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Abstract 

Molecular beam epitaxy of Cu on Cu( 111 ) was studied using thermal energy He scattering, in the temperature range between 100 
and 450 K. Three-dimensional growth was observed in the whole temperature range. To determine the onset of various diffusion 
processes, submonolayer films formed by deposition at low temperature were annealed. Annealing proceeds in two steps. The first 
step is interpreted as a change in island shape, the second as Ostwald-ripening. A comparison with homoepitaxy on Pt( 111 ) and 
Ag( 111 ) is made. Growth manipulation was carried out by artificially increasing the island number density via intervention in the 
nucleation stage of each layer. The procedures applied were temperature reduction during nucleation as well as pulsed ion 
bombardment. These techniques enabled the convenient growth of good quality films consisting of a large number of monolayers. 
Finally, the use of oxygen as a suffactant modifying the growth mode was investigated. Under some growth conditions, pre-exposure 
of the surface to oxygen was found to induce weak He-intensity oscillations during deposition. The quality of the films grown in tiffs 
way was, however, low. 

Keywords: Atom-solid scattering and diffraction - elastic; Copper; Growth: Ion bombardment; Metallic surfaces: Molecular beam 
epitaxy; Oxygen; Surface diffusion 

1. Introduction 

Homoepitaxial  systems can be used as model  
systems, where simple kinetic processes influencing 
epitaxial growth can be studied without  complicat-  
ing effects such as lattice mismatch,  differences in 
surface energy, etc. A detailed unders tanding  of 
the origin of the various phenomena  occurr ing in 
homoepitaxy,  as well as the development  of general 
concepts and  the identification of general t rends 
are impor tan t  for deriving from these simpler sys- 
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tems conclusions applicable to the more  complex, 
and  more useful, heteroepitaxial systems. 

Such general t rends seem to apply for homoepi-  
taxy on  fee (100j metal  surfaces, for which layer- 
by-layer growth is generally found (Pal [ 1], Ni  
[2 ] ,  Cu  [3 ,4] ,  Ag [4 -7 ] ) .  For  homoepi taxy on  
fcc(l 11 j metal surfaces the s i tuat ion is more  com- 
plex. The two model  systems studied extensively - 
Pt /Pt(  111 ) and  Ag/Ag( 111 ) - display a richness of  
behaviour,  depending on the growth condi t ions  
(substrate temperature,  deposi t ion rate) and  on  
the metal. 

For  homoepi taxy on  Pt(111), three growth 
regimes were observed at temperatures below 
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step-flow [8-12]: at intermediate temperatures 
(340-45G K), several layers grow simultaneously 
and the system grows three-dimensionally rough 
(3D growth). This mode of growth was explained 
by the existence of a barrier (step-edge barrier 
[13,14 j), hindering interlayer mass transport. At 
lower temperatures, a non-ideal layer-by-layer 
growth mode (reentrant 2D growth) is encountered, 
which was explained by the partial enabling of 
interlayer mass transport due to the fractal-like 
shape of the islands growing at these t~mperatures. 
At high temperatures, growth proceeds in an 
almost ideal layer-by-layer manner for a very large 
number of monolayers. This latter growth mode 
was explained initially by an increased probability 
for adatoms to thermally surmount the step-edge 
barrier. Recently~ an alternative mechanism was 
proposed, tracing back this growth mode to a 
reconstruction network forming on the P t ( l l l )  
surface during deposition [15,16]. Scanning tun- 
nelling microscopy (STM) investigations [16] 
showed that those parts of the surface which are 
not reconstructed grow three-dimensionally. 

Ag growing on Ag(111) shows a very different 
behaviour [6,12,17-19]. For this system, the 
growth is three-dimensional at all temperatures 
below step-flow, indicative of a high step-edge 
barrier. 

For the third fcc(111) system studied so far - 
Cu/Cu( l l l ) ,  conflicting results were reported. A 
behaviour similar to that of Ag/Ag( 111 ) has been 
observed by Dastoor and co-workers [20,21], 
whereas a behaviour similar to that of Pt/Pt(111) 
was found by Henzler and co-workers [ 12,22,23]. 

The first part of this paper (Section 3.1) is 
devoted to the investigation of the conventional 
homoepitaxial growth on Cull  l 1), in order to 
resolve this discrepancy and gain a more general 
overview on the growth in fcc(111) systems. 

The second part of the paper deals with growth 
manipulation in the Cu/Cu( l l l )  system, leading 
to much smoother films than those grown using 
conventional procedures. Manipulation is based 
on the "concept of two mobilities" [24,25] which 
has been developed in our group and applied 
previously to the growth of Ag on Ag( l l l )  [17]. 
In these manipulation techniques, an artificially 
high density of islands is produced during the 

nucleation stage of each monolayer, such that the 
typical distance between two such islands is smaller 
than the "free-diffusion length" of adatoms at the 
growth temperature and deposition rate used (i.e. 
smaller than the average length that an adatom 
can travel on the surface before it collides with 
other adatom(s) to form a stable nucleus). Adatoms 
landing from the gas phase on these islands will 
therefore be able to reach the edge of the islands 
and attempt to surmount the step edge barrier 
much more frequently than adatoms landing on 
the larger islands formed during natural growth. 
The probability of surmounting the barrier and 
reaching the lower terrace before forming a stable 
nucleus on top of a pre-existing island is propor- 
tional to the number of attempts, and is thus 
greater the smaller the typical island size is. 

Artificially enhanced island density during nucle- 
ation was produced in several ways. Section 3.2.1 
presents the results of experiments where an 
enhanced island density was produced by lowering 
the substrate temperature during the nucleation 
stage of monolayer growth, Section 3.2.2 presents 
the results of experiments in which this aim was 
achieved by ion bombardment at that stage. An 
assessment of the quality of the grown layers and 
of the degree to which the island density must be 
increased in order to achieve high-quality layers 
is given. 

In addition, Sectio~ 3.3 presents results of experi- 
ments where growth was influenced by pre- 
exposing the copper ~urface to molecular oxygen. 
This procedure results in an (imperfect) layer-by- 
layer growth of several monolayers. A mechanism 
for the influence of o~:ygen is proposed. 

