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The surface structure of a single-crystal ZnO wafer was studied by angle-resolved x-ray photoelectron
spectroscopy (ARXPS) using synchrotron radiation. As a result, well-defined x-ray photoelectron diffraction
(XPD) patterns were obtained for the (0001) and (0001) polar surfaces using the photoemission from the Zn
2ps,; and O 1s core levels. The XPD patterns were indexed assuming forward scattering of photoelectrons by
neighboring ions. Further, the XPD patterns for the (0001) and (0001) surfaces were different from each
other, indicating the possibility for using the XPD technique for polarity determination.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Wide-band-gap semiconductors such as zinc oxide (ZnO) and
gallium nitride (GaN) have a hexagonal wurtzite-type (WZ-type)
crystal structure. Because of this hexagonal structure, epitaxial layers
of WZ-type crystals are usually deposited such that their c-axis is
parallel to the growth direction [1,2]. Further, WZ-type crystals have
polar surfaces. Therefore, the crystalline quality and the microstruc-
ture of the epitaxial layers depend on whether they are grown on the
(0001) cation-terminated surface or the (0001) anion-terminated
surface [3,4]. Furthermore, WZ-type crystals exhibit spontaneous
polarization and piezoelectric effect along the c-axis. Thus, these
crystals are useful for the fabrication of electric devices such as micro-
electromechanical devices [5] and transistors using a two-dimensional
electron gas [6]. However, it has been found that the polarization of
WZ-type crystals causes reduction of efficiency in light emitting diodes
made from nitride semiconductors [7]. Thus, it is important to
determine the c-axis polarity of WZ-type crystals.

Currently, polarity determination of WZ-type crystals is carried
out by chemical etching [8], convergent beam electron diffraction
(CBED) [9], or coaxial impact collision ion scattering spectroscopy
(CAICISS) [10]. However, these methods are destructive; etching can
cause damage to the surface structure, and CBED requires very thin
specimens for electron diffraction using transmission electron
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microscopy (TEM) with specific settings. Also it is difficult to
determine the polarity on polycrystalline thin films using etching
because grain boundary etching is very fast, and in this case both
polar faces will etch quickly [11]. On the other hand, CAICISS is
nondestructive but requires special ion-scattering apparatus and is
only useful for samples having a relatively large surface area. Thus,
there is a need for new polarity determination techniques that are
nondestructive and can be implemented using a conventional setup.
Previously, polarity determination has been carried out using
scanning nonlinear dielectric microscopy [12] and anomalous
dispersion of x-ray diffraction [8]. However, the former can only be
used for a localized analysis, both require a reference sample for
instrumental calibration, and the latter necessitates prior knowledge
of the film thickness. Also, an angular dependent x-ray photoelectron
spectroscopy technique has been developed, which utilizes the
difference in inelastic mean free path (IMFP) of the Zn 2p5, and O
1s photoelectrons [13]. The measurements were done at polar angles
of 0° and 70°; however the azimuth angle and the detector's polar
angle acceptance were never stated, so the variation in measured
intensity could have been from x-ray photoelectron diffraction (XPD).
In fact, there is a neighboring atom at 70.5° in the (1120) plane, which
means this is a strong diffraction vector. Photoelectron intensity
fluctuations due to scattering from neighboring atoms are described
later in the discussion section.

To overcome the above drawbacks, in this study, we investigated
x-ray photoelectron diffraction (XPD) as a technique for the surface
structure analyses, i.e., polarity determination, of WZ-type crystals.
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ZnO polar surfaces have previously been studied with XPD, and it has
been shown that the diffraction patterns are different for the (0001)
and (0001) surfaces [14,15]. However, in these previous studies, XPD
has only been studied in the (1010) azimuth plane. We investigate all
azimuth angles to determine which polar and azimuth angle result in
the strongest variation between the two surfaces to locate the most
appropriate angles for polarity determination.

