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Competing stabilization mechanism for the polar ZnO„0001…-Zn surface

Georg Kresse,1,* Olga Dulub,2 and Ulrike Diebold2
1Institut für Materialphysik and Center for Computational Materials Science, Universita¨t Wien, A-1090 Wien, Austria

2Department of Physics, Tulane University, New Orleans, Louisiana 70118, USA
~Received 27 June 2003; published 11 December 2003!

Density-functional calculations for the~0001!-Zn surface of wurtzite ZnO are reported. Different stabiliza-
tion mechanisms, such as metallization of the surface layer, adsorption of OH groups or O adatoms, the
formation of Zn vacancies, and large scale triangular reconstructions are considered. The calculations indicate
that isolated Zn vacancies or O adatoms are unfavorable compared to triangular reconstructions. In the absence
of hydrogen, these triangular features are stable under any realistic temperature and pressure. When hydrogen
is present, the reconstruction is lifted, and hydroxyl groups stabilize the ideal otherwise unreconstructed
surface. The transition between the unreconstructed hydroxyl covered surface and the triangular shaped fea-
tures occurs abruptly; OH groups lift the reconstruction, but their adsorption is energetically unfavorable on the
triangularly reconstructed surface.
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I. INTRODUCTION

When the wurtzite ZnO crystal is cleaved parallel to t
basal plane, two structurally different surfaces are crea
The surfaces are usually termed Zn-terminated~0001! sur-

face and O-terminated (0001)̄ surface, as Zn and O atom
are located at the vacuum side of the ideal as-cleaved~0001!

and (0001̄) surfaces, respectively~see Fig. 1!. Formally
these two surfaces are polar, and it is a matter of sim
electrostatic arguments that the cleavage energy is infinit
an ionic model.1,2 But contrary to this formal instability in
the ionic model, ZnO crystals exhibit a large fraction of bo
surfaces, indicating that these two surfaces are rather fa
able in nature. Recent theoretical work indicates that the
bility of the surfaces might be related to a fractional cha
transfer of half an electron per surface area from
O-terminated side to the Zn-terminated surface3,4 which ne-
cessitates partially occupied two-dimensional~2D! metallic
bands at both surfaces. The suggested compensation m
nism is in agreement with the electrostatic arguments
Noguera2 or Tasker.1 Starting from the ionic model, electro
statics require a fractional charge transfer of half an elec
from the O to the Zn side in order to lift the conceive
electrostatic divergence. The metallic surface states, h
ever, have not yet been observed using, e.g., photoemis
experiments5,6 or scanning tunneling spectroscopy~STS!.7

Alternatively, the compensation of the ionic excess charg
the surface can occur through two other mechanisms~i! the
addition of ~1/2!-ML ~monolayer! OH2 groups or~1/4!-ML
O22 at the surface, or~ii ! the formation of~1/4!-ML Zn12

vacancies at the Zn-terminated surface. In fact, surface x
diffraction experiments for the ZnO~0001!-Zn surface could
best be fitted by allowing a 0.75 occupancy of the topm
Zn layer,8 in agreement with stabilization mechanism~ii !.
The experiments gave no indication, how the removal of
atoms occurs, but certainly an ordered (232) arrangement
of vacancies has not been observed in low-energy elect
diffraction or helium scattering experiments.9 Recent scan-
ning tunneling microscopy~STM! experiments finally solved
0163-1829/2003/68~24!/245409~15!/$20.00 68 2454
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the long-standing controversy. They indicate that the remo
of Zn atoms happens through the formation of triangu
shaped reconstructions.10 The experiments were accomp
nied by extensive large scale density-functional calculatio
which confirm that these triangular shaped reconstructi
are energetically favorable, if hydrogen is not present in
surrounding gas phase. The current work aims to prese
detailed discussion of theseab initio calculations. The previ-
ous results are also refined by performing calculations
thicker slabs than considered before.10

Section II briefly describes the computational metho
used in the present density-functional study. Results for
ideal bulk terminated surface and a discussion of the co
pensation mechanism operative at the ideal bulk termina
surface~‘‘metallization’’ ! are presented in Sec. III A. Othe
compensation mechanisms, such as the formation of Zn
cancies or the addition of O adatoms~Sec. III B!, hydroxyl
adgroups~Sec. III D!, and triangular shaped reconstructio
~Sec. III E! are investigated as well. All results are combin
in the form of anab initio surface phase diagram in Se
III H. We finish with discussion and conclusion.

FIG. 1. Ideal as-cleaved Zn-terminated~0001! and O-terminated

(0001̄) surface of wurtzite ZnO.
©2003 The American Physical Society09-1
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II. METHOD

A. Ab initio calculations

The present first-principles calculations are based
density-functional theory~see, e.g., Refs. 11 and 12! and
employ a plane wave basis set.13,14 To determine the elec
tronic ground state the Viennaab initio simulation
package15,16 ~VASP! is used. In the present calculations, t
interaction between the ions and electrons is described by
projector augmented wave17 ~PAW! method in the imple-
mentation of Kresse and Joubert.18 The radial cutoff for the
Zn PAW potential is 1.2 Å, and that for the O PAW potent
1.0 Å. For Zn atoms, the 3d, 4s, and 4p electrons were
described as valence, whereas for oxygen the 2s and 2p
electrons were treated as valence. The remaining elect
were kept frozen. A plane-wave cutoff of 280 eV was chos
for the present calculations. At this plane-wave energy c
off, the relative energies are converged to a few meV~with
respect to the energy cutoff!. Generalized gradient correc
tions ~GGC! according to Perdew and Wang~PW91! were
used throughout this work.19,20

With this setting the lattice parameters of ZnO are fou
to bea53.250 Å,c55.207 Å, andu50.375, in good agree
ment with experiment, and excellent agreement with pre
ous theoretical studies.21

B. The surface model

The surface was modeled by slabs containing eight Z
double layers~compare Fig. 1!. The three topmost ZnO
double layers were allowed to relax, except when noted o
erwise. As discussed later, the ideal or ‘‘as-cleaved’’
(0001̄) and Zn~0001! surfaces are characterized by metal
surface states. At the O side, the metallic surface states
lying close to the valence-band edge, and, per primitive c
half an electron is missing to fully occupy them. This ele
tron hole at the edge of the valence band causes a very
convergence of total-energy differences with respect to
slab thickness, since the Zn side tends to lose a small frac
of its electronic charge to this low-lying O surface state. T
effect is an undesirable artifact of the finite-sized slab, si
the charge transfer would be negligibly small for an infin
slab ~see Sec. III A!. To accelerate convergence, the surfa
O atom at the (0001)̄ side was replaced by an artificial ato
with a valency of 6.5, i.e., intermediate between O and
The fractional excess electron fills the hole at the valen
band edge, and the charge transfer from the Zn to the O
becomes impossible. In turn the calculations converge m
rapidly with respect to the slab thickness. Calculations p
sented here were performed applying this compensa
mechanism on the O side, except when noted. In the pr
ous work,10 no such correction was used, and only six-lay
thick slabs were applied. The present calculations are th
fore more accurate than the one reported before.

Various supercells were used to investigate the energe
of defects and surface reconstructions. Most calculati
were performed using (434) and (636) supercells. To
model larger reconstructions (A483A48) supercells were
considered as well. Particular care had to be paid tok-point
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sampling and convergence. For the (434) supercell, relax-
ations were performed using two specialk-points with the
coordinates~0, 0, 0! and~1/3, 1/3, 0! with respective weights
of 1/3 and 2/3. To test fork point convergence, the energie
were calculated using a denser grid of (33331)
Monkhorst-Packk points, as well. Except for very low defec
concentrations, the formation energies were within 25 m
of those calculated with twok points ~see Sec. III B!.

