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Angle-resolved photoemission from polar and nonpolar zinc oxide surfaces
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We report the first angle-resolved photoemission spectra (ARPES) of polar and nonpo-
lar surfaces of an ionic wurtzite-type compound semiconductor. We present experimental
results obtained at photon energies between 20 and 80 eV on the polar zinc and oxygen
and the nonpolar (1010) surfaces of ZnO and identify surface-induced features by com-

parison with recent theoretical calculations. Comparison between ARPES experiments

and theory confirms the determination of the surface-atom geometry at ZnO(1010) by
low-energy electron diffraction studies.

I. INTRODUCTION II. EXPERIMENTAL

Angle-integrated and angle-resolved photoemis-
sion spectroscopy (AIPES and ARPES, respective-
ly) are now widely accepted as powerful tools to
investigate bulk and surface densities of electronic
states. In contrast to a variety of studies on more
covalent semiconductors like Si, Ge, or GaAs cor-
responding detailed investigations on highly ionic
semiconductors including most of the II-VI com-
pounds are missing. Besides a recent study on
ZnSe(110), ' few and only angle-integrated photo-
emission studies have been done so far on II-VI
compounds. " In the present study we therefore
investigated a typical II-VI compound semicon-
ductor, i.e., ZnO, which exhibits polar [oxygen
(0001) and zinc (0001)] as well as nonpolar (1010)
cleavage faces (see Fig. 1). These different surfaces
are expected to show pronounced differences in
surface sensitive ARPES.

In earlier studies ZnO has served successfully as
a model system to study ionic semiconductors:
The nonpolar (1010) surface in particular makes
possible thermodynamically well-defined adsorp-
tion experiments' " and its atomic geometry is
well understood from low-energy electron diffrac-
tion (LEED) results and a dynamical LEED
analysis. ' ' Detailed theoretical calculations of
electronic structures of all natural ZnO cleavage
surfaces have been published recently' and will be
used to compare the following experimental results
with theory.

Angle-integrated and angle-resolved photoemis-
sion spectra were measured with polarized light, a
two-dimensional display-type spectrometer, ' and a
toroidal grating monochromator at the Synchro-
tron Radiation Center at Stoughton. An accep-
tance cone of 90' full angle around the sample nor-
mal was used for angle-integrated measurements
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FIG. 1. Geometric structure of ZnO with the polar
Zn(0001), O(0001), and the nonpolar (1010) cleavage sur-
face.
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surface atom relaxations on the (1010) surface
from photoemission.

A. Angle integrated spectra

Typical results are shown in Fig. 2. The valence
band is basically determined by 02p states near

Eb ——2 eV, by Zn4s —02@ mixed states near

Eb ——4—5 eV and by Zn 3d states near Eb ——7.5 eV.
In no case could intrinsic states be observed in the
band gap. This result is in agreement with earlier
experimental" and theoretical' studies.

Valence-band features are less pronounced than
observed for the zinc-blende-type semiconductor
ZnSe. ' This finding cannot be explained by differ-
ences in the Phillips ionicities of the materials
since they are comparable for both compounds
with values f; =0.616 (ZnO) and f~

——0.630 (ZnSe)

(see Note added in proof ) The p. hysical explana-
tion for this significant difference is the rather dif-
ferent contribution of cation-anion mixed states to
the valence-band structure of both Il-VI com-
pounds. The anion and cation term values are
clearly separated in energy for ZnO with the Zn 4s
levd lying +7 eV higher in energy than the 02p
level. In consequence, there is only a small Zn4s
admixture in the valence bands of ZnO. In partic-
ular, the upper part of these bands (from 0 to 3 eV
below E„) is purely 02p derived (see Ref. 14). On
the other hand, the anion and cation term values in
ZnSe are much closer in energy with the Zn 4s lev-

el lying even —1 eV below the Se4@ on-site energy.
A strong mixing of anion and cation states occurs,
therefore, in the valence bands of ZnSe giving rise
to more directed bonding, stronger dispersion, and
sharper valence-band features than in ZnO.
Creation of a ZnSe surface thus necessitates the
disruption of anion-cation mixed bonding orbitals
giving rise to new surface-induced features in the
AIPES spectra. This is not the case for ZnO,
where ion-derived features dominate the chemical
bonding.

