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Grazing-incidence metal deposition: Pattern formation and slope selection

Sebastiaan van Dijken, Louis C. Jorritsma,* and Bene Poelsema
Faculty of Applied Physics and MESA1 Research Institute, University of Twente, P.O. Box 217, NL-7500 AE Enschede, The Nethe

~Received 15 November 1999!

Molecular beam epitaxy of Cu on Cu~001! at grazing angles of incidence has been studied using spot profile
analysis low-energy electron diffraction. At angles of incidence larger than 50° the evolving surface morphol-
ogy no longer shows the fourfold symmetry inherent to Cu~001!, leaving only the plane of incidence as a
mirror plane. The surface roughness as well as the slope of the grown mound structures increase with increas-
ing deposition angle. These findings are explained by steering, which originates from long-range attractive
forces between incident atoms and substrate atoms and leads to preferential arrival of atoms on top of islands.
Steering is of general importance and should routinely be considered in growth studies when the angle of
incidence of the depositing beam is larger than 50°.
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I. INTRODUCTION

Homoepitaxial growth on single crystal surfaces usua
proceeds via nucleation, growth, and coalescence of t
dimensional islands. Atoms originating from a particle be
arrive at the surface, get accommodated at the substrate
begin thermally activated surface diffusion. Since atom d
fusion is the dominant dynamic process on the surface, m
effort has been made to determine the rates of the diffe
atom diffusion processes. It has been known for a long t
that two diffusion processes play a key role in the evolut
of the surface morphology during growth. Atom diffusion o
a flat terrace determines the intrinsic lateral length scale
film during the early stages of growth. On the other hand,
growth mode is controlled by the atom diffusion across
scending step edges. For layer-by-layer growth efficient
terlayer diffusion is a necessary condition. In the ideal ca
one layer is almost completely filled before nucleation a
growth in the next layer are initiated. If, however, atom d
fusion across descending step edges is suppressed by a
ditional activation barrier@the Ehrlich-Schwoebel~ES! bar-
rier#, growth in the next layer starts long before the previo
one is filled and mound structures develop~multilayer or
three-dimensional growth!.

Compared to atom diffusion, the deposition of atoms
the surface has not been studied in detail. Up to now, gro
studies have implicitly regarded the flux of impinging atom
as being homogeneously distributed over the surface. Th
remarkable since long-range attractive forces between de
ited atoms and substrate atoms lead to substantial defle
of grazing-incident atoms.1 For the flat surface this phenom
enon has no consequences: the refraction of the approac
atoms is the same for all atoms and the incident flux rema
homogeneously distributed. However, as soon as adatom
lands grow, morphology-dependent atom trajectories g
rise to a redistribution of the incident atoms, i.e., the incid
atom flux depends on the local surface morphology.

In a recent paper2 we have shown that refraction of atom
results in preferential arrival on protruding terraces such
islands. In fact, approaching atoms are focused onto the
gions next to the front edges of adatom islands. We refe
this phenomenon assteering.Steering is most pronounce
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for grazing-incidence deposition and results in a significan
increased roughness of the growing film. In this paper
will discuss in more detail the influence of steering on p
tern formation, kinetic roughening, and slope selection.

To illustrate the steering phenomenon, we report a s
profile analysis low-energy electron diffraction study of t
homoepitaxial growth of Cu~001!. Normal-incidence growth
of Cu/Cu~001! is characterized by the growth and coale
cence of two-dimensional square islands. The step edge
the adatom islands are oriented along the close-packed^110&
directions. The distance between the islands is controlled
the activation barrier for diffusion of copper atoms on t
~001! terraces~0.36–0.40 eV3–5!, and the substrate tempera
ture. The development of square islands is favored by
fact that the activation barrier for diffusion of atoms along
step edge is much lower than that of isolated adatoms o
flat terrace.6 Upon further growth, mound structure
develop,7–10 which order in a quite regular checkerboardlik
pattern.9 The slope orientation of the mound sides depen
critically on the growth temperature.7–9 After normal-
incidence deposition,$113%, $115%, and $117% facets have
been obtained.

In our Cu/Cu~001! growth experiments, we have depo
ited copper atoms at different grazing angles of incidence
different substrate temperatures, and along two differ
high-symmetry azimuthal directions. The experimental
sults show that the evolution of the surface morphology
drastically influenced by the deposition geometry. In the s
monolayer regime distinct differences in the surface m
phology that develops during normal- and grazing-inciden
deposition are already observed. During grazing-incide
deposition rectangular adatom islands develop instead
square ones. Upon further growth, symmetrical mound str
tures, asymmetrical mound structures, and well orde
ripple structures can be obtained, depending on the dep
tion geometry. Furthermore, the slope of the adatom str
tures becomes steeper with increasing deposition angle.

This paper is organized as follows. In Sec. II the expe
mental details are described. In Sec. III the experimental d
are presented. First normal-incidence growth and growth
grazing angle of 80° are compared. Thereafter, the stee
effect is discussed and illustrated with atom trajectory cal
14 047 ©2000 The American Physical Society
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14 048 PRB 61VAN DIJKEN, JORRITSMA, AND POELSEMA
lations. Then the slopes obtained at different deposit
angles are presented. Finally, experimental results for dif
ent substrate temperatures and azimuthal deposition d
tions are given. In Sec. IV the results are discussed. Sec
V summarizes this work.

II. EXPERIMENTAL DETAILS

The experiments have been performed in ultrah
vacuum ~base pressure,10210 mbar! using spot profile
analysis low-energy electron diffraction~SPA-LEED!. The
transfer width of the SPA-LEED instrument amounts
about 1500 Å . The ex situdesulfurized copper crystal ha
been further prepared in UHV by numerous cycles of sp
tering with 800 eV Ar1 ions and prolonged heating at abo
800 K. This preparation method allows standard mean
race widths of 1000 Å . The deposited copper has been su
limated from a copper disk heated from the rear by mean
electron bombardment. Copper atoms have been deposit
normal and grazing angles of incidence along either
@110# or the @100# azimuths. The growth experiments ha
been performed at three different substrate temperatures~200
K, 250 K, 300 K! with a deposition rate of about 0.25 mon
layers per minute. Immediately after deposition the tempe
ture of the copper substrate has been quenched rapid
order to suppress undesired diffusion. The SPA-LEED d
have been acquired with the substrate held at 100 K.

