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Polarity Effects on ZnO Films Grown along the Nonpolar �11�20� Direction
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The surface electrical properties of ZnO thin films grown along the nonpolar �11�20� direction have been
investigated by Kelvin probe microscopy on a nanometer scale. Two different charge domains, with a
75 meV work function difference, coexist within the ZnO surface, which is covered by rhombohedral
pyramids whose sidewalls are shown to be f10�11g-type planes. The presence and relative orientation of the
two kinds of charge domains are explained in terms of the atomic arrangement at the f10�11g polar
surfaces.
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Metal oxides surfaces have attracted a lot of interest in
recent years due to their unique stability properties as well
as their use in technologically important domains such as
optoelectronics, spintronics, and catalysis. From a funda-
mental point of view, polar oxide surfaces should present a
nonvanishing electrostatic dipole moment perpendicular to
the surface that would make them unstable. However,
numerous polar oxides surfaces have been shown to be
stable and different mechanisms leading to the dipole
cancellation have been established [1]. In particular, the
basal O-�000�1� and Zn-(0001) planes of wurtzite ZnO,
whose structure consists of alternating hexagonal Zn and
O planes stacked along the �0001� axis, have been studied
both experimentally [2–7] and theoretically [3,5,8].
Charge transfer from the O-�000�1� to the Zn-(0001) surface
[3,8], hydrogen adsorption on the Zn-(0001) [9] and
O-�000�1� faces [10], and removal of Zn atoms from the
Zn-terminated face [5] have been found to stabilize the
polar ZnO(0001) and ZnO�000�1� surfaces.

The surface stabilization mechanisms that quench the
macroscopic electrostatic field in an isolated crystal may
be perturbed or hindered if additional material is deposited
on top, as required by quantum heterostructures exploited
in the optoelectronic industry. Devices based on �0001�
wurtzite materials are known to present electrostatic fields
that spatially separate electrons and holes in the active
layers [11] and thus limit the device efficiency. The ob-
served fields are due not only to the inherently polar
character of the growth direction, but also to the piezo-
electric effect that affects strained wurtzite layers. To over-
come the detrimental effects of these electrostatic fields the
growth along nonpolar directions, such as �11�20� (a plane)
or �10�10� (m plane), has been proposed [12]. Among all the
studied polar and nonpolar ZnO surfaces, theoretical cal-
culations agree that �10�10� is the most stable, with a
computed cleavage energy of the order of 2 J=m2

[6,8,13]. This stability may be at the origin of the surface
flatness observed by scanning tunneling microscopy
(STM) [4,6]. On the other hand, the cleavage energy of
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the nonpolar ZnO�11�20� surface, whose structure consists
of ZnO dimers running along �0001�, is still controversial.
The computed ZnO�11�20� cleavage energies depend on the
particular approximations and functionals employed in the
evaluation [6], with local-density approximation and
generalized-gradient approximation functionals leading
to cleavage energies slightly higher than �10�10� [8], and
B3LYP functional giving cleavage energies even higher
than those of the Zn-�0001�=O-�000�1� system [14]. STM
studies revealed that as-grown �11�20� surfaces on vapor
transport samples were covered by grooves running paral-
lel to �1�100� whose sides were limited by ��0001� planes
[4]. These rough surfaces suggest a high cleavage energy.
In this Letter scanning force microscopy (SFM) tech-
niques—SFM ‘‘nanogoniometry’’ and Kelvin probe mi-
croscopy (KPM)—are used to characterize in detail the
morphology and the electrical properties of faceted ZnO
thin films grown along the nonpolar �11�20� direction. A
direct relationship between the surface electrical properties
and the polar character of the facets will be established.

SFM nanogoniometry [15] was performed to determine
the orientation of the ZnO surface facets. In order to obtain
a complete statistical description of the facets’ orientation,
topographic images are processed following a new meth-
odology: first, the local normal vector is calculated at each
point of the image; then, an orientation histogram is con-
structed with all these normal vectors. The height of each
peak is a direct measurement of the statistical weight of the
corresponding facet orientation. For samples showing
well-defined facets the orientation histogram shows dis-
tinct peaks corresponding to each of the orientations
present in the topographic image.