Relaxations for the (636) supercell were performed with
a single off symmetry specialk point with the coordinate
~1/3, 0, 0!. With our present computational resources it w
not possible to perform test calculations using morek points.
For the (A483A48) supercells, theG point only was ap-
plied. This singlek point is identical to the two special point
used for the (434) supercell, since thek point ~1/3, 1/3, 0!
folds back toG, when the (A483A48) supercell is built
from the (434) surface cell.

C. Thermodynamics

To determine the stability of the surface in contact w
the gas phase simple thermodynamic arguments are u
The formalism has been applied to a variety of syste
before22–25and is described in detail in Ref. 26. Here only
brief summary is given, with a particular emphasis to t
problems specific to the present system.

For thermal equilibrium between the gas phase and
surface, the thermodynamic quantity of interest is the surf
energy

g5S G~T,p,$nx%!2(
x

nxmx~T,px! D Y A, ~1!

whereT andp are the temperature and the pressure,G is the
Gibbs free energy of the solid exposing the surface of in
est,nx are the number of particlesx in the solid, andmx and
px are the chemical potentials and the partial pressures o
respective particles in the reservoirs. In the present case
Gibbs free energies are calculated for a number of rec
structions using finite-sized slabs as described in the pre
ing section. This implies that the~0001! and (0001̄) facets
are exposed. ForA in Eq. ~1!, we use the surface area p
side ~half the total surface area!. This implies that the value
g is the sum of the surface energy of the~0001! and (0001̄)
facets~cleavage energy!:

g5~g (0001)1g (0001̄)!.

Since the (0001̄) surface was identical throughout all calc
lations, the difference ofg between two calculations is iden
tical to the change ofg (0001), which is the desired quantity
Furthermore, zero-point vibrations, vibrational entropy co
tributions, and enthalpy changes are neglected, and the G
free energies,G(T,p,$nx%), are approximated by the ene
gies calculated by density-functional theory~DFT! E($nx%).
A recent work indicates that this approximation is suf
ciently accurate for oxides and hydroxylated surfaces.26,27An
estimate for the incurred errors can be obtained by consi
ing the zero-point vibrations of a OH group and a H2 mol-
9-2
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COMPETING STABILIZATION MECHANISM FOR THE . . . PHYSICAL REVIEW B 68, 245409 ~2003!
ecule. The former has a zero-point vibration energy betw
150 and 180 meV, whereas the zero-point vibration energ
H2 is 260 meV~130 meV per H atom!. This suggests tha
phase boundaries for OH adsorption are wrong by'50 meV
~at zero temperature!, but inclusion of zero-point vibrations
for hydrogen will cause only arigid shift of the hydrogen
potential and of the phase boundaries between hydrogen
and hydrogen poor terminations. Quite generally, we exp
that vibrational entropies will affect the phase boundar
only by the order of 100 meV, which is rather small if on
keeps in mind that the present density functionals can b
error by 100 meV/per bond.

In the present case, three different species were con
ered: Zn, O, and H. To reduce the complexity, it is assum
that the Zn and O particle reservoirs are in thermal equi
rium with bulk ZnO~if this were not the case, the ZnO bu
would either grow or decompose!. This requires that the
chemical potentials of the Zn and O species satisfy26

mO1mZn5EZnO, ~2!

whereEZnO is the DFT energy of the ZnO bulk. It is commo
practice to eliminatemZn from the equation for the surfac
energy, which yields the following expression for the surfa
energyg:

g5@E~$nx%!2nHmH2nZnEZnO2~nO2nZn!mO#/A. ~3!

To determine the most stable surface for a given set
chemical potentials,mH andmO, g is calculated for all con-
sidered surface reconstructions. The one with the lowest
face energyg is the thermodynamically stable phase for t
corresponding conditions. By repeating these calculations
all sensible sets of chemical potentialsmH and mO, a 2D
surface phase diagram can be determined. In this diag
the two axes correspond tomH and mO, and each surface
reconstruction is assigned one particular gray tone~compare
Fig. 2 of Ref. 10, and Fig. 13 of the present work!.

In the present work,all energies and chemical potentia
are referenced to 1/2EO2

and 1/2EH2
, i.e., the energy zero is

chosen such that oxygen and hydrogen molecules have
energy. Using these energy zeros, the chemical potentials
only vary in the following ranges:

mO,0, mH,0, and mZn,Efcc Zn.

If the first or second equation were not fulfilled, oxygen
hydrogen would move from the particle reservoirs to t
surface and would start to condensate there. If the third eq
tion were not fulfilled, O particles would flow from the bul
ZnO to the O reservoir leaving back metallic fcc Zn. Elim
nating from the third equationmZn using Eq.~2! gives

EZnO2Efcc Zn,mO.

The lower bound for the chemical potential of oxygen
therefore given by the heat of formation of ZnO, which
23.04 eV in the present case~neglecting zero-point vibra
tions!. In practice, we will restrict the hydrogen potenti
also to the range23.0 eV,mH,0 eV in the 2D surface
phase diagrams. This range is sensible, when one cons
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that the chemical potentials can be related to the partial o
gen and hydrogen pressures through

mx~T,px!5mx~T,p0!11/2kBT ln~px /p0!. ~4!

Convenient values for the quantitiesmx(T,p0) have been
tabulated in Refs. 26 and 27, and under typical UHV con
tions 23.0 eV,mH is usually fulfilled.

A further restriction is obtained by the restriction th
H2O should not condensate on the surface. This is equiva
to requiring

mO12mH ,EH2O,

where the formation energy of waterEH2 O is calculated to be

22.64 eV. In the graphs the area where water condensate
the surface will be drawn white.

III. RESULTS

A. The bulk terminated surface

To understand the electronic properties of the ideal
cleaved ZnO~0001! and (0001̄) surfaces it is instructive to
consider a simple ionic model first.1 Figure 2 shows a six-
layer thick slab exhibiting the two polar surface on the tw
sides of the slab. Conceptually, one can build the slab
concatenation of a neutral and ‘‘nonpolar’’ building un
which is shown in Fig. 2~b!. In fact, the indicated building
unit carries a small dipole moment, since the Zn atoms
not have a perfect tetrahedral environment in the wurtz
structure, but for the present purpose we neglect this sm
deviation from zero polarity. The important point is that r
peating this building unit does not account for 1/4 of t
Zn12 at the (0001) surface, and 3/4 of the Zn ions and
oxygen ions at the (0001)̄ surface of the slab. In the ionic

FIG. 2. ~a! Sketch of a six-layer slab model of the ZnO~0001!

and (0001̄) surface,~b! neutral non-polar building unit, and~c!
electrostatic field in the ionic model. On the top side, the bla
triangles cannot be accounted for by concatenation of the nonp
building unit, whereas at the bottom, the black part and the ou
most O atoms cannot be accounted for. This is equivalent to
unaccounted charge of half an electron~bottom middle!.
9-3
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G. KRESSE, O. DULUB, AND U. DIEBOLD PHYSICAL REVIEW B68, 245409 ~2003!
model, these unaccounted parts correspond to an exces
face charge of (1/2)e at the oxygen side of the slab an
(21/2)e at the Zn side of the slab. Solving the Poisson eq
tion for such surface charges~or using the equations of
capacitor! immediately yields a potential difference o
4pe/2/A3d between both sides of the slab, whereA is the
surface area per ZnO surface cell andd is the thickness of the
slab. Therefore, in an ionic model the electrostatic poten
diverges~Tasker-type three polar surface!.1 In practice, an
infinite potential difference between both surfaces is unre
istic, but, as noted by other authors before, the divergenc
only anartifact of the oversimplistic ionic model and can b
removed by transferring half an electron from the O side
the Zn side. Formally, this corresponds to a reduction of
ionicity of the Zn and O ions in the surface layer to Zn13/2

and O23/2. Using such redefined Zn and O surface ioniciti
the Madelung energy of the polar ZnO slab is convergent
well defined. It should be emphasized that this ‘‘charge tra
fer’’ occurs only in the context of the oversimplistic ion
model and it is possible to derive the same formal ionicit
in a more natural manner starting from the atomic instead
ionic limit and transferring half an electron along each bo
from each Zn atom to neighboring O atoms. Since the
atoms and O atoms at the surface have only three O an
neighbors, respectively, their ionicity is necessarily on
Zn13/2 and O23/2.