III. RESULTS

A. Normal- versus grazing-incidence deposition

Figure 1~a! shows a profile of the specular beam obtain
after normal incidence deposition of 40 monolayers of c
per on Cu~001! at 250 K. The spot profile shows a we
developed fourfold symmetry as expected for the Cu~001!
surface. The observed diffraction pattern can be interpre
straightforwardly as resulting from growth-induced mou
structures.7–10 The distance between mounds after norm
incidence deposition varies between about 25 Å and 250
depending on the temperature of the substrate during co
deposition. The slopes of the mounds are not very well
fined and it takes several tens of monolayers before s
selection starts. The slope again depends on the tempera
the average slope decreases from corresponding to$113% fac-
ets below 180 K to$117% facets between 280 and 320 K.7–9

The facet peaks visible in Fig. 1~a! correspond to a$115%
slope orientation. Side faces formed by$111% facets have not
been detected at all after normal-incidence molecular be
epitaxy~MBE! growth of Cu/Cu~001!. The mounds are situ
ated in a quite regular checkerboard pattern with the sma
distance oriented alonĝ100&.9 The basis for this pattern i
already laid during growth of the very first monolayer, ju
after the onset of coalescence. It has been shown to
natural consequence of the homogeneous adatom diffu
on Cu~001! combined with the growth of equilibrium shape
~thus, square! islands~see below!.

Figure 1~b! shows a SPA-LEED peak profile of the spec
lar beam obtained after growth of 0.5 monolayers of cop
at normal incidence. The observed ring around the cen
~00! beam results from a quite narrow adatom island sep
tion distribution. The homogeneous ring intensity reflects
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isotropic radial distribution of adatom islands, caused by
homogeneous adatom diffusion on Cu~001!. The fourfold
pattern at larger wave vectork// in Fig. 1~b! indicates the
square shape of adatom islands which are oriented with t
edges along the close-packed^110& directions. The fourfold
pattern is comparable with the optical equivalent of Frau
hofer diffraction from randomly distributed square apertur
The development of square islands is favored by the fact
the mobility of ledge atoms is much higher than that of is
lated adatoms on the~001! terraces.6

In contrast to normal deposition, MBE at grazing inc
dence destroys the fourfold symmetry of the film morph
ogy. Instead, a twofold symmetric peak profile emerges w
the plane of incidence acting as a mirror plane. Figure 2~a!
shows a profile of the specular beam obtained after dep
tion of 40 monolayers of copper on Cu~001! at a grazing
angle of 80° with respect to the surface normal. The cop
has been deposited along the@110#-azimuth with the sub-
strate at 250 K. The peak profile shows two well develop
facet peaks in the plane of incidence of the copper at
beam. Perpendicular to this plane of incidence no disti
diffraction features are measured. The resulting profile is
most one dimensional. The observed asymmetric diffract
pattern is interpreted straightforwardly as resulting fro
growth-induced parallel ripples at the Cu~001! surface. The
orientation of these ripples is perpendicular to the plane

FIG. 1. ~a! SPA-LEED peak profile and contour plot of th
specular beam acquired after normal-incidence deposition of
monolayers copper on Cu~001! at 250 K. The spot profile was ob
tained atE5120 eV~perpendicular scattering phase in units of 2p,
Sz53.22). ~b! The same for normal-incidence deposition of 0
monolayers copper at 250 K:E5133 eV (Sz53.40).
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PRB 61 14 049GRAZING-INCIDENCE METAL DEPOSITION: . . .
incidence of the copper beam. The ripples are well defi
and have an average length of about 500 Å , which can be
concluded from the absence of out-of-plane diffraction f
tures and the small out-of-plane width of the facet peaks.
slopes of the ripples on the illuminated and shadow si
have a (1̄1̄1) and~113! orientation, respectively. Compare
to normal-incidence deposition, the slopes are much be
defined and also substantially steeper. This clearly eviden
a substantially enhanced surface roughness after graz
incidence deposition, compared to the situation after norm
incidence deposition.

The base for the morphology found after growth of
monolayers is again already laid during the growth of
first monolayer. Figure 2~b! shows a SPA-LEED peak pro
file of the specular beam obtained after growth of 0.5 mo
layers of copper at a grazing angle of 80°. The observed
around the central~00! beam is not rotationally symmetri
but exhibits a clearly developed twofold symmetry. This
markable beam profile with maxima in the deposition pla
reflects an isotropic distribution ofrectangular adatom is-
lands in contrast tosquareadatom islands developing at no
mal incidence. The rectangular islands are distributed w
their long sides perpendicular to the plane of incidence of
copper beam and with their edges oriented along the cl
packed^110& directions.

FIG. 2. ~a! SPA-LEED peak profile and contour plot of th
specular beam acquired after deposition of 40 monolayers copp
an angle of 80° from the surface normal with the Cu~001! substrate
at 250 K. The spot profile was obtained atE5176 eV (Sz53.91).
~b! The same after deposition of 0.5 monolayers copper under id
tical conditions:E5133 eV (Sz53.40). The arrow in the contou
plots indicates the deposition direction.
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To illustrate that an isotropic distribution of rectangul
islands causes a twofold symmetry in the quasidiffuse s
tering ring, we have calculated the quasidiffuse peak pro
of such an island distribution. The result is shown in Fig.
In this two-dimensional calculation the isotropically distri
uted rectangular islands all have equal sizes and an as
ratio of 3/2. The longest side of the rectangle is about h
the separation between the islands. Just as in the cas
square islands, the Fourier transform of the autocorrela
function is a two-dimensional sinc function, but now th
widths of the sinc function in the two high-symmetry dire
tions differ from each other. The intensity of the quasidiffu
scattering ring is therefore reduced in the direction where
sinc function has the smallest width, i.e., the direction alo
which the adatom islands have their longest side. A comp
son with the measurement in Fig. 2~b! reveals that the rect
angular adatom islands have their long sides oriented per
dicular to the plane of incidence of the copper atom bea
Further calculations indicate that the rectangular isla
found after growth at a grazing angle of 80° have an asp
ratio of about 1.05. This ratio is consistent with global es
mates on the basis of the observed island distributions.

