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Metallization of ZnO(lOIO) by adsorption of hydrogen, methanol, and water:
Angle-resolved photoelectron spectroscopy
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Angle-resolved photoelectron spectroscopy utilizing synchrotron radiation is used to investigate the surface

electronic structures of nonpolar ZnO(1010) surfaces covered with hydrogen, methanol, and water. Adsorption
of these species leads to the semiconductor-to-metal transition by forming single partially filled metallic bands
with a Zn 4s character. The surface charge densities are in the order of 10'2~10'3 cm™. The bottom positions
of the metallic bands are shallower than the expected positions of the ZnO conduction-band minima for all
three adsorption systems. This implies that the metallic bands should be quantized states along the surface-

normal direction.
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I. INTRODUCTION

Zinc oxide (Zn0O), a wide band-gap material with the gap
energy of 3.37 eV, exhibits a strong n-type conductivity.! Van
de Walle? has proposed on the basis of a density-functional
theory (DFT) study that unintentionally doped H atoms can
serve as a shallow donor to realize the n-type conductor. It
has been known that the H atoms adsorbed on and doped in
ZnO increase the electric conductivity by forming the charge
accumulation layer.>* Thus, the donor character of H on (in)
ZnO has been acknowledged. Nevertheless, the ZnO-H inter-
action has attracted renewed attention> since the work by
Van de Walle.?

Woll and co-workers'%!3 have carried out a series of in-
vestigations of the H interaction with well-defined single-
crystal ZnO surfaces by means of several surface science
techniques. They have found that H adsorption on the polar
ZnO surfaces, i.e., the Zn-terminated (0001) and

O-terminated (0001) surfaces, leads to H(1 X 1) overlayers at

initial stages of adsorption.'"'2 On the ZnO(1010) surface, H
atoms also adsorb in an ordered manner; at low tempera-
tures, the H atoms are bonded to both Zn and O atoms to
form a 2H(1 X 1) overlayer, whereas the H(1 X 1) adlayer is
realized above room temperature with the H atoms bonded
only to the O atoms, reflecting the difference in the bond
strength between Zn-H and O-H. An interesting result for the

H/ZnO(1010) system is that, although the (1010) surface
remains semiconducting when both Zn and O atoms are ter-
minated by H, H adsorption only on the surface O atoms
induces surface metallization.'>'* Implication of this finding
is that H bonded to O acts as a charge donor while H in Zn-H
should be an acceptor. Similar surface metallization by site-
selective H adsorption is predicted on another nonpolar sur-
face, Zn0O(2110).1

H-induced metallization of the semiconductor surfaces
has been found for other systems such as
H/3C-SiC(100)-(3 X2) (Refs. 16-18) and H/Ge(111)-c(2
% 8).1 Although the metallization mechanism has not been
fully understood, several DFT studies for the H/SiC system
have suggested that the electrons are transferred from H in
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the Si-H-Si bonds in the third layer to the SiC conduction
band and the Fermi level is shifted above the conduction-
band minimum (CBM), i.e., the formation of the charge ac-
cumulation layer.?%?! Regarding the H/nonpolar-ZnO sys-
tems, since H in the O-H structure behaves as a charge
donor, one can expect the origin of surface metallization to
be the formation of the charge accumulation layer. However,

the DFT calculations conducted so far for H/ZnO(1010)

(Ref. 13) and H/ZnO(2110) (Ref. 15) have predicted gapless
band structures despite a large bulk band-gap energy of ZnO.
A renowned drawback of the DFT calculations, which al-
ways underestimate the gap energy of metal oxides,?> may be
one of possible reasons for the gapless structure. However,
the scanning tunneling microscopy (STM) current-voltage

(I-V) curve for the H/ZnO(1010) system bears an ohmic
feature,'? supporting the gapless band structure.
In a recent STM study, Shao et al. have examined the

methanol-covered ZnO(1010) surface and have suggested on
the basis of the /-V measurements that the surface turns to be
metallic upon methanol adsorption.?* Although several spe-
cies exist on the methanol-dosed surface as a result of partial
dissociation,?? surface metallization indicates that net charge
is transferred from the adsorbed layer to the substrate sur-
face. Interestingly, the /-V curve also shows a gapless feature

similar to that obtained for H/ZnO(1010).
A large modification of the electronic structure on the

ZnO(1010) surface upon adsorption of H and methanol, as
have suggested by the DFT and STM studies, is, however,
inconsistent with a traditional view of a simple charge dona-
tion from adsorbates to ZnO and the formation of the charge
accumulation layer at the surface.>* Therefore, it is impor-
tant to investigate the adsorption-induced change in the sur-
face electronic structure by direct methods. In the present
study, we employed angle-resolved photoelectron spectros-
copy (ARPES) to determine the valence-band structure of

