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Comparison of the surface electronic structure of H-adsorbed ZnO surfaces: An
angle-resolved photoelectron spectroscopy study

Kenichi Ozawal’* and Kazuhiko Mase?

!Department of Chemistry and Materials Science,
Tokyo Institute of Technology, Ookayama, Meguro-ku, Tokyo 152-8551, Japan
?Institute of Materials Structure Science, High Energy Accelerator Research Organization (KEK), Tsukuba 305-0801, Japan
(Dated:)

Synchrotron-radiation angle-resolved photoelectron spectroscopy has been utilized to study the
interaction of atomic H with nonpolar ZnO(1010) surface and polar ZnO(0001) and (0001) surfaces.
H adsorption leads to the semiconductor-to-metal transition on the ZnO(1010) and (0001) surfaces.
Metallization is a consequence of the formation of a single metallic band within the potential well
between the surface/vacuum interface barrier and the edge of the conduction band, which is bent
downwardly at the surface. The electrons confined in the potential well exhibit a free-electron-
like behavior along the surface parallel, realizing two-dimensional electron gas system. For the
H/ZnO(0001) system, on the other hand, no feature associated with the metallic band is observed.
Higher reactivity of the ZnO(0001) surface towards H than the other two ZnO surfaces is responsible
for the different behavior for the modification of the surface electronic structure by H adsorption.

I. INTRODUCTION

Zinc oxide (ZnO) is a metal oxide widely used as
catalysts,! chemical sensors,? and a variety of elec-
tronic and photonic devices.? Moreover, owing to unique
nanoscale structures that ZnO can take, i.e., nanorods,
nanowires, nanoribbons, etc.,* novel applications of ZnO
are expected. Therefore, intensive theoretical and ex-
perimental efforts have been devoted to clarify bulk and
surface properties of ZnO as well as characteristics of
nanostructured ZnO.> However, many fundamental as-
pects on the nature of ZnO have long been unanswered,
and some of them are still under debate. The origin of
the n-type conductivity of ZnO is one of the controversial
issues. Among several candidates,%” density functional
theory (DFT) study by Van de Walle has suggested the
important role of unintentionally doped atomic hydro-
gen (H) to form shallow donor states.® Several follow-up
studies have supported this theoretical prediction.”

The donor character of H in ZnO has long been recog-
nized by the fact that H doping enhances electric conduc-
tivity of ZnO.'° Not only doped H but adsorbed H can
act as a charge donor. Heiland and Kunstmann examined
sheet conductance of two polar ZnO surfaces, i.e., the O-
polar ZnO(0001) and Zn-polar ZnO(0001) surfaces, in
their pioneering work!! and found a clear conductivity
change by adsorption of atomic H and O. H adsorption
leads to an increased surface conductivity, whereas ad-
sorbed O reduces it. These changes are well explained by
donor and acceptor characters of H and O, respectively,
and their adsorption leads to the variation of the charge
density in the space-charge layer by alternating the di-
rection of band bending.!'. More, recently, Woll and
co-workers?1'? have indicated on the basis of the high-
resolution electron energy loss spectroscopy (HREELS)
measurements that adsorption of H on the nonpolar
Zn0(1010) surface and the O-polar ZnO(0001) surface
results in an increase in the charge densities at the sur-

faces, in accordance with the results by Heiland and
Kunstmann. A DFT calculation has given two metal-
lic bands on the H/ZnO(1010) surface, on which the H
atoms are bonded only to the surface O atoms.'? On the
basis of these results, the authors have concluded that
the semiconductor-to-metal transition is induced on the
ZnO surfaces by H adsorption.

An interesting point that the DFT study'? has im-
plicated is a significant lowering of the ZnO conduc-
tion band; the bottom of the conduction band mini-
mum (CBM) reaches the top of the valence band maxi-
mum (VBM) at the center of the surface Brillouin zone
(SBZ).*? Namely, the gapless band structure is predicted.
However, our angle-resolved photoelectron spectroscopy
(ARPES) studies on H/ZnO(1010)%!* reveals that the
overall modification of the surface electronic structure is
only slightly. The surface turns to be metallic with a sin-
gle partially filled band at the center of the SBZ, while the
band gap remains open. From these observation, we have
proposed that the H-induced metallization of ZnO(1010)
proceeds via charge transfer from H to ZnO and the for-
mation of the charge accumulation layer as a result of
downward bending of the ZnO band at the surface.'314
Our result is the first direct evidence for the conventional
view of the formation of the charge accumulation layer on
the H/ZnO surfaces.!! Nevertheless, H-induced modifica-
tion of the electronic structures of the O-polar ZnO(0001)
and Zn-polar ZnO(0001) surfaces is less known in com-
parison with the nonpolar surface, although the increased
surface conductivity of both polar surfaces!! and metal-
licity of the O-polar surface’ have been implicated.

