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Step-edge-induced nucleation plays a key role in controlling the growth of novel nanostructures and
low-dimensional materials. However, it is difficult to experimentally determine the step edge struc-
tures of complex metal oxides. In this work, we present a detailed theoretical study of the stability of
stoichiometric steps on sapphire(0001). Based on first-principles calculations and excess charge com-
putation by Finnis’ approach, a pair of non-polar step edges are determined to be the most stable.
By studying the adsorption characteristics of ZnO and combining previous works, we successfully ex-
plained how growth temperature and deposition rate affect the in-plane orientation of ZnO grown on
sapphire(0001). The knowledge on the step edge structures and nucleation patterns would benefit the

study on step-edge-guided nanostructure growth.
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1 Introduction

C-plane sapphire is a commonly used substrate for the
growth of wide-gap semiconductors such as GaN [1] and
ZnO [2]. Due to the limitation of cutting machinery pre-
cision, step defects are widely present on commercial sub-
strates [3-6]. On stepped C-plane sapphire substrate, both
terrace-induced [7] and step-edge-induced [8] nucleation
patterns have been reported. However, previous theo-
retical studies of nucleation of ZnO and GaN are lim-
ited on flat terrace [9-11]. More recently, the step edges
have been revealed to play a crucial role in guiding the
growth of many novel nanostructures including layered
WSey [12], single-wall carbon nanotubes [13] and hori-
zontal nanowires of GaN [14] and ZnO [8, 15]. There-
fore, it is of fundamental importance to study the atomic
structure of step edge and the initial process of step-edge-
induced nucleation. Up to now, most of experimental stud-
ies of step defects are limited to reporting on their height
and orientation. The determination of edge geometry still
needs the aid of theoretical simulation.

The initially polished alumina vicinal surfaces present a
regular arrangement of parallel monosteps with a typical
height of 0.21 nm [16, 17]. During annealing, the evolution
of step morphology follows several processes including co-
alescence, decomposition [16], bunching, and faceting [17].
These processes lead to the gathering of several neighbour
monosteps to multiple ones, whose height was detected to
be i x 0.21 nm (4 is an integer). Most of monosteps, espe-
cially for those with very small miscut angle [17], could be

preserved when the samples annealed under relative low
temperature [16] for a short time [18]. Previous studies
found two types of step whose edges running along either
[1010] (m-axis) or [1120] (a-axis) directions [Fig. 1(a)].
The [1120] steps are easy to reconstruct and form trian-
gular faceted edges along [1100] and [0110], which is at-
tributed to its weak stiffness [19]. For the [1010] steps,
only several short facets along [1120] and [2110] direc-
tions appear at “zipper-like” coalescence region [20], most
of them become straight and continuous with regular in-
tervals under appropriate annealing conditions [19]. Thus,
we suggest that the [1010] monosteps account for the vast
majority on commercial C-plane sapphire substrate.

In this work, we present detailed theoretical studies on
the straight stoichiometric [1010] monosteps on C-plane
sapphire. DFT calculation has been used to figure out the
most stable step geometry. Moreover, we perform charge
neutrality analysis to explore the correlation between step
stability and its degree of polarization. Based on the pro-
posed step geometry, we further use ZnO as an example
to investigate the nucleation mechanism on both flat ter-
race and step edge. We reveal that nucleation sites play a
decisive role in the in-plane orientation of as-grown ZnO
clusters.

2 Methods

The total energy calculations were carried out using Vi-
enna Ab initio Simulation Package (VASP) [21] based
on density functional theory (DFT). Within the projec-
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tor augmented wave (PAW) framework [22], the Perdew—
Burke-Ernzerhof (PBE) [23] version of generalized gra-
dient approximation (PBE-GGA) was used to describe
the exchange-correlation functional. The Kohn—Sham one-
electron wave functions were expanded in a plane-wave
basis set with cut-off energy up to 400 eV. A symmetrized
9 x 9 x 5 mesh k-points sampling was employed for ge-
ometric optimization of Al;Ojs primitive cell. The self-
consistency iteration was stopped when total energies and
residual atomic forces converged to within 107 eV and
0.02 eV/A, respectively. The calculated lattice constants
(a = 5.129 A) are in good agreement with experimental
results (a = 5.128 A) [24].