ZnO(1010) and its change by adsorption of hydrogen and
methanol. Direct evidence for adsorption-induced metalliza-
tion, i.e., the band crossing the Fermi level, is obtained. Con-
trary to the DFT and STM results, the band-gap closure is
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not realized. We have also examined the effect of water ad-
sorption. Surprisingly, even water induces metallization of

ZnO(1010). Based on the similarity and difference in the
band structures on three adsorbate-covered surfaces, the
mechanism of surface metallization is discussed.

II. EXPERIMENT

The ARPES measurements were performed at beamline
11D of the Photon Factory, High Energy Accelerator Re-
search Organization, utilizing linearly polarized synchrotron
radiation. A hemispherical electron energy analyzer (Scienta
SES-200) was used to acquire ARPES spectra. The incidence
plane of the light were set parallel to the detection plane of
the photoelectrons and the p-polarized light was used. A typi-
cal overall energy resolution was 50 meV at the photon en-
ergy (hv) of 65 eV. The spectra were measured at room tem-
perature. In order to minimize possible photon-induced
degradation of the sample surfaces, the sample was vertically
moved during data acquisition. The electron binding energy
was referenced to the Fermi energy (Eg), which was deter-
mined from the Fermi cutoff in the spectra of the Ta sample
holder.

Several single-crystal ZnO samples with (1010) orienta-
tion (10X 10X 0.5 mm?; Goodwill Co.) were used in the
present study to assure reproducibility of the experimental
result. The bulk carrier densities, determined from Hall-
effect measurements, vary from 5X 10" to 2X 10" cm™
depending on the sample crystals.

Sample preparations were all done in a preparation cham-
ber. The sample surfaces were cleaned in situ by an estab-
lished procedure;?* briefly, Ar*-sputtering-annealing cycles
followed by annealing in O, atmosphere were employed. H
atoms were dosed on the surface by introducing the H, gas
(99.9995%) in the preparation chamber while two tungsten
filaments, which were placed at ~15 cm away from the
sample, were heated to 2100-2200 K. Since the cracking
efficiency was not estimated, the amount of hydrogen dosage
is expressed in Langmuir units (1 L=1.3X10"* Pas) with
readings of a pressure gauge. H adsorption was done at the
sample temperatures between 300 and 350 K. According to
W6l and co-workers,'? majority of adsorbed H is bonded to

the O atoms on ZnO(1010) in this temperature range. For
methanol and water adsorption, dehydrated methanol and
distilled water were purified by freeze-pump-thaw cycles be-
fore use. Adsorption was carried out at room temperature by
backfilling the preparation chamber with vapors.

III. RESULTS

Figure 1(a) shows valence-band spectra of the clean and

adsorbate-covered ZnO( 101_0) surfaces. The amounts of ex-
posures are 200, 20, and 10 L for hydrogen, methanol, and
water, respectively. Adsorption of methanol and water
reaches saturation already at 20 and 10 L because no spectral
change is induced at higher exposures, whereas the spectral
line shape undergoes gradual changes for further H dosage.
In the O 2s core-level region, adsorption induces a compo-
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FIG. 1. (Color online) (a) Valence-band spectra of clean, H-,
methanol-, and water-adsorbed ZnO(1010). Each spectrum is ob-
tained by integrating the ARPES spectra with detection angles be-
tween —4.5° and 4.5° (0° corresponds to the surface-normal direc-
tion) along the (0001) azimuth (I'X’). The point labeled S on the
clean spectrum indicates the structure by the O 2p dangling-bond
state. The inset shows the results of detailed measurements of the
adsorbate-induced states. (b) hv dependence of the H-induced state.
Similar results are also observed for the methanol- and water-
induced states. The inset shows the plots of the integrated intensities
of the induced states against hv.

nent, which are shifted by 2-2.4 eV toward the higher
binding-energy side from the bulk component.”> From the
relative intensity of the shifted component to the bulk com-
ponent, the H coverage at 200 L is determined to be
0.40£0.05 (1.0 corresponds to the density of surface O or
Zn atoms; 5.9 X 104 cm‘z). In the same manner, the satura-
tion coverages of methanol and water are obtained to be 0.15
with an uncertainty of +0.05.2