The interaction manner of H with the single-crystal
7ZnO surfaces is quite different depending on the surface
orientation. Atomic force microscopy (AFM) and spec-
troscopic ellipsometry studies'® have revealed that the
Zn-polar (0001) surface is easy to be etched by atomic H,
while the O-polar (0001) surface is passivated upon the
formation of the (1x1) H-covered surface. The reactivity
of the non-polar ZnO(1010) surface is between those of



Zn0(0001) and ZnO(0001).'5 Difference in the bonding
strength between O-H and Zn—H should be responsible
for the different surface reactivity towards HS3.

In the present study, we have investigated the elec-
tronic structures of the H-covered polar and nonpolar
ZnO surfaces by ARPES utilizing synchrotron radiation
light and examined how the difference in the atomic
structure and composition of the ZnO surfaces affects the
H-induced changes in the surface electronic structure. It
is found that H adsorption induces a single free-electron-
like metallic band at the center of the SBZ on both
Zn0(1010) and O-polar ZnO(0001) surfaces. On the
other hand, no evidence associated with surface metallic-
ity is obtained on the Zn-polar ZnO(0001) surface. Mag-
nitude of H-induced band bending and the surface rough-
ness as a result of the etching by atomic H are crucial
factors for metallicity of the H-covered ZnO surfaces.

II. EXPERIMENT

The ARPES measurements were performed at the
beamline 11D of the Photon Factory, High Energy Ac-
celerator Research Organization (KEK). The ultrahigh
vacuum (UHV) analysis chamber with base pressure of 4
x 1078 Pa was equipped with a hemispherical electron
energy analyzer (Scienta SES 200) with a typical overall
energy resolution of 50-70 meV at the photon energies
(hv) between 60 and 70 eV. The spectra were acquired us-
ing the light linearly polarized within the incidence plane,
while the incidence plane of the light was set parallel
to the detection plane of the photoelectrons. The mea-
surements were conducted at room temperature. The
electron binding energy of the spectra presented in this
paper is referenced to the Fermi energy (Er), which was
determined from the Fermi cut-off in the spectra of the
Ta sample holder. Because of the semiconducting nature
of ZnO, sample charging during photon irradiation was
carefully checked by reducing the incident photon flux.
The shift of the ARPES spectra by 0.1-0.3 eV towards
the higher-binding-energy side was sometimes observed
on the clean ZnO surfaces. No charging was encountered
on the H-exposed surfaces. For the clean spectra pre-
sented below, the shift by surface charging, if existed,
was corrected.

Single crystal ZnO samples with (1010) and
(0001)/(0001) orientation were purchased from SPC
Goodwill, Russia. The sample crystals with 10 x 10 x 0.5
mm? dimension were both-side polished. For the ZnO
crystals with (0001)/(0001) orientation, one side is the
Zn-polar (0001) orientation and the other is the O-polar
(0001) orientation. The surface orientations were dis-
tinguished by the well-known difference in the surface
etching behavior in acid solution.'® The in situ sample
preparations were carried out in a preparation chamber,
which was connected to the analysis chamber but was
pumped separately to the base pressure of ~ 2 x 1077
Pa. The clean surfaces were obtained by cycles of Art
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FIG. 1: Plots of relative intensities of the O 2s emission peaks
from the OH component to the total O 2s peak intensities on
Zn0(1010), ZnO(0001) and ZnO(0001) against H exposure.
The insets show O 2s core-level spectra (hv = 65 eV) for the
clean and 200-L H-dosed surfaces. The spectra were measured
at the detection angle of 60° from the surface normal direction
to enhance the surface sensitivity. The spectra shown here are
those after subtracting polynomial background curves. The
O 2s components are reproduced by Gaussian functions.

sputtering (2 kV) and annealing in UHV at 1050-1100
K followed by annealing in Oy atmosphere (1.3 x 107
Pa). The ZnO surfaces after this procedure gave (1x1)
low energy electron diffraction (LEED) patterns. The
work functions of the clean surfaces, determined from
the photon energy and the spectral width between the
Fermi level and the secondary electron cut-off, were 4.5
eV, 5.1 eV, and 4.0 eV for ZnO(1010), ZnO(0001), and
Zn0O(0001), respectively. The work functions were in
line with the trend expected from the surface atomic
composition of ZnO.

