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Angle-resolved photoelectron spectroscopy study of the anion-derived dangling-bond band
on ZnO„101̄0…
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Department of Chemistry and Materials Science, Tokyo Institute of Technology, Ookayama, Meguro-ku, Tokyo 152-0033, Ja
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The band structure of surface electronic states on the ZnO(1010̄) surface has been investigated by angle-
resolved photoelectron spectroscopy utilizing synchrotron radiation. Photon-energy dependent measurement
and the K and O2 adsorption studies have been carried out to identify the surface-localized O 2p dangling-

bond state. It is found that the state exits at 3.7 eV below the Fermi level at theḠ point in the surface Brillouin
zone and shifts to the higher binding-energy side by 0.8 and 0.5 eV along theGX andGX8 axes, respectively.
The O 2p dangling-bond band is found to locate below the upper edge of the projected bulk bands along these
two high-symmetry axes. The present study settles a controversial issue on the energetic position of the O 2p
dangling-bond band, which has been in dispute among theoretical studies.
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I. INTRODUCTION

Zinc oxide ~ZnO! is one of the most important oxid
semiconductors because of a wide variety of its applicati
such as catalysts, chemical sensors, piezoelectric transdu
varistors, etc. Moreover, ZnO has been found to be a po
tial material for optoelectronic devices of blue light emitt
and laser diode.1,2 Therefore, understanding the bulk and s
face electronic structures of ZnO is of particular importan
in order to further explore the possibility of ZnO as indust
ally important materials.

ZnO crystallizes into the wurtzite structure, and the po
~0001!-Zn and (0001̄)-O surfaces and the nonpolar (1010̄)
surface have been objects of experimental and theore
studies. Of these surfaces, the nonpolar (1010̄) surface is of
particular interest from the view point of surface chemist
because the surface is terminated with the same number
and Zn atoms, i.e., the surface is covered with both Le
acid and base sites. Figure 1 shows the structural mode
ZnO(101̄0). The surface is composed of the Zn-O dim
rows along the@12̄10# direction. The low-energy electron
diffraction ~LEED! studies have revealed that the surface
dergoes relaxation, which is characterized by downward s
of both surface Zn and O atoms with a greater shift for
Zn atom than the O atom, resulting in the Zn-O bond rotat
by 6.2° ~Ref. 3! or 11.5° ~Ref. 4! with respect to the idea
surface plane. Such a surface relaxation should influence
energetic position as well as the dispersion width of the s
face dangling-bond bands of the occupied O 2p and unoccu-
pied Zn 4s states. Several theoretical studies have indica
that, upon relaxation, the O 2p dangling-bond state is stab
lized while the Zn 4s dangling-bond state shifts up i
energy.5,6 However, the theoretically determined position
these dangling-bond bands, especially the occupied Op
dangling-bond band, relative to the bulk bands projec
onto the (101̄0) surface varies depending on the meth
employed in the calculations.
0163-1829/2003/68~12!/125417~6!/$20.00 68 1254
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Ivanov and Pollmann have used an empirical tig
binding method and found that the O 2p dangling-bond state
lies just below the upper edge of the projected bulk bands

the unrelaxed ideal ZnO(1010̄) surface.7 The model calcula-
tions have predicted that the O 2p dangling-bond band is
almost unaffected by surface relaxation. This is considere
arise from the fact that only the Zn 4s and O 2p orbitals
were taken into account as a basis set in the calculation
that the ionic character of the Zn-O bonding is emphasize7

Meanwhile, Wang and Duke have used thesp3 empirical
tight-binding method, which includes the Zn 4p orbitals in
addition to the Zn 4s and O 2p orbitals as the bases.5 In the
sp3 model, covalency of the Zn-O bonding is stressed. A
result, the surface relaxation, which is characterized b
large Zn-O bond rotation with an rotation angle of 17° in t
energy-optimized geometry, significantly modifies t
dangling-bond states. On the ideal ZnO(1010̄) surface, the
sp3 model predicts that the O 2p dangling-bond band locate
within the bulk band gap above the projected bulk ban
along the main high-symmetry axes of the surface Brillou
zone~BZ!, i.e., theGX, GX8, XM, andMX8 axes. However,
the relaxation stabilizes the band by 0.4–0.9 eV so tha
major part of the band shifts into the projected bulk-ba
region, and the gap state is predicted only along theMX and
MX8 axes.5 Thus, although these two empirical tight-bindin
methods give different results on the degree of
relaxation-induced stabilization of the O 2p dangling-bond
states, both predict that the O 2p dangling-bond band locate
within the projected bulk-band region at least along theGX
andGX8 axes in their energy-optimized relaxed surfaces.