An important result of this simple consideration is th
polar surfaces are generally not unstable, their surface
ergy is not infinite, but it is true that polar surfaces are ofte
less favorablethan nonpolar surfaces. For ZnO, the part
ionicity of 63/2 implies that electrons at the ideal~0001! Zn
side are forced to stay in the conduction band and vice ve
the valence band is not entirely filled at the ideal (0001)̄ O
side, since half an electron is missing. This property is co
mon to most polar surfaces and it is the main reason for t
lower stability. Additionally, for ZnO, the fractional occu
pancy~half an electron and hole, respectively, per Zn and
surface atom! also implies that the Zn and O ideal as-cleav
surfaces are metallic.

The band structures shown in Fig. 3 essentially confi
this simple model. At the Zn side, a very steep surface s
exists, which is localized mostly at the Zn atoms in the fi
layer. The surface state is only partially occupied and ho
roughly half an electron. The oxygen side on the other h
exhibits two rather flat surface states, with a total elect
hole of 0.5 electrons. In practice, the model presented so
lacks some subtleties that become apparent upon close
spection of Fig. 3. First, the position of the Zn surface ba
is such that it partly overlaps with the top of the valen
band of layers deeper in the bulk. The reason for this beh
ior is that the 4s Zn surface states penetrate the bulk, lead
to a charge transfer from the surface layer into deeper lay
To counteract this penetration a counter field is created s
ing the Zn 4s conduction bands and the O 2p valence bands
to higher~less favorable! energies in deeper layers. The ev
lution of the electrostatic potential in the bulk is shown
Fig. 4, together with an illustration indicating the position
the local conduction and valence bands. The penetratio
charge into the surface is realistic, and occurs even in i
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nitely thick slabs~the observed behavior is similar to th
band bending at semiconductor interfaces!. The calculations
for thin slabs, however, exhibit an additional artifact. A sm
amount of chargedQ is also transferred from the Zn side t
the O side, in order to align the Fermi levels of both sid
One can estimate the amount of transferred charge assu
that the central ZnO layers behave like a capacitor with
dielectric constante. The surface charge is then given b
~atomic units, i.e., charges are counted as multiples of
electronic charge!

s~d!5
fe

4pe2d
,

whered is the slab thickness andf the ‘‘initial’’ potential
difference between the local Fermi levels on both sides of
slab ~as indicated in Fig. 4!. ‘‘Initial’’ here means that long-
range charge transfer has not yet occurred, and that the c
pensation mechanism discussed before is not operative.
ing the same model one can also calculate the surface en
gainDg associated with the charge transfer from the elect
rich side ~Zn-terminated side! to the holes at the electro

FIG. 3. Band structure of the~0001! Zn-terminated~top! and

(0001̄) O-terminated~bottom! ZnO surface as calculated for a 2
double-layer slab. The gray shaded areas correspond to the
jected band structure of the bulk and have been shifted in su
manner that they represent roughly the positions of the bands a
fourth and fifth ZnO double layer~counted from the surface!. Only
bands that are strongly localized in the first ZnO double layer
second and third ZnO double layer are shown, and the size of
symbols corresponds to the degree of localization in the respec
layers. The Fermi level is located at 0 eV.
9-4
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COMPETING STABILIZATION MECHANISM FOR THE . . . PHYSICAL REVIEW B 68, 245409 ~2003!
poor side~O-terminated side!. Initially the local Fermi levels
have an offset off. After transfer of a charges8 the offset
has decreased to

f8~s8!5f2
1

e
4pe2s8d.

Integration of the energy gain2f8(s8)ds8 over the trans-
ferred charge

2E
0

s

f8~s8!ds8,

yields a surface energy changeDg of

Dg~d!52
f2e

8pe2d
. ~5!

It is again emphasized that this energy gain is an artifac
the finite slab, as evidenced by the 1/d dependency. In the
limit of very thick slabs, the charge transfer must beco
zero.

FIG. 4. ~a! Initial positions of the conduction and valence ban

at the ZnO~0001! and (0001̄) surfaces, and~b! electrostatic poten-
tial in a finite-sized ZnO slab after the charge transfer has occur
The gray and black bars indicate the local positions of the cond
tion and valence bands, respectively. The surface band at th
side has a free-electron-like behavior and is filled up to 1.5
above the bottom of the conduction band. The DFT band ga
roughly 0.8 eV. Electrons are transferred from the Zn-surface s
localized in the first layer to deeper double layers. A strong lo
field ~band bending! develops in the vicinity of the Zn surface t
counteract the electron transfer. Alternatively electrons can be tr
ferred from the Zn side to the electron holes at the O side~broken
arrow!, leading to a finite field through the slab.
24540
f

e

With the previous insight the strong dependency of
cleavage energy on the thickness of the considered slab
comes clear. Results of our present calculations are show
Fig. 5, together with a comparison to a previous report.21 For
the calculations presented in this section, the oxygen at
at the (0001̄) surface, were not replaced by the pseudoat
with a valency of 6.5. Additionally only two double layer
were allowed to relax on the Zn and O side of the slab. T
first noticeable observation is that the previous calculati
of Meyer and Marx exhibit a much steeper slope than
present calculations. The reason for this, at first sight, un
pected behavior is that only the two outermost double lay
on both sides of the slab were allowed to relax in the pres
calculations, whereas Meyer and Marx allowed for relaxat
of all layers.21 To obtain estimates for the slope of the lin
the ion-clamped static dielectric functione` must be applied
in Eq. ~5! in the present case, whereas the ionic contribut
to the dielectric function has to be included, when the cen
bulklike part is allowed to respond. For ZnO the static d
electric function ise33

` 54.4, whereas the ionic contributio
is roughly two times larger,28 explicating the difference in
slope.