Hydrogen was adsorbed on the ZnO surfaces by back-
filling the preparation chamber with Hy (in the order of
10~* Pa) while two tungsten filaments, placed at ~ 15
cm away from the sample surfaces, were heated to 2100—
2200 K to atomize Hy. The sample surfaces were kept
at 300-350 K during H exposure. The efficiency of Ho
cracking was not estimated in the present study. How-
ever, a certain fraction of Hy was atomized on the hot
filaments because the sticking efficiency was appreciably
increased in comparison with Hy exposure without the
hot filaments.

IIT. RESULTS

Adsorption of the H atoms on the ZnO surfaces gives a
shifted component in the O 2s core-level region as shown
in the inset figures in Fig. 1. The shifted component
is associated with the OH species.'”'8 Plots of relative
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FIG. 2: Angle-integrated valence-band photoemission spec-
tra of the ZnO(1010), (0001) and (0001) surfaces exposed to
various amounts of H. The photon energy used was 65 eV.

intensities of the OH components to the total O 2s inten-
sities against H exposures, given in Langmuir units (1 L
= 1.3 x 10~* Pa s), are also shown in Fig. 1. The stick-
ing probability of H is gradually lowered with increasing
H exposures, and the relative intensities seem to reach
saturation values on all surfaces. It is noted that some
fraction of adsorbed H possibly diffuses into the bulk, ow-
ing to a relatively small diffusion barrier of H in ZnO.'°
Thus, the OH peak should include a contribution from
the OH species in the subsurface region.

Figure 2 shows angle-integrated spectra of three low-
index ZnO surfaces exposed to various amounts of H. The
valence band of ZnO is composed of the O 2p-dominant
O 2p-Zn 4sp hybridized band and the Zn 3d band.?®
For all three ZnO surfaces, the emission from the hy-
bridized band is observed between 3 and 9 eV, and the
7Zn 3d emission is seen as an intense sharp peak at 10-11
eV. Different emission features depending on the surface
termination is recognized in the O 2p—Zn 4sp band. In
addition, the energy position of the valence band also
depends on the surfaces; the valence bands of both O-
polar and Zn-polar surfaces appear at shallower binding
energies than that of ZnO(1010). The VBMs of the clean
surfaces, determined by extrapolating the leading edge of
the valence-band emission to the baseline, are 3.3 eV for
Zn0(1010) and 2.9 eV for both polar ZnO surfaces. This
means that the ZnO band bends slightly downwardly on
Zn0(1010), while upward band bending is realized on
the polar surfaces, because the bulk VBM is located at
3.1-3.2 eV below Ep.%!

H adsorption on ZnO leads to the energy shift of the
valence-band spectra towards a higher-binding-energy
side (Fig. 2). The shift should originate from band bend-
ing because all the ZnO-related peaks (O 2s, Zn 3d, and
Zn 3p peaks) show the same energy shift. Thus, ad-
sorbed H acts as a charge donor and induces downward
bending irrespective of the surface termination. Upper
panels in Fig. 3 show the exposure dependence of the
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FIG. 3: (Upper) Changes of the VBM positions as a function
of H exposure. The VBM positions are determined by extrap-
olating the leading edge of the valence-band emission to the
baseline in the case of the clean surfaces, and the Zn 3d peak
shifts are used to reproduce the H-induced shift of the VBM.
Assuming the band-gap energy of ZnO (3.37 ¢V?®), the CBM
positions can be estimated from the VBM positions. The hor-
izontal dotted line in each panel is drawn at 3.37 eV on the
left axis and at 0.0 eV on the right axis. (Lower) Schematic
of the energy band structures of the clean and 200-L H-dosed
surfaces.

