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Competing stabilization mechanism for the polar ZnQ(0001)-Zn surface
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Density-functional calculations for th@®001)-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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[. INTRODUCTION the long-standing controversy. They indicate that the removal

of Zn atoms happens through the formation of triangular

When the wurtzite ZnO crystal is cleaved parallel to theshaped reconstruction®.The experiments were accompa-
basal plane, two structurally different surfaces are createchied by extensive large scale density-functional calculations,
The surfaces are usually termed Zn-terminat@d0l) sur-  which confirm that these triangular shaped reconstructions

face and O-terminated (00Pkurface, as Zn and O atoms are energetically favorable, if hydrogen is not present in the
are located at the vacuum side of the ideal as-cleg@@@)  surrounding gas phase. The current work aims to present a
and (OO(ﬂ surfaces, respectivelysee Fig. 1 Formally detailed discussion of thesd initio calculations. The previ-

these two surfaces are polar, and it is a matter of simplé’us results are also refined by performing calculations for

electrostatic arguments that the cleavage energy is infinite iF'ICKer slabs than considered befdPe. ,
an ionic model}? But contrary to this formal instability in Section I briefly describes the computational methods

the ionic model, ZnO crystals exhibit a large fraction of both _used in the present density-functional study. Results for the

surfaces, indicating that these two surfaces are rather favold€a Pulk term;}nat.ed surface and ahdls_gusflgnl |Sf the'com;JI
able in nature. Recent theoretical work indicates that the Sté)_er}satlop meﬁ_ an_|srrl operative at t de'l Za l:” At\er(r)n;r:ate
bility of the surfaces might be related to a fractional charge®!" ace( metallization ) are presented in Sec. lll A. Other
transfer of half an electron per surface area from thecompensation mechanisms, such as the formation of Zn va-

O-terminated side to the Zn-terminated surfébahich ne- ~ cancies or the addition of O adator8ec. Il B), hydroxyl
cessitates partially occupied two-dimensiof2D) metallic adgroups(Sec. Il D), and triangular shaped reconstructions

bands at both surfaces. The suggested compensation mectﬁ‘S{?C' Nl B are investigatgd as well. Al result_s are cqmbined
nism is in agreement with the electrostatic arguments of" the forr.n.of anab !nmo ;urface phase d!agram in Sec.
Noguer& or Taskett Starting from the ionic model, electro- Il H. We finish with discussion and conclusion.

statics require a fractional charge transfer of half an electron

from the O to the Zn side in order to lift the conceived Zn (0001)

electrostatic divergence. The metallic surface states, how-
ever, have not yet been observed using, e.g., photoemission
experiment3® or scanning tunneling spectroscof$TS.’
Alternatively, the compensation of the ionic excess charge at
the surface can occur through two other mechaniéinthe
addition of (1/2)-ML (monolayey OH™ groups or(1/4)-ML

O~ 2 at the surface, ofii) the formation of(1/4)-ML Zn*?
vacancies at the Zn-terminated surface. In fact, surface x-ray
diffraction experiments for the Zn0001)-Zn surface could
best be fitted by allowing a 0.75 occupancy of the topmost
Zn layer® in agreement with stabilization mechanigin).

The experiments gave no indication, how the removal of Zn

} ZnO double layer

atoms occurs, but certainly an orderedx(2) arrangement 0 (000T)
of vacancies has not been observed in low-energy electron-
diffraction or helium scattering experimerit&ecent scan- FIG. 1. Ideal as-cleaved Zn-terminatéi001) and O-terminated

ning tunneling microscopySTM) experiments finally solved (0001) surface of wurtzite ZnO.
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Il. METHOD sampling and convergence. For theX(4) supercell, relax-
ations were performed using two speckapoints with the
coordinateg0, 0, 0 and(1/3, 1/3, Q with respective weights
The present first-principles calculations are based omf 1/3 and 2/3. To test fok point convergence, the energies
density-functional theorysee, e.g., Refs. 11 and )1and  \ere calculated using a denser grid of X(3x1)
employ a plane wave basis &t To determine the elec- Monkhorst-Pack points, as well. Except for very low defect
tronic ground state the Viennaab initio simulation  concentrations, the formation energies were within 25 meV
package>'® (vasp) is used. In the present calculations, the of those calculated with twi points (see Sec. 11l B.
interaction between the ions and electrons is described by the Relaxations for the (8 6) Superce” were performed with

