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Abstract
Kinetic Monte Carlo simulations are carried out to address the influence of edge diffusion,
terrace length, and lateral mass flux on the profiles of step ordering on nonplanar patterning
surfaces. It is found that that the appearance of edge diffusion significantly affects both the
recess width and the recess length, and a profile transition from the concave undulation to the
straight train can be induced by increasing the edge diffusion rate. The length of the recess can
be severely tuned by changing either the terrace length or the lateral mass flux.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Low-dimensional semiconductor structures such as quantum
wires (QWs) and dots (QDs) have received considerable
attention recently due to their interesting physical properties
and potential applications in high performance devices [1–3].
Fabrications of uniform arrays of QWs and QDs have been
achieved with metal–organic vapor-phase epitaxy (MOVPE)
and molecular-beam epitaxy (MBE) on substrates patterned
with V grooves [4, 5] and pyramidal recesses [6, 7]. Recently,
an especially striking phenomenon of step ordering during
MOVPE on nonplanar patterning of GaAs surfaces was
reported [8]. Volta et al [9] studied the underlying mechanisms
and found that the width of the ridges between neighboring V
grooves and the kinetics of interface mass migration between
the ridge and the bounding sidewalls of the V groove determine
the unusual step ordering on ridges of GaAs(001) V-grooved
vicinal substrates during MOVPE. Additionally, the significant
effects of edge diffusion and terrace length on planar surfaces
and unpatterned vicinal (or stepped) surfaces have been
extensively studied in previous works [10–14]. However, there
is no study involving the diffusion rate of atoms along the step
edges, the length of terraces separated by monatomic steps, and
the flux rate of lateral mass flux from the V groove factors
that may influence the profiles of step ordering on nonplanar
patterning surfaces to date.

1 Author to whom any correspondence should be addressed.

In this contribution, we perform the kinetic Monte Carlo
(KMC) simulations to study the influence of three important
factors, i.e. the edge diffusion, the terrace length, and the flux
rate of lateral mass flux from the V grooves, on the profiles of
step ordering on nonplanar patterning surfaces. Importantly,
our studies suggest the possibility of designing patterns that
channel mass into predetermined regions of the substrate,
which is useful for preparation of improved nanostructures
such as QWs, QDs, quantum wells, and fractional monolayer
superlattices.

2. KMC simulations

Here we apply a modified solid-on-solid model with various
deposition and diffusion processes based on our previous
work [15–17]. The KMC simulations are carried out on
simple cubic vicinal surfaces between neighboring V grooves
as shown in figure 1. Since the dissociation rate of
trimethylgallium on the sidewalls of the {111}V groove is
the higher than that on the (001) ridge upon the deposition
process on the nonplanar patterning surface [9, 18], we
consider a lateral mass flux from the V grooves which is
not considered in the unpatterned models. Thus, in our
simulations, atoms are deposited randomly on the surface and
at the V-groove boundary sites at different average fluxes F0

and Fe, respectively. Noted that Fe denotes the lateral mass
flux from the V grooves due to the higher dissociation rate of
trimethylgallium on the sidewalls of groove.
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Figure 1. A schematic representation showing the simulation model
of step ordering on the nonplanar patterning surface. (1) Deposition,
(2) lateral mass flux from the V grooves, (3) diffusion of free adatom,
and (4) edge diffusion of adatom. Different colors/levels of gray
represent different terraces on the nonplanar patterning surface, and
the (lightest) gray represents the V grooves in the lateral direction.
The red/black circles denote the adatoms.

Volta et al [9] considered that the diffusion barrier of an
adatoms is ES + nEN upon the diffusion process, where ES

and EN denote the energy barrier for free adatom diffusion and
the energy of the bonds formed by an adatom with its n nearest
neighbors (n = 1–4), respectively. Therefore, the diffusion
rate of adatoms along the step edges is determined by ES and
EN , and the influence of the edge diffusion cannot be studied
in their model.