VBM positions. On ZnO(1010) and ZnO(0001), the be-
havior of band bending is similar; a small exposure (200
L) is required to induce large downward bending [0.40 eV
and 0.65 eV for ZnO(1010) and (0001), respectively], and
further exposures result in small changes. On the other
hand, the band on ZnO(0001) bends gradually with in-
creasing H exposure from 2.9 eV to 3.3 eV up to 2000
L. Schematics of the energy band structures of the clean
and 200-L H-dosed surfaces are shown in the lower part
of Fig. 3.

A donor character of adsorbed H on the ZnO surfaces
can also be deduced by inspecting the H-induced change
in the ionization energy (AI). AI is given by the sum
of the magnitude of band bending (eAVy; eAV; > 0 for
downward bending and eAV; < 0 for upward bending)
and the work function change (A®),?2 and is a direct
measure of the induced dipole moment (x) through the
Helmholtz equation;?® y = —2eqAI/ Oy, where € is the
permittivity constant and Oy is the H coverage.

Figure 4 shows the H-exposure dependence of AI,
eAV; and A@ for the three H/ZnO systems. AP was
estimated from the energy shift of the low kinetic-energy
cut-off position of the secondary electron background,
and eAV; was deduced from the Zn 3d peak shift. Aside
from the magnitude, the exposure dependence of the
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FIG. 4: Hydrogen exposure dependences of the magnitude
of band bending (eAVs), the work function change (A )
and the change in the ionization energy (AI). eAVj is
positive (negative) for downward (upward) band bending.
Al = eAV,+ Ad.

three parameters are similar for the H/ZnO(1010) and
H/ZnO(0001) systems; namely, a large change at the ini-
tial stage (200 L) followed by a gradual change at the
higher exposures. Al is negative for these two systems,
meaning the formation of the surface dipole moments
with negative ends pointing towards the bulk inside. A
larger negative value for H/ZnO(0001) (Al = —0.4 eV)
than for ZnO(1010) (—0.1 eV) indicates that the larger
dipole moment is formed on the O-polar ZnO surface. Al-
though a fraction of adsorbed H on these surfaces should
diffuse into the bulk, a majority of adsorbed H is con-
sidered to exist on the surfaces. Therefore, the cation-
ized state of adsorbed H on ZnO(1010) and ZnO(0001)
is highly plausible.

A situation for the H/ZnO(0001) system is different
from the other two systems. H adsorption affects the
work function only slightly; A® = —0.05 eV at 200-
1000 L, and +0.05 eV at 2000 L. On the other hand,
eAV; is sizable with positive values. Thus, the resultant
Al values are positive, indicating the formation of the
surface dipole moment with the negative end pointing
towards the vacuum side. If adsorbed H on ZnO(0001)
is cationized as expected from downward band bending
(eAVs > 0), this result implies that the amount of subsur-
face H cations may surpass that of the H cations on top
of the surface. Alternatively, the H-exposed ZnO(0001)
surface could be so rough as a result of etching by atomic
H'5 that the surface atomic and electronic structures are
largely modified. In such a case, a donor character of
adsorbed H cannot be determined only from the A[ val-
ues. Nevertheless, downward band bending is suggestive
of the donor character of adsorbed H on ZnO(0001).

Figure 4 clearly demonstrates that the H-induced
changes of the surface electronic properties are similar
for ZnO(1010) and ZnO(0001), whereas the ZnO(0001)
surface exhibits different response to H. Similarity and
dissimilarity of the ZnO surfaces towards H are also rec-
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FIG. 5: Photoemission spectra in the vicinity of Er of three
ZnO surfaces at various H exposures. The photon energy
was 65 eV. Each spectrum is constructed by integrating the
ARPES spectra with detection angles between —4.5° and 4.5°
along the high symmetry axes of the SBZ indicated in each
panel. Dotted lines in the right panel are the backgrounds.
Essentially the same sets of spectra are obtained when inte-
grating along other high symmetry axes.