3 Theoretical modeling of steps

3.1 Step models

The AlyO3 hexagonal conventional unit cell is a stacking
of six Al-O-Al trilayers along c-axis. For these trilayers are
translationally equivalent, only three kinds of planes [la-
beled Aly, O, and Aly in Fig. 1(b)] can be served as ideal
bulk terminations on AlyO3(0001). Both ion-scattering
experiment [25] and first-principles calculations [26] pro-
posed that AloO3(0001) surface has an “Al;” termination.
The height of monostep (0.21 nm) corresponds to the in-
terplanar spacing of one trilayer (¢/6). Therefore, we sug-
gest that the monosteps should be a terrace transition
between adjacent Al; terminations.

To illustrate edge geometry, we cleave a four-layer slab
into two parts along [1010] as shown in Fig. 1(c). The
edge regions consisting outermost two rows of atoms on
the left and right slab are labelled by I and II, respectively.
The other edge geometries can be derived by changing the
atomic composition in the edge regions. The four-layer
slab can be viewed as a series of zigzag Al-O chains stack
from left to right. After cleavage, the termination of the
left slab is a line of O attached to Al of zigzag chain, while,
the termination of the right slab is a line of Al attached to
O of zigzag chain. The separated two slabs cannot overlap
after rotation or mirror reflection operation. Therefore, we
name the series of edge geometries derived from region I
as type-A and those derived from region II as type-B.

In previous studies, the problem of stability of step edge
was usually solved by constructing vicinal surface models
and comparing their step energies [23, 28]. Figure 1(d)
shows a vicinal surface with consecutive [1010] monosteps
toward [1120] direction. The topmost Al-O-Al trilayer is
identical to the left slab in Fig. 1(c), its edge belongs to
type-A. The underneath trilayer can overlap the right slab
in Fig. 1(c) after mirror reflection and translation opera-
tions, thus its edge belongs to type-B. Overall, the type-A
and type-B monostep edges appear alternatively toward
[1120] direction. Though the structure has been proposed
as described above, the long c-axis of AlsO3 conventional
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Fig. 1 (a) Hlustration of the hexagonal conventional unit
cell (Uy), orthorhombic unit cell (Uz) and two miscut direc-
tions: a-axis [1120] and m-axis [1010]. Since the c-axis has C3
symmetry, a axis in Us is identical to as and the step running
along b-axis is identical to that along m-axis. (b) Illustration
of the stacking of Al;-O-Als trilayers in the orthorhombic unit
cell (Uz) from side view. (c) Cleavage of a four-layer slab, the
label 1,2, 3 on Al are consistent with that in Fig. 1(d). (d) Vic-
inal surface model with consecutive monosteps running along
[1010] direction. (e) Stripe model with A-B edge pair.
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unit cell results in a huge vicinal surface model size, which
exceeds the range of using first-principles calculation. One
practicable way is to adopt the “Stripe-E” method [29] by
constructing slab models with periodic linear stripes on
flat surface. As shown in Fig. 1(e), the two sides of the
separated trilayer are identical to that in Fig. 1(c), the left
edge belong to type-A and the right edge belong to type-
B. Fortunately, on both stripe model and vicinal surface
model, the type-A and type-B steps are always appear in
pairs. Therefore, for any A-B edge pair configurations on
real surface, we can construct their corresponding stripe
models and compute total energies for judging their sta-
bility. Though many A-B edge configuration pairs can be
acquired by random combination, only those stoichiomet-
ric ones are in the context of our consideration.

To construct these stripe models, we build the or-
thorhombic unit cell [Uz in Fig. 1(a)] and change it to
slab model by adding a vacuum width of 15 A between
the interleaved atom layers along c-axis. The surface en-
ergy of each slabs containing 3, 4, and 5 Al-O-Al trilayers
is found to be about 110 meV/A?, which indicates that
the three trilayers slab is thick enough for sufficient accu-
rate calculations. We enlarge the slab unit consists of four
Al-O-Al trilayers to the size of 6 x 1 x 1 and cut five Al;O3
units in the middle of topmost trilayer. The length of the
ditches and stripes made by cutting these atoms are more
than 1 nm, which is wide enough for evading interaction
between two edges.