Despite this difference, both calculations clearly conve
to similar values for the surface energy. We find a value
3.4 J/m2 in excellent agreement with the previous GG
calculations.21 Second, our curve deviates from the expec
linear behavior for very thick slabs (n522,26,30). We have
carefully checked that this is not an artifact of some calcu
tional parameters. The reason for the deviation is explai
by the observation that forthin slabs, only a small penetra
tion of the Zn surface states into the bulklike region is o
served, and that the alignment of the local-Fermi levels
the Zn and O sides is achieved mainly by a charge tran
from one side of the slab to the other~dashed arrow in Fig.

d.
c-
Zn
V
is
te
l

s-

FIG. 5. Cleavage energy as a function of the number of Z
double layersn in the slab. The present results are shown by
angles and results of Ref. 21 are indicated by squares. Diam
correspond to the surface energy of a slab, which is terminated
pseudoatoms with a valency 6.5 at the O side~the energy zero is
shifted arbitrarily in this case!.
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G. KRESSE, O. DULUB, AND U. DIEBOLD PHYSICAL REVIEW B68, 245409 ~2003!
4!. Therefore, Eq.~5! correctly models the dependency of th
cleavage energy on the slab thickness. For thick slabs, h
ever, the surface states at the Zn side penetrate the bul
ficiently, with the band marked by an arrow in Fig. 3 bei
mostly responsible for this. For up to 18-layer thick sla
this band is entirely above the Fermi level, but it becom
progressively populated when the slab thickness is fur
increased. Hence for thick slabs, the alignment of the lo
Fermi levels of both surfaces is mostly achieved throug
local band bending at the Zn-terminated side of the slab,
the correction formula, Eq.~5!, does not apply. For thin slab
however, it yields quantitatively sensible corrections to
cleavage energy: the local-Fermi levels of the Zn and O s
differ by roughly 2.3 eV~compare Fig. 4!. Using a dielectric
constant of 4.4, an energy correction of 0.052 J/m2 is ob-
tained for the eight-layer thick slab. This would give
corrected cleavage energy of 3.41 J/m2 which is within
0.01 J/m2 of the converged value.

Slightly faster convergence with respect to the slab thi
ness is achieved by filling the electron holes at
O-terminated side. In the present work, we achieved this
replacing the outermost O atoms at the (0001)̄ side by a
special pseudoatom with a valency of 6.5. The surface e
gies are now indeed converging reasonably rapidly with
thickness of the slab, as shown in Fig. 5. The slab thickn
was fixed to eight ZnO double layers for the remainder
this work, as already stated in Sec. II B. Clearly the surfa
energy reaches only a plateau for six to eight double lay
and it would have been desirable to perform calculations
12 double layers. But with the present computational
sources it was impossible to model large scale reconst
tions with 12 double layers. A few additional convergen
tests, illustrating that energy differences are reasonably
converged, will be presented below.

B. Zn vacancies

Since removal of Zn atoms from the surface decreases
number of electrons in the surface state, it should enha
the stability of the surface. A removal of every fourth Z
atom, for instance, in a regular (232) pattern, would en-
tirely deplete the surface state. Figure 6 summarizes the
sults for the average Zn vacancy formation energy. To
end, the vacancy formation energy is defined as the hea
formation of the following reaction:

bulk terminated slab1nO2/2⇒slab/n vac1nZnO,

which is equivalent to calculating the formation energy us

Eform5~Eslab/nvac1nEZnO2Eslab2n/2EO2
!/n.

This corresponds to the oxygen rich limit (mO50), since it
implies that oxygen is abundantly available in the gas pha
Figure 6 shows that the formation of vacancies leads t
substantial energy gain of the order of 3.2 eV. But the rep
sion between the vacancies is substantial; already at
ML, the average vacancy formation energy has decrease
roughly 2.5 eV. This is more clearly expressed through
energy gain for adding vacancies one by one in the (434)
supercell. The first vacancy has a formation energy
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23.2 eV, for the second and third the energy changes
22.9 and22.65 eV. For the fourth vacancy the energy ga
is only 21.15 eV, and addition of a fifth vacancy costs a
ready 1.7 eV. The same result can be expressed through
surface energyg in the oxygen rich limit (mO50). The sur-
face energy specifies the energy change per surface area
is related to the average vacancy formation energy~which
specifies the energy gainper vacancy! through the simple
relation

nEform5Dg3surface area,

or equivalently

Dg5Eform

n

surface area
5Eformuvac,

where uvac is the vacancy concentration per surface ar
Again it is clearly visible that the surface energy drops un
the vacancy concentration reaches 0.25 ML. Then the sur
energy increases again. The calculations are clearly con
tent with the picture that Zn vacancies progressively dep
the surface state, which is also confirmed by inspection
the local density of states at the surface~not shown here!.

Another point that deserves attention is the large dep
dency of the vacancy formation energy on the Brillouin-zo
sampling in the low coverage limit. For the (636) supercell,
G point only calculations show a significant error of the o
der of 0.3 eV. But even using a single off symmetryk point
~1/3, 0, 0!, the calculations are probably not yet fully con
verged; at low coverage, the initial increase of the vaca
formation energy is most likely only an artifact of the y
still insufficient k-point sampling. The slow convergenc

FIG. 6. ~a! Average Zn vacancy formation energy and~b!
change of the surface energy for the~0001! surface of ZnO.
9-6
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COMPETING STABILIZATION MECHANISM FOR THE . . . PHYSICAL REVIEW B 68, 245409 ~2003!
with k points is a result of the steepness of the Zn surf
state. In the low coverage limit, electrons are removed fr
the steepest section of this band~compare Fig. 3!, and con-
verged energies are therefore only obtained using a very
curate k point sampling corresponding to roughly 12312
points in the Brillouin zone of the primitive surface ce
Once the steep part of the band has been depleted,k point
sampling becomes a less critical issue. Typically, meshes
responding to 838 k points in the Brillouin zone of the
primitive surface cell are sufficient, when the surface stat
half depleted. As a further illustration, the results for t
vacancy formation energy and the O adsorption energy~cf.
following section! at various coverages are summarized
Table I. At 1/16 ML concentration, the errors in the adso
tion energies are clearly large with twok points ~200 meV!,
but they fall off rapidly at higher coverage~20 meV!. Addi-
tionally, it is noted that the energy differences between
vacancies and O adatoms at a particular coverage are rou
four times smaller than the absolute changes of these e
gies.

Additional convergence tests with respect to the s
thickness were performed as well. For a vacancy concen
tion of u51/4, the vacancy formation energy wa
22.528 eV, and the energy gain for addition of an O adat
to the surface was22.567 eV ~for 333 k points!. These
values agree within 40 meV with the eight-layer slab cal
lations. It is important to emphasize that errors are larges
the ideal nonstoichiometric surface, since this surface ex
its a strong band bending at the surface~see Sec. III A!. For
nonpolar locally stoichiometric surfaces, convergence w
slab thickness is in fact much more rapidly attained, a
energy differencesbetween surface reconstructions wi
similar stoichiometryconverge fast with slab thickness to
wards their final value~e.g., the energy difference between
Zn vacancy and an O adatom changes only by 4 meV fro
to 12 layers!. Overall, we therefore expect that the ener
differences between different reconstructions in the relev
regime (uvac'0.25) are converged to 20 meV for the prese
setup (k points and slab thickness!, which is significantly
better than the expected DFT precision.

C. O adatoms

An alternative process to the removal of Zn atoms is
addition of neutral oxygen atoms to the Zn surface. The o
gen atoms will take up the electrons from the surface stat

TABLE I. Average vacancy formation energy and average
ergy gain for addition of an oxygen adatom in eV for the (434)
supercell for two specialk points~0,0,0! and~1/3,1/3,0!, and for the
Monkhorst-Pack grid 333.

Zn vacancy Zn vacancy O adatom O adatom
Q two k points 333 two k points 333

1/16 23.375 23.115 23.618 23.422
2/16 23.072 23.054 23.280 23.270
3/16 22.941 22.926 23.039 23.026
1/4 22.508 22.484 22.551 22.527
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order to form O22 ions. An insulating surface is again ob
tained when 1/4 ML of oxygen is adsorbed at the ide
~0001! surface. To allow for a direct comparison with th
vacancy formation energy, we define the energy as the
of formation of the following reaction:

slab1nO2/2⇒slab/nO,

which is equivalent to calculating the adsorption energy
ing

Eads5~Eslab/nO2Eslab2n/2EO2
!/n.