ognized in the valence-band photoemission spectra. The
spectra in Fig. 2 seem to bear no emission structures
in the band gap region at first glance for all three sys-
tems. However, a close examination of the spectra re-
veals a density of states (DOS) at around Ew. Figure 5
shows the results of detailed measurements in the vicin-
ity of Er. The spectra are obtained by integrating the
ARPES spectra with the emission angles between —4.5°
and 4.5° (0° corresponds to the surface normal direc-
tion) along the selected high symmetry axes of the SBZ.
For both ZnO(1010) and ZnO(0001) surfaces, H adsorp-
tion induces the DOS with a skewed triangle shape at
around Fp. Our previous ARPES studies have revealed
that metallicity of the H/ZnO(1010) surface is accom-
panied by the formation of this characteristic DOS at
Ep.131% Thus, the ZnO(0001) surface also turns to be
metallic upon H adsorption. More straightforward ev-
idence for surface metallization of the O-polar surface
will be presented below. The emission intensities of the
H-induced states are gradually diminished with increas-
ing H exposure on both Zn0O(1010) and ZnO(0001), but
surface metallicity is persistent up to relatively high ex-
posures (at least up to 2 x 10* L).

Regarding the Zn-polar ZnO(0001) surface, the struc-
ture and the energy position of the H-induced states are
completely different. The H-induced emission is first ob-
served at 500 L in the energy region higher than 0.5 eV.
The onset position of the DOS moves towards Er with H
exposure along with the increase in the emission intensity.
However, no state is emerged at Er even at 2000 L, indi-
cating that the semiconducting nature of the ZnO(0001)
surface is preserved after H adsorption.

In order further to clarify the metallic nature of the H-



(a) ZnO(1070)

o P |
X ; 22° : X
o
A
% e —
M/\”/Lm e \—

T __,//\%/ \ 0.0° BTN o~ T
T s I e
% e N
N [ e N
IDNENAIT S N ety e
L™ N e N ]
MM ° bt
X PP N I heasras I°¢
10 05 00 -05 10 05 00 -05
Binding Energy (eV) Binding Energy (eV)

(b) ZnO(000T1)

| O | rrw | )

M WWMM 22° WW K
e narvers B woh o b
M AT toroct] W"’WM
e e i ernd
MWMWW A O S s
oA e

L e e BN cemnsrs scrsmes I

T PSS o0 foiiomend T
Mmm Mw
] e
m ISV Mot
et o] It N s il
ISR NS NAINIPAD L
ot AN o) I A A IAAA M ]

M [ o] 2,27 o]
10 05 00 -05 10 05 00 -05

Binding Energy (eV) Binding Energy (eV)

FIG. 6: Detection-angle-dependent spectra of the H-induced
states of the 200-L H-exposed surfaces of ZnO(1010) and
ZnO(0001) along the high symmetry axes of the SBZ. The
detection angle (64) is measured from the surface normal di-
rection. The photon energy used was 65 eV.

adsorbed ZnO(1010) and (0001) surfaces, the dispersion
relations of the H-induced states have been examined.
Figure 6 shows detection-angle-dependent spectra of the
H-induced states on the 200-L H-exposed surfaces along
high symmetry axes of the SBZ. The H-induced state is
clear in a narrow emission region between —2° and 2°
with the highest intensity in the normal emission spec-
tra. Although a dispersive feature of the H-induced state
is not as clear for the H/ZnO(0001) system as for the
H/Zn0O(1010) system because of a poor signal-to-noise
ratio, the H-induced states for both systems exhibit a
parabolic dispersion. The hr-dependent measurements
reveal the lack of energy dispersion of the H-induced
states along the surface perpendicular component of the
wave number (k1 ).14 Therefore, the H-induced states are
the localized states at the ZnO surfaces.

The parabolic feature of the H-induced states is more
easily recognized in ARPES-intensity plots shown in
Figs. 7a and 8a. Upper panels are the intensity plots of
the raw ARPES spectra, and the lower panels are those
of the ARPES spectra which are divided by Gaussian-
convoluted Fermi-Dirac (GFD) functions so that the ef-
fect of the Fermi cut-off is removed. It is apparent that
the H-induced states on both surfaces form bands with
parabolic dispersion along the surface parallel component
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FIG. 7: (a) Plots of the raw emission intensity of the ARPES
spectra (upper panels) and those divided by a GFD function
(lower panels) along two high-symmetry axes for the 200-L
H-dosed ZnO(1010) surface. The bright regions correspond
to the high-emission-intensity regions. (b) Band structure
of the H-induced state formed on ZnO(1010) by H exposure
(200 L). The plotted points correspond to the peak positions
in the GFD-function-divided ARPES spectra. The size of the
symbols represents the emission intensity, and the different
symbols are the results of independent measurements. A solid
line is a least-square fitted result by a parabolic function.
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system.