The valence band spectrum of the clean surface is ob-
served as a skewed triangular shape with a valence-band
maximum (VBM) at 3.40 = 0.05 eV, which is determined by
extrapolating the leading edge of the emission structure. The
emission from the surface-localized O 2p dangling-bond
state is observed as a shoulder structure at ~4 eV [indicated
by S in Fig. 1(a)]. H adsorption quenches the shoulder, sug-
gesting the H-O bond formation. The bonding states of the
H-O structure contribute to a slight increase in the width of
the triangular valence structure. Methanol and water adsorp-
tion leads to a similar attenuation of the shoulder emission
but with lesser extent. For all adsorption systems, no emis-
sion is seen in the band-gap region at first glance. However,
peaks with faint emission intensities are actually formed just
below Ef, as can be seen in the magnified curves in Fig. 1(a).
The emission intensity is the strongest for the H-adsorbed
system and is decreased to a half (0.5+0.1) and to 0.3 0.1
on the methanol- and water-saturated systems, respectively.

Figure 1(b) shows the adsorbate-induced state on the
H-covered surface measured with various Av. A clear inten-
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FIG. 2. (Color online) Intensity plots of the second derivatives
of the ARPES spectra along the I'X’ axis. The spectra were re-
corded with hv=65 eV. Bright regions correspond to the bands.

The surface Brillouin zone of ZnO(1010) is displayed in the inset.

sity variation is observed with the maximum at 64 eV. As
shown in the inset, the induced states on the methanol- and
water-covered surfaces also exhibit the same hv dependence.
This implies that these states should originate from ZnO-
related atomic orbitals rather than adsorbate-related atomic/
molecular orbitals. From the small emission intensity of the
states in comparison with the emission from the
O 2p-dominant ZnO valence bands, a major contribution of
the Zn 4s orbitals to the induced states is expected. We will
further discuss the origin of the adsorbate-induced states and
the mechanism of the hwv-dependent intensity variation in
Sec. IV.
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Figure 2 shows two-dimensional band maps along I'X’ of
the surface Brillouin zone of the clean and adsorbate-covered
surfaces. Aside from several ZnO bands at >3.5 eV,
adsorbate-induced bands are seen just below Ef in a narrow
k; region (=2 <k;<2 nm~!, where k; is the surface parallel
component of the wave-number vector). An important find-
ing is that the band-gap closure, as suggested from the STM
and DFT studies for the H- and methanol-adsorbed
surfaces,'3?3 does not occur. Thus, adsorption of foreign spe-
cies results in only a slight modification of the surface elec-
tronic structure.

More detailed structures of the adsorbate-induced bands
are displayed in Fig. 3. The upper six panels [Fig. 3(a)] show
the intensity plots of the raw ARPES spectra. The lower six
[Fig. 3(b)] show the plots of the ARPES spectra divided by a
Fermi-Dirac (FD) function at 300 K convoluted with a
Gaussian function of a width of an energy resolution (50
meV). This enables us to investigate the electronic structure
in the energy region up to several tens of millielectron volt
above Ep without being obscured by the Fermi cutoff. All
adsorbate-induced bands have finite densities of states at Ef.

Thus, it is obvious that the ZnO(1010) surface with a semi-
conducting nature turns to be metallic by adsorption of not
only H and methanol, as have suggested by the earlier
studies,'>1%?3 but also water adsorption.

The most intense H-induced band exhibits a parabolically
dispersing feature [Fig. 3(b)]. The left panel in Fig. 3(c)
shows the plots of the peak positions in the ARPES spectra

FIG. 3. (Color online) (a) ARPES-intensity
plots of the adsorbate-induced bands along two
high-symmetry axes. (b) Plots of the emission in-
tensity divided by a Gaussian-convoluted FD
function. (c) Plots of the peak positions in the
ARPES spectra divided by a Gaussian-
convoluted FD function. The results of indepen-
dent measurements are shown by different sym-
bols. The size of symbols represents the emission
intensity of the peaks. Solid lines through the
plotted symbols are fitted results by parabolas as-
suming parabolic energy dispersion of the metal-
lic bands.
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for the H-adsorption systems. The band can be reproduced
by parabolas, as shown by a solid line, with the bottom en-

