Cu films show
the experiment$.Nevertheless, we assume different surfac-a multilayer growth, resulting in a 3D film morphology. In
tant mechanisms. The Sh-mediated Ag homoepitaxy workgeneral, the density of nuclei is relatively low, due to the
with relatively small Sb coveragé6.08 ML). Therefore, the high mobility of Cu adatoms on clean Cilil) and on
idea of a continuous surfactant layer is inappropriate for thdRu(0001). At high resolution, a characteristic defect pattern
Sb/Ag(111) system. The Sb atoms are assumed to exist ais revealed belonging to the moili&e relaxation of the Cu
interstitials in the surfac&, where they may act as repulsive film.
centers for Ag adatom$;*°thus increasing the diffusion bar- ~ Precovering the RG00) substrate with O modifies the
rier Eq4. Presupposing that the step-edge barigremains  Cu film growth. At©o~0.1 ML, O starts to appear in the Cu
unchanged:® the latter implies a strong decrease/qf. film surface and acts as a surfactant. Two different O/Cu

Finally, we discuss how our STM investigations correlatesurfactant structure@\-type andB-type) were identified that
with previous measurements of work-function changes perdiffer in their surfactant mechanisms. Thetype O/Cu
formed during film growtH. In principle, they confirm the structure occurring at 016 o=<0.4 ML forms domains, the
previous measurements and their interpretation. The Olateral extension of which increases withg. Locally, it
induced 2D film growth deduced from the integral work- displays some order, inducing a large density of Cu islands,
function oscillations, was directly evidenced by microscopicwhich slightly increases with temperature. A heterogeneous
real-space imaging. However, the work-function oscillationsnucleation is caused by the defects of the mtike relax-
revealed only a special type of layer-by-layer growth, foundation of the Cu film. The Cu islands are of triangular shape,
for ©5~0.4 ML, where STM vyielded an extremely high with steps parallel to closed-packé¢d10]-like directions.
density of 2D nuclei induced by tha-type O/Cu structure. Small islands are generally free of O. The diffusion length of
As a matter of fact, the sensitivity of the work-function the Cu adatoms on top of the islands is larger than that
method to identifying growth modes is rather restricted. Thewithin the O/Cu domains, the nucleation density of which is
work-function changes attributed to variations in the islandhigh. Consequently, the number of attempts the atoms have
density(and thus in the step densjtyan be explained by the to jump down the steps is increased, which enhances inter-
Smoluchowski effect’*® The dipoles occurring at steps re- layer diffusion. For 0.2 6 o<0.4 ML, the latter induces an
duce the work function. According to our observations, Oalmost perfect layer-by-layer growth at temperatures around
atoms are located on the lower step sides. They possibig00 K.
amplify the Smoluchowski dipole due to their high elec- TheB-type structure occurring at 040 o<0.5 ML com-
tronegativity. Because of the preferred localization of thepletely covers the Cu film surface. It shows a somewhat
dipoles at steps, measurable changes of the work functiolower degree of ordering. The Cu islands formed within the
require a high density of step sites. Even the maximum denB-type structure are of irregular shape. Their density strongly
sity of steps and islands, we found in our STM investiga-decreases with rising temperature. 3D multilayer growth, al-
tions, can probably not describe the oscillations in the workmost perfect layer-by-layer growth, and step flow are ob-
function previously observed. There is one difference beserved, with the temperature rising. TiBetype structure
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forms a continuous layer that bridges the defects of the Cments that were performdd situ during metal deposition.
film. We presuppose that the Cu adatoms diffuse on top oThe film morphology measured by STM may be affected by
the O/Cu layer and occasionally penetrate it in order to forma possible restructuring of the Cu filnte.g., step smooth-
nuclei or to be incorporated at the step sites. Homogeneourg), occurring shortly after the evaporation is stopped.
nucleation is assumed for thitype O/Cu layer. Its surfac-
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