projector augmented waVe(PAW) method in the imple- 4 single off symmetry specidl point with the coordinate
mentation of Kresse and Joub?—ﬁ’ﬂ'he radial cutoff for the (1/3, 0, O With our present Computationa| resources it was
Zn PAW potential is 1.2 A, and that for the O PAW potential not possible to perform test calculations using mopsints.
1.0 A For Zn atoms, the @ 4s, and 43 electrons were For the (\/ISX \/I8) Superce”sy thd” point On|y was ap-
described as valence, whereas for oxygen tsea@d 20 plied. This singlek point is identical to the two special points
electrons were treated as valence. The remaining electroRfed for the (4 4) supercell, since thk point (1/3, 1/3, 0

were kept frozen. A plane-wave cutoff of 280 eV was chosenggs pack tol’, when the (/48x /48) supercell is built
for the present calculations. At this plane-wave energy Cut{om the (4x 4) surface cell.

off, the relative energies are converged to a few nieith
respect to the energy cutdffGeneralized gradient correc-
tions (GGCO) according to Perdew and Wari@W91) were
used throughout this work:?° To determine the stability of the surface in contact with
With this setting the lattice parameters of ZnO are foundthe gas phase simple thermodynamic arguments are used.
to bea=3.250 A,c=5.207 A, andu=0.375, in good agree- The formalism has been applied to a variety of systems
ment with experiment, and excellent agreement with previbeforé?~*and is described in detail in Ref. 26. Here only a
ous theoretical studies. brief summary is given, with a particular emphasis to the
problems specific to the present system.
For thermal equilibrium between the gas phase and the
surface, the thermodynamic quantity of interest is the surface
The surface was modeled by slabs containing eight Zn@nergy
double layers(compare Fig. L The three topmost ZnO
double layers were allowed to relax, except when noted oth-
erwise. As discussed later, the ideal or “as-cleaved” O Y= G(T,p,{nx})—EX: anx(T,px))/A, (1)

(0001 and Zn(000) surfaces are characterized by metallic

surface states. At the O side, the metallic surface states avehereT andp are the temperature and the press@és the

lying close to the valence-band edge, and, per primitive cellGibbs free energy of the solid exposing the surface of inter-

half an electron is missing to fully occupy them. This elec-est,n, are the number of particlesin the solid, andu, and

tron hole at the edge of the valence band causes a very slopk are the chemical potentials and the partial pressures of the

convergence of total-energy differences with respect to th&espective particles in the reservoirs. In the present case, the

slab thickness, since the Zn side tends to lose a small fractidgibbs free energies are calculated for a number of recon-

of its electronic charge to this low-lying O surface state. Thestructions using finite-sized slabs as described in the preced-

effect is an undesirable artifact of the finite-sized slab, sincéng section. This implies that th@001) and (oocﬂ facets

the charge transfer would be negligibly small for an infiniteare exposed. FoA in Eq. (1), we use the surface area per

slab(see Sec. lll A. To accelerate convergence, the surfaceside (half the total surface argaThis implies that the value

O atom at the (0001Lside was replaced by an artificial atom v is the sum of the surface energy of 01 and (000)

with a valency of 6.5, i.e., intermediate between O and Ffacets(cleavage energy

The fractional excess electron fills the hole at the valence-

band edge, and the charge transfer from the Zn to the O side Y= ("Y(0001)+ Y(0001)) -

becomes impossible. In turn the calculations converge more o

rapidly with respect to the slab thickness. Calculations preSince the (000) surface was identical throughout all calcu-

sented here were performed applying this compensatiofations, the difference of between two calculations is iden-

mechanism on the O side, except when noted. In the previical to the change ofgq01), Which is the desired quantity.

ous work'® no such correction was used, and only six-layerFurthermore, zero-point vibrations, vibrational entropy con-

thick slabs were applied. The present calculations are thergributions, and enthalpy changes are neglected, and the Gibbs

fore more accurate than the one reported before. free energiesG(T,p,{n,}), are approximated by the ener-
Various supercells were used to investigate the energetiafies calculated by density-functional thed®FT) E({n,}).