ergy of 0.16+0.03 eV at I'. It disperses upward with in-
creasing k; and crosses Ep at nearly the same k; point (kg
=0.8+0.1 nm™') on both X" and I'X. The band dispersion
is somewhat ambiguous in the intensity plots for the
methanol-induced band and is barely recognized for the
water-induced one because of the low emission intensities
and the shift of the intensity maximum toward the Fermi
level [Fig. 3(b)]. By plotting of the peak maximum in each
ARPES spectrum, however, the methanol-induced state is
found to form a band with a parabolic dispersion [the right
panel in Fig. 3(c)]. The bottom energy of 0.13+0.05 eV and
the Fermi wave number (kg) of 0.7+0.2 nm™! are deter-
mined. Regarding the water-covered system, the ARPES
spectra do not bear a clear peak after dividing the spectra by
the Gaussian-convoluted FD function. Thus, we cannot de-
termine the dispersion relation of the water-induced band.
However, the emission intensity variation as a function of kj,
which exhibits a Gaussian distribution and is similar to those
of the H- and methanol-induced bands, may be suggestive of
the dispersion relation of the water-induced band similar to
those of H- and methanol-induced ones.

The H- and methanol-induced states form isotropic bands
along two orthogonal axes (I'X’ and I'X). The water-induced
band may also have an isotropic structure because of the
isotropic intensity variation along both axes. Considering

that the surface Brillouin zone of the ZnO(1010) surface is
highly anisotropic (I'X’'=6.03 nm~! and I'X=9.68 nm™!),
the isotropic feature of the adsorbate-induced bands imply
that atomic orbitals with a large spatial extent should con-
tribute to the states to realize an efficient orbital overlap be-
tween neighboring sites. This hypothesis is supported by
small effective masses of the electrons m™; m" is estimated to
be 0.16m, and 0.15m, from the H- and the methanol-induced
bands, respectively, with an uncertainty of +0.05m,.>” This,
again, suggests the Zn 4s contribution to the metallic states.

Despite the extensive experimental studies of atomic and
molecular adsorption on the ZnO surfaces, the present
ARPES study offers direct experimental evidence for

adsorbate-induced metallization of the ZnO(1010) surface,
i.e., the bands crossing the Fermi level.

IV. DISCUSSION

The adsorption-induced metallic bands are formed on

ZnO(1010) along with the shift of the ZnO valence-band
spectrum toward the higher binding-energy side [Fig. 1(a)].
The magnitudes of the shifts of the VBM are 0.40 eV, 0.19
eV, and 0.13 eV for H, methanol, and water, respectively.
The same amount of the shift is also seen for the Zn 3d peak
(the result not shown). Thus, the shift is ascribed to down-
ward bending of the ZnO bands. Downward band bending
should be caused by charge donation from adsorbates to the
substrate surface. Actually, the H atoms are known to act as
effective charge donors when they interact with ZnO.?> On
the methanol- and water-covered surfaces, where dissociated
H atoms, deprotonated as well as molecularly adsorbed spe-
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cies coexist,”® H and molecularly adsorbed species act as
charge donors while deprotonated species are charge
acceptors.”® However, since adsorption of both methanol and
water induces downward bending, the amount of donated
charge surpasses that of withdrawn charge.

Assuming that the band gap at the ZnO(1010) surface is
the same as that in the bulk (3.37 eV), the CBM coincides
with Ep at the surface within the experimental error
(£0.05 eV) since the VBM of the clean surface is 3.40 eV.
The CBM should be located at 0.3-0.2 eV above Ey in the
bulk with the carrier concentration of 5X10-2
X 10" c¢m™ so that the ZnO band already bends downward
on the clean surface. Adsorption-induced downward bending
results in the lower part of the conduction band being below
Er. Thus, it is natural to suppose that donated charge is trans-
ferred to the ZnO conduction band. Considering the well-
known fact that the conduction band of ZnO is mainly com-
posed of the Zn 4s states and our experimentally derived
conclusion that the metallic bands have a large Zn 4s contri-
bution, the metallic bands are well assigned to the occupied
part of the ZnO conduction band. Therefore, we propose that

surface metallization of ZnO(lOl_O) is a consequence of
adsorbate-induced downward band bending and the resultant
partial occupation of the Zn 4s conduction band. Figure 4
shows schematically the metallization mechanism of

Zn0(1010) induced by H adsorption.

The accumulated charge on the adsorbate-covered sur-
faces is estimated from the band structure of the metallic
states. The H-induced metallic band intersects the Fermi
level at 0.8+ 0.1 nm™!' on the I'X’ and 'X axes. Assuming
the circular Fermi surface with the radius kg
=0.80.1 nm™, the charge density p is calculated using the
relation, p=k%/(2m), to be (1.0£0.2)X 10" cm™. This
amounts to ~0.017 electrons per unit cell. For the methanol-
saturated surface, the accumulated charge is (0.8 +0.4)
X 103 ¢cm™ (~0.013¢ per unit cell). The charge density on
the water-saturated surface is estimated from the emission
intensity. If the emission intensity of the metallic band is
proportional to the charge density, the density is estimated to
be (0.4=0.2) X 10" cm™2 (~0.007¢). In Table I, we sum-
marize the coverages of adsorbates, the magnitudes of
adsorbate-induced band bending, the charge densities in the
accumulation layers as well as the parameters of the metallic
bands determined in the present study.