From Figs. 1 and 2 we can conclude that, compared
normal incidence, grazing-incidence deposition results in
development of rectangular adatom islands instead of sq
ones in the first monolayer, enhanced surface roughn
upon further growth, and the emergence of a ripple struct
instead of mounds. Furthermore, the slopes are substan
steeper after grazing-incidence deposition than those
tained after normal-incidence deposition at the same t
perature. Another remarkable difference between norm
and grazing-incidence deposition is the degree of order of
distances between the adatom structures. Figure 4 sho
cross section of a specular beam profile along the@110# azi-
muth, i.e., in the plane of incidence of the copper beam
was acquired after grazing-incidence deposition of n
monolayers of copper. Next to the narrow central featu
which represents the~00! beam intensity, the profile shows
lot of structure. First it becomes clear that the onset of asy
metry, which at prolonged deposition results in well dev
oped (1̄1̄1) and~113! facets on the illuminated and shado

at

n-

FIG. 3. Calculated quasidiffuse peak profile of a surface with
isotropic island separation distribution of rectangular islands. T
aspect ratio of the islands was 3/2 and the island separation
twice the size of the longest side of the islands. The inset shows
orientation of the rectangular islands.
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14 050 PRB 61VAN DIJKEN, JORRITSMA, AND POELSEMA
sides of the ripples, is already present. The additional pe
reflect the average distance between the adatom islands
to fourth-order diffraction features can be distinguishe
which is by far more than ever seen at normal-inciden
deposition: after normal-incidence deposition only first-ord
peaks can be detected. This observation reveals that the
face ordering in the plane of incidence of the copper at
beam is highly improved with respect to that obtained a
normal-incidence deposition.

The enhanced lateral order at grazing-incidence dep
tion can be rationalized as follows. For layer-by-lay
growth, which initially occurs, the nucleation phase will le
to a rather narrow separation distribution of the adatom
lands. As growth at normal incidence proceeds, the sep
tion distribution function related to the centers of gravity
the islands will even narrow quite considerably. This is d
to the fact that islands grow fast in the directions in whi
they are surrounded by extended capture zones, i.e., th
rections in which they do not have other islands in th
vicinity. On the other hand, island growth in the directions
which islands have other islands in their vicinity is slo
This difference in growth rate causes the centers of gravit
the islands to move in such a way that the average isl
separation distribution narrows until coalescence sets
Shortly before coalescence the distribution will be its n
rowest. During grazing-incidence growth the azimuth
asymmetry in island growth rate will narrow the island sep
ration distribution as well. An important difference from
normal-incidence deposition is the reduced impingement
in the shadow zones behind the islands. This reduction h
pers the coalescence of islands in the plane of incidence
advance rate of an illuminated step edge is reduced stro
when it enters the shadow zone of a neighboring upstre
adatom island. Because of the hampered island coalesc
in the plane of incidence, narrowing of the island separat
distribution will proceed longer in this direction if the diffu
sion rate around corners is low. The further developing thr
dimensional structures will therefore evolve on a base wit
narrower separation distribution in the plane of inciden

FIG. 4. SPA-LEED specular peak profile in the plane of in
dence acquired after deposition of 9 monolayers copper at 80°
the Cu~001! substrate at 250 K. The profile was obtained atE
5116 eV (Sz53.18). The arrows indicate the first- and highe
order diffraction peaks of the Fourier transform of the island se
ration function.
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Following this scenario the basis for the improved order
again believed to be laid already in the first monolayer.
more advanced stages of growth the situation becomes m
complicated, since the lateral variation in the amount of
cident copper atoms becomes strongly dependent on the
cal morphology~see next subsection!. Still a quite well de-
fined effective shadow length will be active, which tends
favor enhanced lateral ordering in the plane of the cop
atom beam.

B. Steering

The differences in morphology after normal-inciden
and grazing-incidence deposition are explained by a p
nomenon we introduced recently:2 steering-enhanced rough
ening. Steering is the focusing of incident atom flux on pr
truding terraces. It is induced by long-range attractive for
between the substrate and approaching atoms. Therma
ergy metal atoms, approaching the surface at typical ener
of 0.1 to 0.3 eV, experience long-range attractive forces
fore they come to rest in a several-eV-deep well. This giv
rise to substantial acceleration and in the case of graz
incidence deposition substantial deflection toward
surface.1 For a flat substrate this phenomenon has initially
consequences: the incident flux remains homogeneously
tributed. The atoms only arrive at an effectively smaller p
lar angle of incidence, which is determined by the energy
the deposited atoms and the depth of the attractive we
front of the substrate. As soon as aggregates start to build
however, the redistribution of incident flux becomes progr
sively more important. Surface roughness causes a disto
in the attractive potential, and therefore atom trajectories
influenced by the local surface morphology. The result i
redistribution of incident atom flux in such away that atom
arrive preferentially on protruding terraces.

To substantiate the phenomenon of steering for differ
surface morphologies we have performed atom traject
calculations. In this calculations we have adopted a Lenna
Jones~12,6! pairwise potential, which is given by

V~R!5D S s

RD 6F S s

RD 6

22G .
In this function,s is the lattice constant~2.55 Å for Cu! and
D is a pairwise energy which has been fitted to the cohes
energy (D50.4093 eV for Cu!. Normally such a pairwise
additive Lennard-Jones potential is inadequate to desc
the attractive potential of metals in detail.11 Sanders and
DePristo12 found, however, that atom trajectory calculatio
with such a Lennard-Jones potential are satisfactorily cl
to calculations with their most accurate many-body dens
functional-based potential energy surface. We therefore u
this potential to calculate the effect of steering semiquant
tively.

Figure 5 shows a cross-sectional view through
Cu~001! substrate along the@110# azimuth. On this substrate
we have constructed a one-monolayer-high adatom isla
The figure exhibits calculated equipotential energy conto
~increment20.1 eV! as well as three calculated atom traje
tories for atoms deposited at a grazing angle of 80°. T
equipotential energy contours show substantial distortion

