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The structure of (0001) oriented ZnO single crystal surfaces is investigated by scanning tunneling
microscopy. Depending on the preparation conditions, faceting of the crystals into large areas of {1014}
surface orientation occurs. This restructuring of the surface is shown to be a consequence of dipole
compensation and charge neutralization. A new stabilization mechanism of polar oxide surfaces is found
which is based on the formation of vicinal surfaces with special electronic and structural properties.
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Many oxide crystals may be viewed as being composed
of alternately charged planes of ions. A neutral crystal with
surfaces matching such planes exhibits a net electric dipole
moment. The electrostatic energy of these so-called polar
surfaces of a bulk-terminated crystal is infinite or, for finite
crystals and thick films, very large [1-3]. Thus, according
to classical electrostatics, the bulk termination of a polar
oxide surface is unstable. However, polar oxide surfaces
may be stabilized by modifications of the charge density in
the outer layers which compensate the surface charge
density due to the polarity [1,3]. Possible mechanisms
are the removal of surface atoms, electronic charge trans-
fer, or adsorption of charged species. An alternative
mechanism is faceting of the polar surface into nonpolar
crystal planes. Considering the great variety of experimen-
tal results [1,4,5], it appears to be difficult to conclude
which mechanism is the most relevant.

Zinc oxide crystallizes in the wurtzite structure. Its
(0001) surface is a prototype for studying the physics and
chemistry of polar oxide surfaces. In the [0001] direction,
the crystal consists of alternating Zn and O planes [left in
Fig. 1(a)]. As a result, the bulk-truncated (0001) surface is
unstable. Various stabilization mechanisms have been sug-
gested which depend on conditions such as sample prepa-
ration procedure and gas environment. Among these
mechanisms are the removal of Zn surface atoms [6-8],
charge transfer from the Zn-terminated to the O-terminated
surfaces [9], and the formation of hydroxides [10]. While
being a model system, ZnO also has many technological
applications [4,11].

Here, we report on a novel stabilization mechanism of
Zn0O(0001), which is, in the bulk region, based on com-
pensation of the microscopic dipole moments perpendicu-
lar to the surface and, in the surface region, on charge
neutrality. These criteria are fulfilled only for a certain
orientation of the surface with a high step density, i.e., a
vicinal surface [right in Fig. 1(a)]. We present experimental
evidence of such a vicinal surface for ZnO and hint that
similar structures should occur on other polar crystal sur-
faces with wurtzite structure.
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Experiments were performed in an ultrahigh vacuum
(UHV) apparatus providing a base pressure below
2 X 107'° mbar. ZnO(0001) single crystals (Mateck
GmbH, Germany) were prepared by cycles of Ar ion
sputtering and annealing for a duration of 0.5-2 h at differ-
ent temperatures. Au tips were cut from a polycrystalline
wire and in situ annealed prior to transfer to the scanning
tunneling microscope (STM). The home-built STM was
operated at a temperature of 5 K. All STM images were
recorded in constant current mode. V indicates the voltage
applied to the sample.

A STM image of the surface of a (0001) oriented ZnO
single crystal prepared by several cycles of Ar ion sput-
tering and annealing to temperatures of = 700°C is
shown in Fig. 2. The surface consists of triangular islands
and pits of different sizes. Steps between neighboring
terraces are of one Zn-O double layer height. This type
of Zn-terminated ZnO(0001) surface structure is known to
be characteristic for moderate annealing temperatures
[6,12]. On the grounds of STM measurements and density
functional theory calculations [6,13], it has been sug-
gested to consist of O-terminated step edges and an over-
all decrease of Zn atom surface density, leading to
polarity compensation.

The surface structure of a (0001) oriented ZnO single
crystal drastically changes for higher annealing tempera-
tures of = 850°C (Fig. 3). A strong roughening of the
surface occurs. Two different types of facets exist, facets of
high step density and facets with terraces of small width
covered by triangular islands. The latter exhibit a (0001)
surface orientation. As the duration of the annealing is
extended from 0.5 h [Fig. 3(a)] to 2 h [Fig. 3(b)], the
fraction of the former increases drastically.

The relative orientation of the “highly stepped” facets
with respect to the “triangular island” facets is given by an
angle ¢ =~ 22° as determined from profiles of STM images
(Fig. 4). The experimental value is similar to the angle
between the (0001) and (1014) surfaces, which is equal to
arctan[c/(4(~/3/2)a)] = 24.8° for bulk lattice parameters
a =3.250 A and ¢ = 5.207 A [14].
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FIG. 1 (color online). Schematic side views of the atomic
structure of different configurations of ZnO surfaces.
(a) Faceted ZnO with (0001) and (1014) surface orientations
on the left and right, respectively. (b) Rotated (1014) surface.
(c) Zoom into the (1014) surface with bulk unit cell (yellow
background) and the additional surface region (orange back-
ground) for an illustration of dipole moments and charge neutral-
ity. Zn and O atoms are shown as grey and red circles,
respectively.