KPM [16] is used to measure the contact potential
locally. KPM works by applying an adjustable bias voltage
Ubias�t��Utip�Uac sin�!et� between a conducting tip and
the sample. Since the electrostatic interaction is quadratic
in the voltage, V�z� � C�z��Ubias �UCP�

2=2, with C�z� the
tip-sample capacitance andUCP the contact potential of the
sample with respect to the tip, the measured interaction has
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FIG. 1. (a) Topography image of the ZnO surface. (b) Calcu-
lated topographic normals distribution. Experimental pole fig-
ures of (c) ZnOf10�11g reflections and (d) ZnOf11�21g reflections.
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a static component and two others varying with frequencies
!e and 2!e. Using appropriate lock-in techniques and a
feedback loop to adjust the tip-sample voltage, the local
contact potential can be determined with nanometer reso-
lution. All measurements described here were performed
using the frequency shift (force gradient) as the signal
source [17], since this method leads to improved signal-
to-noise ratio and higher spatial resolution [18]. A rela-
tively small modulation bias of Uac � 500 mV at a reso-
nance frequency of 7 kHz was used in order to avoid band
bending effects. To further improve the signal-to-noise
ratio and to avoid spurious tip-sample interactions appear-
ing in the electrostatic signal, data were acquired in a
‘‘retrace scan mode.’’ For each image line, first a topogra-
phy scan is obtained by maintaining a certain oscillation
amplitude of the cantilever, typically 10% less than the free
resonance amplitude a0�a0	5 nmpp�; then, the tip is lifted
4 nm over the measured topography and a second scan is
made in the ‘‘Kelvin method’’ to obtain the contact poten-
tial of the sample. During this second scan, the cantilever
oscillation amplitude is equal to the free resonance ampli-
tude, and therefore the tip is in the ‘‘true’’ noncontact
regime.

ZnO thin films were grown by metal-organic vapor
phase epitaxy on �01�12� r-plane sapphire substrates under
oxygen-rich conditions at a temperature of 376 
C. X-ray
�=2� scans show that the growth direction, that is, the
surface normal, is parallel to �11�20�. In the initial growth
stages the films morphology is induced by the atomic step
structure of the r-plane sapphire substrate [19]. As thick-
ness increases, facets gradually develop on the surface. The
morphology of the latter samples [Fig. 1(a)] consists of
rhombohedral-base pyramids, which are connected along
their elongation axis forming continuous grains some mi-
crometers long. The sidewalls of the pyramids are the focus
of the present study. The orientation of these sidewalls can
be determined by SFM nanogoniometry. The correspond-
ing orientation histogram is shown in Fig. 1(b) and indi-
cates that the facets form 40
 � 2
 with respect to the
growth direction. In order to identify the morphological
facets with crystallographic planes, the distribution of
topographic normals must be compared with the stereo-
graphic projection corresponding to �11�20�-oriented ZnO.
In this way, it has been possible to associate particular
Miller index with the pyramids faces, which have been
found to belong to the f10�11g family. The measured value
matches the calculated angle between the f10�11g family
and the �11�20� plane, which is 40.37
. Since only four
peaks are detected in Fig. 2(b), and, in particular, no central
peak corresponding to the nonpolar ZnO�11�20� plane is
found, we conclude that the whole sample is covered by
f10�11g-type planes. Figure 1(c) shows the experimental
pole figure of ZnO f10�11g reflections, which reproduces
the symmetry of the facets orientation shown in Fig. 1(b)
and thus confirms the f10�11g ascription. Furthermore, from
22610
the ZnO f11�21g pole figure [Fig. 1(d)] the polar ZnO
�0001� axis is seen to be parallel to the pyramids longest
axis, indicating that the stripes seen in Fig. 1(a) are aligned
along the �0001� axis. The faceting of the growing �11�20�
surface supports the theoretical calculations that assign it a
high cleavage energy and would be compatible with a
lower cleavage energy for the f10�11g planes. In ZnO these
planes had been previously detected in nanostructures,
inducing the growth of ZnO nanofingers and determining
the growth of deformation-free single crystal nanohelixes
[20], and in hydrothermally grown single crystals [21].