th
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PRB 61 14 051GRAZING-INCIDENCE METAL DEPOSITION: . . .
the attractive potential, which is related to the ascending
descending step edges. The lateral length of distortion
about 15 Å for the20.01 eV contour. Calculations show th
150 meV Cu atoms, deposited with a grazing angle of in
dence of 80°, actually hit the surface at an angle of 1
when the trajectory passes through an undistorted attrac
potential~trajectoryC in Fig. 5!. When atoms pass through
distorted attractive potential, however, the trajectories m
deviate substantially~trajectoryA andB in Fig. 5!. The result
of surface-roughness-induced variation in atom trajectorie
illustrated most clearly when we consider the distance
tween the position at which the atoms actually hit the surf
and their target point (dA , dB , anddC in Fig. 5!. The target
point is the intersection of the asymptotic long-distance p
of the trajectory with the surface. Atoms following trajecto
A in Fig. 5 pass through a distorted attractive potent
which is related to a descending step edge. They there
suddenly experience the surface at a much larger dista
and impact is further away. Consequently, the value ofdA is
enhanced with respect todC . The value ofdA is further
enhanced by strong lateral forces between the descen
step edge and the approaching slow atom. These two ef
give rise to a local reduction of the incident atom flux ju
behind the adatom island. Atoms following trajectoryB in
Fig. 5, on the other hand, suddenly experience the surfac
a much smaller distance when they pass through the disto
attractive potential, which is now related to an ascend
step edge. Therefore the actual position of impact is m
closer to the target point anddB is reduced with respect to
dC . In addition, the lateral forces between the ascending
edge and the approaching atom reducedB . The consequence
is a local enhancement of the incident atom flux just beh
the front edge of the adatom island. In fact, all arriving ato
whose trajectories pass through areas of substantial disto
of the attractive potential related to ascending step ed
contribute to enhanced flux. They are focused on top of
adatom island, with the maximum atom flux close to t
front edge. We refer to this focusing of atom flux on top
adatom structures as steering.

FIG. 5. Calculated equipotential energy contours and three a
trajectories for a surface with a one-monolayer-high island on to
it ~note the different length scale on the two axes!. The increase in
attractive potential is20.1 eV for the solid contour lines. The tra
jectory calculations for a deposition angle of 80° start at 20
above the surface.
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We have calculated numerous atom trajectories for diff
ent surface morphologies. From these calculations we
rived the inhomogeneous atom flux at the surface normali
to the homogeneous flux far above the surface. Three res
are shown in Fig. 6. Figure 6~a! shows the calculated nor
malized atom flux for a surface with a one-monolayer-hi
adatom island on top of it and deposition at a grazing an
of 80°. The atom flux enhancement factor amounts to ab
1.6 at the front of the island and decreases to zero go
further downstream on an extended island. Behind the isl
the flux of the incident atoms is reduced to about 0.7 close
the descending step edge. Note that the atom flux behind
islands never becomes zero and that the range of red
atom flux ('60 Å! is much larger compared to classic
shadowing without steering~10 Å for deposition at 80°).
The reduction of atom flux behind the island compensa
the flux enhancement on top of the island, as should be
case for particle conservation reasons.

Figure 6~b! shows the calculated normalized atom flux f
the same surface but now for normal-incidence deposit
Obviously, the effect of steering is much smaller for th
deposition geometry. Only a small local enhancement of
incident atom flux is observed close to the step edges ov
range of just one atom position. The inequality in atom fl
redistribution between normal deposition and deposit
with a grazing angle of 80° is caused by the substantial
ference in atom velocity parallel to the surface. The act
position of impact is very sensitive to small distortions in t
attractive potential, when atoms have a relatively large
locity component parallel to the surface. The result is a s
stantial redistribution of the incident atoms due
morphology-dependent trajectories. On the other hand,
viations in the atom trajectory change the position of imp
only slightly when atoms have a small velocity compone
parallel to the surface. The steering effect is therefore m
weaker at normal-incidence deposition.

The influence of surface roughness is illustrated in F
6~c!. This figure shows the calculated normalized atom fl
for a surface with a three-monolayer-high adatom struct
on top of it and deposition at a grazing angle of 80°. Wh
the slopes of the adatom structure correspond to steep$111%
facets, the calculated atom flux enhancement can be con
ered as an upper limit for three-monolayer-high structur

m
f

FIG. 6. Calculated atom flux at the surface, normalized to
homogeneous atom flux far above the surface.~a! Surface with a
one-monolayer-high island on top of it and a deposition angle
80°. ~b! Surface with a one-monolayer-high island and norm
incidence deposition.~c! Surface with a three-monolayer-high is
land and a deposition angle of 80°.
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14 052 PRB 61VAN DIJKEN, JORRITSMA, AND POELSEMA
The atom flux enhancement on top of the adatom structu
obviously much larger compared to that for a on
monolayer-high adatom island. The difference between
6~a! and Fig. 6~c! is explained by an increased distortion
the attractive potential near the ascending and descen
step edges of the three-monolayer-high adatom structure

The dependence of steering on the deposition angle
adatom structure height is summarized in Fig. 7. This fig
shows theaveragenormalized atom flux on top of an adato
structure versus deposition angle. The length of the top la
of the adatom structure is 20 atoms. For smaller~larger!
adatom structures the average flux enhancement on top
be larger~smaller!. Following the calculations, the focusin
of atom flux on top of adatom structures is small for dep
sition angles up to 50°, while steering increases consider
with increasing deposition angle above 50°. The average
on top of adatom structures also increases rapidly with
creasing structure height. The flux enhancement peraddi-
tional monolayer decreases, however. The average atom
on top of adatom structures saturates for structures abou
monolayers high.

C. Slope selection

In order to characterize the influence of the deposit
angle on the surface morphology we have performed gro
experiments at different grazing angles of incidence alo
the @110# azimuth. In this section we will concentrate on th
surface morphology found after deposition of 40 monolay
of Cu on Cu~001! at 250 K. Figure 8 shows a profile of th
specular beam obtained after deposition at a grazing ang
50° with respect to the surface normal. The left inset sho
two line scans through this specular beam. The solid lin
measured in the@110# direction, i.e., in the plane of inci
dence of the copper atom beam, while the dashed lin
measured perpendicular to this plane of incidence. The
line scans are not identical, as is the case after normal d
sition of 40 monolayers of copper. In the plane of inciden
of the copper atom beam, the line scan is slightly asymme
and shows two not very well developed facet peaks. On
other hand, in the perpendicular direction the line scan sh

FIG. 7. Average normalized atom flux on top of an adato
structure as a function of the deposition angle. The length of the
layer of the structure is 20 atoms and the structure height is 1
2 ML, 3 ML, 4 ML, and 5 ML for the square, circle, up triangle
down triangle, and diamond symbols, respectively.
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two facet peaks, which are much better developed compa
to the facet peaks measured after normal-incidence dep
tion. The observed diffraction pattern can be interpreted
resulting from growth-induced mound structures. The fo
sides of the mounds still have a$115% orientation, but now
the slopes are better defined in the direction perpendicula
the plane of incidence of the copper atom beam. In the s
profile obtained after growth at an angle of 50° paral
ridges along thê 100& directions are not present. Thes
ridges observed after normal-incidence deposition@see Fig.
1~a!# indicate the formation of a checkerboard pattern
mounds.9 The base for this ordering phenomenon is alrea
laid just after coalescence of the growing adatom island
the first monolayer. The absence of a checkerboard pat
after growth at 50° therefore suggests that deviations in
surface morphology are already present during the ini
stages of growth.

