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Sebastiaan van Dijken, Louis C. Jorritsma,* and Bene Poelsema
Faculty of Applied Physics and Centre of Materials Research, University of Twente, P.O. Box 217, NL-7500 AE Ensche

Netherlands
(Received 11 December 1998)

It is shown that steering may have an important influence on the morphology of growing films.
Steering originates from long-range attractive forces between incoming atoms and substrate atoms
and leads to preferential arrival of atoms on top of islands. This phenomenon is most pronounced
for grazing incidence deposition and results in significantly increased roughness of the growing film.
Steering, which is expected to be generally valid but has so far been disregarded in growth studies, is
illustrated for the growth of CuyCu(001). [S0031-9007(99)09145-0]

PACS numbers: 68.55.Jk, 61.14.Hg, 68.35.Bs, 81.10.–h
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The evolution of nonequilibrium surfaces is a comple
phenomenon, even for homoepitaxial growth system
The emerging growth front is the result of roughenin
due to the incident flux, which is counteracted by multip
transport processes tending to smoothen the surface.
important parameter in the balance between roughen
and smoothing is the Ehrlich-Schwoebel (ES) barrie
which hinders downward diffusion across step edg
[1,2]. A finite ES barrier results in a roughening o
the growing surfaces [3–6], i.e., to the development
mounds.

Up to now, growth models have always regarde
the flux of impinging atoms as being homogeneous
distributed over the surface. Possible consequences of
cident flux inhomogeneity as a result of surface roughne
have been neglected completely. This shortcoming
remarkable since molecular dynamics calculations
Sanderset al. [7] show substantial deflection of non-
normal deposited atoms towards the surface, starting
about 1 nm above the outermost layer. This phenomen
can simply be rationalized since the attractive well,
seen by the approaching metal atoms, is of the order
a few eV’s, while their kinetic energy typically amount
to only a few tenths of an eV. Consequently, the atom
must undergo strong acceleration towards the surfa
In this Letter we report an effect which we believe i
the first evidence for the importance ofsteeringfor the
evolving morphology of the growth front. It gives rise
to a remarkable heterogeneity of the incident flux, i.e
redistribution of the incident atoms due to their morpho
ogy dependent trajectories. Because of steering, ato
arrive preferentially on protruding terraces resulting in a
enhanced roughening of the growing surface.

The experiments reported here have been conduc
in ultrahigh vacuum (base pressure,10210 mbar) using
spot profile analysis low energy electron diffraction (SPA
LEED). During growth, the temperature of the desulphe
ized Cu(001) substrate has been kept at 250 K, wh
during measurements the temperature has been mainta
at 100 K. The deposited copper has been sublimated fr
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an also desulpherized Cu disk, heated from the rear
means of electron bombardment. For the data discus
here the copper atoms have been deposited at a gra
angle of incidence (80± from the normal) along the [110]
azimuth. The homoepitaxial films have been grown
a rate of about 0.25 monolayers (ML) per minute. Th
deposition rate is about equal to that used in normal in
dence experiments reported earlier [8], to which we w
frequently refer here.

The central piece of data in this Letter is shown
Fig. 1: a profile of the specular beam obtained aft
deposition of 40 monolayers of copper on Cu(001)
grazing incidence. The fourfold symmetry, expected f
the Cu(001) surface, and indeed measured after nor
incidence deposition at similar conditions [8–11],
obliterated. Besides the dominant central Bragg peak t
well developed facet peaks have emerged. Both pe
are positioned in the plane of incidence of the copp
beam, while no clear diffraction features can be detec
out of this plane. The observed diffraction pattern ca
be interpreted straightforwardly as resulting from grow
induced parallel ripples at the Cu(001) surface, which a
oriented perpendicular to the plane of incidence of t
copper beam. The absence of out of plane diffracti
features and the small out of plane width of the diffractio
peaks suggest that these ripples are quite well defined
have an average length of about 50 nm. The two cle
in-plane facet peaks correspond to well establishedh111j
and h113j facets on the illuminated and shadow sides
the ripples, respectively.

Compared to the facets which emerge after normal in
dence deposition of 40 monolayers, the facets evolving
grazing incidence deposition are much better defined; i
their slope distribution is much narrower. In addition, th
slopes of the illuminated and the shadow sides, correspo
ing to h111j andh113j, respectively, are both substantiall
steeper than the average facet orientation of (115) [8,12,
obtained after normal incidence deposition at 250 K. Th
illustrates the enhanced surface roughness after grazing
cidence deposition. We attribute this enhanced roughn
© 1999 The American Physical Society
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to the action of a basic phenomenon that until now h
been discarded: redistribution of incident flux in favor o
protruding surface areas due to a steering effect, which
comes substantial already at relatively large heights abo
the surface.