The firstab initio calculations of the ZnO(1010̄) surface
have been carried out by Schro¨er et al. utilizing the density-
functional formalism within the local-density-functional ap
proximation ~LDA !.6 In their LDA calculations, the Zn121

ionic pseudopotential has been used, i.e., the Zn 3d electrons
are treated as valence electrons. Although this results in
©2003 The American Physical Society17-1
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narrowing of the valence-band width by;3 eV compared
with the experimental result,8 the upper region of the calcu
lated bulk-band structure is found to resemble those given
the empirical tight-binding methods.5,7 Schröer et al. have
shown that the O 2p dangling-bond band on the (1010̄)
surface exists within the fundamental band gap along
GX, GX8, XM, andMX8 axes even in the energy-optimize
relaxation geometry~the Zn-O bond rotation angle of 3.6°).6

This result is in sharp contrast to those obtained from
above-mentioned empirical tight-binding approaches. Th
it is still an open question as to the energetic position of
O 2p dangling-bond band with respect to the projected b
bands on the ZnO(1010̄) surface, and therefore the expe
mental study is highly desirable to settle the controve
about such a fundamental question.

Angle-resolved photoelectron spectroscopy~ARPES! is a
powerful tool to investigate both bulk and surface valen
electronic structures of metal and semiconductor crysta9

The first detailed ARPES study applied to the ZnO(1010̄)
surface has been carried out by Go¨pel et al.10 They have
identified two surface-induced features at theḠ, M̄ , and X̄
points of the surface BZ and have assigned these states t
O 2p-derived dangling-bond state and the Zn-O backbo
state.10 Nevertheless, detailed discussions on the tw
dimensional band structure of these surface related s
have not been given in Ref. 10. Zwicker and Jacobi have
performed the ARPES study on the ZnO(1010̄) surface11

FIG. 1. A top view of the geometric structure of the ZnO(1010̄)
surface. In the angle-resolved photoelectron spectroscopy~ARPES!
measurements, the incidence plane of the light was parallel to

@12̄10# direction, and the photoelectrons were detected in

planes parallel to the@12̄10# or @0001# directions. The surface Bril-
louin zone is shown in the lower part.
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and have revealed the valence-band structure along theGM
axis of the bulk BZ. In this experiment, however, a surfa
related state is not identified and all the observed peaks
attributed to the bulk-band transitions.

In the present study, we performed the ARPES meas
ments to investigate the two-dimensional band structure
the O 2p dangling-bond state on the ZnO(1010̄) surface
along the selected high-symmetry axes of the surface
i.e., theGX andGX8 axes. The energetic position relative
the projected bulk bands and the dispersion width of
dangling-bond band are determined and are compared
the calculated band structures by Wang and Duke5 and by
Schröer et al.6

II. EXPERIMENT

The ARPES measurements were performed at Beam L
11C of the Photon Factory, High Energy Accelerator R
search Organization~KEK!, where synchrotron light was dis
persed by a Seya-Namioka monochromator. Photoelect
were collected by an electron energy analyzer of the 1
hemispherical-sector type with an acceptance angle of61°.
The total experimental resolution was 0.25 eV at photon
ergy hn of 22.5 eV, which was estimated from the Ferm
edge of the spectra of the Ta sample holder. The base p
sure of the ultrahigh vacuum system was 2310210 Torr. All
the measurements were carried out at room temperature

A ZnO crystal with the (101̄0) orientation~MaTeck Co.!
was set so that the incidence plane of the light was paralle
the@12̄10# direction, which corresponds to the direction pe
pendicular to the mirror plane of the (1010̄) surface. The
incidence light was linearly polarized in the incidence plan
and photoelectrons were detected in the incidence plane~par-
allel to the@12̄10# direction! or in the plane perpendicular t
the incidence plane~parallel to the@0001# direction!. The in
situ preparation to remove surface contamination involv
cycles of Ar1 sputtering~2–3 kV, 0.5–1mA) and annealing
at 1050 K for several times. Then, the sample was anne
at 700 K in O2 atmosphere (331026 Torr) for 10 min to
restore the surface stoichiometry. Finally, the surface w
mildly annealed at 650 K to remove possible oxygen ads
bates. The clean surface thus prepared showed a shar
31) LEED pattern.