Deposition at an angle between 55° and 70° leads to
formation of asymmetrical mound structures. The sides
the mounds have different slope orientations, which critica
depend on the deposition angle. Although not well defin
the average slope at the illuminated side of the mounds
creases considerably from 15°@corresponds to a (1¯1̄5)
facet# at a deposition angle of 50° to about 30° at a depo
tion angle of 65°. Figure 9 shows the position of the fac
peaks as a function of the perpendicular scattering phasSz
after growth of 40 monolayers copper at an angle of 7
Deposition at a grazing angle of 70° results in mounds w
an average slope angle of 42° at the illuminated side. A
deposition of 40 monolayers copper at an angle between
and 70° the shadow sides of the mounds have a well defi
slope that is smaller than the slope of the illuminated si
The average slope increases gradually from 15° at a dep
tion angle of 50° to 23° at a deposition angle of 70°.
contrast to the illuminated and shadow mound sides,
slope increase for the sides perpendicular to the incident c
per atom beam is negligible. For deposition angles up to
the perpendicular sides have slopes that correspond to$115%
facets.

p
,

FIG. 8. SPA-LEED peak profile of the specular spot acquir
after deposition of 40 monolayers copper at 50° with the Cu~001!
substrate at 250 K. The profile was obtained atE5173 eV (Sz

53.87). The left inset shows line scans through the specular sp

the @110# ~solid line! and@11̄0# ~dashed line! directions. The arrow
in the right inset indicates the deposition direction.
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PRB 61 14 053GRAZING-INCIDENCE METAL DEPOSITION: . . .
As described earlier, deposition at a grazing angle of
and 250 K leads to the formation of parallel ripples perp
dicular to the incident copper atom beam. The slopes of
ripples on the illuminated and shadow side correspond
(1̄1̄1) and ~113! facets, respectively. Perpendicular to t
incident copper atom beam, only minor diffraction featur
are measured. Remarkably, deposition at a grazing ang
85° again leads to the formation of mound structures. Fig
10 shows a profile of the specular beam obtained after de
sition of 40 monolayers copper at 85°. This peak pro
shows well developed facet peaks parallel as well as per
dicular to the plane of incidence of the copper atom bea
The four sides of the mounds have a very well defined$111%
facet orientation. We note that this slope orientation is ne
observed after normal-incidence deposition~not even at
lower growth temperatures!.7–9 In the spot profile an addi
tional facet peak originating from the shadow side of t
mounds is observed. The position of this facet peak follo
the rod of the~113! surface in reciprocal space. The shado
side of the mounds therefore consists of~111! and ~113!
faceted areas.

Figure 11 summarizes the measured slope angles
growth of 40 monolayers copper at 250 K. The error bars

FIG. 9. Position of the facet peaks as a function of the perp
dicular scattering phase for the illuminated side@solid circles in
~a!#, the shadow side@open circles in~a!#, and the perpendicula
sides@solid circles in~b!# of the mounds measured after depositi
of 40 monolayers of copper at 70° with the substrate at 250 K.

FIG. 10. ~a! Contour plot of the SPA-LEED specular beam a
quired after deposition of 40 monolayers copper at an angle of
from the surface normal with the Cu~001! substrate at 250 K. The
profile was obtained atE5178 eV (Sz53.93). The arrow indicates
the deposition direction.~b! Line scans through the specular spot

the @110# ~solid line! and @11̄0# directions~dashed line!.
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Fig. 11 are small for well established facets, while somew
larger error bars result for less well developed facet peaks
general, the slope angle of all sides of the mound structu
increases with increasing deposition angle. At a growth te
perature of 250 K slopes corresponding to$115%, $113%, and
$111% facets can be obtained.

D. Temperature dependence

Figure 12 shows two SPA-LEED peak profiles of th
specular beam obtained after growth of 40 monolayers
grazing angle of 80° with the substrate at 200 K@~a! and~b!#
and 300 K @~c! and ~d!#, respectively. Both peak profile
show well developed facet peaks in the plane of incidence
the copper atom beam as well as in the perpendicular di
tion. The observed diffraction pattern is interpreted as res

-

°

FIG. 11. Measured slope angle after growth of 40 monolayer
copper at 250 K as a function of the deposition angle for the i
minated~squares!, shadow~circles!, and perpendicular~triangles!
sides of the adatom structure.

FIG. 12. Contour plots of SPA-LEED peak profiles acquir
after deposition of 40 monolayers copper at an angle of 80° fr
the surface normal with the substrate at 200 K~a! and 300 K~c!.
The arrows indicate the deposition direction. In~b! and ~d! line

scans through the specular peak in the@110# ~solid lines! and@11̄0#
~dashed lines! directions are shown. The spot profile in~a! and ~b!
~growth temperature 200 K! was obtained atE5275 eV (Sz

54.88). The spot profile in~c! and~d! ~growth temperature 300 K!
was obtained atE5278 eV (Sz54.91).
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TABLE I. Facet orientation of the sides of the adatom structures measured after normal depositi
deposition at 80° of 40 monolayers copper with the substrate at 200 K, 250 K, and 300 K.

Normal deposition Deposition at 80°
Growth temperature~K! Illuminated side Shadow side Perpendicular sid

200 $113% (1̄ 1̄1) ~111! and ~113! $111%

250 $115% (1̄ 1̄1) ~113! $113%

300 $117% (1̄ 1̄3) ~113! and ~115! $113%
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ing from growth-induced mounds instead of ripples, whi
are observed after growth at 250 K@see Fig. 2~a!#. The dif-
fraction peak profile obtained after growth at 200 K@Figs.
12~a! and 12~b!# shows two facet peaks originating from th
shadow side of the mounds. The positions of these fa
peaks follow the rods of the~111! and ~113! surfaces in
reciprocal space. The average slope of the shadow sid
therefore steeper than the slope obtained after normal gro
at 200 K or grazing-incidence growth at 80° with the su
strate at 250 K@in both cases the slope corresponds to
~113! facet#. The facet peaks in the direction perpendicular
the deposition direction correspond to well established$111%
facets. Remarkably, Figs. 12~a! and 12~b! do not show a well
defined facet peak originating from the illuminated side
the mounds. In this case, only a faint diffraction featu
which follows the rod of the (1̄1̄1) surface in reciproca
space, is visible. The illuminated side of the mounds the
fore consists of less well defined~111! facets.