In order to investigate the influence of the diffusion rate of
adatoms along the step edges on the profiles of step ordering on
the nonplanar patterning surfaces, we improve Volta’s model
to simulate the diffusion process. The free adatoms can hop
to the nearest neighbor sites with a diffusion rate D. Once a
free adatom reaches a step edge, it can diffuse along the step
edge and not be allowed to detach again [10, 11]. In our model,
both the diffusion of a step-edge atom that has only one nearest
neighbor and the step-edge atom’s diffusion past the outside

corner are allowed with the edge diffusion rate De. Once the
step-edge atom reaches a site, it has more than one nearest
neighbor, i.e. it reaches a kink (or inside corner) along the step
edge, and becomes immobile [10, 11].

Additionally, we consider the diffusion of a step-edge
atom that has more than one nearest neighbor in our
simulations, and find that the influences of the diffusion on
the simulation results are very small. The steps approach the
edges of the ridge at right angles on the nonplanar patterning
surface, which can result in the adatoms migrating along the
step edges and can be reflected at the V-groove boundary back
toward the interior of the ridge [9]. This result suggests that
the V-groove boundary is a reflecting boundary, which is not
considered in the unpatterned models. Namely, the diffusion
of adatoms across the V-groove boundary, from the inside to
the outside of the ridge, is prohibited, and the adatoms at the
V-groove boundary sites can only diffuse along the V-groove
boundary or toward the interior of the ridge.

The simulation time, �t (the unit time is the second),
taken for any given event to occur, is simply the reciprocal
of the sum of the rates of all the events in the system. For
mathematical completeness, a factor of − ln(R) is included, in
which R is a random number between zero and unity. The full
expression of the time increment is given as

�t =
[

n∑
i=1

vi

]−1

(− ln R) (1)

where vi is the rate for event i to occur.
The KMC simulations are carried out on a square 80×

80 lattice array of equidistant straight step trains on the
terrace (figure 2(a)) with the terrace length ranging from 2a
to 16a in order to investigate the terrace length effects on the
step ordering. Namely, the ridge width between neighboring
V grooves is 80a in our simulations. Periodic boundary
conditions are applied along the step train and the reflecting
boundary conditions are imposed in the lateral direction. All
the results shown here are obtained with F0 = 1 ML s−1,
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Figure 2. Typical (a) initial and (b) final step profiles of step ordering induced by nonplanar patterning surfaces with eight equidistant straight
steps with the terrace length 10a obtained at D = 1 × 106 s−1, De = 1 × 104 s−1, F0 = 1 ML s−1, Fe = 0.1 ML s−1, and θ = 10 ML. The
black shows the profile of a step after deposition of 10 ML, and the recess length (L) and recess width (W ) are defined.
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Figure 3. (a)–(c) The step profiles on nonplanar patterning surfaces with eight equidistant straight steps obtained at D = 1 × 107s−1,
F0 = 1 ML s−1, Fe = 0.1 ML s−1, and θ = 10 ML, but at three different edge diffusion rates: (a) De = 1 × 104 s−1, (b) De = 1 × 105 s−1,
and (c) De = 1 × 106 s−1. (d) The width and length of the recess in the center of the ridge as a function of edge diffusion rate.

D = 106–108 s−1, and the coverage θ = 10 ML. In order
to investigate the effects of step edge diffusion and lateral
mass flux from the V grooves, we choose De ranging from
103 to 106 s−1, and Fe ranging from 0.02 to 0.2 ML s−1,
respectively. All the data reported in our case are averaged
from the results of 50 simulation runs in order to improve the
observed statistics.

3. Results and discussions

Figure 2 shows a typical step ordering induced by nonplanar
patterning surfaces. It can be seen that in this case the
nucleation on the terrace is virtually absent and the thin film
grows in the step flow mechanism. The step profile of the
ridge translates from the equidistant straight steps (figure 2(a))
into the pronounced concave undulation with the recessed
profile in the center of the ridge after the deposition of 10 ML
(figure 2(b)). These results are consistent with the experiment
and simulation results [9]. To simplify our discussions, we
divide the ridge into two regions: the edge region I, where the
steps are perpendicular to the boundary of V grooves, and the
recess region II, with the recessed profile in the center of the

ridge, as shown in figure 2(b). In addition, we define the recess
length (L) as the distance between the two midlines (along the
step train) of a terrace in regions I and II, and the recess width
(W ) is the distance between the two boundaries of regions I
and II of a terrace, which are clearly shown in figure 2(b). The
step ordering induced by the nonplanar patterning surfaces can
be understood by considering the effects of the lateral mass
flux from the V grooves and the reflecting boundaries at the
V grooves [9]. These effects induce that the thin film growth
rate in the edge region is much faster than that in the recess
region, which results in a concave undulation along the step
train. Moreover, we simulate the step ordering at diffusion rate
D ranging from 106 to 108 s−1, and find that the influence of
the diffusion rate on step profile can be ignored.