X-ray photoemission spectroscopy (XPS) is characterized by a
very high surface sensitivity owing to the very small escape depth
of photoelectrons; therefore, it is appropriate for analysis of surface
adsorption [14,15], but that also means that unintentional surface
adsorption causes serious degradation of the spectral quality. To
overcome this drawback of XPS/XPD, we employed hard x-ray
radiation (hv=7939.8 eV) for the present XPS/XPD study, because
photoelectrons excited with hard x-rays show a much longer inelastic
mean free path than those excited with the conventional soft x-rays
such as aluminum Ko (hv=1486.6 eV). Indeed, Igor et al. [16]
successfully observed XPD profiles of a silicon crystal covered with a
native oxide layer. As a result, we could successfully demonstrate the
polarity determination of a WZ-type crystal, i.e., zinc oxide (ZnO), by
employing XPD, as described below.

2. Experiment

A commercially available single crystal ZnO wafer was used as a
specimen. The crystal was grown by a hydrothermal method, and the
wafer surface was normal to the c-axis of the crystal. The wafer surface
was planarized by chemical mechanical polishing (CMP) to obtain a
nominal surface roughness of less than 1 nm. Then, the surface polarity
of the wafer was determined by chemical etching; with HCl the (0001)
surface etches quickly while the (0001) surface retains its mirror
polish [17]. The wafer surface was rinsed with ethanol and acetone
before it was introduced into a vacuum chamber for performing angle-
resolved XPS (ARXPS) measurements. There were no in situ surface
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Fig. 1. ARXPS intensity profile for Zn 2ps,, and O1 s core levels measured from (0001)
and (0001) surfaces of ZnO. (See text for details.)

cleaning procedures used such as surface sputtering, and hence the O
1s and C 1s peaks due to the adsorbates could be clearly seen if we
employed a conventional XPS using an Al Ko x-ray source.

Circularly polarized synchrotron radiation produced with a diamond
phase retarder installed at planer undulator beamline BL47XUin SPring-
8, Japan, was used for performing the ARXPS measurements. The x-ray
energy was fixed at hv=7939.8 eV, as mentioned above. We
investigated the ARXPS spectra by measuring the polar (0) and azimuth
(¢) angle dependencies of the XPS intensity from the Zn 2p;,, and O1 s
core levels. Using an objective lens with angle resolution capability in
conjunction with a VG SCIENTA R4000 10 kV electron energy analyzer
(EEA) with an array detector, the 6 dependence of the XPS intensity was
recorded from 0° to approximately 45° at intervals of 1.18°. More
information about the lens and analyzer configuration can be found
elsewhere [18]. The ¢ dependence of the ARXPS intensity profiles was
measured by rotating the sample using a goniometer. The ¢ resolution
was about 1°, but measurements were taken at 2° increments. Since the
0-scan profile measured at ¢ intervals of 60° confirmed that the ¢-scan
profile showed a six-fold symmetry, we measured the 6 dependence of
the ARXPS intensity profiles for ¢ ranging from 0° to 100°. The complete
ARXPS intensity pattern (¢ =0°-360°) was produced by applying the
six-fold symmetry to the measurement results. It should be noted that
the instrumental transmission function, i.e., the 6 dependence of the
sensitivity of the analyzer, was calibrated using an isotropic sample of
amorphous silicon oxide.

3. Results and discussion

The ARXPS intensity patterns of Zn 2ps;, and O1 s core levels
obtained from the (0001) and (0001) surfaces of ZnO are shown in
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Fig. 2. The intensity maxima of the Zn 2ps/, (0001) pattern are indicated in the (1010)
and (1120) planes and the accompanying cross sections of wurtzite crystal are shown.
The intensity maxima and vectors in the cross sections are labeled (A, B, C, and D) to
illustrate how nearest neighbors position correspond to the measured maxima.
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Fig. 1 as pole figure patterns. In this figure, ¢ =0° corresponds to the
(1120) plane and ¢ =30° corresponds to the (1010) plane. Because
the six-fold symmetry was confirmed for the ¢ scan, the pattern
measured for ¢ =0°-60° was reproduced six times to obtain the
complete pole figure pattern (360°). As shown in the figure, the four
patterns differ from each other, indicating that ARXPS is indeed
suitable for polarity determination.