The SPA-LEED diffraction peak profile obtained aft
growth at 300 K@Figs. 12~c! and 12~d!# shows a well devel-
oped facet peak originating from the illuminated side of t
mounds. The position of this facet peak follows the rod
the (1̄1̄3) surface in reciprocal space. The mound slope
the illuminated side is therefore much steeper than the s
obtained after normal growth at 300 K@slope corresponds to
a (1̄1̄7) facet# and less steep than the slope obtained a
grazing-incidence growth at 80° with the substrate at 250
@slope corresponds to a (1¯1̄1) facet#. One broad facet pea
originating from the shadow side of the mounds is measu
Electron-energy-dependent measurements show that
measured broad facet peak actually consists of two sepa
facet peaks: one originating from~113! faceted areas and th
other originating from~115! facets. Therefore, the averag
mound slope at the shadow side is also less steep than
slope obtained after grazing-incidence growth at 80° with
substrate at 250 K@only a well developed~113! facet peak#.
Finally, Figs. 12~c! and 12~d! show clear facet peaks in th
direction perpendicular to the plane of incidence of the in
dent copper atom beam, which correspond to well es
lished $113% facets.

Table I summarizes the mound slopes obtained a
deposition of 40 monolayers at 200 K, 250 K, and 300 K.
general, the slope becomes less steep with increasing gr
temperature for both normal-incidence deposition and de
sition at 80°. Furthermore, the slopes of all facets obtai
after grazing-incidence deposition are steeper than those
tained after normal-incidence growth.

E. Azimuthal dependence

In the grazing-incidence growth experiments described
far the deposition was along the@110# azimuth, which is
et
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parallel to the direction in which steps of adatom islands
oriented. In order to characterize the influence of the a
muthal deposition direction we have performed grazin
incidence growth experiments along the@100# azimuth. Fig-
ure 13 shows a SPA-LEED spot profile of the specular be
obtained after deposition of 40 monolayers of copper
Cu~001! at a grazing angle of 80° with the substrate at 2
K. The observed diffraction pattern is interpreted as result
from growth-induced mound structures. The facet peaks
the ^110& directions show that the step edges of the adat
structures are still preferentially oriented along the^110& di-
rections. From this we can conclude that the azimuthal
entation of the mounds does not change with the azimu
direction of deposition. The facet peaks originating from t
shadow sides of the mounds correspond to well establis
$113% facets. Less well developed$113% facet peaks originat-
ing from the two illuminated mound sides are observed
well. The observed average mound slope is again ste
than the slopes obtained after normal growth at 250 K~they
correspond to$115% facets!. This illustrates that the surfac
roughness is enhanced after grazing-incidence depos
along the@100# azimuth as well.

IV. DISCUSSION

The evolution of the surface morphology during homoe
taxial growth is governed by two kinetic processes.13–20The
first process is nucleation during the early stages of mo
layer growth. It determines the separation between ada

FIG. 13. SPA-LEED peak profile of the specular spot acqui
after deposition of 40 monolayers copper at an angle of 80° fr
the surface normal with the Cu~001! substrate at 250 K. The depo
sition was along the@100# azimuth, which is indicated by the arrow
in the contour plot. The spot profile was obtained atE5278 eV
(Sz54.91).
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PRB 61 14 055GRAZING-INCIDENCE METAL DEPOSITION: . . .
islandsL, which depends critically on the intralayer diffusio
of single adatoms, the deposition rate, and the numbe
atoms in the smallest stable island.17,18 Under the usual
growth conditions, the density of adatom islands formed d
ing a growth experiment increases with increasing supers
ration, i.e., with decreasing substrate temperature or with
creasing deposition rate. The second kinetic process
plays a key role in the evolution of the surface morphology
the interlayer diffusion of adatoms. This process can
quantified by the critical island radiusRc at which nucleation
on top of growing islands begins.16,20 The critical island ra-
dius depends on the growth temperature and the height o
activation barrier for downward diffusion at a step edge. T
activation barrier for atoms to cross a descending step ed
higher than the activation barrier for diffusion on a flat te
race in most growth systems. The additional barrierEs , of-
ten called the Ehrlich-Schwoebel barrier,21,22 can therefore
be regarded as a reflecting barrier at the step edge. The p
ability for an adatom to be reflected at a step, following
attempt to descend, increases as@12exp(2Es/kT)#. Lower-
ing the growth temperature therefore increases the atom
sity on top of growing islands. For finite values ofEs this
gives rise to enhanced nucleation, i.e., the critical island
Rc at which nucleation on top of islands begins decrease

When growth proceeds via homogeneous nucleation
adatom islands on flat terraces the growth is characterize
two length scales: the distance between adatom islandsL and
the critical island radiusRc . No stable nuclei are formed o
top of adatom islands before coalescence ifRc is larger than
half the separation between adatom islands. In this case
growth mode is called layer by layer and the surface rou
ness after growth is small. On the other hand, ifRc is smaller
than half the separation between adatom islands, nuclea
on top of islands occurs before coalescence. Now the gro
is three dimensional or multilayer and mound structures
formed.

Homoepitaxial growth will proceed layer by layer in
broad temperature range if there is no step edge barrier.
key point in understanding the growth behavior is that
ability of adatoms to descend from islands is not determi
by their ability to reach the island edge. In fact, on the av
age, every deposited atom on top of an island has suffic
time to reach the island edge before it is captured by o
adatoms. This is guaranteed by the length scale~L! set during
the nucleation process. Nucleation ceases when an atom
posited between adatom islands has a higher probabilit
reach the islands than to meet other adatoms to form a
nucleus. An adatom can travel freely at least a dista
roughly equal to half the distance between island cent
Since the average island radius before coalescence is al
smaller than the average distance between island center
adatom on top of an island has the ability to reach the isl
edge before meeting other atoms deposited on the sam
land. Therefore, if no significant step edge barrier is pres
the adatom density on top of an island will always be le
than required for nucleation and no stable nuclei will
formed before coalescence, resulting in layer-by-la
growth.