of the wave number (k).
Figure 7b shows the k-dependence of the energy posi-

tions of the H-induced band for H/ZnO(1010). The band
has an isotropic structure on both T X’ and I'’X axes and
is reproduced well by parabola (solid line). The band
is located at 0.16 & 0.03 €V at I and disperses towards
the shallower binding energies with increasing k. The
Fermi wave number (kg), where the band crosses EF, is
0.8 £ 0.1 nm™!. For the H-induced states on ZnO(0001),
the bottom of the band is 0.12 + 0.06 ¢V at T and kg
is 1.2 & 0.4 nm~! on both TM and TKM axes. This is
direct evidence for surface metallization of the O-polar
Zn0O(0001) surface.

No other state crossing FEp is found on both
H/Zn0(1010) and H/ZnO(0001) surfaces. Therefore, we
conclude that metallicity of these surfaces is owing to the
formation of the free-electron-like bands at around the T’
points.

IV. DISCUSSION
A. H/ZnO(1010) and H/ZnO(0001)

In the present ARPES study, we have examined how
the H-induced modification of the electronic structure de-
pends on the differently terminated low-index surfaces
of ZnO. A response to H adsorption is similar for the
nonpolar ZnO(1010) surface and the O-polar ZnO(0001)
surface but is different for the Zn-polar ZnO(0001) sur-
face (Figs. 3-5). For the Zn-polar surface, the semi-
conducting nature is preserved even when the surface is
being covered with H. Contrastingly, the ZnO(1010) and
ZnO(0001) surfaces turn to be metallic. The origin of
surface metallicity is the formation of a free-electron-like
band in the vicinity of the center of the SBZ.

From the similarity of the surface electronic structures
between H/ZnO(1010) and H/ZnO(0001), the same met-
allization mechanism must be operative on these surfaces.
Adsorbed H is cationized and induces downward band
bending. The magnitude of band bending is sufficiently
large so that the bottom of the conduction band, mainly
composed of the Zn 4s orbitals, is shifted from above Fg
to below Er. The upper panels in Fig. 3, showing the
VBM positions, also indicate the CBM positions, which
are determined from the VBM and the band-gap energy
of 3.37 eV.? At 200-L H exposure, the CBMs are located
at 0.32 eV and 0.18 eV below Er on ZnO(1010) and
Zn0(0001), respectively. Since the CBM lies at 0.2-0.3
eV above Er in the bulk,?! the potential wells with the
depths of ~0.5 eV are created at these surfaces. Charge
from adsorbed H should be, then, transferred to these
potential wells and occupy the bands with parabolic en-
ergy dispersion along k|, reflecting the Zn 4s character
of the conduction bands.

It should be pointed out that the depths of the sur-
face potential wells could be even larger than ~0.5 eV.
A recent study by King et al. has demonstrated that the

band gap of semiconducotor is diminished at the surface
when the electron accumulation layer is formed.?* The
band-gap shrinkage is a consequence of the many-body
interactions of the free carriers in the accumulation layer.
In the present H/ZnO systems, the charge accumulation
layers are also formed. Thus, the smaller band gap at
the surface than in the bulk (3.37 eV) may be realized.
In this case, the CBM positions are deeper than 0.32 eV
and 0.18 eV on ZnO(1010) and ZnO(0001), respectively,
and thus the potential-well depths are larger than ~0.5
eV.

In either cases, whether the surface band gap is dimin-
ished or not, the bottom positions of the metallic bands
[0.16 eV and 0.12 eV for H/ZnO(1010) and H/ZnO(0001)
at 200 L, respectively] are shallower than the CBMs [>
0.32 eV and > 0.18 eV]. It is highly probable that this
discrepancy arises from the quantization of the metallic
bands into discrete levels, and the bands observed in the
present study should correspond to the lowest quantiza-
tion levels. A lack of the energy dispersion of the H-
induced states in k&, 4 and the parabolic dispersion in k|
indicate that the H-adsorbed ZnO(1010) and (0001) sur-
faces are viewed as two-dimensional electron gas (2DEG)
systems.