2. Experimental set-up 

The experiments described in this paper were 
carried out in an ultra-high-vacuum (UHV) cham- 
ber with base pressure below 5 x 10-1~ mbar. The 
system has been described in detail elsewhere 
[26,27]. A 67 meV supersonic He beam was used 
for the He scattering measurements. The transfer- 
width at the experimental conditions was ,-, 420 .~, 
[28]. The scattering apparatus was also equipped 
with an Auger electron spectrometer (AES). 
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Sample temperature was measured using a 
Ni-CrNi thermocouple inserted into a cavity in 
the crystal. 

The sample was prepared by repeated cycles of 
sputtering with 1.2 keV Ne+-ions and annealing 
to 1000 K. This procedure was repeated until no 
contamination could be detected by means of AES 
and the He reflectivity from the surface was high. 
The estimated mean terrace width on the surface 
was over 1000 ,~,. After each deposition experiment, 
the initial conditions were recovered by sputtering 
and annealing to 850 K. 

Copper was evaporated onto the sample from a 
high purity Cu disk which was thoroughly desul- 
phurised and outgassed. A home made electron 
bombardment evaporator was used. During depos- 
ition the pressure st:lied below 1 x 10 - t°  mbar. 
The deposition rate was determined from the fre- 
quency of He intensity oscillations under condi- 
tions where laye~-by-layer growth was obtained. 

The specular~y re:i:,cted He beam under in- or 
anti-phase conditions was recorded in situ during 
deposition. Under in-phase scattering condition, 
interference from adjacent layers is constructive. 
The sample thus looks like a perfect mirror except 
for impurities and a strip about 10 A wide around 
step edges, which scatter diffusively. Therefore, 
variations in the He intensity during deposition 
reflect the variation in the step edge length per 
unit area on the surface during growth 1-26]. Under 
anti-phase scattering condition interference from 
adjacent layers is destructive. The anti-phase inten- 
sity is therefore indicative of the height distribution 
of the growing film 1"26]. It is only in specific 
cases, however, that the height distribution can be 
uniquely determined from the anti-phase intensity. 
Similarly to the in-phase intensity, also the anti- 
phase intensity is reduced by diffuse sc:ttering due 
to the presence of defects on the surface. 

At temperatures where the adatoms are mobile, 
ideal three-dimensional growth is due to the com- 
plete lack of interlayer mass transport. For this 
type of growth, both in- and anti-phase He inten- 
sities decay monotonically. The normalized anti- 
phase intensity follows an exponential decay law 
I anti/l~nti = e-40, where 0 is the coverage in mono- 
layers (ML) [26]. During layer-by-layer growth 
mass transport between layers is efficient, resulting 

in oscillations of the He intensity under both 
diffraction conditions. The minimum intensity cor- 
responds to deposition of about 0.5 ML, when the 
surface is roughest. The maximum intensity corres- 
ponds roughl)" to completion of a layer. 

Mean terrace widths were estimated by compar- 
iog the reflected He intensities under in- and anti- 
phase conditions 1"29]. Mean island separations 
were estimated from the broadening of He peak 
profiles under anti-phase conditions 1"30,31]. Peak 
~.rofiles were recorded by changing the angle of 
the sample with respect to the detector after 
quenching the sample temperature to 200 K 
following deposition. 

Oxygen experiments were carried out using 
molecular oxygen 4.8 which was let in through a 
leak valve. Partial pressures up to a maximum of 
2 x 10 -7 mbar were used. 

3. Results and discmsion 

3.1. Conventional growth of  Cu/Cu( l l l ) and 
annealing 

The normalized specularly reflected He inten- 
sities under anti-phase diffraction conditions (n= 
2.5) were recorded for different substra~e temper- 
atures as a function of deposition time. Deposition 
was carried out at a rate of R=0.006 ML/s for all 
temperatures. The results are shown in Fig. 1. 
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Fig. 1. Evolution of the normalized specalar He intensity under 
anti-phase conditions (n=2.5) during deposition of Cu onto 
Cu(lll) at different snbstrate temperatures, as indicated. 
Deposition was carried out at a rate of R =0.006 ML/s. 
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For the highest temperature chosen (T=450 K), 
the intensity remains about constant during depos- 
ition. This indicates growth by step flow. At this 
high temperature the mobility of the adatoms is 
high enough, such that all adatoms landing on the 
pre-existing terraces diffuse to the ascending step 
edges, where they are captured before they 
nucleate. Hence, no nucleation of islands is taking 
place on the terraces and the film grows via 
propagation of the pre-existing steps [32]. The 
onset temperature of ideal step flow growth is, 
however, not an intrinsic property of the material. 
It is also determined by the average terrace width 
of the surface and hence the crystal surface quality. 

At lower temperatures the intensity falls mono- 
tonically during deposition, typical for 3D growth. 
Note that for the curve obtained at 100 K, the rate 
of decay is steeper than that expected for ideal 3D 
growth (lanti/l~nti=e--40). This is due to diffuse 
scattering from small structures as will be discussed 
at the end of this section. Between the two 
extremes, 3D growth at low temperatures and step 
flow at high temperature, a gradual transition 
is found. 

None of the curves displays oscillations of the 
intensity during deposition. This indicates that 
growth does not proceed in a layer-by-layer fashion 
at any temperature. The fact that the intensity 
decays monotonically even at elevated temper- 
atures ()300 K), i.e. three-dimensional structures 
are formed, shows that interlayer mass transport 
is considerably hampered by the existence of a 
barrier for downward diffusion over a step edge. 