All binding energies Eb are referred to the max-
imum of the valence band E„. After cleavage, the
different surfaces showed different values E„rela-
tive to the vacuum level E„„:E„„—E, =7.9, 7.6,
and 7.4 eV were observed for the nonpolar, Zn,
and 0 surfaces. The differences result from
surface-dependent band bending h(e V, ) after
cleavage, which had been observed in earlier work-

function studies too. ' It is most probably due to
small concentrations (less than ll100 monolayer)
of donor- and acceptor-type lattice imperfections at

the surface and can be calculated from E„„—E,
by taking into account the band-gap energy of 3.2
eV and Fermi energy E~ with Ez —E„=3.0 eV in
the bulk at 300 K. Since the Debye screening
length of our samples is on the order of 10 m,
which is large compared to the photoelectron es-

cape depth, ' the spectra are not inAuenced by the
spatial variation of band energies resulting from
band bending.

The different surfaces show significantly dif-
ferent photoemission features between h v=3() and
40 eV which evidently is the range of photon ener-

gies yielding maximum surface sensitivity. The
separation of emission from surface and bulk elec-
tronic states is not straightforward since cross sec-
tions for emission from Zn 3d near Eb ——7.5 eV,
from Zn4s —02p mixed states near Eb ——4 eV and

from 02p derived states near Eb ——2 eV show dif-

ferent dependences on photon energies. This can,
e.g., be deduced from the variation of relative peak
heights with hv in Figs. 2(a) —2(c). As a result,
surface electronic states cannot be determined by
simply subtracting surface-sensitive spectra around
hv=35 eV from bulk spectra at high photon ener-

gies even if final-state effects are neglected.
We, therefore, determined the excess emission

due to surface states and resonances by subtracting
spectra (normalized to the Zn 3d peak) with rela-

tively small differences in photon energies but pro-
nounced differences in bulk to surface contribu-
tions from each other. Both conditions are, e.g.,
fulfilled, for difference spectra taken between the
h v=40 and h v=50 eV spectra [compare Fig. 2(b)].
The standardization to the same Zn 3d emission
was made, since these states to first approximation
do not contribute to the oxygen valence-band
features. With the exception of a recent study, '

any influence of Zn3d on Zn4s —02@ and 02s
states has been neglected so far in theoretical cal-
culations as well (compare Ref. 14 and references
given therein). We separated the Zn 3d contribu-
tion from the total emission in the valence-band
range as indicated by dash-dotted lines in Fig. 2(b)
by assuming a Lorentzian decay of the low-energy
part of the Zn 3d peak. This procedure leads to
small systematic errors particularly in the valence-
band range of (1010) surfaces above Eb ——5 eV
which will be discussed in a future paper in con-
nection with binding-energy shifts of Zn 3d surface
states as compared to the bulk binding energy. '

In the determination of surface-induced electron
emission from photoemission difference spectra, we

averaged several difference spectra in order to
reduce the influence of final-state effects. The re-
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FIG. 3. Photoelectron difference spectra AN(Eb) at-
tributed to emission from surface states and resonances
at the different ZnO surfaces. For the determination of
EN(Eb) from angle-integrated photoemission spectra
taken at different photon energies, see text.
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suits shown in Fig. 3 were obtained by averaging
the four difference spectra obtained from experi-
ments at h v= 50 and 40 eV, 50 and 30 eV, 60 and
30 eV, and 60 and 40 eV, respectively.

