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First-principles study of the polar O-terminated ZnO surface in thermodynamic equilibrium
with oxygen and hydrogen

B. Meyer
Lehrstuhl für Theoretische Chemie, Ruhr-Universita¨t Bochum, 44780 Bochum, Germany

~Received 28 February 2003; revised manuscript received 20 October 2003; published 28 January 2004!

Using density-functional theory in combination with a thermodynamic formalism we calculate the relative
stability of various structural models of the polar O-terminated~0001̄!-O surface of ZnO. Model surfaces with
different concentrations of oxygen vacancies and hydrogen adatoms are considered. Assuming that the surfaces
are in thermodynamic equilibrium with an O2 and H2 gas phase we determine a phase diagram of the lowest-
energy surface structures. For a wide range of temperatures and pressures we find that hydrogen will be
adsorbed at the surface, preferentially with a coverage of 1/2 monolayer. At high temperatures and low
pressures the hydrogen can be removed and a structure with 1/4 of the surface oxygen atoms missing becomes
the most stable one. The clean, defect-free surface can only exist in an oxygen-rich environment with a very
low hydrogen partial pressure. However, since we find that the dissociative adsorption of molecular hydrogen
and water~if also the Zn-terminated surface is present! is energetically very preferable, it is very unlikely that
a clean, defect-free~0001̄!-O surface can be observed in experiment.

DOI: 10.1103/PhysRevB.69.045416 PACS number~s!: 68.35.Md, 68.47.Gh, 68.35.Bs, 71.15.Mb
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I. INTRODUCTION

To understand the structure, composition, and stability
polar surfaces on a solid theoretical basis is one of the c
lenging problems in surface science.1 The most interesting
polar surfaces are so called ‘‘Tasker-type~3!’’ surfaces2

which are formed by alternating layers of oppositely charg
ions. Assuming a purely ionic model3 in which all ions are in
their formal bulk oxidation state, such a stacking seque
creates a dipole moment perpendicular to the surfaces w
diverges with slab thickness, and with simple electrosta
arguments it can be shown that the surface energy will
verge with sample size.2 To quench the dipole moment and
make the polar surfaces stable, a redistribution of charge
the surface layers has to take place.5 For various polar sur-
faces different mechanisms to accomplish the charge c
pensation have been observed,6 however, in many cases th
underlying stabilization mechanism is very controversia
discussed in the literature.

One of the most widely investigated examples of Task
type~3! polar surfaces are the two basal planes of ZnO:
O-terminated~0001̄!-O and the Zn-terminated~0001!-Zn sur-
face. The two surfaces are the terminating planes of a st
ing sequence of hexagonal Zn and O layers along the c
tallographicc axis with alternating distances ofR150.61 Å
andR251.99 Å. In this case, as can be easily shown,1,7 the
polar ZnO surfaces are only stable if the O-terminated fac
less negative and the Zn-terminated surface layer less p
tively charged compared to the formal bulk oxidation st
by a factor ofR1 /(R11R2)'1/4. In principle, three differ-
ent scenarios are conceivable to accomplish this charge
distribution: The ionic charge of the surface ions may
reduced from62 to 63/2, which may be regarded as a
‘‘electron transfer’’ from the O- to the Zn-terminated surfa
~Ia!. As a result, partially occupied surface bands will app
with a 3/4 filled O-2p band at the~0001̄!-O and a 1/4 filled
Zn-4s band at the~0001!-Zn surface. This is often referred t
0163-1829/2004/69~4!/045416~10!/$22.50 69 0454
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as ‘‘intrinsic surface-state compensation’’5 or as ‘‘metaliza-
tion of the polar surfaces.’’8 However, whether a true meta
lic state is present will depend on the dispersion of the p
tially occupied bands. Additionally, in a second step, t
surface may reconstruct and undergo a distortion in wh
for example, for the O-terminated surface, four surface ato
combine in such a way that an unoccupied 2p-band splits
from the other eleven occupied 2p-bands and the surfac
becomes insulating again~Ib!. Second, the charge reductio
of the surface layers may take place by removing 1/4 of
surface ions~II !. The so created vacancies may be orde
and form a reconstruction or may be randomly distribut
Finally, charged species may be adsorbed to reduce the
mal oxidation state of the surface ions~III !. For example,
water may dissociate and protons (H1) and hydroxyl groups
(OH2) adsorb on every second O and Zn surface i
respectively.9 All three scenarios represent idealizations
the charge-compensation process. In general, any comb
tions of the three mechanisms are conceivable, like the
multaneous formation of vacancies and partially filled ban
as long as the charge-compensation rule is obeyed. The
face structure finally realized for a specific polar surface w
be the one with the lowest surface energy.

For ZnO it was believed for a long time that both pol
surfaces exist in an unreconstructed, truncated-bulk-
state. After standard preparation procedures both
faces show regular (131) pattern in low-energy electron
diffraction ~LEED! ~Ref. 10! and other diffraction
experiments.8,11,12Some evidence for missing Zn ions on th
~0001!-Zn surface was found in gracing incidence x-ray d
fraction ~GIXD!,11 however, for the~0001̄!-O surface no evi-
dence for substantial amounts of surface oxygen vacan
was detected in GIXD~Ref. 11! and low-energy alkali-ion
scattering~LEIS!.12

For ideal, truncated-bulk-like surface terminations on
mechanism~Ia! can explain the stability of the polar ZnO
surfaces. Consequently, in most theoretical first-princip
©2004 The American Physical Society16-1
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studies of the polar ZnO surfaces ideal surface terminat
together with partially filled surface bands we
assumed.7,8,13 Studies exploring the other two stabilization
mechanisms are very scarce. In a pioneeringab initio study
Wander and Harrison14 investigated whether the polar su
faces may be stabilized by the dissociation of water and
adsorption of H1 and OH2 groups according to mechanis
~III !. They found this energetically unfavorable compared
situation ~Ia!. However, instead of 1/2 monolayers, whic
would be the ideal configurations for band filling, only fu
monolayers of H1 and OH2 were considered, thereby ove
compensating the needed charge transfer between the
surfaces. In addition, only one specific adsorption site for
H1 and OH2 groups was probed.