The high temperature oscillations observed for 
Cu/Cu(111) with spot profile analysis low energy 
electron diffraction (SPA-LEED) (T= 370 K, R =  
0.8 ML/min and 3 ML/min) [ 12,22,23] could not 
be reproduced in our He scattering experiments. 
It is unlikely that the discrepancy is due to differ- 
ences in the average terrace width, as both surfaces 
were of similar quality. It is also not likely that 
the different transfer widths of the two diffrac- 
tion techni.ques (about 4O0A, for TEAS and 
1000-2000 A for SPA-LEED) is responsible |br 
the contradicting results. The very pronounced 
oscillatio::s observed in the SPA-LEED experi- 
ments should have been observable also with He 
scattering. In addition, preliminary SPA-LEED 

experiments with our crystal did not show intensity 
oscillations under the conditions used in Refs. 
[12,22,23]. The reported oscillations were found 
to be accompanied by a widening in SPA-LEED 
anti-phase peak profiles taken from the surface 
during growth with respect to peak profiles 
recorded during growth at lower temperatures 
[33]. The structures growing during the high- 
temperature oscillations are thus smaller than 
structures growing at lower temperatures. Such a 
behaviour is not expected on the basis of nucleation 
theory [34,35] and can therefore not be explained 
by homogeneous nucleation. Further experiments 
are needed in order to fully resolve the discrepancy. 

In the light of our observations, it seems that a 
high step-edge barrier is in general a common 
feature of the (111) face of fcc noble metals, as 
both C u ( l l l )  and Ag( l l l )  [6,12,17--19] grow 
three-dimensionally for all temperatures below step 
flow, and P t ( l l l )  grows in the same mode for a 
wide temperature range [8-11].  The 2D growth 
of Pt(111) at higher temperatures seems to be an 
exception which can be traced back to the recon- 
struction of the Pt surface. The reconstruction 
network reduces the mobility of adatoms on the 
surface and leads to an enhanced density of rmclei 
during the early stages of each monolayer growth 
[ 15,16]. In the absence of this reconstruction, also 
Pt grows 3D at high temperatures [16]. 

Like in the homoepitaxial system Ag/Ag(111), 
no reentrant oscillations could be found for 
Cu/Cu( 111 ) with He scattering. In LEED measure- 
ments, however, low-scale reentrant oscillations 
were observed at low temperatures [12]. The 
oscillations were of very low amplitude (e.g. for a 
surface temperature of 172 K and a deposition rat,~ 
of R=0.03 ML/s, the amplitude of the first and 
highest oscillation is 0.005 of the initial LEED 
intensity [33]). At these low temperatures we find 
a strong decay of the in-phase He intensity during 
growth, indicating substantial diffuse scattering 
from small structures on the surface. This strang 
diffuse scattering causes an additional damping of 
the anti-phase He intensity, which could lead to a 
lower sensitivity of TEAS to such small oscillations. 
A reduced sensitivity of TEAS to low temperature 
oscillations was encountered for several other sys- 
tems. RHEED oscillations during low-temperature 
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growth of Ag/Ag(100) [6] and Cu/Cu(100) [3] 
are much more pronounced than the equivalent 
TEAS oscillations for these systems [7,36], 
whereas the high temperature oscillations are of 
equal quality. The discrepancy between LEED and 
TEAS measurements at low temperatures are most 
likely due to this effect. 

Nevertheless, even if low-scale reentrant oscilla- 
tions are present, it is clear that neither Cu/Cu(111) 
nor Ag/Ag(111) displays such pronounced reen- 
o:ant oscillations as P t /P t ( l l l )  does, where the 
a,,aplitude of the first oscillation is 0.5 of the initial 
He intensity [8]. The existence of the reentrant 
layer-by-layer growth mode in Pt/Pt(l  11) was 
explained by a transition in the island shapes from 
compact at higher temperatures to dendritic at low 
temperatures. However, such a transition in island 
shapes is present also in Ag/Ag(l l l )  [17] and in 
Cu/Cu(111), as will be shown at the end of this 
section. This indicates that a transition in island 
shape alone is not a sufficient condition for the 
occurrence of reentrant layer-by-layer growth. The 
behaviour of Pt/Pt(11 l) also at low temperatures 
seems to be the exception rather than the rule. 
Simulations point out that the reentrant layer-by- 
layer growth on Pt(111) may be promoted by an 
exceptionally low barrier for an exchange process 
at kink sites, leading to efficient interlayer mass 
transport at irregularly-shaped islands [37,38]. A 
series of corrected effective medium (CEM) calcula- 
tions for the three systems [39,40] indicated that 
for Pt adatoms diffusing on Pt(111) the potential 
energy barrier for interlayer diffusion by an 
exchange mechanism at the edge of small (10-60 
atoms) compact islands is actually lower than 
the barrier for terrace diffusion, whereas for 
Ag/Ag(111) and Cu/Cu( l l l )  the situation is 
reversed. Both calculations emphasize the impor- 
tance of a diffusion behaviour unique to Pt/Pt( l 1 l) 
in the occurrence of the pronounced reentrant 
layer-by-layer growth mode for Pt /Pt ( l l l ) .  The 
exceptionally low barriers for diffusion by exchange 
are in accord with the tendency of the Pt(111) 
surface to reconstruct by adatorn incorporation 
into the topmost surface layer. 

To complete our study on the unmanipulated 
growth of Cu/Cu(111) we investigate the annealing 
of structures obtained by growth at low temper- 

atures. First, 0.1 ML were deposited at 100 K with 
a rate of R =0.006 ML/s. At this low coverage the 
islands would be predominantly two-dimensionaL 
even in the presence of a high barrier for interlayer 
mass transport. Following deposition the substrate 
is heated at a constant rate of 10 K/rain while 
monitoring the in- or anti-phase He intensity. The 
resulting intensities, normalized to unity before 
deposition and corrected for Debye-Waller effects, 
are shown as a function of temperature in Fig. 2a_ 

At about 200 K, both in- and anti-phase inten- 
sities start to increase until at about 250 K a 
plateau is reached, which indicates that a first 
annealing step has taken place. Around 350 K the 
onset of a second annealing step is observed: both 
intensities rise again and at ~400 K the initial 
intensity values corresponding to a freshly pre- 
pared surface are reached. A similar behaviour has 
already been observed for Ag/Ag(111) (see Fig. 2b), 
and the two steps have been interpreted as a 
transition in the island shape from fractal to com- 
pact and Ostwald-ripening, respectively [ 17]. Here 
we will look in more detail to these anuealing steps 
and try to substantiate this interpretation. 