For the adsorption of oxygen two different sites were co
sidered. The first one is atop Zn atoms, i.e., the conventio
bulk continuation of the oxide, which will be termed T
~tetrahedral fourfold coordinated, the coordination the s
would have if the bulk were continued!. In addition, the
threefold hollow ~H3! site with no Zn atoms beneath wa
considered~see Fig. 8!. This site is found to be 2 eV more
stable than the T4 site at 1/4 ML. Results for the H3 site, a
a comparison to the results of the preceding section
shown in Fig. 7. It is discernible that oxygen adatoms
more stable at any relevant coverage. Particularly at low c
erage, they exceed the stability of isolated vacancies by
most 350 meV. At higher coverage the energy difference
smaller indicating a stronger repulsion between the O
atoms, but O adatoms become again significantly more
vorable at a coverage of 5/16 ML. This has geometrical r
sons, since for two neighboring vacancies, four O atoms
the surface have two broken O-Zn bonds@highlighted by
white circles in Fig. 8~a!#; obviously a rather unfavorable
situation.

-

FIG. 7. ~a! Average oxygen adsorption energy~compared to the
average vacancy formation energy! and b! corresponding change o
the surface energy for the~0001! surface of ZnO.
9-7
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G. KRESSE, O. DULUB, AND U. DIEBOLD PHYSICAL REVIEW B68, 245409 ~2003!
D. Adsorption of OH groups and hydrogen

The excess electrons in the conduction band can be
moved by the adsorption of neutral OH groups as w
When they combine with one electron from the surface st
OH2 groups are formed on the surface. At a coverage
0.5-ML OH, a rather stable situation is expected, since t
the surface state has been depleted entirely. To evaluat
adsorption energy as a function of the coverage, the ave
adsorption energy is defined as the heat of formation of
following reaction:

slab1nO2/21nH2/2⇒slab/nOH,

which is equivalent to calculating the adsorption energy
ing

Eads5~Eslab/nOH2Eslab2n/2EO2
2n/2EH2

!/n.

We also considered hydrogen adsorption at the surface
fining the adsorption energy with respect to molecular hyd
gen:

Eads5~Eslab/nH2Eslab2n/2EH2
!/n.

Various adsorption sites for OH groups and H were cons
ered. As for oxygen adatoms, the most stable site for
groups is the H3 site. Hydrogen atoms, on the other ha
prefer to adsorb atop the Zn atoms. The average adsorp
energies are displayed in Fig. 9. For the present definitio
the OH adsorption energy, OH adsorption is clearly m
favorable than H adsorption. The energy difference amou
to more than 3 eV at most coverages implying that hydro
adsorbed at the Zn atoms is thermodynamically unsta
since the reaction

nZnO1slab/nH⇒slab/nOH1nfcc Zn

is exothermic. Expressed in another manner: on the Zn s
adsorbed hydrogen is so reactive that it is capable to red
bulk ZnO units to metallic Zn, forming OH groups. The k
netic barriers for the formation of OH group might be rath

FIG. 8. (434) surface cell with~a! five vacancies~positions
highlighted by triangles! and~b! four O adatoms adsorbed at the H
site. For each vacancy, one O-Zn bond is broken at each corn
the small triangles. The four encircled O atoms have two bro
bonds each.
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large, however, inhibiting the formation of OH groups und
certain experimental conditions~low temperature!. The cal-
culations are nevertheless, consistent with the experime
observations that hydrogen adsorption is exothermic on
Zn site, and that prolonged exposure to hydrogen destr
the lateral order of the ZnO crystal:9 the formation of the
thermodynamically stable OH groups requires oxygen m
transport on or close to the surface which possibly abolis
order. Disagreement with experiment exists, however, a
how much hydrogen can be adsorbed at the surface. Acc
ing to the present calculation, the saturation coverage is
ML for molecular H whereas in experiment indications f
an ordered (131) overlayer were observed.9

Returning to Fig. 9, it is noted that the surface ener
shows a rather clear change of the slope between 0.4 an
ML OH and H coverage. This corresponds to the point wh
the surface state becomes depleted, and it is an indica
that the binding mechanism changes from a binding with
ionic contribution (OH2) to a less favorable purely covalen
bonding~OH! at higher coverage.

E. Triangular reconstructions

Triangular reconstructions were modeled by removing
angular shaped areas from the eight-layer thick slab. In
(434) supercell, triangles with an edge length ofn52 and
n53 were considered, in the (636) supercell triangles with
an edge length ofn53 –5 were calculated, and for th
(A483A48) supercell, triangles with an edge ofn56 –7
were constructed. Since a large fraction of the first dou
surface layer is removed for the triangular shaped reconst

of
n

FIG. 9. ~a! Average OH adsorption energy and H adsorpti
energy~with respect to molecular oxygen and hydrogen! and ~b!
corresponding change of the surface energy for the~0001! surface
of ZnO.
9-8
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COMPETING STABILIZATION MECHANISM FOR THE . . . PHYSICAL REVIEW B 68, 245409 ~2003!
tions, it is essential that the surface energies are identica
seven- and eight-layer thick slabs, since otherwise the for
tion energies of triangles might be overestimated or unde
timated. Figure 5 shows that slabs with six, seven, and e
double layers have almost identical surface energies~pla-
teau!, when the charge transfer to the (0001)̄ surface is in-
hibited by replacing the O atoms by pseudoatoms with
valency of 6.5 at the (0001)̄ surface. Nevertheless, conve
gence tests for the (434) cell and a triangle withn53 were
performed. When the number of layers was increased fro
to 12 double layers, the energy difference between the c
and triangularly reconstructed surface changed by 67 m
for the entire slab. This corresponds to a relative chang
67 meV/1654 meV per primitive surface cell. The energ
difference between the clean surface and three isolated
cancies changed by roughly the same number~58 meV!, in-
dicating that energy differences between surfaces with s
lar stoichiometry~see below! are essentially converged fo
the present setup.

Figures 10~a! and 10~b! show these two reconstruction
the one with three isolated Zn vacancies and the triangle w
n53, respectively. For this particular triangle, six Zn atom
and three O atoms have been removed, with the remove
~O! atoms located above the second layer O~Zn! atoms. In
general,n3(n11)/2 Zn atoms andn3(n21)/2 O atoms
are removed for a triangle with an edge lengthn, which
corresponds to

n3~n11!/22n3~n21!/25n

FIG. 10. (434) surface cell with~a! three isolated vacancie
and ~b! a triangular pit with an edge lengthn53. (A483A48)
supercell with a triangular pit of~c! edge lengthn56 and~d! edge
lengthn57.
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Zn vacancies from a stoichiometric point of view.10 For the
triangle with an edge lengthn53, this is particularly obvi-
ous: removal of the encircled three Zn and three O atom
Fig. 10~a! leaves the local stoichiometry of the surface un
fected and allows us to go from isolated vacancies to
triangular pit.