The presence of a finite step edge barrier leads
multilayer growth. Reflection of adatoms at the island ed
results in an enhanced atom density on top of islands
of
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therefore in enhanced nucleation. As a result the critical
land radiusRc decreases. WhileRc decreases more rapidl
than L with decreasing growth temperature20 a transition
from layer-by-layer growth to multilayer growth will occu
at a growth temperature at whichRc'0.5L. It is thus the step
edge barrier that is primarily responsible for deviations fro
layer-by-layer growth.

The influence of steering on the evolution of the surfa
morphology can now be discussed. Steering gives rise
heterogeneity of the incident atom flux, i.e., redistribution
the incident atoms due to their morphology-dependent tra
tories. Because of steering, atoms arrive preferentially
protruding terraces. It therefore always enhances the ada
density on top of growing islands. This leads in a very ba
way to a decrease of the critical island radiusRc and thus to
enhanced roughening of the growing surface, i.e., stee
shifts the growth mode from layer-by-layer growth towa
multilayer growth. The ultimate consequence of steering
that in principle layer-by-layer growth is never possible. Th
holds even for a vanishing step edge barrier as some stee
effect is always present~even for normal incidence!. We
explicitly emphasize the point thatRc,0.5L always, since it
is an important and general aspect of this phenomeno
growth. This statement definitely holds in a very basic w
but is on the other hand of rather academic interest: the
cident flux enhancement is by definition located near
descending step edges and most of the excess adatom de
will disappear easily by interlayer mass transport to
lower terrace.

Interlayer mass transport is less effective in the prese
of a step edge barrier. This gives rise to a pronounced
hancement of the adatom density on top of growing isla
and therefore to a prominent decrease of the critical isl
radiusRc .23 The presence of a finite step edge barrier w
thus give rise to multilayer growth even if we disrega
steering. The lateral size of the islands in higher levels
creases with increasing altitude. Both effects, i.e., decrea
lateral sizes and increasing height differences, lead to st
ger steering-effects. Consequently, steering-induced sur
roughening is more effective in the presence of a finite s
edge barrier.

The temperature dependence of steering-enhanced ro
ening is partly controlled by the temperature dependenc
interlayer mass transport. For a fixed step edge bar
height, the interlayer mass transport is reduced when
growth temperature is lowered. The influence of steering
surface roughening therefore increases with decrea
growth temperature. As well as this interlayer-diffusio
related temperature effect, there is another temperature
fect, which is related to the lateral length scale of the gro
ing film. Intralayer diffusion determines the density of nuc
and thus the separation between adatom islands. This is
separation and thus the average island size at a given co
age decrease exponentially with the growth temperature u
a temperature is reached at which adatom diffusion is ne
gible. The relative atom flux enhancement on top of islan
is largest for small adatom islands. Steering-enhanced rou
ening therefore increases strongly with decreasing isl
size, i.e., with decreasing growth temperature. From this
can conclude that both the step-edge-barrier-related temp
ture effect and the island-size-related temperature effect
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sult in an enhanced influence of steering on the surface m
phology with decreasing temperature. In addition to
growth temperature, the deposition rate influences steer
enhanced roughening as well. In general, the adatom is
density on a surface and thus steering-enhanced roughe
increase with increasing deposition rate.

Up to now, growth models have always regarded the fl
of impinging atoms as being homogeneously distributed o
the surface. The experimental results and the discus
above show that, in addition to intralayer and interlayer d
fusion, steering may have an important influence on the m
phology of the growing film. Due to steering the incide
atom flux is no longer homogeneous. The inhomogeneity
the incident atom flux increases with increasing deposit
angle, with increasing surface roughness, and with decr
ing growth temperature. In the following we will concentra
on the influence of steering on the selection of the slo
angle. Before steering effects are taken into account, s
selection without steering will be discussed.

As outlined above, mounds will be formed during grow
in the presence of a finite step edge barrier. These mou
coarsen slowly in time while the sides of the mounds tu
into facets. Continuum models24,25 as well as Monte Carlo
simulations26–29 have been used to describe slope select
An important parameter in slope selection is a net upw
current in the presence of a step edge barrier. The step
barrier causes preferential incorporation of diffusing adato
at ascending step edges, defined as a net upward cu
Step-adatom attraction found by Wang and Ehrlich30 may
also contribute to a net upward current. The net upward c
rent alone, however, does not lead to slope selection. S
selection requires a counterbalancing downward curr
which results from leakage through the ES barrier or u
mately may be due to downward funneling dynamics.31,32

Other processes such as transient mobility and knock
events at step edges would have an even greater prope
for smoothening. Molecular dynamics studies, however, s
gest that these events are not significant.12,31 The selected
slope is determined by the balance between the upward
downward currents. Larger upward currents, for instan
caused by a significant step edge barrier, lead to ste
slopes.24–29 On the other hand, a small mound angle w
result when the upward current is significantly counterac
by a downward current.

Steering causes a redistribution of the incident atom fl
which depends critically on the local surface morphology.
general, the redistribution of incident flux in favor of pro
truding terraces will increase during growth~steering in-
creases with increasing roughness or, in other words, rou
ening is autocatalytic!. Due to steering the amount of atom
deposited on the higher terraces is larger than the amou
atoms deposited on the lower terraces. A part of the dep
ited atoms is incorporated at the ascending step edges. S
ing, therefore, drastically enhances the amount of incor
rated atoms in the higher layers and thus leads to a la
slope angle. Figure 11 shows that this is indeed the case.
slope angle of the mound/ripple structures increases mo
tonically with the deposition angle. In other words, the s
lected slope depends critically on the amount of steering

Figure 11 shows that different slope orientations can
obtained at one and the same growth temperature. This i
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trates that slope selection is not determined by a global t
modynamic equilibrium. Slope selection clearly has a kine
origin instead. The slope angle is determined by kinetic p
cesses on the surface and the deposition geometry, in w
steering plays an important role. The observed tempera
dependence of the slope angle for grazing-incidence dep
tion ~see Table I! can be rationalized as follows. The avera
size of adatom structures on the surface and the interla
mass transport decrease with decreasing growth tempera
Therefore, the atom flux on top of the adatom structu
increases with decreasing growth temperature, which res
in steeper facets. The observed temperature dependen
the slope angle for normal incidence deposition~Refs. 7–9
and Table I! may also be explained by steering. Thou
small, steering still causes a redistribution of atom flux n
step edges and thus steeper facets may be obtained a
growth temperatures. The exact influence of steering on
temperature dependence of slope selection is not clear, h
ever, and is probably small under normal-incidence grow
conditions. Also, without steering an increase in slope an
with decreasing temperature has to be expected. In the p
ence of an Ehrlich-Schwoebel barrier, the preferential inc
poration of diffusing adatoms at ascending step edges
creases with decreasing growth temperature, since
leakage through the barrier is reduced. Therefore, the
upward current is enhanced and steeper slope angles ar
tained at lower growth temperatures.