The two annealing steps are essentially different 
processes. This is evident from the fact that during 
the first (lower temperature) step the increase of 
the in-phase intensity is much larger than that of 
the anti-phase intensity, while during the second 
step the situation is reversed. 

The intensity behaviour during the first annea- 
ling step is in accord with a transition in island 
shape. The strong rise of the in-phase intensity is 
expected if fractal islands which give rise to strong 
diffuse scattering collapse to a compact shape with 
straight edges. The anti-phase intensity, on the 
other hand, is more sensitive to the layer distribu- 
tion on the surface. It does not increase much 
during the first annealing step, but does so during 
the second. The second annealing step can thus be 
identified as Ostwald-ripening, where larger islands 
grow at the expense of small ones, which decom- 
pose. This ripening process is completed when few 
very large islands have formed or, on a real surface, 
when all material on the terraces has been captured 
by the pre-existing step edges. The surface thus 
becomes effectively a one-layer system within the 
transfer width. 
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Fig. 2. (a) Debye-Waller corrected in-phase n=2 (squares} and 
anti-phase n = 2.5 (circles) intensities during annealing of 0.1 ML 
Cu, deposited onto Cu( 111 ) at 100 K, as a function of substrate 
temperature. The typical sizes of the structures on the surface 
during annealing are shown in the inset. Sizes were evaluated 
from the broadening of anti-phase peak profiles. The given error 
bar represents the error resulting from fitting the peak profiles. 
For the low temperatures the error is smaller than the symbol. 
(b) Debye-Waller corrected in-phase n=2 (squares} and anti- 
phase n=2.5 (circles} intensities during annealing of 0.1 ML Ag, 
deposited onto Ag(111) at 100 K, as a function of substrate 
temperature. (c) Debye-Waller corrected in-phase n = 2 inten- 
sities during annealing of 0.1 ML Ag, deposited onto Ag( 111 ) 
(filled symbols} and 0.1 ML Cu deposited onto Cu( I 11 ) ( hollow 
symbols) at 100 K, as a function of T/Tmeai,g- 

To verify the origin of the first annealing step, 
anti-phase He peak profiles were recorded during 
annealing. The profiles consist of a central spike 
and a broadening [30,31"]. From the shape and 
width of the broadening a characteristic length 
scale of the growth structures can be obtained. For 
compact two-dimensional islands the characteristic 
length is the mean island separation. For fractal 
shaped islands, however, intra-island correlations 
strongly influence the broadening so that the 
observed length scale is smaller than the island 
separation. The characteristic length scales during 
the various stages of annealing are shown in the 
inset of Fig. 2a. A clear rise of the length scale can 
be seen between 300 and 400 K corresponding to 
Ostwald-ripening. Between 100 and 300 K how- 
ever, the length scale increases only slightly from 
~ 150 to ~300,~. Assuming that during the first 
annealing step the island shape remains the same, 
this slight change in the characteristic length could 
by no means explain the steep rise ip the in-phase 
intensity (see Fig. 2a). The normalized in-phase 
intensity I in/lion is given by I in/lion = ( 1 - D S )  2, where 
S is the step length per unit area and D the cross 
section for diffuse scattering of a step edge [26].  
The change of length scale alone, not accompanied 
by changes of the island shape would result in a 
rise of only ~ 0.1 in the normalized in-phase inten- 
sity. Hence the shape of the islands must have 
changed during the first annealing step. Similar 
arguments hold for Ag/Ag(111). 

The transformation of shape is also indicated in 
experiments by Meyer and co-workers [41],  
although the data were not interpreted in this way 
originally. These authors studied growth of multi- 
layer films of Cu on Cu(111) using SPA-LEED. 
For g,=owth below 185 K they observed a rotational 
symmetry of the anti-phase SPA-LEED peak pro- 
files, which is typical of irregularly shaped islands. 
Growth at higher temperatures, however, leads to 
peaks of six-fold symmetry indicating compact 
islands with straight edges. Although the situation 
during growth and annealing is not the same, the 
transition from fractal to compact islands is deter- 
mined in both cases by the onset of edge diffusion. 
Pronounced adatom evaporation from islands, 
necessary for Ostwald-ripening, sets in at higher 
temperatures. 

In summary, a two step annealing process was 
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observed. During the first step, edge diffusion 
becomes active and the island shape changes from 
fractal to compact. During the second step, ada- 
toms can evaporate from islands leading to 
Ostwald-ripening. 

Comparing the in-phase annealing data of 
Cu/Cu(111) to those obtained for Ag/Ag( 111 ) (see 
Fig. 2c), one finds that the temperatures where the 
fir3t and second annealing steps take place 
scale approximately with the melting temperature 

Ag Cu __ (Tn~elting=1234 K, Tmel t ing - -  1356 K). This is 
expected on the basis of "rule of thumb" argumen- 
tation for bond-breaking processes on the surface. 

Such a "rule of thumb" scaling of activation 
energies is more or less confirmed by effective 
medium theory (EMT) calculations for Ag(111) 
and Cu(111) [42].  There is, however, one excep- 
tion: the energy barrier for adatom diffusion on a 
flat terrace is found to be lower on Cu(111) than 
on Ag(111). Interestingly, we arrive at the same 
conclusion from our data, if we assume that during 
the first annealing step the island density remains 
indeed unchanged. As it is unlikely that the cross- 
section for diffuse scattering is much different for 
the two systems, the higher in-phase intensity after 
the first annealing step in Fig. 2c for C u ( l l l )  
indicates a lower island density, and hence, a higher 
adatom mobility. This is not contradicted by the 
fact that the intensity directly after deposition, i.e., 
before the first annealing step, is lower for the Cu 
system: edge diffusion on C u ( l l l )  does have a 
higher energy barrier than on Ag(111), such that 
the islands are expected to be more ramified lead- 
ing to more diffuse scattering. 

Terrace diffusion on Cu(111) seems to be excep- 
tionally effective. For example, an estimate of the 
size of the structures resulting from growth at 300 
K obtained by comparing in- and anti-phase inten- 
sities at 0.5 ML coverage, results in a mean terrace 
width of -,-600 A. The three-dimensional islands 
that grow at room temperature must therefore 
have a typical separation of over 1200 A, corre- 
sponding to only one island per average terrace 
width of the substrate. 