Furthermore, it is possible to prove that the number
cleaved bonds is identical for three isolated vacancies, a
triangular shaped pit with an edge lengthn53. We can show
this by first realizing that the number of outermost Zn ato
is exactly identical in both cases. For the three isolated
vacancies in the (434) cell, 1623513 inequivalent Zn at-
oms per surface area are visible. For the triangular pit@Fig.
10~b!#, 1626510 Zn atoms are exposed in the outermo
double layer, and three more are visible in the second dou
layer, which yields again a total of 13 Zn atoms. For ea
visible Zn atom, one bond has been cleaved. Furtherm
for the nine oxygen atoms which are located next to the th
vacancies, one bond has been cleaved. For the triangula
construction, the nine oxygen atoms at the edge of the
possess one cleaved bond each, as well. This conclude
proof for n53, and the argument can be extended readily
triangles with an arbitrary side length. In general, a triangu
pit with side lengthn possess thesame surface stoichiometr
asn isolated vacancies, and additionally both exhibit exac
the same number of cleaved bonds. Since the number of
broken bonds is identical, the covalent contribution to t
surface energies should be similar forn isolated Zn vacan-
cies and for a triangular indentation with side lengthn.

The calculated formation energies of triangular pits w
respect to isolated vacancies are shown in Fig. 11. The
mation energy is defined as

Eform5Eslab/trianglen2Eslab/nvac1n~n21!/2EZnO.

It is a measure of how much energy is gained, whenn va-
cancies combine to form a triangular indentation. Of cour
in this process ZnO units must be removed from the slab
well, which is accounted for by addingn(n21)/2EZnO to the
formation energy. At the real ZnO surface, this involves m

FIG. 11. Formation energy of triangular pits with respect
isolated vacancies, calculated using the fully relaxed DFT structu
~circles!, using DFT and unrelaxed structures~diamonds!, and using
a Madelung-type calculation for the unrelaxed geometries~squares!.
9-9
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G. KRESSE, O. DULUB, AND U. DIEBOLD PHYSICAL REVIEW B68, 245409 ~2003!
transport, and the removed units might attach to steps
they might form triangles at the surface.

The calculated formation energies are roughly prop
tional to the side length of the trianglen. The calculated
constant of proportionality implies that 300 meV are gain
whenever an additional vacancy is incorporated into a
angle in turn increasing its edge length by one. The lin
dependency also means that six isolated vacancies can e
combine to form two triangles with a side length 3 or
single triangle with a side length 6. In the former case,
energy gain is 230.805 eV'1.6 eV, whereas in the latter,
is only slightly larger~1.8 eV!. If the formation energies
were lying exactly on a straight line, many small triangl
would have exactly the same energy as few large triang
As we will see later, the present calculations seem to fa
the second scenario, i.e., rather large triangles with additio
triangular features inside. Nevertheless, the energetic com
tition is very tight, which explicates why the surface b
comes macroscopically rough in the experiment. In pract
the largest formation energy per vacancy~i.e., the value one
obtains after division by the number of vacancies! is ob-
tained for the triangle with side lengthn56. The drop for
the triangle with side lengthn57 is probably related to the
proximity of triangles for the (A483A48) supercell used fo
this case@compare Fig. 10~d!#.

The intriguing question is the reason for the stability
triangles versus isolated vacancies. Since differences in
covalent bonding can be ruled out on the basis of the in
ductory arguments of this section, only two possible answ
remain. Either the triangles allow for a more efficient surfa
relaxation or electrostatic arguments explicate the obse
behavior. To test the first hypotheses the energies of isol
vacancies and triangular pits were calculated without surf
relaxation and are summarized in Fig. 11 using diamon
Clearly without relaxation the formation energies of triang
are close to those obtained with relaxation, although
should be noted that the individual relaxation energies
large and of the order of several eV, but they are alm
identical for n isolated vacancies and a triangle with ed
lengthn. To test the hypothesis that the Madelung energy
responsible for the formation of triangles, the Madelung
ergies of the unrelaxed triangular pits with edge lengthn and
n isolated vacancies were evaluated and compared. At
sight, this is not a trivial undertaking, since one encount
again the problem that the Madelung energy is not conv
gent in the ionic model, i.e., the surface energies do dep
on the thickness of the considered slab. For the ideal b
terminated surface, this problem can be circumvented by
signing an ionicity of13/2 and23/2 to the outermost Zn
and O ions, respectively~compare Sec. III A!. To model the
defective surfaces, the ionicity of the outermost Zn ato
must be set to 1.5/(11uZn), which ensures that the Made
lung energy remains well defined. HereuZn is the effective
Zn deficiency, as already defined in Ref. 10. For the t
models shown in Fig. 10, the Zn deficiency is, for instan
uZn523/16, which implies that the ionicity of the 12 Z
atoms visible in Figs. 10~a! and 10~b! is 1.84 ~the reduced
ionicity is also assigned to the visible Zn atoms in the sec
double layer!. Furthermore, a dielectric constant of 5.5 w
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used in the calculation of the Madelung energies, where
regard this constant as a simple fitting parameter. The en
differences between triangles and vacancies obtained in
manner are shown in Fig. 11 using squares. The calcul
points lie almost exactly on top of the energy differenc
obtained in the DFT calculations~using the same unrelaxe
configurations!. This is certainly to some degree fortuitou
since the applied model is necessarily an oversimplificati
But certainly it is the Madelung energy that stabilizes t
triangles. A much simplified explanation for the stability
triangles can be given by inspecting the first coordinat
shell of undercoordinated oxygen atoms@see Fig. 10~a!#. The
number of Zn neighbors is identical around vacancies
triangles. But on the unreconstructed surface, oxygen at
in the proximity of vacancies have six repulsive oxyg
neighbors in the second coordination shell, whereas
number is reduced to four or five when triangles form on
surface.

F. Electronic properties

Figure 12~a! shows the layer resolved electronic dens
of states~DOS! of the ideal~0001! surface. It is emphasized
that the DOS presented in this section was obtained w
each O atom at the (0001)̄ surface replaced by an atom wit
a valency of 6.5, in order to fill the surface state at the o
gen side. Charge transfer from the Zn to the O side is the
fore inhibited, and only local band bending is operative. A
reference the density of states in the S-2 layer is used, w
exhibits little modifications compared to the bulk. As a res
of the band bending, the onset of the valence band and
positions of the core levels are at 1 eV larger binding en
gies in the S layer than in the S-2 layer~more negative!. In
the surface layer, the general structure and shape of the D
at the oxygen atoms changes little compared to deeper
ers, whereas the Znd band has narrowed somewhat as
result of the reduced coordination. The most obvious feat
however, is the free-electron parabola stemming from
free-electron 2D-surface state. The Fermi-level cuts thro
this parabola and even in the S-2 double layer a sizable c
tribution from this surface state is still visible. It is certa
that the metallic surface state should be visible in STS
would allow for a clear identification of the ideal surfac
Also the local band bending would have a finger print
core-level spectroscopy, but neither the metallic surface s
nor the local band bending has been observed,9,10,29 which
again rules out the existence of the unreconstructed surf

For the OH covered surface@Fig. 12~b!#, the surface state
has been depleted entirely, and the surface is essentiall
sulating. This confirms that adsorption of OH creates a lo
lying electron acceptor level allowing the depletion of the
4s band at the surface. At the surface, no band bendin
found and the Zn and O derived states are similar to thos
the bulk. Fingerprints of the OH group are the OHs peak in
valence band~in DFT located27 eV below the top of the
valence-band edge!, and the larger O 1s core-level bindin
energy of the oxygen atoms in the OH group. Therefore
experiments, the identification of a OH covered surfa
should be straightforward.
9-10
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COMPETING STABILIZATION MECHANISM FOR THE . . . PHYSICAL REVIEW B 68, 245409 ~2003!
For the triangular reconstruction, a (333) supercell with
a single small triangle with a side lengthn52 was consid-
ered~the DOS does not depend significantly on the size
the triangles!. This corresponds to a rather high Zn de
ciency ofuZn520.222 ML and the size of the cell still al

FIG. 12. ~a! Electronic density of states~DOS! of the ideal
as-cleaved~0001! surface of ZnO. The electronic states are sho
for the first double layer~S! and the third double layer~S-2!. ~b!
DOS of the OH covered surface~0.5 ML!. ~c! DOS of a triangularly
reconstructed surface for a triangle with a side lengthn52 in a
(333) supercell. The Fermi levels are located at 0 eV. The p
have been shifted such that the edges of the valence band
aligned for S-2.
24540
f

lows for a very accuratek-point sampling. For this triangula
reconstruction, the surface state is almost entirely deple
and the Fermi level is located at the edge of the conduc
band. The local band bending is fairly weak; the onset of
valence band and the core levels are shifted by roughly
eV to higher binding energies in the surface layer.