In some growth experiments two facet peaks originat
from the shadow side of the mounds are measured. For d
sition at 80° two facet peaks are found after growth at 200
and 300 K, while deposition at 85° results in a shadow s
with two slope orientations at 250 K. The formation of tw
different facets at the shadow side of the mounds may
rationalized as follows. Initially the amount of steering
relatively small. Therefore, the enhancement of incid
atom flux on top of islands is sizable only in the regions ju
behind the front edge. In this situation, the flux enhancem
close to the edges on the shadowed sides is negligible. W
increasing surface roughness, however, the range of
hanced incident atom flux increases~see Fig. 6! and more
atoms will be deposited on the back side of islands as w
This effect is further enhanced because of smaller lat
mound sizes in the higher layers. The additional depos
atoms will be incorporated at step edges in the higher lay
resulting in a larger net upward current. Following this sc
nario, the facet angle will increase with increasing surfa
roughness, i.e., increasing amount of deposited ato
Double-faceted shadow faces may develop, with the h
facet being steeper than the facet at the base of the mou

As the experimental results show, different surface p
terns can be obtained at one and the same growth temp
ture. Grazing-incidence deposition of Cu/Cu~001! at 250 K
leads to the formation of symmetrical mound structures
deposition angles up to 50°, asymmetrical mounds at de
sition angles between 50° and 70°, well ordered ripple str
tures at a deposition angle of 80°, and mounds with v
steep faces at a deposition angle of 85°. These remark
changes from mounds to ripples and back from ripples
mounds can be explained by the existence of two len
scales: the separation between adatom structures and
range of reduced incident atom flux behind adatom structu
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PRB 61 14 057GRAZING-INCIDENCE METAL DEPOSITION: . . .
~shadow length!. The separation between adatom structu
is determined by the activation barrier for atom diffusion
the ~001! terraces and the growth temperature and is by
nature quite well defined. The range of reduced incid
atom flux is obviously controlled by the deposition angle a
the height of the adatom structures and consequently
well defined. When the range of reduced incident atom fl
is smaller than the separation between adatom struct
~small deposition angles!, mound structures will develop. A
larger shadow lengths, however, the coalescence of ada
structures in the deposition direction is suppressed, or be
retarded. When the range of reduced incident flux is sma
than the distance between adatom structures, coalescen
still possible in the direction perpendicular to deposition.
this case ripples can develop, which are oriented perpend
lar to the plane of incidence of the atom beam. A furth
increase of the shadow length seems to suppress the co
cence of adatom structures in the direction perpendicula
the deposition direction as well. In this situation, moun
instead of ripples are formed. The speculative scenario
pattern formation during grazing-incidence deposition can
checked by taking a look at the experimental results at
ferent growth temperatures. Deposition at a grazing angl
80° results in mound structures at 200 K and 300 K, wh
ripples are obtained at 250 K. Following the scenario o
lined above, ripples are expected at a smaller deposi
angle when growth proceeds at a lower substrate temp
ture. At low growth temperatures, the separation betw
adatom structures is small and a relatively small shad
length, and thus small deposition angle, is enough to s
press coalescence in the deposition direction. For hig
growth temperatures this argument leads to an expe
ripple structure at a larger deposition angle. Further exp
ments are underway to check this scenario.

V. CONCLUSIONS

The influence of the deposition geometry on the evolut
of the surface morphology during molecular beam epitaxy
Cu/Cu~001! has been studied at substrate temperatures
tween 200 and 300 K. The growth fronts become progr
sively rougher upon rotation of the molecular beam fro
normal to more grazing incidence. The remarkable kine
roughening observed after growth at grazing incidence
s
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be rationalized in terms of steering. Steering is a direct c
sequence of long-range attractive forces between the inci
atoms and the surface and has so far been overlooke
growth studies. It leads to a redistribution of incident flu
the incident particles are directed preferentially toward p
truding terraces, at the cost of flux reduction on lower t
races. In general, steering shifts the growth mode from la
by layer toward three dimensional. Calculations reveal t
steering increases with angle of incidence~defined with re-
spect to the normal! and becomes sizable for MBE growth
angles larger than 50°. Steering becomes more importan
higher adatom structures, i.e., with proceeding deposit
kinetic roughening is autocatalyzed.

Most of the experiments have been performed with
~MBE! plane of incidence oriented along the@110# azimuth.
The deposition of 40 monolayers of Cu leads to differe
surface morphologies. At normal incidence fourfold symm
ric mounds develop, arranged in a checkerboardlike patt
When the angle of incidence is increased up to about 50°
pattern disappears, leaving symmetric mounds still intact.
more grazing incidence asymmetric mounds evolve, with
exception of a limited angular window in which ripples d
velop, oriented perpendicular to the molecular beam. T
facets of the grown adatom structures are steeper after d
sition at more grazing angles of incidence. At 250 K slop
corresponding to$111%, $113%, and $115% facets may be ob-
tained. This fact reflects the kinetic origin of slope selectio
The observed facets are steeper for deposition at lower
strate temperatures. The experimental findings, including
temperature dependence, can be explained in a relati
simple picture involving the action of steering combin
with two length scales set by nucleation on the flat surfa
and on top of islands.

Steering-induced kinetic roughening is generic in grow
experiments. Its consequences should be anticipated
hetero- as well as in homoepitaxy and are expected to
more important in highly polarizable deposits and substra
The evolving morphology bears a definite signature of o
normal deposition already at polar angles of incidence
about 50°, a quite normal situation in experimental config
rations. This feature should be taken into account whene
comparison between experiments and/or experiment
theory is undertaken.
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