An estimate for the diffusion energy can be 
obtained from an analysis of the island density as 
a function of temperature, based on nucleation 
theory [34,35]. In the case where the dimer is the 

smallest stable nucleus, the island density n is given 
by n oc exp ( -Ed/3kT)  where Ed is the diffusion 
energy, k the Boltzmann factor and Ttbe temper- 
ature. Under the same assumption as above, i.e., 
an unchanged island density after the first annea- 
ling step, the island density can be obtained by 
evaluating peak profiles taken from surfaces onto 
which submonolayer amounts of Cu are deposited, 
followed by annealing beyond the first annealing 
step to make the islands compact. Fig. 3. shows an 
Arrhenius plot of the island number density 
obtained in this manner as a function of temper- 
ature in the range 55 to 140 K. 0.1 ML Cu were 
deposited at the temperatures indicated, followed 
by annealing to 273 K and additional deposition 
of 0.2 ML at that temperature. The additional 
material deposited at the higher temperature 
diffuses to pre-existing islands and is therefore not 
likely to change the island-density. A fit to the four 
lowest temperatures shown in Fig. 3, where the 
dimer is expected to be stable, gives a very low 
diffusion energy of 0.03_+o°:~5 eV. This low value is 
in accord with calculations for terrace diffusion 
barriers for Cu/Cu(111) (0.04 eV [40];  0.053 eV 
[42]). Nevertheless, the measured value is surpris- 
ingly low. It is possible that, in contrast to our 
assumption, some Ostwald-ripening does take 
place during the annealing to 273 K, particularly 
for very ramified islands. The diffusion barrier 
might therefore be somewhat larger than this value. 
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Fig. 3. Arhenius plot of the mean island density as a function 
of temperat'zre for Cu islands grown on Cu( I 11). Deposition 
was carried out at a rate of R=O.O06 ML/s. 
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3.2. Manipulation o f  growth in the Cu/Cu(111) 
system 

A few monolayers of Cu deposited onto Cu( 111 ) 
at room temperature form a film composed of 
large-scale ( -,- 600 A) structures several monolayers 
high. The multi-layer growth is due to the high 
probability that Cu atoms landing on top of islands 
will nucleate to form a higher layer before they 
can surmount the energy barrier at the island edge 
and fill the lower one. 

The growth manipulation procedures described 
in the following are aimed at reducing the prob- 
ability for nucleation on top of existing islands. 
These procedures intervene with the nucleation 
stage of each monolayer, such that the mean 
distance between the nucleating islands is smaller 
than the distance which would have evolved natu- 
rally under the conditions prevailing during the 
further stages of monolayer growth. Once nucle- 
ation is achieved, intervention is stopped, and 
growth proceeds further undisturbed. The mean 
distance which an adatom can traverse during the 
later stages of monolayer growth before it collides 
with other adatom(s) to form a stable nucleus is 
thus larger than the mean distance between the 
islands formed during the nucleation stage. 
Adatoms landing on top of these islands prior to 
coalescence can therefore reach the edge of the 
island much more frequently, and the probability 
that they surmount the step edge barrier and fill 
the lower layer (2D growth) before nucleating to 
form a higher one (3D growth) is greatly increased. 

3.2.1. Growth manipulation via temperature 
alternation 

In this procedure, an increased island density is 
achieved by decreasing the substrate temperature 
during the nucleation stage. According to nucle- 
ation theory [34,35], the mean island separation 
shrinks (at least) exponentially with decreasing 
temperature. A reduction of the temperature during 
the nucleation stage therefore reduces the mean 
island separation quite effectively. 

After nucleation, the temperature of the substrate 
was increased, and subsequent growth was carried 
out at 300 K. As this temperature lies below the 
onset of major Ostwald-ripening, the island density 

created at the nucleation stage is not much ~.ffected 
by coarsening during heating. 

Fig. 4 shows the evolution of the anti-phase He 
intensities during a series of growth experiments 
of Cu on Cu(l 11) at 300 K, on surfaces which 
were prepared by pre-deposition of 0.05 ML Cu 
at lower temperatures between 200 and 100 K as 
indicated. The plot on the leftmost panel of Fig. 4 
is the result obtained during conventional growth, 
i.e., where the temperature during nucleation and 
subsequent growth was the same. The starting 
intensity of all plots was normalized to the intensity 
reflected from a freshly prepared surface at 300 K. 

From the series of results shown in Fig. 4 it is 
clear that the features indicative of layer-by-layer 
growth, namely the decrease of the specularly 
scattered intensity upon deposition of 0.5 ML and 
its rise towards the completion of a monolayer 
develop gradually as the pre-deposition temper- 
ature is lowered. 

The 1 ML film grown on a surface which was 
prepared by pre-deposition at the lowest temper- 
ature, 100 K, is quite fiat. The anti-phase scattered 
intensity after deposition of a full monolayer cor- 
responds to the first layer being more than 95% 
filled, assuming a three-layer system (substrate, 
first layer and second layer) and an ideal instru- 
ment [43]. Thus the growth is almost ideal layer- 
by-layer. This indicates that the length scale 
imposed during the nucleation stage at this low 
temperature is small enough to almost completely 
suppress nucleation on top of the pre-existing 
islands during growth at 300 K and ensure effective 
interlayer mass transport. 

The quality of the layer deposited at 300 K 
deteriorates with increasing predeposition temper- 
ature, as is evident from the decrease in the height 
of the intensity maximum upon 1 ML deposition. 
This deterioration reflects the fact that as the 
length scale imposed during nucleation increases, 
the islands are no longer small enough to com- 
pletely suppress nucleation on top of them prior 
to coalescence. 

The mean island separation for a film grown at 
300 K after pre-deposition at 100 K inferred from 
an analysis of the peak profile under anti-phase 
diffraction conditions, as well as from a comparison 
of the in- and anti-phase scattering intensities, is 
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Fig. 4. Evolution of the normalized anti-phase He intensities during deposition of Cu at T = 3 0 0  K onto Cu111 ! ) surfaces, which 
were treated by pre-deposition of 0.05 ML Cu at lower temperatures as indic,tted. Deposition was carried out at a rate of R =0.02 ML/s. 