Meanwhile two recent experiments have created con
erable doubt that the polar ZnO surfaces really exist i
clean, unreconstructed state. With scanning tunneling
croscopy ~STM! it was shown15,16 that the Zn-terminated
surface is characterized by the presence of nanoscaled, t
gular islands with a height of one ZnO double layer. T
shape of the islands is size dependent and typical pit st
tures appear for larger islands. Since the step edges
O-terminated, the high step concentration leads to a sig
cant decrease of Zn ions in the surface. A rough analysi
the island and pit size distribution yielded that approximat
1/4 of the Zn ions is missing, in agreement with mechani
~II !. With detailed density-functional theory~DFT!
calculations15,17 it was confirmed that a crystal terminatio
with triangular shaped islands and pits is indeed lower
energy than the perfect bulk-truncated surface for a w
range of oxygen and hydrogen chemical potentials. Unde
rich conditions, structures with up to 1/2 monolayer of h
droxyl groups were even more stable, indicating that the
tual surface morphology will sensitively depend on t
chemical environment.

On the other hand, for the O-terminated polar surface
such island and pit structure was found with STM.16 How-
ever, with He scattering~HAS! it was discovered18 that at
ultrahigh vacuum~UHV! conditions O-terminated surface
with (131) LEED and HAS diffraction pattern are alway
hydrogen covered, whereas after a careful removal of
hydrogen a (133) structure is found. The (133) spots are
best visible in HAS, but under certain conditions can also
observed in LEED.18 The H-free surface is very reactive an
dissociates water and therefore exists only for a limited ti
even at UHV conditions.19 In a subsequent study20–22 CO
was used as a probe molecule to distinguish between c
and hydrogen saturated surfaces. By comparing calcul
CO adsorption energies for different surface structures w
experimental results it was confirmed that the po
O-terminated surface is usually hydrogen covered where
clean (131) ~0001̄!-O surface is very unlikely to exist.

In previous studies the H coverage of the po
O-terminated surface was not observed most likely beca
LEED and x rays are not sensitive to hydrogen. Howeve
is not clear how the structures found in the HAS study, R
18, lead to a stabilization of the polar O-terminated surfa
A full hydrogen monolayer would overcompensate t
charge transfer so that again partially occupied bands hav
04541
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be present, and the nature of the H-free (133) structure is
still unknown. There is some evidence from x-ray photoel
tron spectroscopy~XPS! ~Ref. 18! that oxygen vacancies ar
involved, but 1/3 of the oxygens missing is also not the e
pected vacancy concentration to stabilize the surface.

Motivated by these experimental findings we explore
the present paper the competition between the three sta
zation mechanisms in a very general way. The main fo
will be on the O-terminated~0001̄!-O surface, and we take
an approach very similar in spirit to the investigation of t
Zn-terminated surface in Refs. 15 and 17. For a series
surface models we determine the total energies and the
relaxed atomic structures using a first-principles DFT a
proach. Surface structures with various oxygen vacancy c
centrations and different amounts of adsorbed hydrogen
considered, including structures corresponding to the th
ideal stabilization scenarios and structures compatible w
the HAS observations.

Static total-energy DFT calculations only give results f
zero temperature, zero pressure, and for surfaces in co
with vacuum. However, the actual lowest-energy structure
the ~0001̄!-O surface will depend on the environment a
can change with temperatureT, pressurep, and exposure to
O2 and H2 gas phases. Therefore, to determine the equi
rium structure and composition of the surface at finite te
perature and oxygen and hydrogen partial pressures,
combine our DFT results with a thermodynamic descript
of the surfaces. To take deviations in surface composit
and the presence of gas phases into account, we intro
appropriate chemical potentials23 and calculate an approxi
mation of the Gibbs free-surface energy.4 Depending on the
chemical potentials we then determine the surface struc
with the lowest free energy which allows us to construc
phase diagram for the surface. If we assume that the sur
is in thermodynamic equilibrium with the gas phases, we c
relate the chemical potentials to a given temperatureT and
pressurep. In this way we are able to extend our zero tem
perature and zero pressure DFT results to experimentally
evant environments, thereby bridging the gap between UH
like conditions and temperatures and gas phase pressure
are typically applied, for example, in catalytic processes l
the methanol synthesis.24

II. COMPUTATIONAL APPROACH

A. Thermodynamics

In this section we will give a brief description of the the
modynamic formalism which we have used to determine
most stable structures of the polar O-terminated ZnO surfa
The formalism has been successfully applied in several
vious surface studies15,25–30and is described in more detail i
Refs. 4 and 30.