In order to examine the ARXPS intensity variation in Fig. 1 in detail,
we analyzed these patterns by assuming that the intensity variation
was caused by forward scattering of photoelectrons. Here, we focus on
the ARXPS intensity pattern for Zn 2ps,, obtained from the (0001)
surface. As shown in Fig. 2, a large peak is observed at an angular
coordinate of ¢ =30°, 0~ 32°(peak A), and other peaks were found at
angular coordinates of ¢ =30°, 0~ 18°(peak B), ¢=0°, 6~ 13°(peak
C), and ¢ =0°, 6~36°(peak D). Interatomic vectors in Fig. 2 indicate
these characteristic angles. For example, the angular coordinate of
©=130°,6~32°(peak A) corresponds to the vector pointing from a Zn
cation to a Zn ion (at a distance of 0.61 nm) on the same (1010) plane,
and the angular coordinate of ¢ =30°, 6 ~ 18°(peak B) corresponds to
the vector pointing from a Zn cation to a Zn ion (at a distance of
1.09 nm) on the same (1010) plane. Similarly, the angular coordinates
of ¢=0° 6~13°(peak C) and ¢=0°, 6~ 36°(peak D) correspond to
the vectors pointing from one Zn ion to another Zn ion on the same
(1120) plane. Thus, all the obvious peaks found in the ARXPS intensity
pattern of Zn 2ps,core levels obtained from the (0001) surface can be
correlated with interatomic vectors pointing from a Zn ion to its
neighboring ions. Although we have not shown similar correlations
for the other thee ARXPS patterns, we have confirmed that the peaks
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found in these ARXPS intensity profiles (Fig. 1) can be correlated with
interatomic vectors. In particular, interatomic vectors originating at
Zn sites can explain the ARXPS patterns for the Zn 2ps,, core level, and
interatomic vectors originating at O sites can explain those for the O
1s core level.

The correlation between the ARXPS intensity and the atomic
arrangements indicates that the intensity variation is caused by the
so-called photoelectron diffraction, namely, forward scattering of
photoelectrons by neighboring atoms [16,19]. In this study, the kinetic
energies of photoelectrons were 6910 eV for the Zn 2p5/, peak and
7401 eV for the O 1s peak. For such high-energy electrons, forward
scattering is the dominant scattering process, as indicated by the
atomic scattering factor for electrons. In fact, XPD simulations for
silicon have shown that strong forward scattering is observed at a
kinetic energy of 0.5 keV and that Kikuchi bands originating from the
dynamical scattering of electrons from lattice planes are observed if
the XPD is excited using hard x-rays [20]. Therefore, indexing the
ARXPS profile of ZnO, measured in this study, by assuming forward
scattering is quite reasonable, and thus, we may conclude that the
ARXPS pattern shown in Fig. 1 can be regarded as an XPD pattern of
the ZnO polar surface.

To locate the most appropriate angle for polarity determination,
the Zn 2ps , diffraction patterns are analyzed. The diffraction intensity
of the (0001) face is divided by that of the (0001) face in order to find
the positions of greatest intensity variation, and the result is shown in
the diffraction pattern in Fig. 3. In this two dimensional map the areas
of high intensity indicate where there is the greatest difference
between patterns; in other words these angles are convenient for
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Fig. 3. A two dimensional map of the Zn 2ps/, (0001) intensity divided by the Zn 2ps/, (0001) intensity. There are two line scans taken from the map, one at a fixed polar angle 32°
and one at a fixed azimuth angle of 0°. In the line scans, the (0001) surface, (0001) surface, and quotient of the two are represented by open circles, closed circles, and closed squares