~430 A. This length being of the same order as 
the transfer width of our instrument, is the origin 
of the fact that the anti-phase intensity after depos- 
ition of 0.5 ML is higher than zero. This latter 
consideration would modify our estimate for the 
degree of completion of the first layer after depos- 
ition of 1 ML only slightly, since at this coverage 
small changes in the intensity are only mildly 
expressed in the layer distribution. The length scale 
obtained for growth subsequent to pre-deposition 
at 100 K corresponds to an increase of the island 
density by a factor of at least 8 with respect to the 
unmanipulated growth at 300 K. It must be kept 
in mind, though, that unmanipulated growth at 
300 K on our surface leads to structures of the 
order of the terrace width. Island sizes may thus 
be limited by the mean terrace width on the surface. 
The island density enhancement factors may there- 
fore be larger with respect to unmanipulated 
growth on a "perfect" surface. 

3.2.2. Growth manipulation via ion beam pulses 
A second and more convenient way of creating 

an artificially high density of nuclei is to bombard 
the surface with ions prior to or during the first 
stages of deposition. During bombardment, the 
surface is not only sputtered, but also adatoms are 
created due to displacement of atoms by collisions 
and upward diffusion of bulk interstitials. These 
so called "target" adatoms have been directly 
observed with STM for P t ( l l l )  [44-461, for 
Ag(111) [25] and for Cu(100) [47,48i. At temper- 
atures high enough to allow adatom diffusion, the 

adatoms created in direct vicinity to the ion impact 
site form one or several adatom islands close to 
the impact site [45]. These then serve as nucleation 
centres during film growth. 

The normalized in- and anti-phase He-intensities 
recorded during a series of growth experiments at 
300 K are shown in Fig. 5. In these experiments, 
the freshly prepared surfaces were bombarded 
with 1.2 keV Ne+-ions using fluences Q between 
5 x l0 ts and 1.5 x 10 t7 ions/m 2, as indicated. These 
fluences correspond to sputtering of 0.001 to 0.03 
ML respectively [49]. Immediately after ion bom- 
bardment, Cu deposition was started at a rate of 
R=0.02 ML/s. From Fig 5 it is clear that ion 
bombardment indeed results in tile two-dimen- 
sional growth of one monolayer for all ion flu- 
ences used. 

The exact shape of the in- and anti-phase curves 
varies, however, with the ion fluence. In order to 
clarify the origin of this variation we took anti- 
phase peak profiles from surfaces onto which 0.5 
ML were deposited after ion bombardment. 

A typical example is shown in the inset of Fig. 6, 
where the reflected He intensity is plotted versus 
the momentum transfer parallel to the surface. 
From the ring-like broadening in the peak profiles, 
the typical length scale of the structures, i.e., the 
mean adatom island separation, was derived as a 
function of the ion fluence. As can be seen from 
Fig. 6, the length scale falls with rising ion fluence 
until at a fluence of Q ~ 8 x 10 t6 ions/m 2 a satura- 
tion in the length scale of ~ 300 A is reached. A 
further increase of the ion fluences by roughly a 
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Fig. 5. Normalized in- and anti-phase He intensities during deposition of Cu at T= 300 K onto surfaces which were treated by ion 
bombardment with fluences as indicated. Deposition was carried out at a rate of R =0.02 ML/s. 
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Fig. 6. Typical structure sizes after deposition of 0.5 ML Cu 
onto surfaces, which were treated by ion bombardment, as a 
function of fluence. The sizes were evaluated from the broaden- 
ing of anti-phase peak profiles, an example of which is shown 
in the inset. The given error bars represent the error resulting 
from fitting tLe peak profiles. Deposition was carried out at a 
rate of R =0.02 ML/s. 

factor of five does not lead to growth of signifi- 
cantly smaller structures on the surface. An efficient 
enhancement of the island density under the 
chosen growth condition requires, therefore, bom- 
barding with an ion fluence of at least 
Q = 8 x l 0 t 6 i o n s / m  2. Lower fluences obviously 
lead to less effective manipulation of nucleation. 

We now return to the detailed examination of 

the curves shown in Fig. 5, starting with the anti- 
phase curves. For the two lowest fluences 
(Q = 5 x 10 Is and Q = 1.4 x 1016 ions/m 2) the sizes 
of the structures are considerably larger than the 
transfer width. This would explain the rather high 
anti-phase intensity at the minimum (0.5 ML cov- 
erage), even if growth were perfect 2D. At 1 ML 
coverage, however, the anti-phase intensity for the 
lowest ion fluence is lower than that for higher ion 
fluences, indicating that the film is rougher than 
the others. We conclude that the island density 
created by bombarding with this low ion fluence 
is too low in order to efficiently suppress nucleation 
on top of islands and insure sufficient interlayer 
mass transport. Increasing the ion fluence leads to 
smaller structures and the anti-phase intensity at 
1 ML coverage increases, indicating a better 
interlayer mass transport and a more perfect 2D 
growth. The intensity at the minimum (0.5 ML) 
decreases with ion fluence both due to the better 
2D growth and to the decrease in length scale with 
respect to the transfer width. For the highest ion 
fluence shown in Fig. 5 (Q=l .5  x 1017 ions/m2), 
however, the anti-phase intensity at both 0.5 and 
1 ML coverage is slightly lower than the intensity 
for Q = 8 x  1016 ions/m 2. Since this cannot be 
attributed to a change in length scale, we assume 
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that some ion bombardment ind.,'ced defects 
remain in the layer. These defects should be visible 
also in the in-phase intensity. 

When examining the in-phase intensities one 
notices that, indeed, the intensities at one mono- 
layer coverage and beyond decrease with increasing 
ion fluence, indicating that the layer contains more 
defects. As this trend also holds for the higher ion 
fluences, which give rise to similar island densities, 
we assume that these u~,,,,,,~J-~*o ar~._ not only related 
to the different morphology of the layers, but 
contain some contribution from ion bombardment 
induced defects, which do not anneal even at higher 
coverage. These defects could either be small 
vacancy islands created by the sputtering or crystal 
defects underneath the surface such as implanted 
neon atoms. 