In this paper, the incidence angle of the light,u i , and the
detection angle of the photoelectrons,ud , are given relative
to the surface normal. In the ARPES spectra presented
low, the electron binding-energy is given relative to t
Fermi levelEF , which is determined from the Fermi cuto
in the Ta spectra.

III. RESULTS

Figure 2 shows a series of normal-emission spectra of
clean ZnO(101̄0) surface taken at photon energies betwe
17 and 27 eV. A peak at 10–11 eV is associated with
emission from the Zn 3d levels. The peak is symmetric in
the spectra taken athn520 and 21 eV, whereas a should
structure becomes obvious in the higher binding-energy s
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at hn>22 eV. The second derivative of the observed spe
clarifies the positions of the Zn 3d peaks, and they are indi
cated by vertical bars. The main peak lies at 10.4 eV, wh
the shoulder peak appears at 11.2 eV. Such a double-
structure of the Zn 3d emission peak is also observed in t
earlier ARPES studies by Zwicker and Jacobi for the (1010̄)
surface11 and by Girardet al. for the ~0001! surface,12 and,
from the LDA calculations, it is interpreted to be due to t
splitting of ten Zn 3d bands into two subgroups with fou
and six bands induced by a strong Zn 3d-O 2p interaction.8

In the energy region between 3 and 8 eV, where the
lence bands composed mainly of the O 2p orbitals with mi-
nor contribution of the Zn 4sp and/or 3d orbitals are
formed, four peaks are observed and are labeled asA–D.
The peak positions are determined from the second der
tive of the spectra and are indicated by dashed curves
these four peaks, only peakB has an apparent dispersiv
feature in the binding-energy region between 4 and 5
This is a typical behavior of a direct transition from a bu
valence band. Other three peaks (A, C, andD at 3.7, 6.2, and
7.8 eV, respectively!, on the other hand, do not show a su
stantial shift as a function ofhn. Such a nondispersive fea
ture is interpreted to be due either to the emission from s
face states or to the indirect bulk-band transition involvi
bands with a high density of states. In order to clarify t
origin of these nondispersive features, we have carried ou
and O2 adsorption experiments. If peaks are associated w
the states localized at the surface, they should be sensitiv
chemisorption of atoms or molecules. Figure 3~a! shows the
normal-(ud50°) and off-normal-(20°) emission spectra
the clean and K-adsorbed ZnO(1010̄) surfaces. It is obvious
that lowest-lying peakA is leadingly quenched compare
with other peaks as the surface is being covered with K
both detection geometries~peakC cannot be identified in the
second derivative of these spectra, probably due to a s
cross-section of this state in this detection geometry!. Simi-

FIG. 2. Normal-emission spectra of ZnO(1010̄) as a function of
photon energy. The incidence angle of the light was 45°. The p
positions were determined by taking the second derivative of
measured spectra so that the peak maxima were enhanced.
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larly, oxygen adsorption attenuates the intensity of peakA,
while peaksB–D are not affected much as shown in Fi
3~b!. Therefore, peakA can be assigned to the emission fro
the surface-localized states, whereas peaksC and D are re-
lated to the bulk-band emission. It is worth noting that,
ZnO~0001!, the dispersionless features as a function ofhn
have also been observed in the same binding-energy reg
as those of peaksC andD; one lies at;6 eV and the other
at 7–8 eV.12 These are interpreted to arise from indirect tra
sition processes from high densities of states formed
above the large bulk-band gap at 6–7 eV and at the bot
of the bulk valence bands~7–8 eV!.12 On the (101̄0) sur-
face, a large gap is also expected at 6–7 eV in the proje
bulk band at around theM̄ point of the surface BZ, and the
bottom of the valence band lies at;8 eV.7,5,6 Thus, we
attribute peaksC and D to the emission from the bulk va
lence bands with high densities of states.