The assignment of a (1014) surface orientation to one
of the facet types is supported by information from height
profiles within the highly stepped surface area (Fig. 5).
Neighboring step edges exhibit an average distance of
~ 12.5 A which corresponds well to the distance

d= \/c2 +[4(\/3/2)a* = 12.4 A calculated from the
bulk lattice parameters.

The atomic structure of the stepped surface area with
(1014) orientation is illustrated in Fig. 1(b). In order to
provide a planar perspective, the surface is rotated by the
angle ¢ with respect to Fig. 1(a). In Fig. 1(b), the shortest
lateral distance between the topmost Zn atoms is equal to
the step-edge distance d. This view corresponds to the
STM data shown in Fig. 5(b). There are thus two strong
experimental indications for a (1014) orientation of the
stepped surface area, the step-edge distance of =~ 12.5 A
and the inclination angle of = 22°.

FIG. 2 (color online). Constant current STM image of the
surface of a (0001) oriented ZnO single crystal for annealing
at =700°C (25 X25nm? V=425V, I =0.1 nA). The
height range covers five Zn-O double layer distances.

In Fig. 1(a), both types of surface areas are shown
together: on the left, the low-index (0001) orientation,
and, on the right, the (1014) orientation. The (1014) sur-
face can be interpreted as being misaligned from the (0001)
surface by the angle ¢. Such so-called vicinal surfaces are
characterized by regularly spaced steps, which, for (1017)

()  a(0001)

FIG. 3 (color online). Constant current STM images of the
faceted surface of a (0001) oriented ZnO single crystal for
annealing at = 850 °C (pseudo-three-dimensional presentation).
(a) 70 X 70 nm? area after 0.5 h annealing time (V = +1.5V,
I=0.1 nA). (b) 200 X 180 nm? area after 2 h of annealing
(V=+435V,I=0.1nA).
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FIG. 4 (color online). (a) Similar to Fig. 3(a) for a smaller
surface area (40 X40nm2, V= +15V, I=0.1nA).
(b) Height profile along the black line in (a).

vicinals, lead to a terrace width n(~/3/2)a. For small n, the
terrace width is small and the step density is high. Only for
n = 4 is good agreement between our STM data and the
structural parameters of ZnO obtained.

We summarize that for annealing temperatures of
~ 850 °C, the (0001) surface facets and {1014} oriented
facets appear on the surface [Fig. 1(a)]. The former is
characterized by the presence of triangular islands, the
latter by a high step density. Starting with a surface of
predominant (0001) orientation, a highly stepped surface is
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FIG. 5 (color online). (a) Similar to Fig. 3(a) for a zoom into a
surface area of only (1014) surface orientation (10 X 10 nm?,
V=+1.0V, I =0.1 nA). (b) Height profile along the black
line in (a).

obtained after several cycles of sputtering and subsequent
annealing at higher temperatures. A surface of predomi-
nant (0001) orientation is reestablished by multiple (10 to
20) cycles of sputtering and subsequent annealing at mod-
erate temperatures of = 700 °C. For these different prepa-
ration procedures, two different atomic surface structures
are stabilized.

Next, we suggest a mechanism explaining the stability
of the (1014) vicinal surface. We apply the ionic model,
which has proven successful in explaining the triangular pit
reconstruction of the clean ZnO(0001) surface [6,13].
Recently, the triangular reconstruction and disorder of
the ZnO(0001) surface have been investigated by Monte
Carlo simulations based on an empirical Buckingham
potential augmented by the Coulomb interaction of the
ions [15]. The results corroborate our approach.

Because of the polarity of the partially ionic zinc-
oxygen bond, a dipole moment arises within each Zn-O
double layer. In the case of a thick crystal slab terminated
by (0001) and (0001) surfaces, the polarization due to this
dipole has to be compensated by surface charges. Within
the ionic model, this can be achieved, for instance, by
removing an equivalent of = 1/4 ML of the Zn atoms
from the ZnO(0001) surface, i.e., by a variation of the
surface stoichiometry. In this way, a vanishing average
electric field is accomplished within the bulk [1,5,16].
We consider an analogous procedure applied to the
(0001) surface. For simplicity, and as the argument applies
to a larger class of materials, we take the ideal wurtzite

structure with a ratio of the lattice constants c¢/a =

V8/3 = 1.633 and u = 3/8 = 0.375 [14]. The parameter
u is a measure of the relaxation within the bulk unit cell of
the wurtzite structure. The Zn-O interlayer spacing
amounts to cu. For comparison, experimental values are
c¢/a = 1.602 and u = 0.382 [14]. The small deviations of
these parameters from the ideal case lead to a negligible
variation of the results.