The general expression for the free energy of a surfac
equilibrium with particle reservoirs at the temperatureT and
pressurep is given by31

g~T,p!5
1

A S G~T,p,$Ni%!2(
i

Ni m i~T,p! D , ~1!
6-2
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whereG(T,p,$Ni%) is the Gibbs free energy of the solid wit
the surface of interest,A is the surface area, andm i , Ni are
the chemical potentials and particle numbers of the vari
species. In contrast to the usual convention in macrosc
thermodynamics we define here the chemical potentials
atom rather than per mole. For the study of the po
O-terminated ZnO surface in contact with an oxygen an
hydrogen gas phase we have to consider the three chem
speciesi 5Zn, O, and H.

For simplicity we have assumed two independent res
voirs for O2 and H2 with a common pressurep. Experimen-
tally, it is more likely that a mixture of O2 and H2 is present.
In this case, the pressurep in Eq. ~1! has to be replaced b
appropriate partial pressurespO2

and pH2
. However, in the

present study we will keep the restriction of separate re
voirs in the sense that we do not allow O2 and H2 to react to
H2O, which would be the case in full thermodynamic eq
librium. This is justified by arguing that the reaction barri
for the formation of H2O is high enough that the reactio
plays no role on the time scales of interest.

In thermodynamic equilibrium the chemical potentia
would be determined uniquely by the temperatureT, the
pressurep, and the total particle numbers of the solid and t
gas phases. The surface structure, here represented b
particle numbersNi , would then be determined by a unco
strained minimization of the surface free energy, Eq.~1!.
However, this is not very practical to do. Therefore, we w
take a different approach: We calculate the surface free
ergy of a series of model surfaces with different structu
and compositions as a function of the chemical potenti
For given chemical potentials we predict which surfa
structure is the most stable one by searching for the sur
model with the lowest surface free energy. In a second s
the chemical potentials are then related to actual tempera
and pressure conditions by assuming that the surface
thermodynamic equilibrium with the gas phases.

In our calculations all surfaces are represented by peri
cally repeated slabs so that the Gibbs free ene
G(T,p,$Ni%) refers to the content of one supercell. Sin
ZnO is not centrosymmetric, slabs representing the p
ZnO surfaces are inevitably O terminated on one side and
terminated on the other side. It is therefore not possible
derive separate surface energies for the two polar surf
solely from the total energy of a slab calculation. Only t
sum of the surface energies, i.e., the cleavage energy, ca
determined. Chetty and Martin32 proposed a scheme whic
allows to extract absolute surface energies even in cases
inequivalent slab terminations by introducing an energy d
sity. However, in the present study we are only interested
the relative stability of O-terminated surfaces with differen
structures and compositions. The Zn face of the slabs is
changed in all calculations. We therefore only consider
cleavage energy, and we relate all energies relative to a
erence state which we have taken to be the ideal, trunca
bulk termination. We define the change of the cleavage
ergyDg as the difference of Eq.~1! for a slab with a chosen
surface structure and a slab with ideal surface terminatio
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Dg~T,p!5
1

A S Gslab
surf~T,p,NV ,NH!2Gslab

ref ~T,p!

1NV mO~T,p!2NHmH~T,p! D . ~2!

Here,Gslab
surf and Gslab

ref are the Gibbs free energies of the s
percells with the model surface and the reference config
tion, respectively, andA is now the area of the surface un
cell. Since we only consider structures of the O-termina
surface with O vacancies and adsorbed H atoms, only
number of O vacanciesNV ~5 difference of the number of O
atoms in the slab with the model surface and the refere
state! and the number of adsorbed H atomsNH appears in
Eq. ~2!, i.e., the chemical potential of Zn drops out. Th
differenceDg is negative if a model surface is more stab
than the ideal, truncated-bulk-like surface termination a
positive otherwise.

In principle we now have to calculate the Gibbs free e
ergy of all slabs representing our surface models, includ
the contributions coming from changes in volume and
entropy. The entropy term may be calculated, for examp
by evaluating the vibrational spectra in a quasiharmo
approximation,33 but in practice this is computationally ver
demanding. As is apparent from Eq.~2!, only thedifference
of the Gibbs free energy of two surface structures enters
expression forDg. In Ref. 30 it was shown that the vibra
tional contributions to the entropy usually cancel to a lar
extent and that the influence of volume changes are e
smaller. Therefore we will neglect all entropy and volum
effects. The Gibbs free energies then reduce to the inte
energies of the slabs and we can replaceGslab

surf and Gslab
ref in

Eq. ~2! by the energies as directly obtained from total-ene
~e.g., DFT! calculations.

Finally we have to determine meaningful ranges in wh
we can vary the chemical potentials. First, there are up
bounds for all three chemical potentialsmO, mH , andmZn ,
beyond which molecular oxygen and molecular hydrog
would condensate and metallic Zn would crystallize at
surface. These bounds are given by the total energy of
isolated moleculesEO2

, EH2
, and of bulk ZnEZn

bulk ~neglect-
ing volume and entropy effects!:

mO< 1
2 EO2

, mH< 1
2 EH2

, mZn<EZn
bulk . ~3!

In the following we will use these upper bounds as zero po
of energy and relate the chemical potentials relative to
total energies of the isolated molecules:

DmO5mO2 1
2 EO2

, DmH5mH2 1
2 EH2

. ~4!