The theoretical studies have indicated that the ani
derived dangling-bond state is formed on the (1010̄) sur-
faces of wurtzite II-VI semiconductors as well as isoelect
III-V semiconductors near the top of the valen
bands.5–7,13–16Such a state has been experimentally iden
fied by ARPES at;4 eV below EF on ZnO(101̄0),10 in
good agreement with the position of peakA. Considering
that peakA is associated with the surface-related state
cause of its sensitiveness to K and O2 adsorption, it can be
assigned to the emission from the O 2p dangling-bond state

Figure 4 shows off-normal-emission spectra taken at v
ous detection angles along the@12̄10# (GX) and @0001#
(GX8) azimuths. A set of the spectra for both directions be
four peaks at 3–8 eV corresponding to peaksA–D in Fig. 2.

k
e

FIG. 3. ~a! Angle-resolved photoelectron spectra at two differe
detection angles for clean~solid lines! and K-covered~dashed lines!

ZnO(101̄0) surfaces. The incidence angle of the lightu i was 33°
and photon energyhn used was 20 eV. The K coverage was es
mated to be (3.660.9)31014 cm22, which corresponds to 72
617% of the saturation coverage.~b! Normal-emission spectra fo
the clean and 1000-L O2-exposed surfaces (1 L51
31026 Torr s). The photon energy used was 20 eV andu i was
45°.
7-3
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PeakD does not show an appreciable dispersion asud varies.
The position of peakC, on the other hand, depends onud ,
having a rather complex dispersion. PeakB shifts monotoni-
cally to the higher binding-energy side from 4.6 eV atud
50° to 6.2 eV at 33°, which corresponds to the bound
of the surface BZ in theGX axis, and to 5.1 eV at 12° alon
the GX8 direction. The O 2p dangling-bond stateA also
moves to the higher binding-energy side asud increases
in both directions. The two-dimensional band structure
the O 2p dangling-bond state can be mapped using a r
tion between the parallel component of the wave vec
ki and the measured binding-energyEB , i.e., ki
5A2me(hn2F2EB)/\2sinud , whereme is the mass of the
electron andF is the work function of the clean surface
which is determined to be 4.52 eV. The result is plotted
Fig. 5 by open circles. In Fig. 5, we also show the pe
positions of peaksB–D as filled circles. The hatched are
indicates the region of the bulk-bands projected onto
(101̄0) surface obtained from the theoretical study by Wa
and Duke.17 As indicated in the inset of the right panel o
Fig. 4, the position of the valence-band maximumEVBM was
evaluated by taking a linear extrapolation of the onset of
valence-band emission in the normal-emission spect
measured athn517 eV.18 The EVBM value determined thus
far is 3.1560.05 eV belowEF at theḠ point. From this, the
electron affinity of the surface is calculated to be 4.37 eV19

which is in good agreement with that reported by Jac

FIG. 4. Off-normal emission spectra of the clean surface

corded athn522.5 eV andu i545 ° along the@12̄10# (GX) direc-
tion and athn527 eV andu i560 ° along the@0001# (GX8) direc-

tion. The incidence plane of the light was parallel to the@12̄10#
direction for both detection directions. The spectra are shown w
2° interval. Peak positions, indicated by vertical bars, were de
mined from the second derivative of the spectra. The position of
valence band maximum was determined from the normal-emis
spectrum taken athn517 eV by extrapolating the onset of th
valence-band emission as shown in the inset of the right pane
12541
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et al. for the same surface.20 Thus, the energy alignment in
this way is rationalized. In Fig. 5, the calculated project
bulk-bands is, therefore, shifted vertically so that t
valence-band maximum coincides with 3.15 eV belowEF .