Figure 1(c) shows a model of the ZnO(1014) surface.
The unit cell of the wurtzite structure leads to a vanishing
component of the total dipole moment perpendicular to the
(1014) surface. This is due to a compensation of contribu-
tions from the two Zn-O pairs of atoms, which are
encircled in blue and green. There are eight pairs within
each unit cell. The surface region defined with respect to
this bulk unit cell contains as many zinc as oxygen atoms
(seven each for the area indicated by the orange back-
ground) and is thus charge neutral. Hence, the average
electric field vanishes within the bulk. This means that
the ZnO(1014) surface fulfills the stability criterion of
the ionic model without the need of any additional charged
defects on the terraces. For this particular orientation, the
surface energy of the vicinal surfaces is expected to assume
a local minimum. From our experimental observations, we
further conclude that the surface energy of the ZnO(1014)
is sufficiently low to drive faceting of the ZnO(0001)
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surface. We emphasize that for the discussion of the charge
neutrality condition, the precise shape of the step does not
play a role as long as zinc and oxygen atoms are added or
removed as Zn-O pairs.

The surface also fulfills the electron counting rule
[17,18], which states that a semiconductor surface is stable
only if all anion dangling bonds are fully occupied while
all cation dangling bonds are empty. Keeping in mind that
the oxygen atoms at the bottom of the step edge expose
two dangling bonds, we find that the number of zinc and
oxygen dangling bonds is equal, allowing for a complete
charge transfer from the Zn to the O dangling bonds. This
charge transfer occurs within the surface and thus does
not change the total charge of the surface region. It thus
does not affect our above electrostatic arguments.

It has to be mentioned that a different surface structure
of ZnO(0001) has recently been reported for annealing to
considerably higher temperatures of = 1120 °C [7]. Using
scanning force microscopy, a tendency toward faceting at
the step edges has been observed. Low-energy Zn-O
double layer high steps have been found to consist of
{1010} nanofacets which are alternately straight or form a
sawtoothlike step-edge structure. This type of nanofaceting
at step edges is substantially different from the faceting
into (1014) surfaces reported here. However, at the ele-
vated temperatures used in Ref. [7], significant sublimation
of dissociated ZnO occurs [19-23]. Using published sub-
limation energies, we estimate a rate of =~ 6.5 atomic
layers (AL) per second [19]. In other words, the surface
is under nonequilibrium conditions during preparation due
to a rapid loss of material. At the lower temperature used
here, T = 850 °C, the calculated sublimation rate is only
~ 0.007 AL per second and the surface structure is more
likely to reflect an equilibrium situation. Because the sub-
limation proceeds stoichiometrically [21] at a small rate,
the resulting surface structure is reproducible under UHV
conditions. Moreover, the novel faceted surface structure is
energetically favorable compared to the triangular struc-
ture obtained at lower temperatures. Otherwise, there
would not be a driving force for faceting. As in the case
of triangular surface structures, the relatively rough mor-
phology and high step density of the faceted surface struc-
ture are intrinsic properties of the surface rather than a
result of the specific preparation procedure.

It should also be mentioned that the present study is
restricted to UHV conditions for two main reasons: Most
of the experimental studies on the structural and chemical
properties of polar oxide surfaces such as ZnO(0001) refer
to these conditions, which allows for a comparison and
general conclusions on the stabilization mechanism. In
phase diagrams [6,24,25], UHV corresponds to rather
H-poor and O-poor conditions. Hydroxide formation,
which is often discussed as a stabilization mechanism
[10,25], can therefore be excluded. Experimental UHV
studies of the surface structure under H-rich and O-rich

conditions are difficult to interpret because thermal equi-
librium appears to be difficult to establish, as discussed in
detail by Valtiner et al. [25].

In summary, the ionic model predicts a unique surface
orientation in the wurtzite structure for which the occur-
rence of a low-energy vicinal surface may be expected. For
polar crystals, the “magic” orientation is determined by
the electrostatic criterion of vanishing field within the bulk.
The surface also fulfils the electron counting rule. Faceting
of the ZnO(0001) surface into {1014} “magic” surfaces is
observed experimentally by STM. Similar faceting may be
expected for other polar semiconductors crystallizing in
the wurtzite structure.
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