Furthermore we impose that the surface is always in equ
rium with the ZnO bulk phase. Then the sum ofmO andmZn
has to be equal to the total energyEZnO of bulk ZnO. Thus
only one of the two chemical potentialsmO andmZn is inde-
pendent, and together with Eq.~3! we introduce lower
bounds for the chemical potentials. Using the energy of f
mationEf of ZnO:
6-3
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Ef5uEZnO2EZn2
1
2 EO2

u ~5!

the allowed range for the chemical potentialDmO is given by

2Ef<DmO<0. ~6!

If we assume that the surfaces are in thermodynamic e
librium with the gas phases we can relate the chemical
tentialsDmO andDmH to a given temperatureT and partial
pressurespO2

andpH2
. For ideal gases we can use the we

known thermodynamic expressions30

DmO~T,pO2
!5 1

2 „m̃O2
~T,p0!1kBT ln~pO2

/p0!… ~7!

and

DmH~T,pH2
!5 1

2 „m̃H2
~T,p0!1kBTln~pH2

/p0!… ~8!

in which p0 is the pressure of a reference state and the t
perature dependence of the chemical potentialsm̃O2

(T,p0)

and m̃H2
(T,p0) is tabulated in thermochemical referen

tables.34 However, it should be noted, as pointed out
Finnis,35 that the equilibrium with the gas phase need not
be perfect. It is sufficient if the surface is in equilibrium wi
the bulk phase. In this case, the chemical potential is rela
to defect concentrations of the bulk. For example, if oxyg
vacancies are the dominant defects we have36–38

DmO~T,p!5m̃02kBT ln~cV /c0! ~9!

with the vacancy concentrationcV and the oxygen occu
pancy of the O-lattice site ofc0.

B. Ab Initio Calculations

The total energies of slabs representing different mo
surfaces as well as the bulk and molecular reference ene
were calculated within the framework of DFT.39 Exchange
and correlation effects were included in the generaliz
gradient approximation~GGA! using the functional of Per
dew, Burke, and Ernzerhof~PBE!.40 As is well known,
GGA’s tend to underestimate surface energies.41 Recently, a
new scheme was proposed to correct this deficiency.42 How-
ever, since we are only interested in relative stabilities a
not absolute surface energies we have neglected these
rections in the present study.

Norm conserving pseudopotentials43 were employed to-
gether with a mixed-basis set consisting of plane waves
nonoverlapping localized orbitals for the O-2p and the
Zn-3d electrons.44 By including localized orbital functions
we can drastically reduce the number of plane waves nee
for an accurate description of the wave functions. A pla
wave cutoff energy of 20 Ry was sufficient to get well co
verged results~see Ref. 7!. Monkhorst-Packk-point meshes45

with a density of at least (63636) points in the primitive
ZnO unit cell were chosen. A dipole correction46,47 to the
electrostatic potential was included in the calculations
eliminate all artificial interactions between the periodica
repeated supercells due to the dipole moment of the sl
For more details on convergence parameters, the cons
04541
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tion of appropriate supercell as well as the calculated b
and clean surface structures of ZnO we refer to Ref. 7, wh
the same computational settings as in the present study
used.

All surfaces were modeled by periodically repeated sla
Very thick slabs consisting of 8 Zn-O double-layers we
used to reduce the residual internal electric field.7 To repre-
sent different surface structures (132), (133), and
(232) surface unit cells with different combinations of
vacancies and H adatoms were considered. All atomic c
figurations were fully relaxed by minimizing the atom
forces.

In Table I we compare the computed binding energies
different bulk and molecular reference structures with e
perimental heat of formations. While the calculated bindi
energies for isolated H2 molecules and bulk Zn agree quit
well with experiment, there is a noticeable error of 1.4 eV
the binding energy of the free O2 molecule. This is a well-
known deficiency of DFT.29,30 The overestimation of the O2
binding energy is also reflected in a formation energy
ZnO which is too low by 0.7 eV. Such deviations wou
seriously influence our analysis of the surface energies,
~2!, and would alter the allowed range for the oxygen chem
cal potential, Eq.~6!. Therefore, to circumvent errors intro
duced by a poor description of the O2 molecule, we have
applied the following procedure: we take the experimen
value for the formation energyEf of ZnO from Table I and
we use Eq.~5! to replace the total energy of O2 by Ef and the
total energies of Zn and ZnO.EZn and EZnO are both bulk
quantities which are typically more accurately described
DFT than molecular energies.

III. RESULTS AND DISCUSSION

A. Surface Distortions

First we explore the possibility whether the idea
truncated-bulk-like~0001̄!-O surface may lower its energ
by breaking the symmetry of the surface layers, there
adopting a distorted surface structure according to mec
nism~Ib!. A tendency for symmetry-breaking reconstructio
is often indicated by a strong nesting of the Fermi surface
Fig. 1 we have plotted the two-dimensional Fermi surfa
formed by the partially occupied O-2p bands. The plot rep-
resents a cut through the Brillouin zone of our supercell
cluding onlyk vectors with a zero component perpendicu
to the surface. Figure 1 reveals that actually two surfa
bands cross the Fermi level. This is well known and in f

TABLE I. Calculated binding energiesEf
PBE for the isolated H2

and O2 molecules and for the bulk phases of Zn and ZnO. Ze
point vibrations are not included. The experimental heat of form
tions H f

exp are forT5298 K andp51 bar and are taken from Ref
48.