Here, we try to figure out all candidate type-A and type-
B edge pairs on the stripe model. To keep the slab stoi-
chiometric, we change the atomic compositions by moving
atoms between region I and region II in Fig. 1(e). Since
the atomic compositions in two edge regions are covari-
ant, each A-B edge pairs is named by the atomic com-
position in region I. (E.g., When there are one Al and
two O in region I, this pair is named as Al(1)O(2)). In
each slab, we set different initial atom positions in edge
regions for structural optimization and select the one with
minimum energy after fully relaxed. During structural op-
timization, the bottom two Al-O-Al trilayers are fixed to
their bulk position, single I'-point sampling is used here.
The relaxed structures of all A-B edge pairs are shown in

Al(2)0(1): A

Al(2)0(1): B

Fig. 2 Optimized structures of Al(2)O(1) edge pair. The
atoms on high terrace are displayed by bright patterns and the
atoms on low terrace are displayed by dark patterns. The green
dashed lines mark the boundary of high terrace.
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Fig. 2 and Fig. A1, the energies of each slab are listed in
Table 2. The Al(2)O(1) slab (Fig. 2) has the lowest energy
among these systems. From top view, the topmost Al-O-
Al trilayer together with the neighbour All layer follows
buckled honeycomb-like arrangement. Though the Al(2)
slab who exhibits zigzag boundaries on both sides is the
most regular, its energy is 4.95 eV higher than that of
Al(2)O(1). For Al(2)O(1) slab, type-A edge has an extra
O atom (labelled O,) attached to the zigzag boundary
and type-B edge can be viewed as digging an O vacancy
from the zigzag boundary.

3.2 Polarity and stability

For highly ionic crystal, the stability of surfaces is believed
to be strongly related to charge neutrality and dipole mo-
ment. A step edge can be regarded as a narrow slice of a
surface. According to the Taker’s scheme [30], the alter-
nating rows of Al cations and O anions at the topmost Al-
O-Al trilayer makes the step edges belong to either type-
IT non-polar or type-III polar terminations depending on
the edge atomic composition. Finnis [31] has proposed an
approach to calculate excess charge for quantitatively de-
scribing the degree of polarity on surface and interface.
This approach has been applied to judge the stability of
the step edges on FesO04(111) [32] and Fez04(100) [33].
Here, we use the same approach to calculate excess charge
of the step edge models proposed above and explore the
relationship between step stability and its degree of polar-
ity.

We takes the type-A edge as an example to shows the
settings for calculating excess charge in Fig. 3. All of the
ions are kept to their bulk position and the “weighted lin-
ear tapered termination” is set at the O plane adjacent
to edge region. The tapered volume is one Al-O-Al tri-
layer high, indicated by horizontal lines, and extend hori-
zontally to the left from tapered termination. The length
of tapered volume (L) is set to be only half of the ba-
sis a of Uy in Fig. 1(a), but it is sufficient because the
other atoms are identical to those in tapered volume ex-
cept for a lateral displacement. Since the tapered volume
contains a stoichiometric AloOs unit, the expression of
positive charge excess can be simplified to [NT] — [N 7],
where [N*] = Yn*w, the weight w = 1 — /L for each
atom in tapered volume and w = 1 for each atom in the
edge region [32, 33]. Based on the experiences of previ-
ous works [32, 33], it is reasonable to assign O anions a
fully ionic charge of —2e and assign Al cations a fully ionic
charge of +3e. The data of each row of atoms needed in the
calculation are listed in Table 1. Based on these settings,
we perform excess charge calculations on these A-B step
edge pair models and the results are presented in Table 2.

As can be seen in this table, the excess charge of two
edges in one pair have the same numerical value with op-
posite signs, which is determined by symmetry. The en-
ergy of a system with higher excess charge is always higher
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Fig. 3 Schematic of settings on the type-A step of Al(2)O(1)
model for computing charge excess by Finnis approach. The
name of each row in tapered volume and edge region are
labelled above.

Table 1 The ionic charge (n*) and weight (w) of each row
of atoms of Fig. 3 are listed here.

Atom row (O] Al Os O3 Al Oy
w 0 0.305 0.92 1 1 1
nt(e) 0 6 4.68 0 6 0

n=(e) —4 0 410 -4 0 -2
ntw(e) 0 1.83 3.66 0 6 0

n~w(e) 0 0 0 —4 0 -2

Table 2 Excess charge and energies of each step edge pair.
ECa(p) is excess charge of type-A(B) edge, Fo is the energy
of Al(2)O(1) step model.