Steering is induced by long-range attractive forces b
tween the substrate and the approaching slow cop
atoms. Thermal copper atoms, approaching the surfa
at typical energies of 0.15 eV, experience a long-rang
attractive well of several eV’s. This gives rise to substa
tial acceleration towards the surface. For the flat substr
this phenomenon has initially no consequences: the in
dent flux remains homogeneously distributed. The copp
atoms only arrive at an effectively smaller polar angle
incidence. However, as soon as aggregates start to b
up, the redistribution of material becomes progressive
more important. To substantiate this phenomenon for
macroscopic surface we have performed a number of t
jectory calculations. Being primarily interested in a qual
tative (or semiquantitative) description, we have adopt
a Lennard-Jones (12,6) potential. Its parameters ha
been chosen such that both the copper interatomic d
tance as well as its cohesive energy are described qua
tatively [14]. Trajectory calculations show that 150 me
Cu atoms, directed with a grazing angle of incidence
80± towards the Cu(001) surface plane, do actually hit
at an angle of 17±. Clear deviations from the unaffected
trajectories already occur at distances up to 1 nm abo
the outermost layer.

Figure 2(a) shows a cross-sectional view through t
Cu(001) along the [110] azimuth. On this substrate w
have constructed a monolayer high step in the directi
perpendicular to the plane of incidence. This figure e
hibits calculated equipotential energy contours (increme
20.1 eV) as well as two calculated atom trajectories fo
atoms deposited with a grazing angle of 80±. The equipo-

FIG. 1. SPA-LEED spot profile of the specular spot acquire
after deposition of 40 ML Cu at an angle of 80± from the
surface normal with the substrate at 250 K.
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tential energy contours show a pronounced step in t
attractive potential, which extends laterally, e.g., for th
20.01 eV contour by as much as about 15 Å. Trajecto
B illustrates that, due to acceleration towards the surfa
the incident atoms actually hit the surface quite a lon
distance (dB) before their target point. The target poin
is the intersection of the asymptotic long distance part
the trajectory with the surface. Far away from the step
the attractive potentiald is constant and irrespective of the
level at which the atoms arrive. Consequently, a homog
neous flux is expected. Consider now the situation as
lustrated by trajectoryA: When the atom passes the islan
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FIG. 2. (a) Calculated equipotential energy contours and tw
atom trajectories for a surface with a step edge in the direct
perpendicular to the plane of incidence (note the differe
length scale on the two axes). The increase in attract
potential is20.1 eV for the solid contour lines. The trajectory
calculations for a deposition angle of 80± (with respect to the
surface normal) start at 20 Å above the surface. (b) Calcula
adatom flux at the surface, normalized to a homogeneous a
flux far above the surface. The dashed line shows schematic
the adatom flux in the case of classical shadowing witho
steering.
4039
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boundary it suddenly experiences the surface at a m
smaller distance and impact is closer. Consequently,
value of dA is reduced giving rise to a local enhance
ment of the incident atom flux just behind the front edg
of the island as illustrated in Fig. 2(b). In fact all arriv
ing atoms whose trajectories pass through areas of s
stantial distortion of the attractive potential related to th
ascending step contribute to enhanced flux. They are
cused onto the near step region. We refer to this ph
nomenon assteering. For the 1 monolayer high island
[see Fig. 2(b)] the enhancement factor amounts to ab
1.6 at the front of the island and decreases to unity go
further downstream on an extended island. Behind the
land the density of the incident atoms is reduced, whi
is related to the shadowing by the island. The reducti
of flux behind the island compensates the flux enhan
menton topof the island as should be the case for partic
conservation reasons. Note that the flux behind the isla
never becomes zero, which would be the case for class
shadowing without steering. For comparison, the clas
cal situation is also drawn in Fig. 2(b). In this case n
flux enhancementon top of the island is observed: the
flux missing in the shadow zone is concentratedin front
of the illuminated side of the island. So we clearly ob
tain a redistribution of incident flux, related to steering o
the atoms towards the top of the growing island. The e
fect being substantial already for monolayer high adato
islands strongly gains importance when the surface
comes rougher. Calculations of the normalized incide
atom flux for a 3 monolayer high adstructure show e
hancement factors well exceeding three. This phenom
non obviously leads to rougher growth fronts [15], whic
is enhanced by the presence of a finite ES barrier. W
note in addition that the range of the shadow region
much smaller for the classical shadowing case than
the presence of steering. This phenomenon contribu
to improved lateral order. Indeed we observe a narro
separation distribution of the ripples in the plane of inc
dence [16].