H2 O2 Bulk Zn Bulk ZnO

Ef
PBE ~eV! 4.50 6.61 1.12 2.84

H f
exp ~eV! 4.52 5.17 1.35 3.50
6-4
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agreement with band-structure plots presented in Refs. 8
13. The corresponding wave functions are strongly locali
at the oxygen atoms of the terminating surface layers and
mainly formed by the two O-2p orbitals parallel to the sur
face. By integrating the occupied and unoccupied area
the Brillouin-zone we find that indeed roughly 1/2 electr
per surface atom is missing to fill the two surface ban
However, both Fermi contours are almost spherical and o
a weak nesting is present.

As a second test, we did several calculations in which
randomly displaced the surface atoms in the top atomic la
of our slabs and started an atomic relaxation. Different sl
with (132), (133), and (232) surface unit cells were
used but in all cases the surfaces relaxed back toward a
metric structure with a threefold symmetry. The surface
ergy was always higher than in the fully symmetric state,
that no hint for a tendency toward symmetry breaking rec
structions was found.

B. Oxygen Vacancies

In the next step we investigate whether the~0001̄!-O sur-
face is stabilized by creating oxygen vacancies. From s
with (131), ~132!, (133), and (232) surface unit cells
we have removed one O atom, thereby creating vacancy
centrationscV of 1, 1/2, 1/3, and 1/4. In Fig. 2 we hav
plotted the change of the surface energyDg of the four de-
fect structures relative to the defect-free surface as a func
of the oxygen chemical potentialDmO. As to be expected
from mechanism~II ! the defective surface with 1/4 of the O
atoms missing is the most stable surface structure ov
wide range of chemical potentials. Translating the chem
potential into temperature and pressure conditions~assuming
that the surface is in equilibrium with an O2 gas phase, se
upperx axis in Fig. 2! we see that this will be the most stab

FIG. 1. Contour of the Fermi energy level for the partially o
cupied~0001̄!-O surface bands plotted within the surface Brillou
zone~shown to scale!. Two O-2p bands cross the Fermi level~thick
solid lines!. The unoccupied regions of the two bands are indica
by light gray and dark gray areas, respectively,b1 and b2 are the
reciprocal lattice vectors, and the surface Brillouin zone is sho
by dashed lines.
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surface at typical UHV conditions of surface science expe
ments. However, at oxygen rich conditions~high pressure
and low temperature!, exceeding a chemical potential o
21.54 eV, the ideal, defect-free surface becomes the m
stable structure. The other surfaces with 1, 1/2, and 1/3
cancy concentrations are higher in energy for all chem
potentials and will therefore not be present in thermod
namic equilibrium. In particular, it is very unlikely that th
(133) structure observed in the HAS experiment18 corre-
sponds to a simple missing-row structure with every third
atom removed from the surface.

At this point we should emphasize that plots like Fig.
strictly only allow to rule out surface structures which a
higher in energy than other surface models. Since we
only perform calculations for a limited set of surface mode
it is always possible that a not yet considered structure w
a lower energy exists. For example, since we use periodic
repeated surface unit cells of a specific size in our DFT
proach, all our defect structures are perfectly ordered. I
however very well possible that disordered or even inco
mensurate structures might lead to a lower energy. Additi
ally, there are hints that island and pit structures like the o
observed for the Zn-terminated surface15 may also for the
O-terminated surface be lower in energy than the ideal s
face and the surface with 1/4 vacancy concentration con
ered in our study.49

In Table II we have listed O vacancy formation energ
EV which we have defined in the present context as the
ergy difference between the ideal surface and a vacancy
face structure of concentrationcV plus 1/2EO2

, i.e., EV is

d

n
FIG. 2. Surface free energyDg of the polar O-terminated

~0001̄!-O surfaces with different concentrations of O-vacanciescV

as function of the oxygen chemical potentialDmO . In the topx
axis, the chemical potentialDmO(T,p) has been translated into
pressure scale for the fixed temperature ofT5800 K. Vertical
dashed lines indicate the allowed range ofDmO : for higher chemi-
cal potentials O2 will condensate on the surface and for lower va
ues ofDmO metallic bulk Zn can form.
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defined with respect to the total energyEO2
of free oxygen

molecules, and not, as usually done, with respect to b
ZnO. EV depends strongly on the vacancy concentration,
dicating a strong interaction between the vacancies. Up
cV51/4 the energy cost to remove O atoms is modest. T
is not surprising since up to a vacancy concentration of
the removal of O atoms supports the charge compensatio
the O-terminated surface and will result in a better filling
the partially occupied O-2p band. For higher vacancy con
centrations, however, we start to overcompensate the ch
transfer which stabilizes the surface. The O-2p band is full
now, and we have to start to fill Zn-4s states in the conduc
tion band. Therefore the energy cost to remove more O
oms increases rapidly.

C. Hydrogen Adsorption

We turn now to a situation in which the~0001̄!-O surface
is in equilibrium with a H2 gas phase. H2 molecules can
dissociate, and hydrogen atoms may adsorb at the sur
thereby forming OH-groups with the surface oxygen io
Before we start to calculate the surface energy for differ
surface models with H adatoms, we consider the possib
that the preferred adsorption site of these OH groups is
longer the regular lattice site of the O ions. Three differe
high-symmetry adsorption sites are conceivable above
underlying Zn layer: an ‘‘on-top’’ position, a ‘‘hcp-hollow
site,’’ which is the regular lattice position for the O ions
the wurtzite structure, and a ‘‘fcc-hollow site.’’