Figures 2(a) and 2(b) show topographic and contact
potential images of the same surface area. In Fig. 2(b)
bright and dark regions, associated with higher and lower
contact potential areas, respectively, appear. Differences in
the contact potential can be associated with variations of
the surface charge density. These regions with constant
surface charge density will be referred to, from now on,
as ‘‘charge domains.’’ From the comparison of both im-
ages, a clear correlation between morphological facets and
contact potential is established, with different charge do-
mains alternating along the �0001� axis. Although the four
facets belong to the same crystallographic family, f10�11g,
we have found that they are not electrically equivalent. In
Fig. 2(c) the surface contact potential distribution mea-
sured inside the solid square in Fig. 2(b) is represented.
This distribution, obtained from a 2:5� 2:5 �m2 area
containing several charge domains, shows only two peaks
centered at about �30 and �45 mV with respect to the
mean contact potential of the total image. Hence, only two
types of charge domains with an average contact potential
difference of 75 mV are present in the sample. The widths
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FIG. 2. (a) Topography and (b) surface contact potential images of the ZnO surface. (c) Contact potential distribution measured
inside the solid square shown in (b).
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of the peaks are due to border effects and/or sample in-
homogeneities rather than to the intrinsic error of the
technique (&10 mV). The obtained values are consistent
with contact potential differences measured in related
wurtzite materials (GaN) [22]. A single pyramid, shown
in Figs. 3(a) and 3(b), has been monitored in order to
correlate the orientation of the charge domains with respect
to the ZnO �0001� axis. Comparing topography and surface
contact potential line profiles measured parallel and per-
pendicular to the c axis [Figs. 3(c) and 3(d), respectively],
we find that the contact potential only changes when cross-
ing from one facet to the other along the �0001� direction.

The fact that different charge domains alternate along
the �0001� axis points towards a polarity effect related with
the surface atomic structure of the f10�11g planes. The way
in which these planes intersect the �0001� axis is depicted
in Fig. 4(a). The construction illustrates how the pyramids
facets grow along the �11�20� direction. In Fig. 4(b), the
structure is viewed along the ��12�10� direction, which is the
direction determined by the intersection of planes �10�11�
and �10�1 �1�. While the surface facing the positive �0001�
axis contains only zinc ions, the opposing surface contains
FIG. 3. (a) Topography and (b) surface contact potential im-
ages of a single pyramid. Topography and surface contact po-
tential line scans measured (c) parallel and (d) perpendicular to
the �0001� direction.
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a topmost atomic plane covered exclusively by oxygen
ions, leading to opposite polarities. In the KPM images,
the Zn-rich facet would give a bright contrast, whereas the
O-rich facet would result in a darker contrast, as seen in
Figs. 2(b) and 3(b). If we consider facets joined along
h11�2 �3i-type edges [Fig. 4(c)], the predominating surface
ions, and their surface density, are the same at both sides of
the edge, implying that no change should be appreciated in
the contact potential. KPM can thus be used to unambig-
uously determine the direction of the �0001� axis in terms
of polarity and overcome some of the difficulties encoun-
tered in convergent beam electron diffraction.

All the images obtained on this sample discard the
presence of inversion domain boundaries (IDBs) at this
spatial scale. If IDBs were present, charge domains equally
charged (positively or negatively) and pertaining to dif-
ferent pyramids should be in contact along the IDB.
However, as we move along �0001� from one pyramid to
the adjacent one the sign of the charge domains always
changes, thus maintaining the alternating charge sign se-
ries, �� ��� � � ��, as required by an IDBs-free sample.