Comparing the dispersion structure of the metallic
bands (Figs. 7b and 8b), it is recognized that the curva-
ture of the bands is different. Assuming the free-electron
dispersion, the effective mass of the electrons (m*/m.)
is determined to be 0.16 & 0.05 for H/ZnO(1010). On
the other hand, smaller curvature of the metallic band on
H/ZnO(0001) gives a larger m* /m, value of 0.5+0.1. Dif-
ferent coordination of the Zn atoms on both ZnO surfaces
may affect the spatial extent of the Zn 4s orbital and give
the different band dispersion. However, more relevant
explanation is that the distortion of the observed band
by the Fermi cut-off is more significant on H/ZnO(0001)
than on H/ZnO(1010) because of a weaker emission in-
tensity and a shallower positioning of the band (Figs. 6b
and 8). Thus, the apparently high m*/m, value of 0.5
only indicates the upper limit.

The same may be said of the charge density of the
2DEG if the density is estimated from the band structure.
Assuming the circular Fermi surfaces with the radii of kg
=0.840.1 nm~! and 1.24-0.3 nm~* for H/ZnO(1010) and
H/ZnO(0001) at 200 L, respectively, the charge density is
calculated to be (1.0+£0.2) x 103 em =2 for H/ZnO(1010)
and (2.3 £1.2) x 10** cm~2 for H/ZnO(0001). Although
the estimated value should provide the upper limit for
the latter system, it is concluded that charge in the order
of 10'® cm™2 is accumulated on the ZnO surfaces by H
adsorption.

The estimated charge densities on the H/ZnO surfaces
are in good agreement with the that of the 2DEG formed
on ZnO(0001) recently reported by Piper et al. (2 x
10'3 ¢m™2)?% The authors have investigated the elec-
tronic structure of the O-polar ZnO(0001)-(1x1) surface
and found the metallic band with a parabolic dispersion.
Their reported band is nearly identical to that observed
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FIG. 9: Schematic of the reactions induced by H exposure
on (a) Zn-polar ZnO(0001), and (b) O-polar ZnO(0001), ex-
plaining the different etching behavior on these surfaces.

in the present study (Fig. 8). Interestingly, the O-polar
7ZnO surface Piper et al. examined was not treated by
H. However, they have speculated that the surface is hy-
drogenated unintentionally by adsorption of gases in the
UHV chamber, most probably water, so that the 2DEG
was developed at the surface.?’ This suggests that only
a small amount of H is required to develop the 2DEG on
the ZnO surface. Actually, the drastic changes in band
bending and the work function are induced up to 200 L
on both ZnO(1010) and ZnO(0001) (Fig. 4). Under the
assumption, for simplicity in the calculations, that all ad-
sorbed H atoms are on top of the ZnO surfaces and bulk
diffusion is neglected, the H coverages @y at 200 L can
roughly be estimated from the intensity ratio of the OH
species (Fig. 1) to be 0.4 and 0.2 for H/ZnO(1010) and
H/ZnO(0001), respectively, where Oy = 1.0 corresponds
to the O density on each ZnO surface [0.59 x 105 cm ™2
and 1.1 x 10'® em™2 for ZnO(1010) and ZnO(0001), re-
spectively]. Thus, a large modification of the electronic
structure is completed by a small amount of adsorbed H.

B. H/ZnO(0001)

Contrary to ZnO(1010) and ZnO(0001), a metallic
band is not formed on the Zn-polar ZnO(0001) surface.
One reason is that H-induced band bending is so small
that the CBM does not shift below Fr up to 2000 L
(Fig. 3). This is not because the amount of adsorbed
H on ZnO(0001) is small in comparison with the other
two systems, as evident from Fig. 1. We consider that
the roughness as a result of surface etching by atomic H
should be the main reason for not only small band bend-
ing but also the peculiar H-exposure dependence of A @,
eAV;, and AT (Fig. 4).

AFM and spectroscopic ellipsometry studies by Bruno
et al.'® have revealed that ZnO(0001) is the most re-
active surface among the low-index ZnO surfaces to-
wards atomic H. The AFM image shows many clusters on
Zn0O(0001) after H exposure, and they are identified by
X-ray photoelectron spectroscopy as Zn clusters.'® Thus,

significant reduction of ZnO (ZnO + H — OH + Zn) pro-
ceeds on ZnO(0001). The H-induced Zn clusters may be
responsible for the band-gap state at > 0.5 eV at 500 L
(Fig. 4). The onset position of this state moves from
0.5 eV to just below Er at 2000 L. The shift should be
induced along with the growth of the Zn clusters and
be associated with an increasing efficiency of the final
state screening towards photoholes after the photoemis-
sion process as the size of the cluster grows.?628 If the
Zn clusters act as charge acceptor, a fraction of donated
charge from H may reside on the clusters, not at the sub-
strate surface. This can explain why the limited down-
ward band bending is observed on the H/ZnO(0001) sur-
face.