First we consider the clean surface without adsorbed
drogen. Then we see from Table III that indeed the h
hollow sites are the most stable positions for the O surf
layer. However, moving the whole layer to fcc-hollow sit

TABLE II. Calculated vacancy formation energiesEV per O
atom for removing oxygen from the ideal surface, forming O2 mol-
ecules and a surface structure with a O vacancy concentratio
cV . ~a! For a sixfold (232) arrangement of the O vacancies with
separation 2a, ~b! for a rectangular O vacancy pattern with di
tances of 2a andA3 a, a being the ZnO lattice constant.

cV 1 1/2 1/3 1/4(a) 1/4(b)

EV ~eV! 13.23 12.84 12.48 11.75 11.54

TABLE III. Relative stability of the high-symmetry adsorptio
sites for~a! the surface O atoms of the ideal O-terminated surf
and ~b! the OH groups of the H saturated surface for a full mon
layer coverage. TheDE are the calculated energy differences per
atom/OH group for moving the topmost O/OH-surface layer fro
the regular lattice position of the wurtzite structure~‘‘hcp-hollow
site’’! to the ‘‘on-top’’ and ‘‘fcc-hollow’’ position.

Site on top hcp hollow fcc hollow

~a! Ideal ~0001̄!-O surface
DE ~eV! 13.16 0.0 10.05
~b! Hydrogen covered~0001̄!-O surface
DE ~eV! 11.78 0.0 20.02
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costs only a small amount of energy. Turning to the hydro
lated surface with a full monolayer coverage of hydrogen
find that the OH-groups now prefer the fcc-hollow site. S
by gradually adding hydrogen, the regular lattice site of
surface O ions becomes unstable relative to the fcc-hol
site. However, the energy difference between fcc- and h
hollow sites is so small that we have neglected this effec
all further calculations and have only considered hcp-holl
sites for surface oxygen atoms and OH groups.

In the next step we construct different surface models
hydrogen covered~0001̄!-O surfaces using a similar proce
dure as in Sec. III B. We take slabs with (131), (132),
(133), and (232) surface unit cells, and we add differe
amounts of hydrogen to create hydrogen coverages ofcH of
1/4, 1/3, 1/2, 2/3, 3/4, and 1 monolayer. The calculated s
face energy changesDg relative to the clean~0001̄!-O sur-
face are plotted in Fig. 3 as a function of the hydrog
chemical potentialDmH . A very similar behavior as in Sec
III B arises: at H-rich conditions the structure with a 1
monolayer hydrogen coverage is the most stable surface
agreement with mechanism~III !. On the other hand, a
H-poor conditions the clean surface without hydrogen
comes the most stable structure. As a new feature we
that between the two limiting cases the surfaces with 1/3
1/4 monolayer coverage are slightly more stable for sm
intervals of the chemical potentials.50 Thus, by lowering the
chemical potentialDmH from H-rich to H-poor conditions it
is possible to gradually reduce the hydrogen coverage f
1/2 monolayer to 1/3, 1/4, and zero coverage. Translating
chemical potential into temperature and pressure condit
we find that we will start to remove H at UHV pressures a
temperature of roughly 750 K, which is in reasonable agr

of

e
-

FIG. 3. Surface free energyDg of the polar O-terminated
~0001̄!-O surfaces with different coverages of hydrogencH as func-
tion of the hydrogen chemical potentialDmH . In the topx axis, the
chemical potentialDmH(T,p) has been translated into a pressu
scale for the fixed temperature ofT5800 K. The vertical dash line
indicates the upper bound forDmH .
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ment with the experimental observation.18 The other surface
structures with hydrogen coverages larger than 1/2 are
ways higher in energy and will be unstable for all tempe
tures and hydrogen partial pressures. In particular a sur
with a full monolayer of hydrogen as postulated from t
results of the HAS experiment18 is not likely to exist in ther-
modynamic equilibrium. However, from the intensity of th
He-specular peak it was deduced that only about 0.1% of
~0001̄!-O surface consists of flat terraces with diameters
ceeding 50 Å which contribute to the (131) HAS signal.18

Therefore, the H covered surface with a (131) HAS diffrac-
tion pattern may well be a minority phase which is form
under suitable kinetic conditions.

In Table IV we have summarized the H binding energ
Eb per atom which we have calculated as energy differe
between the ideal~0001̄!-O surface plus 1/2EH2

and surface

structures with H coverages ofcH . We see that it become
rapidly unfavorable to adsorb more hydrogen as soon as
concentration for ideal charge compensation of the polar
face of 1/2 monolayer is reached. The reason for this beh
ior is the same as in the case of the oxygen vacancies: u
1/2 monolayer of hydrogen we fill the partially occupie
O-2p band. Beyond 1/2 monolayer the O-2p band is com-
pletely filled and we have to populate the conduction ba
The decrease inEb from 1/2 to 1/4 monolayer coverage in
dicates that also at low coverages a weak repulsive inte
tion between the hydrogen atoms remains. This is the rea
why also the low-coverage structures appear in the sur
phase diagram. If we extrapolateEb toward zero coverage o
the surface we can estimate an initial binding energy of ab
2.3 eV per H atom for the dissociative adsorption of H2.

D. Water Dissociation

As is evident from Fig. 3, hydrogen adsorption plays
major role for the stabilization of the polar~0001̄!-O surface,
and for almost all conceivable experimental conditions
drogen will be present on the surface. But until now we ha
only considered molecular hydrogen as the reservoir for
surface hydrogen. However, in many chemical reactions
catalytic processes also water is present. Therefore, we
briefly explore if also water can act as a source for surf
hydrogen in the presence of the~0001!-Zn face.