respectively.
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polarity determination. Therefore, performing a ¢ scan at a charac-
teristic 0 angle or a 6 scan at a characteristic ¢ angle is a more efficient
way of polarity determination than measuring the complete pole
figure pattern for the ARXPS intensity from the (0001) and (0001)
surfaces, as shown in Fig. 1. For example, a ¢ scan for the Zn 2p;);
intensity at 6 =32° can be performed for the efficient determination
of polarity using XPD. As seen in Fig. 3, a distinct feature is observed
at the angular coordinate of (¢=0° 6=32°) and at equivalent
coordinates of (¢ =60°, 6 =32°) for the Zn 2ps/, core level, wherein
strong emission is observed for the (0001) polarity but not for the
(0001) polarity. This result indicates that it is not necessary to
measure the complete XPD pattern to determine the polarity, but
measurements at specific angles are sufficient for this purpose. For the
case discussed above, measuring the Zn 2p;,, peak intensity at the
angular coordinates of (¢ =0° 6=32°) (Ip32) and (¢=30°, 6 =32°)
(I3032) to evaluate the Ip3z/ls03> ratio is sufficient for polarity
determination; Ip33/I3032=0.6 for the (0001) polarity, while
lo.32/13032 = 0.9 for the (0001) polarity.

These results clearly show how neighboring atoms influence the
angular dependent photoelectron intensity, and hence XPD can
explain the result from Zhang et al. [13]. They compare the intensity
of the normal emission (#=0°) to the intensity at 6=70° but a
neighboring atom is found at = 70.5° in the (1120) plane. Therefore
a significant variation in intensity can be expected from XPD.

We now discuss the reason why polarity determination is possible
using XPD. The difference between the (0001) and (0001) XPD
patterns for a given emitter is a result of the relative anion to cation
position. If only the Zn cations are considered, then there is no
difference between the (0001) and (0001) configurations. However,
the O anions are at different positions with respect to the Zn when in
the (0001) and (0001) configurations. This point is illustrated in Fig. 4,

Fig. 4. The wurtzite (1120) plane in the (0001) and (0001) configuration illustrating
the change in cation-anion angles. See the text for a detailed explanation.

which shows the ZnO cross-section in the (1120) plane. Considering a
Zn emitter, the angles between other Zn neighbors are the same for
the (0001) and (0001) configurations, but the angles from the Zn
emitter to O neighbors differ. This is the origin for the differences seen
in the diffraction patterns. For example, in the polar line scan, shown
in upper curve of Fig. 3, there is a strong peak at 36° for both polarities,
which corresponds to 35.8° Zn-Zn vector indicated in Fig. 4. However,
the peak from the (0001) surface has a shoulder at angles less than
36° (i.e. a shoulder on the left side of the peak), while the peak from
the (0001) surface has a shoulder at angles greater than 36° (i.e. a
shoulder on the right side of the peak). The difference in peak
asymmetry can be explained by the relative positions of O neighbors.
In the case of the (0001) polarity, the Zn emitter has an oxygen
neighbor located at 32.8°, and for the (0001) polarity, the relevant O
neighbor is located at 39.2°. These O neighbors are responsible for the
peak shoulders addressed above.

There are resemblances between the Zn 2ps,, intensity profile
from the (0001) surface and the O 1s intensity profile from the (0001)
surface (upper left and lower right panels in Fig. 1), and the Zn 2p5,,
intensity profile from the (0001) surface and the O 1s intensity profile
from the (0001) surface (upper right and lower left panels) because
the emitters are in the similar positions with respect to their neigh-
boring atoms. However, there are also differences in the patterns
resulting from the emitters' different photoelectron energies, 6910 eV
for Zn 2p;,, and 7401 eV for O 1s. Furthermore, the scattering factors
of the neighboring atoms are also different partially because of the
difference in photoelectron energy, but also because the scattering
atoms are different in each case.