Figure 5 shows that the O 2p dangling-bond state posi
tions at 3.7 eV at theḠ point and shifts downwards by 0.
eV up to theX8 point, while the 0.8-eV shift is seen alon
the GX direction. Along both directions, the dangling-bon
band lies well below the upper edge of the projected b
bands. It should be noted that, even if we employ the p
jected bulk bands given by Ivanov and Pollmann7 or by
Schröer et al.,6 the dangling-bond band also locates with
the projected bulk-band region along theGX andGX8 axes,
since the dispersion widths of the upper edge of the projec
bulk bands are 1.3 and 0.7 eV by Ivanov and Pollmann7 and
0.9 and 0.4 eV by Schro¨er et al.6 in the GX andGX8 axes,
respectively, whereas those by Wang and Duke are 1.2
0.7 eV.5 Bulk bandB shifts to the higher binding-energy sid
towards both theX̄ andX8 points with a smaller dispersion
along theGX8 axis. BandC shows a rather complex dispe
sion in both directions. BandD form a flat band at;7.7 eV,
which corresponds to;4.6 eV belowEVBM , in good agree-
ment with the position of the peak~4.8 eV! in the bulk
valence-band density of states calculated by Wang
Duke.5

IV. DISCUSSION

It is revealed from the present ARPES measurements
the O 2p dangling-bond band on ZnO(1010̄) locates within
the projected bulk-band region in both theGX andGX8 axes,
i.e., the state is a surface resonance at least along these

-

h
r-
e
n

FIG. 5. Measured dispersion of the O 2p dangling-bond state
~open circle! and the bulk-band related states~filled circles! along
the GX and GX8 axes. Hatched area corresponds to the projec
bulk-band region and a bold dashed line indicates the Op
dangling-bond bands, both of which have been calculated using
sp3 model by Wang and Duke~Ref. 5!. Thin dashed lines which
locate above the projected bulk bands are the dangling-bond b
obtained from the LDA calculations~Ref. 6!.
7-4
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Although the band structure in other high-symmetry axes
the surface BZ has not been observed yet, the present r
settles the controversial issue about the position of the o
pied dangling-bond band relative to the projected bulk ban
The empirical tight-binding calculations done by Ivanov a
Pollmann7 and by Wang and Duke,5 which emphasize the
ionic and covalent characters of the Zn-O bonds, resp
tively, predict that the gap state by the O 2p dangling bond is
not formed at least in theGX and GX8 axes. On the othe
hand, Schro¨er et al. have found in their LDA study that the
dangling-bond band is formed within the gap above the
per edge of the projected bulk bands along the major h
symmetry axes of the surface BZ.6 Therefore, the resul
obtained in the present study is consistent qualitatively w
the band structure given by two empirical tight-bindin
approaches.

In the empirical approach by Ivanov and Pollmann, a p
nounced surface resonance from the O 2p dangling-bond
state has not been found along theGX andGX8 axes.7 On the
other hand, the empirical calculations using thesp3 model
by Wang and Duke have predicted a surface resonance
the top of the valence bands along these axes. In Fig. 5
O 2p dangling-bond band by thesp3 model is shown by a
bold dashed line5 along with those obtained from the LDA
calculations by Schro¨er et al.6 by thin dashed lines. The en
ergetic position of the observed dangling-bond band is in
agreement with the calculated band by thesp3 model for
bothGX andGX8 directions. Thesp3 model predicts a band
dispersion width of 0.7 eV along theGX axis, and the agree
ment with the experimentally determined band structure
excellent. It should be noted that, although the energetic
sition of the dangling-bond band cannot be reproduced
the LDA calculations, the shape of the band resembles
experimentally determined one in theGX axis so that a ver-
tical shift of the calculated band by 0.6–0.7 eV to the high
binding-energy side leads to a satisfying agreement with
experimental result.

Along theGX8 axis, on the other hand, thesp3 model has
given a flat dangling-bond band, whereas a band with a s
stantial dispersion~0.5 eV! is observed experimentally. Suc
a dispersive character of the O 2p dangling-bond band along
this axis is somewhat surprising, because a neighboring
tance between the O atoms is relatively large in the@0001#
direction ~0.5211 nm!. The dispersionless band by thesp3