Finally, we comment on a natural question whether the
observed metallic band is the Zn 4s-derived conduction band
itself or the quantized subband in the accumulation layer. A
hint to answer this question may come from the comparison
of the energetic positions between the CBMs and the metal-
lic bands. The bottom energies of the H- and methanol-

induced bands are 0.16 and 0.13 eV at T, respectively. On
the other hand, the CBMs should lie at 0.40 and 0.19 eV
below Eg on the H- and methanol-adsorbed surfaces. For the
water-adsorption system, although the metallic band position
is not determined, the expected CBM at 0.13 eV must be
deeper than the metallic band. The shallower positioning of
the metallic bands than the CBMs is suggestive that the me-
tallic bands should be derived from the two-dimensional
electron gases confined in one-dimensional potential wells
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FIG. 4. (Color online) Schematic of the en-
ergy band structures of the clean and H-covered

ZnO(1010) surfaces. Essentially the same mecha-
nism should be operative for the methanol- and
water-adsorption systems but with a lesser extent
of induced downward band bending.
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and be quantized along the surface-normal direction.?

The quantized subbands localized in the accumulation
layers are formed on the adsorbate-free semiconductor sur-
faces of InAs,>° InN,3! and CdO.3? Although the subband is

not formed on the clean ZnO(lOTO) surface, adsorption of
charge-donor species leads to the subbands similar to those
found on InAs, InN, and CdO. The common feature of these
semiconductors including present ZnO is a single valley in
the conduction band that lies just above Ef at the center of
the bulk Brillouin zone (the I' point). Thus, slight downward
band bending, caused either by surface defects or adsorption
of electron-donor species, results in the CBM well below Eg
at I'. This is the reason why the subbands are observed only

in certain v regions.’*32 In the present ZnO(1010) system,
the subbands are observed with sufficient intensities at
around 64 eV [Fig. 1(b)]. This iv corresponds to the energy
with which the T" point of the ZnO bulk Brillouin zone is
probed.33 Therefore, a direct observation of subbands on any
n-type semiconductor surfaces having a conduction-band
structure similar to ZnO will be possible by ARPES with a
careful choice of the photon energies when the accumulation
layer is formed on the surface.

V. SUMMARY

The electronic structure of the ZnO(1010) surface and its
modification by adsorption of hydrogen, methanol, and water
have been examined by ARPES. All these adsorbates act as
charge donors and induce downward bending of the ZnO
band. Donated and accumulated charge in the order of
10'2-10" cm™ occupies the Zn 4s-derived states, forming
single partially filled bands with a free-electronlike disper-
sion. Quantization of these metallic bands along the surface-
normal direction is inferred.

ACKNOWLEDGMENTS

We are grateful to T. Sakurai of University of Tsukuba for
assistance with the Hall-effect measurements. This work was
supported by a Grant-in-Aid for Scientific Research (Grant
No. 21560695) from the Ministry of Education, Culture,
Sports, Science, and Technology of Japan. The ARPES mea-
surements were performed under the approval of the Photon
Factory Advisory Committee (Proposal No. 2008G016).

TABLE 1. Coverages (®), magnitudes of adsorbate-induced band bending (Egg) and the accumulated

charges (p) for the adsorbate-covered ZnO(1010) systems, as well as the parameters of the induced metallic
bands; the relative emission intensities (/,.;), the bottom positions of the metallic bands (Ey,), the Fermi wave

numbers (kg), and the effective masses (m*).

Egp p Epor kg
0?2 (eV) (cm™) Iy (eV) (nm™") m*/mg
Hydrogen 0.40(5)° 0.40(5) 1.0(2) x 103 1.0 0.16(3) 0.8(1) 0.16(5)
Methanol 0.15(5) 0.19(5) 0.8(4)x 103 0.5(1) 0.13(5) 0.7(2) 0.15(5)
Water 0.15(5) 0.13(5) 0.4(2)x 1013 ¢ 0.3(1) n.dd n.d. n.d.

2@ =1 corresponds to the density of surface O or Zn atoms; 5.9 X 10'* cm™2.

5200-L exposure.

-2

“Estimated from the emission intensity ratio of the metallic band.

9Not determined.
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