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Schwoebel-Ehrlich barrier: from two to three dimensions
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The Schwoebel-Ehrlich barrier—the additional barrier for an adatom to diffuse down a surface
step—dictates the growth modes of thin films. The conventional concept of this barrier is two
dimensional (2D), with the surface step being one monolayer. We propose the concept of a
three-dimensiona(3D) Schwoebel-Ehrlich barrier, and identify the 2D to 3D transition, taking
aluminum as a prototype and using the molecular statics method. Our results showlthat:
substantial differences exist between the 2D and 3D barrigrghe transition completes in four
monolayers; and3) there is a major disparity in the 3D barriers between two facets; further,
alteration of this disparity using surfactants can lead to the dominance of surface facet against
thermodynamics. €002 American Institute of Physic§DOI: 10.1063/1.1475774

Texture has been a recognized factor that controls the
performance of thin films. For example, tkELD texture of
aluminum interconnects in integrated circuits dictates their
resistance to electromigratidrand (100 texture of TiN is
preferred in mechanical coatifg. The Schwoebel-Ehrlich
barrier is a key factor in surface processfg? In our pre-
vious studies, it has been demonstrated that the dominance of
(112) texture is a result of two-dimensional growth at initial
stage, that is the formation of largd11 facets>?* The
large facet is the direct consequence of small adatom migra-
tion barrier and nearly zero conventional—hereafter referred
to as the two-dimension@dPD)—Schwoebel-Ehrlich barrier
in aluminum. Our ensuing studies show that the 2D
Schwoebel-Ehrlich barrier is also very small for dimers and
trimers diffusing down g111 facet in aluminunt® On the
other hand, both experimeAtsand Wulff construction show
that two large facets meet each other and form a ridge, as
shown in Fig. 1. The intersection of two large facets is also
common under normal deposition conditions; when deposi-
tion rate is not too high or substrate temperature is not too
low.?® For exchange of atoms between two such facets, an
adatom has to cross over the ridge, effectively diffusing
down a surface step of multiple layers; the Schwoebel-
Ehrlich barrier is therefore 3D. During a growth process, a
facet may not be so flat, and surface steps can be of one, two,
or many layers. As a result, the Schwoebel-Ehrlich barrier
experiences a gradual transition from 2D to 3D. For clarity,
we define the Schwoebel-Ehrlich barrier as tbl energy
barrier over a step or a ridge; in contrast to the extra energy
barrier when only a 2D case is considered.

The molecular statics method is described in detail in
referencé> and will be briefly summarized here. A simula-
tion cell with a flat surface, sajl11}, {110, or {100, is first
chosen. An island of multiple layers is introduced on top of
the flat surface. The island is constructed so that the top
surface is parallel to the substrate, and the side surfaces con-
sist 0f{100}, {110}, and{111} facets. A typical simulation cell

FIG. 1. (a) A Wulff construction of aluminum, andb) an electron micros-

aCorresponding author; electronic mail: Hanchen.Huang@polyu.edu.hi¢opy of aluminum thin-film surface after high-temperature annealing, with
(and hanchen@rpi.edu after summer 2002 various surface orientation label&%.
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FIG. 2. Side(upper sectionand top(lower section view of a step along

(110 of multiple layers forming 4100} surface; the two horizontal surfaces gy 3. Transition from the 2D to 3D Schwoebel-Ehrlich barrier of an
bonding the step are ¢f.11}. adatom from ong111} to another{111} across &110) step, by exchange
(open circle and direct-hoppingdsolid circle mechanisms.

of aluminum is shown in Fig. 2. Atoms in the bottom region
of the simulation cell are fixed to their perfect lattice posi- ot myltiple layers are parallel. For example, in the calcula-
tions to mimic a semi-infinite large surface. The convergencgiq, of transition barriers fronfil 11 to {100}, the two bound-
of numerical results is tested against the size of the simulr;‘-ng surfaces are dfl11 and the small facet in between is of
tion cell, and the simulation cell is chosen so that the energy100. The results show thati) the transition from 2D to 3D
c_alc_ulanons are reliable up_te/_—0.0l eV. Itis worth men- completes in four monolayeré2) the 3D barrier can be sub-
tioning that molecular statics, instead of the molecular dy'stantially larger than its 2D counterpart; at@) there is a
namics method, is used because of the extremely gsmz?" €Major disparity of 3D barriers between two flat surfaces,
ergy barrier of aluminum adatom o111} —0.04 eV: such as{100} and {111}. Accompanying this disparity, the
For such a small migration barrier, adatoms diffuse awayansition from 2D to 3D can also be different for the two
from the desired configurations even at low temperatures. ¢;-ats. For example, the barrier frofhLL to {100} is insen-
The transition from the 2D to 3D Schwoebel-Ehrlich gjtive 1o step thickness. However, the barrier frébog to

barrier is demonstrated in Fig. 3 for the case of an adatomy 11y jncreases substantially with the step thickness. This
diffusing from one{111} to another 111} facet, across a step jgjcates that111} facets dominate more easily once they

along (110); thereafter referred to as diffusion frofd1L o0 peyond a critical size, because the flow of adatoms
facet to(110/{111 step/facet. Table | provides a complete ¢, {100 to {111 is more difficult beyond this size.

set of the calculation results. Since direct hopping is consis- ;g interesting to discuss technological impacts of this

tently more difficult, only the barriers by exchange mecha-cqncent of the 3D Schwoebel-Ehrlich barrier in materials
nism are listed. According to our definition, the 3D

X . processing. If one could modify this barrier, in particular,
SchwoebeI-Ehrhch barriers from facet A to face_t B and from oyerse the disparity, then thermodynamic faceting of thin
B to A are different. For example, Table | gives the 3D jjmg may be reversed. Indeed, our Monte Carlo simulations
Schwoebel-Ehrlich barrier fronil1L to {100 facet to be i, 5 preliminary report have demonstratéthat this reversal
0.30 eV, and that from100} to {111 facet to be 0.68 eV— g hossible when surfactants are used. It is even more encour-

the difference being from adatom formation energies on the,ging that our two recent and independent experiments, one
two facets. This difference will lead to the imbalance of ada'using antimony as surfactant during silver film deposition,

tom flux between the two facets, and thereby the dominancg,y another indium as surfactant, have shown the facet con-
of {111} over{100. There is little ambiguity in the definition version.

of the 3D Schwoebel-Ehrlich barrier. However, the definition

of the Schwoebel-Ehrlich barrier for a step of multiple layers ~ The work described in this letter was substantially sup-
deserves a clarification. The flat surfaces bounding the stegported by grants from the Research Grants Council of the

TABLE I. Schwoebel-Ehrlich barrieteV) as a function of number of layers of each step, for various step
orientations and facets.

Number of Layers

Step Orientation/

Initial Facet Final Facet i i iii iv Multi-
{111 (110/{100 0.30 0.31 0.30 0.30 0.30
(110/{110 0.06 0.02 0.04 0.04 0.04
(110/{111 0.06 0.10 0.21 0.21 0.21
{100 (100/{100 0.35 0.17 0.25 0.25 0.25
(100/{110 0.34 0.34 0.35 0.35 0.35
(1104111 0.45 0.55 0.68 0.68 0.68
{110 (100/{100 0.63 0.68 0.70 0.72 0.72
(11D/110 0.33 0.38 0.44 0.47 0.47
(1104111 0.70 0.78 0.81 0.83 0.83
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