The described faceting tends to expose polar surfaces
which are accompanied by electrostatics fields that would
decrease device efficiency. This result highlights that
growth along nonpolar directions is not sufficient to obtain
heterostructures free of electrostatic fields: in addition,
faceting into polar surfaces must be prevented. When this
FIG. 4. (a) Schematic representation of f10�11g facets in the
wurtzite structure. Atomic model of the f10�11g facets projected
along (b) the ��12�10� direction and (c) the �11�2 �3� direction. Large
spheres represent zinc atoms, small spheres oxygen atoms.
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faceting occurs the surface becomes electrically inhomo-
geneous, exposing regions with different work functions
that affect the transport properties across the surface.
Spatial fluctuations of the barrier height in a Schottky
contact were modeled by introducing a barrier distribu-
tion characterized by a mean barrier height and a stan-
dard deviation [23]. Within this formalism, ideality fac-
tors larger than 1 and barrier heights values dependent on
the measurement technique employed, current/voltage or
capacitance/voltage, are just a consequence of the potential
fluctuations. Ag Schottky contacts on �11�20�-oriented ZnO
have shown ideality factors around 1.33 [24], while a
recent study of Schottky contacts on (0001)-oriented
ZnO thin films [25] has found that a standard deviation
of the barrier distribution of 134�10 meV could account
for the measured transport characteristics. We note that in
�11�20�-oriented ZnO films displaying f10�11g facets, the
barrier distribution, if no additional potential fluctuations
were considered, would mimic the work function distribu-
tion shown in Fig. 2(c). Rather than having one barrier
height distribution, we would have two barrier height dis-
tributions separated by 75 meV. Similar effects should be
also expected in the most commonly used ZnO (0001)-
oriented films, where polar f0001g and nonpolar f10�10g
surfaces are exposed simultaneously due to columnar
growth along �0001�.

In summary, the actual study demonstrates the potential
of KPM to study polarity effects and, in general, electro-
static properties of metal oxides surfaces on a nanometer
scale. In particular, the presence of opposite charge do-
mains on faceted ZnO�11�20� thin films has been estab-
lished, with rhombohedral pyramids covering the ZnO
surface and exposing polar f10�11g facets. Opposite polarity
domains alternate along the in-plane �0001� axis, as ex-
pected from the atomic structure of the facets, with no IDB
being detected. The implications of charge domains coex-
istence on technological important issues, such as quantum
heterostructures efficiency and Schottky contacts homoge-
neity, have been discussed. Another important field where
ZnO plays a fundamental role is heterogeneous catalysis,
especially in the synthesis of methanol. Because the cata-
lytic active sites depend on the particular surface atomic
arrangements, f10�11g polar surfaces could provide new
adsorption sites to be exploited.
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[1] C. Noguera, J. Phys. Condens. Matter 12, R367 (2000).
[2] N. Jedrecy, M. Sauvage-Simkin, and R. Pinchaux, Appl.

Surf. Sci. 162–163, 69 (2000).
22610
[3] A. Wander, F. Schedin, P. Steadman, A. Norris,
R. McGrath, T. S. Turner, G. Thornton, and N. M.
Harrison, Phys. Rev. Lett. 86, 3811 (2001).

[4] O. Dulub, L. A. Boatner, and U. Diebold, Surf. Sci. 519,
201 (2002).

[5] O. Dulub, U. Diebold, and G. Kresse, Phys. Rev. Lett. 90,
016102 (2003).

[6] U. Diebold, L. V. Koplitz, and O. Dulub, Appl. Surf. Sci.
237, 336 (2004).

[7] A. Wander and N. M. Harrison, J. Chem. Phys. 115, 2312
(2001); G. Kresse, O. Dulub, and U. Diebold, Phys. Rev. B
68, 245409 (2003).

[8] B. Meyer and D. Marx, Phys. Rev. B 67, 035403 (2003).
[9] M. Losurdo and M. M. Giangregorio, Appl. Phys. Lett. 86,

091901 (2005).
[10] M. Kunat, St. Gil Girol, Th. Becker, U. Burghaus, and Ch.
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