Volta et al [9] investigated the underlying mechanisms of
the step ordering during MOVPE on the nonplanar patterning
surfaces, and found a profile transition from the straight
train to the concave undulation with increasing the ridge
widths. However, other factors, which might influence the
step profiles on the nonplanar patterning surfaces and induce
the profile transition between the straight train and the concave
undulation, were not investigated in their work. Accordingly,
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Figure 4. (a)–(c) The step profiles obtained at different terrace lengths: (a) 4a, (b) 10a, (c) 16a. Here we use D = 1 × 106s−1,
De = 1 × 104 s−1, F0 = 1 ML s−1, Fe = 0.1 ML s−1, and θ = 10 ML. (d) The width and length of the recess as a function of terrace length.

we carry out KMC simulations to study the influences of
the edge diffusion, the terrace length, and the flux rate of
lateral mass flux from the V grooves on the profiles of the
step ordering on the nonplanar patterning surfaces based on
the proposed model, which have not been involved in Volta’s
studies [9] and other previous works.

Figures 3(a)–(c) show the edge diffusion rate dependence
of the step profile on the nonplanar patterning surfaces. At
the low edge diffusion rate De = 1 × 104 s−1, the step
profile is typically a concave undulation with recessed profile
in the center of the ridge and the width of the recess is large
(figure 3(a)). At the high edge diffusion rate De = 1×106 s−1,
the steps are essentially straight and no recess can be seen along
the step train (figure 3(c)). The transition from the concave
undulation to the straight train takes place approximately at
De = 4 × 105 s−1. Figure 3(b) shows that for the step profile
at De = 1 × 105 s−1 (just below the transition edge diffusion
rate) the step profile is still the concave undulation, though the
width of the recess in the center of the ridge decreases. This
can be seen more quantitatively in figure 3(d), where we show
the width and length of the recess in the center of the ridge
as a function of edge diffusion rate. We clearly see that both
the width and length of the recess decrease dramatically with

the edge diffusion rate increasing, and then approach zero after
the transition edge diffusion rate. These results indicate that the
step edge diffusion has a significant influence on both the width
and the length of the recess, and can be used as an additional
parameter to control the step ordering on nonplanar patterning
surfaces in experiment.

Moreover, we can use figure 3(d) to predict the transition
point for different ridge widths when the ridge widths are
smaller than 80a. For example, when the edge diffusion rate is
1 × 104 s−1, the recess width is about 60a (in figure 3(d)), and
the width of the edge regions on each side is about 10a. Thus,
we can predict that the transition point for the ridge width of
20a is approximately 1 × 104 s−1.

The physical mechanisms of these interesting findings are
attributed to diffusion of adatoms from the edge region to the
recess region. For the small edge diffusion rate, adatoms from
the lateral mass flux of the V grooves can attach to the step
edges near the V-groove boundary, but the diffusion of the step-
edge atoms along the step edges is restrained. This results in
the edge region being small and the recess region large. For
the large edge diffusion rate, the step-edge atoms adatoms can
diffuse from the high growth rate region (i.e. the edge region) to
the low growth rate region (i.e. the recess region), which leads
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Figure 5. (a)–(c) The lateral mass flux dependence of the step profile on nonplanar patterning surfaces with eight equidistant straight steps
obtained at D = 1 × 106 s−1, De = 1 × 104 s−1, F0 = 1 ML s−1, and θ = 10 ML, but with three different lateral mass fluxes:
(a) 0.02 ML s−1, (b) 0.1 ML s−1, and (c) 0.2 ML s−1. (d) The width and length of the recess as a function of lateral mass flux.

to the edge region increasing and the recess region decreasing.
Thus, the width of the recess decreases. On the other hand, due
to the edge region adatom diffusion to the recess region, the
difference of the thin film growth rates between the edge region
and the recess region decreases. This result causes the decrease
of the recess length. In particular, when the edge diffusion rate
is sufficiently large, adatoms can rapidly diffuse from the edge
region to the recess region, which leads to an equal growth
rate between the edge region and the recess region. Therefore,
the step profile translates from the concave undulation into
essentially equidistant straight steps.