An easily-etched property of ZnO(0001) by atomic H
may be partly explained by the local atomic structure
on the surface. On the ideal surface, each surface Zn
atom is bonded to three O atoms in the second layer.
Since H atoms interact mainly with the O atoms at room
temperature,'? the H atoms should be inserted into the
Zn—0O backbonds to form three OH species and an iso-
lated Zn atom to initiate surface etching. Contrastingly,
the ZnO(0001) surface is terminated by the O atoms,
each of which is bonded to three Zn atoms. H atoms
are bonded to the surface O atoms to give a stable H-
terminated surface.'® The situation on ZnO(1010) is in
between two polar surfaces. Fig. 9 shows the reaction
sequences on ZnO(0001) and ZnO(0001).

The real ZnO surfaces are, however, not ideally ter-
minated and, especially for the polar surfaces, several
reconstructed structures have been reported; triangular-
shaped reconstructions with (1x1) termination,?% 3!
(v/3x1/3)R30°%2 and (1 x 3)?3 reconstructions on the Zn-
polar surface, and the (1 x 3)3*, and (v/3 x v/3)R30°3°
reconstructed surfaces on the O-polar surface. On the
other hand, the polar ZnO surfaces we have prepared in
the present study showed (1x1) LEED patterns, suggest-
ing that the fraction of the reconstructed area, if exists,
should be minor. Thus, the reaction model shown in Fig.
9 is still valid to a certain extent especially in the initial
stage of the etching reaction. Atomic-level examination
is required to fully understand the unique termination
dependence of the etching behavior on the ZnO surfaces.

It is worth pointing out that, although the etching rate
is much lower than that on ZnO(0001), the ZnO(1010)
and (0001) surfaces are also etched by H mainly from
surface defect sites. As shown in Fig. 5, the emission
intensities of the H-induced metallic states decrease with
increasing H exposures. This change is associated with
surface etching and resultant roughening of the surfaces.
On the rough surfaces, k|| is no longer a good quantum
number because of the loss of the translational symme-
try. Furthermore, as in the case of the thin metal films in
which discrete quantum-well states are formed,% it is im-
portant to prepare atomically uniform surfaces in order
for the electrons confined in the potential well to fulfill the
Bohr-Sommerfeld quantization condition; 2kt 4+ ¢ = 2nm,
where k is the perpendicular component of the electron



wave vector, ¢t is the thickness of the potential well, ¢
is the total phase shift of reflection at the conduction
band edge and the surface/vacuum interface, and n is a
quantum number. For the system with the rough sur-
face, the electrons are randomly reflected at the sur-
face/vacuum interface so that the formation of the static
standing wave within the potential well is suppressed.
Therefore, even though the H atoms adsorb on the rough
ZnO surfaces and induce downward band bending large
enough that the lower part of the conduction band lies
below Erg, the metallic band should not be formed and
the semiconductor-to-metal transition must be absent.

V. SUMMARY

The surface electronic structures of ZnO(1010),
Zn0O(0001) and ZnO(0001) and their modification by
adsorption of H have been examined by ARPES uti-
lizing synchrotron radiation. H adsorption leads to
the semiconductor-to-metal transition on the ZnO(1010)
and ZnO(0001) surfaces by forming single partially-filled
metallic bands at the centers of the SBZs. Metallic charge

behaves as a free-electron gas along the surface paral-
lel, whereas it is confined in the potential wells between
the conduction-band edge and the surface/vacuum inter-
face so that the observed metallic bands should be quan-
tized. On the other hand, no feature associated with
surface metallization is found on the H/ZnO(0001) sys-
tem. Although all of the ZnO surfaces are etched by
atomic H, the etching rate is higher for ZnO(0001) than
the other two surfaces, reflecting the difference in the
surface atomic composition and structure. On the rough
ZnO(0001) surface, the Zn clusters are formed and they
should play a role to prevent surface metallization ac-
companied by H adsorption.
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