For an identification of these surface features
the difference curves in Fig. 3 may be compared
with recent theoretical results by Ivanov and
Pollmann'" who determined the integrated layer
densities of states (I.DOS's) shown in Fig. 4. The
peaks near 2 and 5 eV in the difference spectrum
of the (1010) surface are attributed to the 02@
dangling-bond states (P) and to the Zn 4s —02p
mixed backbond states (8), respectively. The form-
er have their dominant contributions on the surface
layer while the latter originate from both the sur-
face and the first subsurface layer [see Fig. 4(a)].
The experimental determination of energetic posi-
tion and symmetry of the backbond feature 8 al-

lows for an estimate of the surface atom relaxation
at ZnO(1010) as will be pointed out in Sec. III B.
The polar oxygen surface only gives rise to a pro-
nounced maximum due to 02@ dangling-bond
states I', whereas the backbond states fi11 the
minimum between 2 eV and about 5 eV on the po-
lar zinc surface. These features compare very well

with the theoretical results in Figs. 4(b) and 4(c).
Experiment as well as theory also indicates a re-
duced surface density of states for both polar sur-
faces at low binding energies Eb (1.2 eV.

Our evaluation scheme to obtain the EN(Eb) re-
sults shown in Fig. 3 over-emphasizes contribu-
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FIG. 4. Theoretical wave-vector-integrated local den-
sities of states (LDOS's) on (a) the first three layers of
the relaxed (1010) surface, (b) the Zn-terminated, and (c)
the 0-terminated ZnO surfaces. In (b) and (c) the bulk
LDOS is given by dashed lines. Surface-induced posi-
tive changes in the LDOS are hatched. Spectra are 0.3-
eV Lorentzian broadened. From Ref. 14.

tions above Eb -3 eV since the upper part of the
valence band is basically 02p derived whereas the
lower part with Eb & 3 eV also contains Zn 4s con-
tributions which have significantly increasing cross
sections with decreasing photon energies.

B. Angle-resolved spectra

Typical results for normal emissiop, i.e., I in
the surface Brillouin zone, are shown in Fig. 5. As
found for angle-integrated spectra, significant
surface-sensitive features are observed between
h v=30 and 40 eV. At I' the backbond emission
near Eb ——4.5 eV leads to a pronounced peak on Zn
surfaces, is less pronounced on (1010), and hard to
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minimum between the two peaks at X and M.

Finally, we want to use our experimental differ-
ence spectrum at M to derive information about
surface relaxation of ZnO(1010). The experimental
difference spectrum at M shows the 8 maximum
at 5.05 eV. Our theoretical investigation of the
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FIG. 8. Relaxation-induced shifts of the covalent sur-

face states A and B at the M point of ZnO(1010) as a
function of the vertical downward shift dz„of the top-
layer Zn atoms. The 0 atoms have been held fixed in
their unrelaxed positions. The shaded "bands" represent
the projected bulk valence and conduction bands at the
M point. The inset shows a side view of the studied
geometry.

geometry dependence of surface states at
ZnO(1010) has shown' that the ionic resonances
(P,S) are only marginally affected while the co-
valent surface states (B,A ) scale almost linearly
with movement of surface-layer Zn atoms towards
the bulk. This is shown in Fig. 8. A maximum of
backbond state emission (8) at the M point at
Eb 5 0——5 e.V is expected from Fig. 8 for a relaxa-
tion of Zn atoms by dz, ——0.4&(10 ' m.

Within the uncertainty of their determination
(+0.05 X 10 ' m), this result on the surface atom
displacements is in agreement with results from an
earlier dynamical LEED calculation' and con-
firms the proposed structure model for relaxation
on ZnO (1010) surface by a completely independent
method of determination.

Note added in proof. In contrast to ionicity
differences f; on the Phillips scale, corresponding
values on the Pauling scale for ZnO (f;=0.795)
and ZnSe (f; =0.575) explain the general trend to-
wards broadened valence-band features with in-
creasing f;: The latter scale leads to a better em-
pirical description of bulk bonds with different ca-
tion (s) —anion (p) state admixtures to the valence
band.
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