Step edge pair EC4(e) ECg(e) E — Ep(eV)
Al(2)0(1) 0 0 0
Al(3)0(2) +1 —1 3.66

Al(1) -1 1 4.10
Al(2)0(2) —2 2 4.68

Al(2) +2 -2 4.95
Al(1)O(1) -3 3 6.59
Al(3)0(1) +3 -3 7.36
Al(2)0(3) —4 +4 10.81
Al(1)O(2) -5 5 13.52

than those with lower excess charge. Between systems with
the same excess charge, there is still a significant energy
difference. For the lowest energy system [Al(2)O(1)], the
excess charge on both two edges are zero, which means the
atomic composition in edge regions properly cancels the
inner dipole moments. As can be seen from Fig. Al, some
edges with large excess charge exhibit obvious reconstruc-
tion. For example, an O atom detach from the Al(1)O(2)-
A edge and a Zn atom detach from the Al(3)O(1)-A edge,
which results in a decrease of polarity on edges. These re-
sults reveal that the degree of polarity is the main factor
determining the stability of these step edges, other factors
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such as the coordination situation of edge atoms are also
non-negligible. We suggest that the non-polar Al(2)O(1)
edge pair accounts for the vast majority of the steps ap-
pear on Al,03(0001) for its relatively low energy.

4 Nucleation and in-plane orientation

The in-plane orientation of ZnO films grown on sap-
phire(0001) was reported to be either ZnO[1010]]|
sapphire[1010] [34] or ZnO[1010]||sapphire[1120] [35]. Ac-
cording to the orientation between hexagon lattice of ZnO
and Al5Og, the former is named as “30° twisted” and the
latter is named as “aligned in-plane”. On sapphire(0001)
substrate with monosteps, the preferential in-plane ori-
entation was reported to be “30° twisted” at low tem-
perature and high deposition rate. The “aligned in-plane”
orientation become dominant with the increase of growth
temperature or with the decrease of deposition rate [6].
We find that in the case of WSes grown on stepped
sapphire(0001) and graphene grown on stepped Ir(111),
high deposition temperature can promote species nucle-
ate at step edges [12, 36]. Shiota et al. [37] explains that
high temperature help to increase the activity of deposi-
tion species. When the diffusion length exceeds the width
of terrace, more atoms can reach the step edge and be
trapped. In addition to raising growth temperature, peo-
ple also choose low deposition rates to promote step-edge-
induced nucleation [8, 38]. One reasonable explanation is
that low deposition rate reduce the density of species and
avoid them attach each other and nucleate on terrace be-
fore diffusing to the edge. Based on the discussion above,
the “30° twisted” ZnO would be initiated from terrace-
induced nucleation and the “aligned in-plane” ZnO would
be initiated from step-edge-induced nucleation.

In order to confirm this hypothesis, the adsorption char-
acteristics of ZnO on flat terrace and step edges should
be studied in detail. We compare the formation energies
of stoichiometric Zn,O,, clusters to figure out their most
stable adsorption geometry. The formation energy of each
Zn1 01 molecules is defined as

Eform = (Etot — Egup —n X EZnO[bulk])/n7

where Ej,; is the energy of the adsorption system and E,;
is the energy of substrate, the energy of a Zn; O; molecule
in ZnO bulk phase (Ez,opuwg)) is taken as the energy ref-
erence, n is the number of adsorbed Zn; Oy molecules.
An optimized 3 x 3 x 1 Al;O3 slab consist of four Al-O-
Al trilayers separated by 15 Avacuum layer was chosen as
the substrate for investigating terrace-induced nucleation.
All optimized structures of Zn,,O,, clusters are shown in
Fig. 4(a) and Fig. A2. Previous study has reported that
the isolated O atom is the most stable when attaching to
All atom and the binding of Zn on the whole substrate
is very weak, which makes it easy to diffuse [9]. The op-
timized geometry of Zn;O; molecule accords with these
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properties. Two Zn;O; molecules with O atoms attached
to neighbour All atoms can form a Zn-O-Zn-O chain.
By changing the position of the next Zn; O; molecule at-
tached to this chain, we construct different configurations
of ZnzOgs cluster including the straight chain, bending
chain, Y-shape chain and circle. The straight and Y-shape
chains break into two parts after optimization. Formation
energy of the circle is 0.42 eV smaller than that of bending
chain. These results indicate that the adsorbed ZnO prefer
to form a circle rather than any kind of chain at the initial
stage of nucleation on flat terrace. The circle can be re-
garded as a small contraction from a hexagon in wurtzite
ZnO with the orientation as shown by the dashed line cir-
cle in Fig. 4(a), who coincides with the hexagon lattice of
Al5O5 after 30° rotation. It is well known that the film
orientation is generally determined at the initial stage of
the epitaxy. Thus, the in-plane orientation of ZnO initiate
from terrace-induced nucleation should be “30° twisted”.