In a DFT study using the hybrid B3LYP functional Wan
der and Harrison14 found that dissociating water and formin
a full H and OH monolayer on the O- and Zn-terminat
surface, respectively, is energetically unfavorable by 0.1
As adsorption sites for the OH groups they assumed the
on-top positions which would be the next lattice sites for
ions if the crystal is extended. However, on the polar s
faces two more high-symmetry adsorption sites exist:

TABLE IV. Calculated binding energiesEb per H atom for dis-
sociating H2 molecules and forming hydrogen layers of covera
cH .

cH 1 3/4 2/3 1/2 1/3 1/4

Eb ~eV! 20.70 21.11 21.27 21.97 22.14 22.21
04541
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hcp-hollow site position above atoms in the second surf
layer and a fcc-hollow site with no atoms beneath~see Fig.
4!.

Using the same adsorption geometry as Wander and H
rison we also find that dissociating water is energetica
unfavorable with a slightly larger energy cost of 0.3 e
However, as shown in Table V, the configuration with t
OH groups adsorbed at the fcc-hollow sites instead of
on-top positions is much lower in energy. Considering t
correct adsorption positions for the OH groups we now fi
that even for the thermodynamically unstable monola
coverages the dissociation of water is energetically prefe
by about 0.4 eV. Turning to the thermodynamically stable
monolayer coverages of H and OH on the O- and Z
terminated surfaces, respectively, the Zn on-top position
the OH groups becomes unstable and the fcc-hollow sit
the only stable adsorption position. Furthermore, the ene
gain for dissociating water increases to 2.26 eV per H2O
molecule if only 1/2 monolayer coverages are formed.
even at low temperatures a very low partial pressure of w
is sufficient to cover immediately the clean, unreconstruc
polar O- and Zn-terminated surfaces with H and OH grou

E. Surface Phase Diagram

Finally we combine the results of the previous sectio
and assume that the polar~0001̄!-O surface is now simulta-
neously in equilibrium with an O2 and a H2 gas phase. In
addition to the surface models described in Sec. III B a
Sec. III C we have furthermore considered various mix
structures of O vacancies and adsorbed H atoms in
(132), (133), and (232) surface unit cells.

The surface free energy now depends on two chem
potentialsDmO andDmH . The graphs of Figs. 2 and 3 there
fore have to be extended to a three-dimensional plot. Su
diagram would be rather complex and hard to follow. T
most important information contained in the plot of the su
face free energies is which of the surface models has

FIG. 4. Schematic diagram of the high-symmetry adsorpt
sites for OH groups on the Zn-terminated polar ZnO surface. Sm
dark spheres represent Zn, large/gray spheres O atoms.

TABLE V. Relative stability of the different OH adsorption site
on the polar Zn-terminated surface, calculated for a monolayer c
erage.

Site on top hcp hollow fcc hollow

DE ~eV! 0.0 20.04 20.72
6-7



ca
-
th
a
lt

o
ha
1/
i

sc

du
n
a

e
m
in
b

s
-
re
d
e
e

ons
, that
ill

s
her
se,
ost
ur-
t of
i-

ns
g in
face
ver-
mic

on
cess,
ax-
tion
al-
ond

ent

yer
ce
s.
cy
mes
ry
d.

n
le-
om

-
ulk

-
ed

c-
tur

e

and
efer
tical
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lowest surface energy for a given combination of chemi
potentialsDmO andDmH . This information is better visual
ized if we project the three-dimensional diagram onto
(DmO,DmH) plane and only mark the regions for which
certain surface structure is the most stable one. The resu
a phase diagram of the~0001̄!-O surface which is shown in
Fig. 5.

The surface phase diagram in Fig. 5 summarizes in a c
densed fashion the essential results of our study. This p
diagram is dominated by two structures: a surface with
monolayer of adsorbed H and a hydrogen-free surface w
1/4 of the oxygen atoms removed. These are the two
narios denoted as mechanism~II ! and ~III ! in the Introduc-
tion, indicating that filling the O-2p bands is a very impor-
tant mechanism to stabilize the~0001̄!-O surface. Next to
these two phases we find two structures in which H is gra
ally removed from the surface and only at very H-poor co
ditions and when plenty of oxygen is available, the ide
O-terminated surface stabilized by mechanism~I! becomes
the most stable structure.

None of the additionally considered mixed structur
which simultaneously contain O vacancies and H adato
appears in the phase diagram. This is not very surpris
since for the given sizes of the surface unit cells no com
nation of O vacancies and H adatoms exists that lead
fully occupied O-2p bands. However, it is very well con
ceivable that for larger surface unit cells mixed structu
with, for example, an O vacancy concentration of 1/8 an
H coverage of 1/4, become more stable which would th
appear as new phases between the H covered and th
vacancy structures.

FIG. 5. Phase diagram of the polar O-terminated~0001̄! surface
in equilibrium with H2 and O2 particle reservoirs controlling the
chemical potentialsDmH and DmO , based on selected superstru
tures as explained in the text. The lowest-energy surface struc
are labeled by the concentrations of oxygen vacanciescV and hy-
drogen adatomscH . The upper right area indicates conditions und
which H2O condensates on the surface.
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Relating the chemical potentials to temperature conditi
and partial pressures of the gas phase shows, see Fig. 5
for almost all realistic experimental conditions hydrogen w
be present at the~0001̄!-O surface. Even at UHV condition
with a low hydrogen partial pressure one has to go to rat
high temperatures to fully remove all hydrogen. In this ca
a surface structure with O vacancies will become the m
stable one. In order to stabilize the ideal O-terminated s
face an oxygen atmosphere with an extremely low conten
hydrogen~and also water vapor! is necessary, which is bas
cally not achievable in experiment.