model should reflect the large O-O distance in the@0001#
direction, i.e., an interaction between the neighboring Op
dangling-bond orbitals should be small in this directio
However, experimentally determined band dispersion
plies an appreciable interaction between the neighborin
2p dangling bonds in the@0001# direction, probably due to a
stronger hybridization of the O 2p orbitals with the Zn 4sp
and/or 3d orbitals than that predicted by the band calcu
tions using thesp3 model @the Zn 4sp contribution is esti-
mated to be;10% ~Ref. 5!# so that the lateral interactio
between the dangling-bond orbitals becomes large eve
the @0001# direction. This hypothesis is partly supported
the LDA calculations, which give a band with a dispersi
feature~0.3–0.4 eV! aside from a flat band along theGX8
12541
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direction ~Fig. 5!. The dispersive state is found to be com
posed of;70% of the O 2p orbitals with;30% of the Zn
3d14p orbitals at theX8 point.6 Thus, a substantial contri
bution of the Zn valence orbitals could be responsible for
observed dispersion of the dangling-bond band.

In the present ARPES study, we used the light polarized
the incidence plane, which is perpendicular to the mir
plane of the ZnO(101̄0) surface, with an incidence angleu i
of 60°, and the photoelectrons were corrected in the pl
parallel to the mirror plane for measuring the band struct
along theGX8 axis. In such a geometry, all of the O 2px-,
2py-, and 2pz-derived dangling-bond bands are detect
~here, the coordination system is chosen as indicated in
1!, i.e., the states with both even and odd symmetry w
respect to the mirror plane of the surface are observable.
LDA calculations have shown that there exist two danglin
bond bands with different dispersion behavior in theGX8
axis as shown in Fig. 5, and the flat and dispersive bands
classified as having even and odd symmetry, respective6

However, the ARPES spectra show that only a single b
with a dispersive character exits along theGX8 axis ~see Fig.
4!, although both even and odd bands are detectable u
the present experimental condition. The lack of the theor
cally predicted flat band in the ARPES spectra may be du
the lower cross section of the states with even symme
compared with those with odd symmetry in the present
perimental condition. In order to clarify more detailed ba
structures of the O 2p dangling-bond states, symmetry re
solved measurements should be required.

Finally, the anion-derived dangling-bond band on t
ZnO(101̄0) surface is compared with those on other wurtz
II-VI semiconductor surfaces. As far as we know, only t
CdS and CdSe(1010̄) surfaces have been studied utilizin
the APRES.21,22 On both surfaces, anion-derived danglin
bond bands are observed near the top of the valence ba
and the two-dimensional structures of these bands are sim
to that on the ZnO(1010̄) surface, i.e., the dangling-bon
states shift downwards away from theḠ point towards theX̄
andX8 points. The dispersion widths are 0.4 and 0.5 eV
CdS and CdSe, respectively, along theGX8 axis, whereas the
1-eV dispersion is observed for CdS along theGX axis.21,22

These dispersion widths are comparable to or larger t
those on the ZnO surface, although the lattice constants
larger for CdS and CdSe than ZnO, suggesting the la
spatial extent of the anion dangling-bond orbitals on the C
and CdSe surfaces than on the ZnO surface. Along theGX
andGX8 axes, the dangling-bond bands are found to loc
within the projected bulk bands as in the case for the pres
system. However, Wang and Duke have shown in their t
oretical study using thesp3 model that a part of the anion
derived dangling-bond bands disperses in the gap regio
these two high-symmetry axes.15 This discrepancy implies
the insufficiency of the model calculations for CdS a
CdSe, although it partially reproduces our experimental
sults for ZnO. Thus, further theoretical investigations beyo
the empiricalsp3 tight-binding model or theab initio calcu-
lation within LDA as used by Schro¨eret al.should be needed
7-5
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to consistently and systematically describe the experim
tally determined band structures of the II-VI semiconduc
surfaces including ZnO.

V. SUMMARY

Anion-derived dangling-bond states on the ZnO(1010̄)
surface has been investigated by ARPES utilizing synch
tron radiation, and the band structure of the dangling-bo
states along the selected high-symmetry axes of the sur
BZ is determined experimentally. The O 2p dangling-bond
state locates at 3.7 eV belowEF at theḠ point and shifts to
the higher binding-energy side by 0.8 and 0.5 eV towards
X̄ and X8 points, respectively. It is found that the valenc
band maximum locates at 3.1560.05 eV belowEF and that
the O 2p dangling-bond band lies below the upper edge
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