of defects and surface reconstructions. Most calculationg recent work indicates that this approximation is suffi-

were performed using (44) and (6x6) supercells. To ciently accurate for oxides and hydroxylated surf&C&$An

model larger reconstructionsy48x /48) supercells were estimate for the incurred errors can be obtained by consider-

considered as well. Particular care had to be paikpoint  ing the zero-point vibrations of a OH group and a idol-

A. Ab initio calculations

C. Thermodynamics

B. The surface model
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ecule. The former has a zero-point vibration energy betweer a) )
150 and 180 meV, whereas the zero-point vibration energy of T
H, is 260 meV (130 meV per H atom This suggests that o= —1/2¢/A
phase boundaries for OH adsorption are wrong+s0 meV
(at zero temperatuygbut inclusion of zero-point vibrations 02 ’
b) E=4me~ (1/2)/ A

for hydrogen will cause only aigid shift of the hydrogen
potential and of the phase boundaries between hydrogen ric
and hydrogen poor terminations. Quite generally, we expec!
that vibrational entropies will affect the phase boundaries
only by the order of 100 meV, which is rather small if one
keeps in mind that the present density functionals can be ir
error by 100 meV/per bond.

In the present case, three different species were consid
ered: Zn, O, and H. To reduce the complexity, it is assumed
that the Zn and O particle reservoirs are in thermal equilib-
rium with bulk ZnO (if this were not the case, the ZnO bulk
would either grow or decomposeThis requires that the
chemical potentials of the Zn and O species satfsfy

+1/2

+1/2 +1/2

o=4meZ(12)/A
3 12 x distance

o= 1/2¢/A
= 1

FIG. 2. (a) Sketch of a six-layer slab model of the Z{Q001)

and (000) surface,(b) neutral non-polar building unit, an¢t)
_ electrostatic field in the ionic model. On the top side, the black
mot mzn=Ezno, ) . .
triangles cannot be accounted for by concatenation of the nonpolar

whereEz,q is the DFT energy of the ZnO bulk. It is common building unit, whereas at the bottom, the black part and the outer-
practice to eliminateu,, from the equation for the surface most O atoms cannot be accounted for. This is equivalent to an
energy, which yields the following expression for the surfaceunaccounted charge of half an electi@ottom middle.

energyvy:
that the chemical potentials can be related to the partial oxy-

vy=[E{ny}) —npuy—NzEzno— (No— Nz ol/A. (3)  gen and hydrogen pressures through

To dgtermine the most stable s_urface for a given set of 2 (Topy) = (T, p%) + 1/ 2Kg T In(p, /p°). ()
chemical potentialsyy and wg, 7y is calculated for all con-

sidered surface reconstructions. The one with the lowest suf£onvenient values for the quantitigs(T,p°) have been
face energyy is the thermodynamically stable phase for thetabulated in Refs. 26 and 27, and under typical UHV condi-
corresponding conditions. By repeating these calculations foions —3.0 eV<u is usually fulfilled.

all sensible sets of chemical potentials; and ug, a 2D A further restriction is obtained by the restriction that
surface phase diagram can be determined. In this diagrarfi2O sh_o_uld not condensate on the surface. This is equivalent
the two axes correspond t@, and uo, and each surface to requiring

reconstruction is assigned one particular gray t@wenpare

Fig. 2 of Ref. 10, and Fig. 13 of the present wprk kot 2pn<Enyo,

In the present workall energies and chemical potentials . .
are referenced to 11_?02 and 1/EH2a i.e., the energy zero is where the formation energy of watky, o is calculated to be

chosen such that oxygen and hydrogen molecules have Ze—2.64 eV. In the graphs the area where water condensates on