We conclude that bombardment is best done 
with the minimal ion fluence with which the satura- 
tion length scale can be obtained. This ensures 
that the optimal island density is obtained, while 
minimizing the amount of residual defects. 

Returning to the examination of anti-phase 
intensity curves beyond one monolayer coverage, 
one notices that not only the absolute value, but 
also the slope of the decay of the signal varies with 
ion fluence (or rather with structure size, as it is 
similar for the two highest fluences). This indicates 
that there is a difference in morphology of the 
layers in addition to the different amount of left- 
over sputter defects. Presumably, this has to do 
with a partial "transfer" of the length scale estab- 
lished in the first layer, to the second one. As the 
first monolayer is not completely filled upon 
coalescence, some holes still remain between the 
islands. The distribution of these holes reflects the 
characteristic length scale of the first monolayer, 
which slightly influences the growth of the second 
layer. This so called "memory" effect was also 
observed for manipulated growth of Ag on 
Ag(lll) 1-50]. 

Assuming an ideal instrument and a three-layer- 
system, the anti-phase intensity for the ion fluence 
Q = 8  x 1016 ions/m 2 (removal of only 0.016 ML), 
at 1 ML coverage corresponds to a filling of the 
first layer of 96%. This result is even better than 
that obtained by pre-deposition at the lowest tern- 

perature. The typical length scale of the structures 
obtained with this ion fluence gives an enhance- 
ment factor of 16 in the island density, which is 
larger than that obtained by pre-deposition at low 
temperatures, in accord with the better growth. 

A comparison of the two growth manipulation 
procedures- pulsed ion bombardment and temper- 
ature alternation - is clearly in favour of the pulsed 
bombardment procedure, which easily allows 
higher enhancement factors. Another advantage of 
this procedure is the easy applicability to the 
growth of many monolayers. Fig. 7 displays the 
anti-phase He-intensity during deposition of 50 
ML copper (R=0.02 ML/s, T=300 K). Here, an 
ion pulse was given during deposition just when 
growth in a given layer started. In this way the 
island density is enhanced m each layer and the 
film grows two-dimensionally. The inset in Fig. 7 
shows in detail the first few oscillations and as a 
comparison the curve which corresponds to unma- 
nipulated growth with the same growth parame- 
ters. It can clearly be seen that the anti-phase 
intensity upon monolayer completion is higher for 
the manipulated growth than for the unmanipu- 
lated one even after deposition of a "thick" film. 
This method therefore enables growth of smooth 
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Fig. 7. Normalized He anti-nhase intensity as a function of Cu 
coverage at T= 300 K and a rate of R = 0.02 ML/s. Deposition 
was intermitted by ion bombardment at the initial stages of 
growth of each layer. The evolution of the anti-phase He inten- 
sity during deposition of the first couple of monolayers is dis- 
played in the inset, and compared with the intensity obtained 
during unmanipulated growth. Ion bombardment is indicated 
by arrows in the inset. 
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films many monolayers thick. Similar results were 
obtained when bombardment was carried out using 
600 eV argon ions instead of neon. 

3.3. Oxygen mediated growth 

It has long been reported in the literature that 
the introduction of foreign substances to an epitax- 
ial system can affect the growth mode in hetero- 
as well as homo-epitaxy [ 19, 51-57]. For example, 
Sb changes the growth mode in the Ag/Ag(111) 
system from three- to two-dimensional [ 19]. 

One of the substances which is known to influ- 
ence growth in noble-metal and other systems is 
oxygen [55-57]. Experiments on the growth of Pt 
on P t ( l l l )  [55,56] show that growth in that 
system is improved when oxygen is used as a 
surfactant. It was also demonstrated that in the 
Pt/Pt(111) case oxygen floats up to the highest 
uncovered layer as deposition is continued. For 
growth of Pt on Ptl 1111 it was shown that oxygen 
influences the growth by reducing the step-edge 
barrier and thus facilitating interlayer mass trans- 
port [56]. 

Reports on the influence of O2 on growth of Cu 
on Cul I 11 j indicate that exposure to oxygen prior 
to deposition I pre-exposure) might improve growth 
in this system also. Dastoor and co-workers [21] 
observed He intensity oscillations during Cu 
deposition on Cu( l l l )  at a narrow temperature 
range around 200 K. 

We first concentrate on experiments carried out 
at 300 K, with different oxygen pre-exposures 
between 2 and 110 Langmuir (LI. Under our 
experimental conditions, 02 is reported to chemi- 
sorb on Cu(111) dissociatively, forming a disor- 
dered layer [58,59]. Desorption does not take 
place at temperatures below 620 K [58]. The 
oxygen atoms are situated on or within the topmost 
copper layer [60,61]. 

Following low (2 L) as well as high (110 L) 
oxygen exposures no oscillation in He intensity 
during deposition of copper could be observed. 
For a limited range of 02 exposures (~ 36-~ 72 
LJ, oscillations as a function of Cu deposition 
were found. 

Our main conclusion is that although 02 pre- 
exposure does lead to small oscillations in the He 

intensity as a function of deposition, oxygen is 
nevertheless quite ineffective in promoting growth 
of smooth two-dimensional films. Fig. 8 depicts the 
evolution of the n = 2.5 normalized anti-phase He 
reflection during Cu deposition at 300 K following 
02 exposures as indicated. The main features of 
the behaviour are a strong decrease in the intensity 
upon Cu deposition, followed by a couple of 
minute oscillations, sometimes superimposed on a 
slight gradual intensity increase. The period of the 
oscillations, from the second maximum onward is 
more or less constant and corresponds roughly to 
monolayer coverage. The best growth is achieved 
after 72 L exposure. We estimate the oxygen cover- 
age on the surface following that exposure to be 
about 5-7% ML from the evaluation of Auger 
electron spectroscopy (AES) data following the 
procedure in Ref. [60]. 