Already in the submonolayer regime the growth beha
ior is affected by the deposition geometry. This stat
ment is illustrated nicely in Fig. 3 showing the specul
beam profile obtained after grazing incidence depositi
of about 0.5 ML. The narrow Bragg peak is surrounde
by a ring, the position of which is given by the distanc
between the adatom islands. This quasidiffuse scatter
ring has perfect rotational symmetry after normal inc
dence deposition [8]. In the present case of grazing
cidence deposition, however, the ring intensity exhib
a clearly developed twofold symmetry. It possesses t
pronounced minima, in the direction perpendicular to t
plane of incidence. In fact, the development of a twofo
symmetric ring is already visible after deposition of 0.
monolayers copper. This remarkable beam profile reve
the presence of homogeneously distributedrectangularis-
lands in contrast to thesquareones growing at normal in-
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cidence. The step edges remain oriented along the clo
packedk110l azimuths. Approaching the energetic pref
erence fork110l ledges is facilitated by sufficient ledge
adatom diffusion at the considered substrate temperatu
[17]. A comparison with calculations (kinematic approxi-
mation) indicates that the rectangular islands have an a
pect ratio of about 1.05. They would have been hard
noticed with STM. The applied diffraction method is well
able to distinguish this feature. The long sides of the is
lands are oriented perpendicular to the plane of inciden
of the deposited Cu atoms.

The development of rectangular islands at submon
layer coverages turns out to provide a welcome and ind
pendent check of the consistency of the model conclusio
derived above. From the fact that homogeneously di
tributed square islands develop during normal depos
tion we learn that the diffusion of copper on Cu(001) is
isotropic and ledge adatom diffusion is readily active a
250 K. This implies that the evolution of rectangular is
lands has to be related to peculiarities connected with t
grazing incidence of the copper atoms. In particular, th
total step edge advance rate perpendicular to the plane
incidence has to be slightly higher than the sum of the a
vance rates of the illuminated edge and the shadow ed
of the adatom islands. Let us consider first the situatio
without steering. If the arriving atoms are instantaneous
equilibrated the step edge advance rate on the shadow s
is strongly reduced since its capture zone receives le
atoms than in the case of normal incidence. On the bas
of particle conservation this feature is exactly compen
sated by the larger impingement rate in the capture zo
of the illuminated step edge. Consequently, the sums
the in-plane and of the out-of-plane step edge advan
rates are exactly equal. Since in the considered case (th
is no attractive potential and atoms stick where they h
the surface) there is no reason for an anisotropic desce
of atoms from the top of the adatom island, square islan

FIG. 3. Profile of the specular SPA-LEED peak acquired afte
deposition of 0.5 ML Cu at 80± with the substrate at 250 K.
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must develop. If, however, we switch on steering, th
anisotropic shapes can be explained. Steering will lead
a redistribution of incident flux to the top of the adatom
islands: flux that without steering would contribute to a
upstream advance of the illuminated step edge now lan
on top of the island and is partly descending across t
[110] oriented ledges. This gives rise to the evolution o
rectangular islands (aspect ratioø1.05), which are elon-
gated perpendicular to the plane of incidence. Estima
of the magnitude of this feature lead to values well con
sistent with the experimental data.

We finally note that steering should be anticipated
any growth situation. Its consequences may vary fro
insignificant for monolayer high islands at normal depo
sition to substantial at grazing incidence. Steering is e
pected to be stronger for metals than for semiconducto
or isolators. In general, it will be strong when substra
and incident atoms have relatively high electronic pola
izabilities. The well established small but nonzero E
barrier for CuyCu(001) [8,10,11] leads to significant ef-
fects. The consequences should be even more substa
for higher values of the ES barrier, which are common
related to close-packed [e.g., fcc(111)] metal surfaces.

Summarizing, the presented grazing incidence grow
experiments of CuyCu(001) provide unambiguous evi-
dence for the importance of steering for the morpholog
of the growth front. Steering leads to a substantial r
distribution of incident flux and in fact to focusing of the
incident particles onto the uppermost levels of adatom a
gregates. This so far unanticipated phenomenon in e
taxial growth leads to enhanced roughness of the grow
front, in particular, when the incident particles are de
posited at grazing incidence. When comparing expe
ments mutually or to calculations the exact depositio
geometry must be considered. In particular, during th
emergence of growth induced facets the above discus
steering effect may become of prime importance (Ref. [8
and references therein). Grazing incidence deposition
copper on Cu(001) leads to the emergence of highly o
dered arrays of parallel asymmetric ripples oriented norm
to the plane of incidence. This novel observation may we
be used to structure substrates, which may subsequently
as templates for heteroepitaxial structures.
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