Finally, we discuss the origin of the six-fold symmetry in the XPD
patterns. Because XPD should be sensitive to the atomic arrangements
in the topmost layer owing to the short IMFP of photoelectrons, one
may expect to observe a three-fold symmetry originating from the
C3v symmetry of the topmost layer. For the ZnO crystal, the atomic
arrangement in the topmost layer is [0Zns] on the (0001) surface and
[ZnO3] on the (0001) surface and these layers are aligned to have a
three-fold symmetry. However, the ¢-scan XPD patterns measured
herein show a perfect six-fold symmetry. There are two factors
contributing to the origin of the six-fold symmetry: the large IMFP (A)
resulting from hard x-ray radiation and half steps on the surface.
These two factors are discussed below.

Regarding A hard x-ray radiation produces a pattern that is nearly
six-fold resulting from the large IMFP ( A), approximately 10 nm [21].
Because A is large compared to the length scale of the unit cell, the
intensity variation between each layer is not large. The depth de-
pendent intensity is

I =1, exp(—d /A cosb) (1)

where Iy is the intensity from an infinitely thick uniform substrate,
and d is the depth. The distance from Zn-to-Zn layers or O-to-O layers
in the (0001) direction is 0.263 nm, which is d when comparing
intensity between layers. When these distances are applied to Eq. (1)
in the normal direction, I =0.97 Iy, so there is only a 3% intensity drop
from layer to layer. Further illustration for the effect of the IMFP is
available in the supporting information [22]. For this reason, the
pattern is nearly six-fold in symmetry. Hence the XPD patterns reflect
not only the C3v symmetry of the topmost surface but also the trans-
lation symmetry of the wurtzite structure, i.e. 63 screw axis.

The second factor contributing to the origin of the six-fold
symmetry in the surface structure of ZnO has been discussed in the
literature conducting a CAICISS study on a ZnO surface [23]; the
polished surface of ZnO showed a step-and-terrace structure with a
half unit-cell height. Because the aforementioned 63 screw axis is
included in the symmetry operation of a wurtzite crystal (P6smc), the
presence of the half unit-cell step can be regarded as the cause for the
twining of the surface structure. In other words, the presence of
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periodically spaced half unit-cell step induces perfect six-fold sym-
metry in the XPD patterns.

This study has shown that hard x-ray ARXPS offers way to measure
the polarity of the wurtzite structure. The most significant advantage
of using hard x-ray ARXPS is that it is far less sensitive to surface
contamination; as mentioned above our experiments were done
without in situ surface cleaning, such as sputtering by ion beam. This
means that we do not have to be afraid of any ambiguity resulting
from the surface preparation. On the other hand, less surface sen-
sitivity is also a major disadvantage of XPD using hard x-ray radiation.
While this is good from a contamination perspective, it is not good for
measuring diffraction of structural relaxation at the topmost surface
or very thin layers of ad-atoms. In such a case, it would be better to use
soft x-rays, such as Al K« radiation. In any energy range of source
x-ray, the XPD intensity charts obtained in this study will be an aid
for peak identification. This study was done using synchrotron
radiation, which is not always easily accessible. However, there are
options for laboratory sized hard x-ray sources. For example Cr Ko
(hv=>5417.0 eV) has been used in a laboratory system with ARXPS
[18]. Such a system could be used for polarity measurements without
the physical limitation of synchrotron radiation.

4. Conclusion

In summary, we measured the ARXPS patterns of a polar ZnO
surface, which is a WZ-type wide-band-gap semiconductor, and
confirmed that ARXPS produces well-defined XPD patterns because of
the forward scattering of photoelectrons. The XPD patterns indicated
that the polarity of WZ-type crystals can be determined by selecting
specific angles at which the XPS intensities for the (0001) and (0001)
surfaces differ from each other. Hard x-ray radiation was used in this
study, and the advantage of hard x-rays was that the measurements
were not as surface sensitive as with conventional soft x-rays.
Therefore, the measurement could be considered a bulk measurement
and was not greatly influenced by surface contamination or re-
laxation. Theoretical simulations as well as an XPD study using con-
ventional soft x-ray radiation are under progress by the authors, with
the aim of establishing XPD as the most conventional method for
polarity determination of WZ-type semiconductors.
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