In Table VI we have summarized the surface relaxatio
for the three most important surface structures appearin
the surface phase diagram, Fig. 5. For the extended sur
structures with H adatoms and O vacancies we have a
aged in each atomic plane parallel to the surface the ato
displacements, and we define the interlayer distancesd as the
separation of the averaged atomic positions. Depending
the surface structure and the charge compensation pro
very different surface relaxations occur. The largest rel
ations are found for the clean, defect-free surface termina
with a compression of the first double-layer distance of
most 50% and also a significant contraction of the sec
and subsequent double-layer spacings. This is in agreem
with other previousab initio studies.1,7,8,13After filling the
partially occupied surface bands by adsorbing 1/2 monola
of H or by removing 1/4 of the O ions, however, the surfa
layers relax back to almost truncated-bulk-like position
Thus, for surfaces with a lower H adatom or O vacan
concentration, surface relaxations between the two extre
are conceivable. This may explain why experimentally ve
different results for the surface relaxations were foun
GIXD measurements8,11 have predicted an inward relaxatio
of the upper O layer with a contraction of the first doub
layer distance of 40% and 20%, respectively, whereas fr
LEED ~Ref. 10! and LEIS~Ref. 12! experiments it was con
cluded that the first double-layer spacing is close to its b
value.

IV. SUMMARY AND CONCLUSIONS

By combining first-principles density-functional calcula
tions with a thermodynamic formalism we have determin

es

r

TABLE VI. Summary of the averaged interlayer distancesd
~given in fractions of the theoretical bulk lattice constantc) and the
relative changes with respect to the bulk values~in parentheses! for
three different surface structures: the ideal, defect-free~0001̄!-O
surface, the H covered surface with 1/2 monolayer of hydrogen
the surface with a vacancy concentration of 1/4. The subscripts r
to surface layers numbered from the surface plane. The theore
PBE bulk values for the interlayer distances aredO2Zn50.1208c
~in bilayer! anddZn2O50.3792c ~between bilayers! and the lattice
constant was calculated to bec55.291 Å ~see Ref. 7!.

d Ideal surface H covered O vacancies

H-O1 0.1825
O1-Zn2 0.0628 (248%) 0.1207~0.0%! 0.1151 (24.6%)
Zn2-O3 0.3985 (15.1%) 0.3779 (20.4%) 0.3767 (20.7%)
O3-Zn4 0.1077 (211%) 0.1246 (13.2%) 0.1238 (12.6%)
Zn4-O5 0.3813 (10.5%) 0.3773 (20.5%) 0.3772 (20.6%)
6-8
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lowest-energy structures of the polar O-terminated~0001̄!-O
surface of ZnO in thermal equilibrium with an O2 and H2 gas
phase. This scheme allows us to extend our zero-tempera
and zero-pressure DFT results to more realistic tempera
and pressure conditions which are usually applied in surf
science experiments or in catalytic processes like the me
nol synthesis, and thus to bridge computationally the ‘‘pr
sure gap.’’

The essential result of this approach is a phase diagra
the ~0001̄!-O surface which is plotted in Fig. 5. From th
surface phase diagram we predict that hydrogen is adso
at the~0001̄!-O surface for a wide range of temperatures a
H2 partial pressures, including UHV conditions. This is
agreement with the recent observations of a H
experiment18 and was also confirmed in a study of the C
adsorption on the polar ZnO surfaces.20

We find a H binding energy of roughly 2.3 eV per atom
molecular hydrogen dissociates and adsorbs at the c
O-terminated surface. Furthermore we predict that in sit
tions where both polar surface terminations are present~for
example for powder samples! also the dissociative adsorp
tion of water with H and OH groups being adsorbed at the
and Zn-terminated surface, respectively, is energetically p
erable. However, as soon as a coverage of 1/2 monolaye
hydrogen is reached, the energy gain of adsorbing more
drogen on the~0001̄!-O surface drops very rapidly with in
creasing hydrogen coverage. Therefore no stable phases
more than 1/2 monolayer H coverage appear in the sur
iar
th
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phase diagram, Fig. 5. In particular, a structure with a f
monolayer of H as predicted in Ref. 18 is not very likely
exist globally in thermodynamic equilibrium~which does not
exclude a kinetic or local stabilization!.

Going to low hydrogen partial pressures and higher te
peratures it is possible to gradually remove the hydrog
from the surface and to form stable phases with less than
monolayer coverage of hydrogen. If all hydrogen is r
moved, oxygen vacancies will be created as was specul
in Ref. 18. However, we find that a surface with a vacan
concentration of 1/4 is much more stable than a missing-
structure where 1/3 of the oxygens has been removed. Th
fore, based on the limited set of surface structures taken
consideration in our study, we currently do not understa
the (133) structure observed in Ref. 18.

Finally, at higher oxygen partial pressures the O vacanc
will be filled and the clean, defect-free O-terminated surfa
becomes the most stable structure. However, the hydro
partial pressure has to be very low so that we consider it v
unlikely that a clean, defect-free~0001̄!-O surface can be
observed in experiment.
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