The Al(2)O(1) slab is used as the substrate for in-
vestigating step-edge-induced nucleation. The candidate
adsorption configurations on Type-A edge are shown in
Fig. A3 and those on type-B edge are shown in Fig. 4(b)
and Fig. A4. On both type-A and type-B edges, the Zn; 04
molecule with O attach to the Al atom on flat terrace is
the most stable. On type-A edge, the Zn,O5 bending chain
is still much more stable than the zigzag chain. The forma-
tion energies of clusters with O atoms attached to edge Al
atoms are even much higher than those adsorbed on flat
terrace. These indicate that Al atoms on type-A edge have
little effect on ZnO nucleation. Only the O, atom shows
relatively strong interaction with Zn, however, its effect
on nucleation pattern is still unclear. On type-B edge,
the Zny Oy chain is most stable when it forms a Zn-Al-O
hexagon together with the edge atoms, which is marked by
dashed lines in Fig. 4(b). This hexagon can be regarded as
an extension of the honeycomb-like lattice of high terrace.
The Zny O3 cluster added to the left of the ZnyOo(a) sys-
tem, shown in Fig. 4(c), also exhibits a hexagon arrange-
ment with the same orientation. Thus, ZnO epitaxy from
type-B edge could keep the hexagonal lattice arrangement
during outward extension, which determines the in-plane
orientation to be “aligned in-plane”. The formation ener-
gies of the most stable Zn;O; and Zn,O, configurations
are much lower than those on type-A edge and the circle
on flat terrace. These results means that type-B edge is
the most active site for ZnO adsorption which is benefit
to step-edge-induced nucleation under high temperature.
The nucleation characteristics on both flat terrace and
type-B edge derived by first-principles calculation accord
well with experimental observations.

Nucleation orientation control is an important step to
realize high quality single crystal growth and thus receiv-
ing widespread attention. Besides ZnQO, previous studies
have also found the effect of sapphire substrates on the ori-
entation of several 2D material. For example, MoSs nu-
cleate on terrace exhibit random orientation [39], while
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B:Zn,0,(a): —0.66 eV

B:Zn,0,(a) + Zn,04

Fig. 4 The key adsorption configurations of Zn,O,, clus-
ter. (a) ZnzOs circle on flat terrace. (b) ZnoOs cluster with
minimum adsorption energy on type-B edge. (c) Illustration of
extension of ZnO hexagon from type-B edge. Grey balls are Zn
atoms, yellow balls are added O atoms. The formation energies
of each Zn;O; molecule are listed below.

step-edge-induced nucleation can promote aligned growth
of WSey [12]. Since this kind of 2D materials also have
hexagonal lattice, we believe that the mechanism of edge-
induced ZnO nucleation may also be applicable to them.
The more general mechanism of hexagonal materials nu-
cleate on sapphire step is worth to be revealed by future
studies.

5 Conclusion

In summary, we have studied the steps on C-plane sap-
phire by computing both energies and excess charge of
various bulk truncated monostep models. As a highly
ionic crystal, the degree of local polarization on step edge
is strongly correlated to its stability. The most stable
step edge geometry is determined to be the non-polar
Al(2)O(1) edge pair. We suggest that when studying step
structures on other complex polar crystal, we can also rule
out the systems with high degree of polarity by comparing
excess charge. By studying the nucleation pattern of ZnO,
we convince that the “30° twisted” and “aligned in-plane”
orientation patterns are initiated by flat terrace-induced
and type-B edge-induced nucleation, respectively. These
findings are helpful in simplifying the study of the stability
of metal oxide steps and deepening the understanding of
step-edge-induced nucleation mechanism on C-plane sap-
phire substrate.
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Appendix A

A(DO(1): A

Al2)0(3): A

Al3)O(1): A Al3)0(1): B Al(3)0(2): A Al(3)0(2): B

Fig. A1l Optimized structures of 8 pairs of candidate edge pairs other than Al(2)O(1).

Zn;04 (Straight): 0.73 eV

Zn;05 (bending): 0.26 eV

Fig. A2 The adsorption configurations of Zn,,O,, clusters (other than ZnsOg circle) on flat terrace and their corresponding
adsorption energies.
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A:Zn,0,(d): 2.60 eV

B:Zn,0,(b): —0.34 eV

A:Zn O(c): 1.85eV

A:Zn,05(b): 0.91 eV

Fig. A3 The adsorption configurations of Zn,,O,, clusters on Type-A edge and their corresponding adsorption energies.

B:Zn|0(c): 1.10 eV

B:Zn,0,(c): -0.13 eV

Fig. A4 The adsorption configurations of Zn, O, clusters [other than Zn,Oz(a)] on Type-B edge and their corresponding
adsorption energies.
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