G. Surface relaxation

Table II summarizes the changes of the interlayer d
tances with respect to the bulk interlayer spacing. For
ideal bulk terminated surface, a contraction of the Zn-O d
tance by almost 33% is found inside the first double layer
similar but smaller contraction is obtained in deeper dou
layers as well, whereas the distance between the double
ers increases slightly. This oscillatory behavior agrees w
with previous calculations.21 The OH and O covered sur
faces, however, exhibit only a small relaxation of the int
layer distances. Adsorbed species therefore lift the surf
relaxation very efficiently.

On the other hand, with vacancies, the surface shows
even stronger inward relaxation of the first Zn layer than
ideal defect-free surface. The Zn atoms sink into the fi
oxygen layer. For deeper layers, again only little relaxation
found, which indicates that the surface becomes bulklike r
idly. A similar pattern is observed for the triangularly reco
structed surfaces, if all Zn atoms visible at the surface
counted as first layer Zn atoms. The topmost Zn atoms ag
sink into the oxygen layer by 0.3 Å, whereas little relaxati
is found in deeper layers.

These results clearly show that the metallic 2D surfa
state—if occupied—has a strong influence on the surface
laxation. For the metallic surface, the oscillatory relaxation
a consequence of the penetration of the surface state
deeper layers. When electrons are removed from the sur
state, the surface becomes bulklike after the first ZnO dou
layer.

The available experimental data are somewhat difficul
interpret using the theoretical results. Most experiments
dicate a slight outward relaxation.8,30,31 This seems to be
consistent only with a surface where O or OH groups
adsorbed, since the triangularly reconstructed surfaces s
a strong inward relaxation. In the work of Makiet al.,31 the
surface was prepared in flowing oxygen gas, and triang
features were absent in atomic force microscopy. One m
speculate that their surface was covered by OH groups
oxygen adatoms~oxygen adatoms might be kineticall
stable!. The x-ray-diffraction data of Ref. 8 might require
reanalysis considering triangular reconstructions, but it c
not be ruled out that the surface was OH or O covered
well.

H. The phase diagram

The final phase diagram combining all results of t
present work is shown in Fig. 13. It is important to note th
this diagram differs quantitatively somewhat from the o
reported previously, since a more precise computatio
setup was used in the present case. The eight-layer calc
tions generally favor higher vacancy concentrations, but

s
are
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TABLE II. Average interlayer distancedOnZnm
in Å and change relative to the bulk in % of the bu

interlayer spacing for the ideal, OH covered, and O covered surface, for Zn vacancies and for the
structed surfaces. The entry3@(434) corresponds to a triangle with side length 3 in the (434) supercell,
and 3,7@(A483A48) is the structure shown in the inset of Fig. 13 atuZn520.21. The bulk interlayer
distances aredZnnOn

50.644 Å in the double layer anddOnZnn11
52.010 Å between double layers.

Ideal ~1/2!-ML OH ~1/4!-ML O

Zn1O(H) 1.262 1.223
Zn1O1 0.430 (233.3) 0.663 (13.0) 0.606 (25.9)
O1Zn2 2.146 (16.7) 2.003 (20.4) 2.027 (10.8)
Zn2O2 0.528 (218.1) 0.648 (10.6) 0.624 (23.1)
O2Zn3 2.089 (13.9) 2.000 (20.5) 2.010 (20.0)
Zn3O3 0.568 (211.9) 0.639 (20.8) 0.626 (22.8)
O3Zn4 2.064 (12.7) 2.004 (20.3) 2.009 (20.1)

~1/4!-ML vacancy 3@(434) 3,7@(A483A48)
Zn1O1 0.272 (257.7) 0.284 (255.8) 0.318 (251.1)
O1Zn2 2.042 (11.6) 2.044 (11.7) 2.020 (10.5)
Zn2O2 0.652 (11.1) 0.637 (21.1) 0.673 (14.4)
O2Zn3 2.024 (10.7) 2.057 (12.3) 2.036 (11.3)
Zn3O3 0.644 (20.1) 0.606 (25.9) 0.627 (22.7)
O3Zn4 2.027 (10.8) 2.045 (11.7) 2.031 (11.0)
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nly
ditionally more structural models were considered in
present study. In the previous calculations, for instance, o
combinations of triangular indentations and Zn vacanc
were explored, whereas in the present case triangular pits
O adatoms at the terraces were taken into account as
The general features are however identical to those repo
before. At H-rich conditions, OH groups, adsorbed at
otherwise unreconstructed substrate, arethermodynamically
most stable. This however does not preclude that the for
tion of OH groups is possibly kinetically hindered. To for
OH groups, water or hydrogen molecules must dissociat
the surface, and additional oxygen atoms must stem f
either oxygen diffusing to the surface or oxygen molecu
dissociating at the surface. Such processes might involve
nificant barriers. Nevertheless, the energetics are clear,
they favor the formation of OH groups over a wide regim
Typical room-temperature UHV conditions, for instance, c
respond to 300 K and 10210 mbar. At these conditions th
oxygen and hydrogen chemical potentials are roughlymO'
20.65 eV andmH'20.54 eV.26 This implies that the sur-
face should become hydroxylated even in UHV, if it h
sufficient time to take up residual water or hydrogen fro
the gas phase.

Under hydrogen-poor conditions, however, the surface
hibits a completely different morphology,10 with triangular
reconstructions being stable. Preparation conditions oT
.800 K andp,10210 mbar correspond tomO,21.9 eV
andmH,21.55 eV, which is well within the regime wher
triangles form according to our calculations.

The precise structural morphology depends on the oxy
potential. For oxygen-poor conditions (uZn527/48
'20.15), the stable structure is a triangular pit with si
length n56 and an additional O adatom adsorbed in
center of the triangular indentation at an H3 site. AtuZn
528/48'20.17, the stable structure is again a triang
24540
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e

with a side lengthn56, and two oxygen adatoms adsorb
at H3 sites@see Fig. 14~a!#. Both structures have not bee
considered in the previous work~and it is admittedly pos-
sible that other structures have still been overlooked!. At
uZn5210/48'20.21, the stable structure is a triangle wi
an edge length ofn57, with another triangular indentatio
with n53 inside ~again a previously unconsidered mode!.
In this case, even the second ZnO double layer has b
removed partially. The second triangle is inverted with
spect to the first one, which is a consequence of the Z
stacking sequence: to remove more Zn than O atoms in
second double layer, the triangles must be rotated by 1
with respect to the triangles in the topmost layer. This is fu
consistent with experimental results, where small pits w
always to form within lower pits.10 A further increase of the
Zn concentration is possible by adding one O atom in
center of the small triangle with side lengthn53 @see Fig.
14~b!# and corresponds to the final structure atuZn

520.23. Several other plausible configurations were a
considered, for instance adsorption of O adatoms at var
other H3 sites, but they were energetically slightly le
favorable. The complexity and the size of the superc
precludes an exhaustive search of the configuration sp
with the present computational resources~the eight-layer
A483A48 supercell contains more than 700 atoms!. Never-
theless, the present phase diagram is expected to describ
experimental situation reasonably well.