02 exposure was adjusted to obtain He intensity 
oscillations during Cu deposition at 300 K. When 
both 02 exposure and Cu deposition were carried 
out at either 200 or 400 K, no oscillations were 
observed. However, we did observe oscillations 
during Cu deposition at these temperatures when 
the pre-exposure of oxygen was done at 300 K. 
We conclude that the decisive factor is the amount 
of adsorbed oxygen on the surface, which is 
strongly temperature dependent. 

Two possible principal mechanisms could be 
responsible for the partially two-dimensional char- 
acter of the growth. One is a reduction of the step- 
edge barrier, similar to the case of Pt/Pt( 111 ), the 
second is a buildup of an increased island density 
on the substrate due to an oxygen-induced 
restricted mobility [17,24]. In both cases mono- 
layer completion should be tollowed by an 
up-"swim" of the oxygen from the lower to the 
upper layer. 

In order to distinguish between the two mecha- 
nisms, we exposed to 02 surfaces onto which 0.05 
ML Cu were pre-deposited at a low temperature 
(100 K), and examined the subsequent growth at 
300 K. Fig. 9 shows the results of two such experi- 
ments, where the surface was treated by a low (1 
L) as well as by a higher (36 L) 02 exposure. 
These experiments are identical, apart from the 
02 exposure, to that carried out to obtain the 
result in the right hand panel in Fig. 4, which is 
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Fig, 9. Normalized He anti-phase intensity as a function of Cu 
deposition time at T=300 K. Prior to oxygen exposure and 
depositit~n at room temperature 0.05 ML Cu were deposited 
onto all surfaces at 100 K. The two lower curves were taken 
from a surface which were additionally treated by 1 and 36 L 
02 exposure, as indicated. 

presented again in Fig. 9 for ease of comparison. 
Had oxygen reduced the step edge barrier, the 
interlayer mass transport after 02 exposure would 
have been much improved due to the combined 

effect of reduction in the length scale formed by 
pre-deposition, and the reduced barrier. The result- 
ing layer would have been flatter than the one 
obtained without 02 exposure, and the He intensity 
after deposition of a full monolayer would have 
been higher. Obviously, this is not the case. The 
layers grown after 02 exposure are rougher than 
the layer grown directly on the surface with pre- 
deposited islands. We conclude that the oxygen 
induced oscillations are not a result of a reduction 
of the step edge barrier. 

The alternative mechanism involves reduction 
in the length scale of the islands formed on the 
substrate due to a reduced mobility in the presence 
of oxygen. Evaluation of anti-phase peak profiles 
at 0.5 ML coverage shows that the length scale of 
islands formed as a result of deposition in the 
presence on oxygen is indeed smaller than that 
formed during unmanipulated growth. The esti- 
mated mean island separation at room temperature 
is about 400 A. 

In order to influence the growth of more than 
one or two monolayers, the oxygen has to float up 
during deposition. The oxygen AES signal from 
the surface after deposition of 15 ML Cu was 
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found indeed to be identical within the sensitivity 
of our AES to that obtained from the surface 
directly after 02 exposure. AES studies of 02 
mediated growth of Cu on Ru(0001) reveal a 
similar floating [57].  

The two-dimensional aspect of the growth can 
thus be explained by a restriction of the mobility 
of Cu adatoms in the presence of oxygen on the 
surface. This leads to an increase in island density, 
in a similar manner to the modus operandi of the 
growth-manipulation techniques discussed in the 
former sections of this paper. 

A closer look into the details of the deposition 
curves reveals, however, that the interaction of 
oxygen with copper and the dynamics of growth 
during Cu deposition are actually far from being 
simple. To mention some of the unconventional 
features: (1) Immediately upon Cu deposition, an 
increase in the He intensity is observed. The time 
elapsed until reaching the maximum of this 
increase is a function of 02 exposure as demon- 
strated in the inset of Fig. 8. This was also observed 
by Das toor  and co-workers [21].  (2) The period 
of the first oscillation is smaller than that of the 
subsequent ones. (3) The amplitude of the second 
oscillation is lower than that of the others. (4) The 
first maximum is totally missing when depositing 
on surfaces which were treated by Cu pre-depos- 
ition, and 02  exposure (see Figs. 9 and 10a). Most 
interestingly, interruption of deposition during the 
first oscillation, and continued deposition after a 
few minutes does no t  result in the completion of 
the original interrupted oscillation, but rather in 
the appearance of a new, complete, oscillation, 
having the "'normal" period (see Fig. 10b). This 
effect does not occur when oxygen is not present 
on the surface, and 2D growth is induced by e.g. 
pulsed ion bombardment .  

The general picture emerging is that nucleation 
of oxygen containing islands takes place upon Cu 
deposition. This stage is accompanied by the small 
increase in the He intensity, as the oxygen is no 
longer freely distributed on the terrace. Continued 
deposition produces a very rough oxygen-contain- 
ing layer, within which rearrangement of the 
oxygen position is possible during the time scale 
of the experiment. This stage is accompanied by a 
stron~ decrease in He intensity. Rearrangement 
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Fig. 10. {a) Normalized He anti-phase intensity as a function of 
Cu deposition time at T=300 K onto surfaces which were 
treated by 36 langmuir 02 exposure. The lower curve was taken 
from a surface onto which 0.05 ML Cu were deposited at 100 
K prior to 0,  exposure. (b) Normalized He anti-phase intensity 
as a function of Cu deposition at T= 300 K after 36 langmuir 
0 2 exposure. Deposition was interrupted as indicated by the 
arrow, and continued after a couple of minutes. 

presumably continues during the time needed to 
complete one or two oscillations, and results in 
the unconventional features occurring during the 
first two oscillations. On the resultant rough sur- 
face, mobility of copper adatoms is restricted, and 
oscillations in the He intensity can be observed. 
Oscillations persist as the oxygen is able to float 
up to the growth front. With increasing deposition, 
the initial roughness of the surface may be partially 
smoothened out, and the reflected intensity 
increases slightly in some cases. 

The details of oxygen interaction, and especially 
the dynamics during the initial stages of Cu depos- 
ition are, in our belief, quite complex, and deserve 
a more thorough examination which is beyond the 
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scope of  the present  paper.  These ques t ions  may 
well be bet ter  addressed using real-space 
techniques.  
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