In fact, some methods can change the edge diffusion
rate in experiments. For example, we can introduce a
surfactant, as it has essentially no effect on the diffusion
on the surface, and binds predominantly at the steps to
suppress (or enhance) the edge diffusion [10, 19]. Additionally,
in the growth of compound semiconductors such as III/V
semiconductors, a change of the ratio of the groups III–V can
be used to change the surface reconstructions, which leads to
different microscopic structures along the step corresponding
to different edge diffusion rates [10, 20]. Thus, the change of
the edge diffusion can be achieved by changing the III/V ratio.

Figures 4(a)–(c) display the step profiles obtained at the
different terrace lengths, ranging from 2a to 16a. For small
terrace length 4a (figure 4(a)), there is a pronounced concave
undulation with a wide recess, but the length of the recess is
small. When increasing the terrace length to 10a (figure 4(b)),
the change of the recess width is small, while the recess length
increase dramatically, indicating that the influence of terrace
length on the recess length is significant. Further increasing
the terrace length to 16a (figure 4(c)), some islands nucleate on
the terraces, and the thin film growth translates from the step
flow mechanism to the two-dimensional island nucleation and
growth mechanism [13, 14, 21]. The width and length of the
recess as a function of terrace length are shown in figure 4(d).
It can be seen from the figure that the recess length increases
dramatically from 7a to 78a with the terrace length increasing,
while the recess width is approximately constant for various
terrace lengths. The terrace length dependence described above
can be understood by considering the effects of the lateral
mass flux.

For a small terrace length, the number of lateral edge sites
for each step edge is relatively small (about four lateral edge
sites for a terrace length of 4a), so that the number of adatoms
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from lateral mass flux for each step edge is correspondingly
small. For a large terrace length, the number of lateral edge
sites for each step edge is large (about 10 lateral edge sites for
terrace length of 10a), and the number of adatoms from lateral
mass flux for each step edge is large. Thus, the thin film growth
rate of the edge region for large terrace length is much faster
than that for small terrace length, which leads to the increase
of recess length as the terrace length increases. On the other
hand, as the edge diffusion rate is constant for various terrace
lengths, the edge region is fixed and the widths of the recess
are equal for various terrace lengths.

Figures 5(a)–(c) show the lateral mass flux dependence
of the step profile on nonplanar patterning surfaces with eight
equidistant straight steps. For small lateral mass flux Fe =
0.02 ML s−1, the step profile is a concave undulation and the
length of the recess is small (figure 5(a)). As the lateral mass
flux increases, Fe = 0.1 ML s−1, the recess length increases
significantly, while the recess width is maintained (figure 5(b)).
For large lateral mass flux Fe = 0.2 ML s−1, the length of the
recess becomes very large while the change of recess width is
still small compared with small lateral mass flux (figure 5(c)),
indicating that the effect of lateral mass flux on the recess
length is very large. This can be seen more quantitatively
in figure 5(d), where we show the width and length of the
recess as a function of lateral mass flux. We can clearly see
that the length of the recess increase rapidly with the lateral
mass flux increasing, while the recess width is approximately
constant for various lateral mass fluxes. This is plausible since
the effects of lateral mass flux on the thin film growth rate of
the edge region increase with the lateral mass flux increasing,
resulting in the dramatic increase of the recess length. On the
other hand, as the edge diffusion rate is fixed, the change of
recess width can be ignored.

4. Conclusion

In summary, the KMC simulations of the influence of edge
diffusion, terrace length, and flux rate of lateral mass flux
on the profiles of step ordering on nonplanar patterning
surfaces have demonstrated that the edge diffusion appears to
significantly influence both the recess width and the recess
length, and a profile transition from concave undulation to
straight train can be induced by increasing the edge diffusion

rate. The length of the recess can be strongly tuned by
changing either the terrace length or the lateral mass flux.
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