Two important issues should be highlighted at this poi
The calculations give a rather clear indication that larger
angles are preferred. But large triangles are necess
linked to a low Zn deficiency. The smallest supercell f
which a triangle with an edge lengthn57 can be realized is
theA483A48 supercell. Nevertheless, this corresponds o
to a rather small Zn deficiency ofuZn527/48'20.15. To
9-12
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achieve higher Zn deficiencies either the density of triang
has to increase—which can be achieved only, when the
angles simultaneously shrink—or inverted triangles have
form in the next ZnO layer. For instance, a triangle with
edge lengthn53 can be realized in a (434) supercell cor-
responding to a Zn deficiency ofuZn523/16'20.187, and
an even smaller triangle withn52 can be realized in a
333 supercell. The latter one corresponds already to a
deficiencyuZn522/9'20.222. Theab initio calculations
give a relatively clear indication that smaller triangles~in
particular, those with a side length 2! are unfavorable. Hence
larger triangles with inverted triangles in the next ZnO lay
are preferred over a dense packing of smaller triangles.

The second important point is that the present calculati
suggest that OH groupscannotadsorb at the reconstructe
surface. In Ref. 10, the area C of Fig. 2 corresponded
conditions, at which hydroxyl groups adsorbed on the
races and in the triangular pits. In the present case, th
structures were thermodynamically not stable. The main
son for this discrepancy is that we considered more st
tures in the present study, in particular, combinations of
angles and oxygen atoms adsorbed at H3 sites. Th
structures compete with OH groups adsorbed at the surf
and are slightly more stable as long as the hydrogen pote
is not sufficiently high. Once the chemical potential of h
drogen becomes sufficiently large to hydrogenate the O

FIG. 13. Phase diagram of the ZnO~0001!-Zn surface in equi-
librium with H and O particle reservoirs controlling the chemic
potentialsmH andmO . Preparation conditions ofT.800 K andp
,10210 mbar correspond tomO,21.9 eV andmH,21.55 eV.
The upper left area A indicates the conditions under which H2O
condensates on the surface. The dark and bright areas correspo
a OH covered surface~B! and triangular reconstructions~C!, re-
spectively. Positive numbers indicate the OH coverageuOH and
negative numbers the effective Zn deficiencyuZn per surface area
The two insets show optimized structures corresponding to the a
The basis vectors of the supercells are indicated by arrows.
24540
s
ri-
o

n

r

s

to
r-
se
a-
c-
i-
se
e,

ial

d-

atoms, the triangles are, however, no longer thermodyna
cally stable, and the reconstruction is lifted.

IV. DISCUSSION

The combination of simple thermodynamic argume
with energies determined byab initio density-functional
theory can contribute significantly to our understanding
surface reconstructions. To date, such calculations have
limited to one-dimensional cuts through the phase diagr
for instance, usually only variations in the oxygen potent
were considered. The present study~and two previous pub-
lications, Refs. 10 and 27! extends this approach to two in
dependent extensive thermodynamic variables: the chem
potential of oxygen and hydrogen. For the surfaces of oxid
which are usually in contact with water, it is clearly nece
sary to include the influence of hydrogen, since oxide s
faces are easily passivated by the presence of hydr
groups. This has been realized before, for instance, in
pioneering work of Wang, Chaka, and Scheffler, in whi
only the adsorption of hydrogen could explicate the obser
relaxation of the Al2O3 ~0001! surface.

The situation for ZnO is rather similar. When hydrogen
present, the surface tends to be unreconstructed, and
groups adsorb at the H3 site, where the oxygen atoms
coordinated to three surface Zn atoms. The typical OH c
erage is 1/2 ML, which is exactly the amount of OH requir
to deplete the Zn 4s surface state. For the ideal surface, th
surface state is occupied by half an electron, since elec
statics require that the Zn surface atoms have a formal
lency of 13/2 at the ideal~0001! surface. When~1/2!-ML
OH adsorbs, the surface energy is significantly lowered,
cause the adsorption of OH leads to the formation of a lo
lying acceptor level, which takes up the ‘‘excess’’ electro
from the Zn 4s conduction band. Formally a simple ioni
picture captures the calculated behavior: upon adsorpt
OH becomes negatively charged (OH2), and the Zn surface
atoms reach their full ionicity of12.

An alternative process to the adsorption of OH groups
the addition of O atoms to the surface and/or the remova
Zn atoms from the surface. The present calculations indic
that the addition of O adatoms is energetically slightly mo
favorable than the removal of Zn atoms. In the ionic pictu

d to

a.

FIG. 14. Stable (A483A48) structures at~a! uZn520.17 and
~b! uZn520.23 ~see text!.
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1/4 ML of O should correspond to the energetically mo
stable situation, since in this case the Zn surface atoms r
again their formal ionicity of12 ~and the adsorbed O atom
a formal ionicity of22). Indeed, the calculations agree wi
these simple arguments: the adsorption of~1/4!-ML oxygen
leads to the lowest surface energy at oxygen rich conditio

In practice, however, triangular reconstructions are e
more stable than isolated oxygen adatoms or Zn vacan
in agreement with recent STM measurements.10 The calcula-
tions indicate that larger triangles are generally prefer
over small triangles. To reach the required Zn deficiency
0.25 ML, large triangles must however possess additio
features inside, which were modeled by removing triang
rotated by 180° from the second ZnO double layer. It
found that such an arrangement has a lower surface en
than many small densely packed triangles. The energ
competition between triangles of different size is found to
very tight, explicating the observed macroscopic roughen
of the surface in the experiment. The reason for the stab
of triangular reconstructions was shown to arise from sim
electrostatic arguments, with the Madelung energy of re
larly arranged vacancies being significantly higher than t
of triangles.

Finally, we have discussed the dependency of the cle
age energy on the thickness of the slab, which is an imp
tant issue for polar oxide surfaces lacking inversion symm
try or a mirror plane. It is found that the cleavage ene
depends strongly on the thickness of the slab, since a s
amount of charge tends to be transferred from one side o
slab to the other. The effect is a genuine finite-size effect,
it is highly undesirable in the present case. A simple anal
cal formula to model the finite-size effect was suggest
showing that the surface energy is lowered by
.S

rls

c

h.
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for a finite slab with thicknessd. The magnitude of the finite-
size effect depends quadratically on the misalignment of
local position of the Fermi levelsf at the two sides of the
slab and is proportional to the dielectric constant of the b
oxide e. Although not discussed in this work, the magnitu
of the effect might be strong enough to change the stab
of surface reconstructions of thin films compared to bu
oxides.

V. CONCLUSION

Depending on the hydrogen~and to a lesser extent! on the
oxygen pressure, the ZnO surface exhibits either triang
shaped reconstructions or remains unreconstructed but
ered by hydroxyl groups. The effective Zn vacancy conc
tration of the surface is found to be between 0.23 and 0
under realistic conditions. The concentration of hydrox
groups on the unreconstructed surface is roughly twice
large as the effective Zn vacancy concentration, i.e., un
typical conditions 0.38–0.5 ML OH. From a catalytic poi
of view the regime where OH groups and triangular reco
structions compete in stability seems to be particularly int
esting. The present work forms the basis for further stud
involving catalytic properties insofar that realistic micr
scopic models for the~0001! Zn surface are now available
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