) . : {Re surface will be drawn white.
energy. Using these energy zeros, the chemical potentials can

only vary in the following ranges:
y y g g IIl. RESULTS

#o<0, wuu<O0, and wuzr<Efczn- A. The bulk terminated surface

If the first or second equation were not fulfilled, oxygen or  To understand the electronic properties of the ideal as-

hydrogen would move from the particle reservoirs to thegleaved ZnO(0001) and (0003 surfaces it is instructive to
s_urface and Woul_d start to co_ndensate there. If the third equaynsider a simple ionic model firstFigure 2 shows a six-
tion were not fulfilled, O particles would flow from the bulk |over thick slab exhibiting the two polar surface on the two
ZnO to the O reservoir leaving back metallic fcc Zn. Elimi- gijeg of the slab. Conceptually, one can build the slab by
nating from the third equatiop.z, using Eq.(2) gives concatenation of a neutral and “nonpolar” building unit,
E. _E - which is shown in Fig. &). In fact, the indicated building
zn0™ Efec zn™~ HO- unit carries a small dipole moment, since the Zn atoms do
The lower bound for the chemical potential of oxygen isnot have a perfect tetrahedral environment in the wurtzite
therefore given by the heat of formation of ZnO, which is structure, but for the present purpose we neglect this small
—3.04 eV in the present cageeglecting zero-point vibra- deviation from zero polarity. The important point is that re-
tions). In practice, we will restrict the hydrogen potential Peating this building unit does not account for 1/4 of the
also to the range-3.0 eV<uu<O0 eV in the 2D surface Zn*? at the (0001) suiace, and 3/4 of the Zn ions and the
phase diagrams. This range is sensible, when one considevzygen ions at the (00Q1surface of the slab. In the ionic

245409-3



G. KRESSE, O. DULUB, AND U. DIEBOLD PHYSICAL REVIEW B58, 245409 (2003

model, these unaccounted parts correspond to an excess sur- L m@‘& B
face charge of (1/2 at the oxygen side of the slab and _ s 8 V8 B
(—1/2)e at the Zn side of the slab. Solving the Poisson equa- i o @
tion for such surface chargdsr using the equations of a SE. e
capacitoy immediately yields a potential difference of
4me/2/AX d between both sides of the slab, whéyés the
surface area per ZnO surface cell ahid the thickness of the
slab. Therefore, in an ionic model the electrostatic potential =1 o° Zn_terminated °,
diverges(Tasker-type three polar surfgceln practice, an ,
infinite potential difference between both surfaces is unreal- — (. ool
istic, but, as noted by other authors before, the divergence is I —
only anartifact of the oversimplistic ionic model and can be (a)
removed by transferring half an electron from the O side to ‘ ‘ ‘ ‘ ,
the Zn side. Formally, this corresponds to a reduction of the 2 8 PRI =
ionicity of the Zn and O ions in the surface layer to 2 -
and O *”. Using such redefined Zn and O surface ionicities, 1k O—terminated 4
the Madelung energy of the polar ZnO slab is convergent and
well defined. It should be emphasized that this “charge trans-
fer” occurs only in the context of the oversimplistic ionic
model and it is possible to derive the same formal ionicities
in a more natural manner starting from the atomic instead of
ionic limit and transferring half an electron along each bond .. £
from each Zn atom to neighboring O atoms. Since the Zn N L e ]
atoms and O atoms at the surface have only three O and Zn r M K r
neighbors, respectively, their ionicity is necessarily only (0)

+3/2 3/2
Zn and O~ FIG. 3. Band structure of th€0001) Zn-terminated(top) and

An important result of this simple ConSIder_atlon 'S thaJ[(OOOT) O-terminated(bottom) ZnO surface as calculated for a 26
polar surfaces are generally not unstable, their surface en-

. o double-I lab. Th haded d to th -
ergy is not infinite but it is true that polar surfaces are often ounis-iayer sia © gray stacec areas cormesponc fo the pro

| f bleth | f For ZnO. th . Ijected band structure of the bulk and have been shifted in such a
ess tavorablethan nonpolar surfaces. For ZnO, the partia manner that they represent roughly the positions of the bands at the

ionicity of +3/2 implies that electrons at the ide@001 Zn ¢4 and fifth ZnO double layeicounted from the surfageOnly

side are forced to stay in the conduction band and vice Vers@gngs that are strongly localized in the first ZnO double layer or

the valence band is not entirely filled at the ideal (0@ second and third ZnO double layer are shown, and the size of the

side, since half an electron is missing. This property is comsymbols corresponds to the degree of localization in the respective

mon to most polar surfaces and it is the main reason for theilayers. The Fermi level is located at 0 eV.

lower stability. Additionally, for ZnO, the fractional occu-

pancy(half an electron and hole, respectively, per Zn and Onitely thick slabs(the observed behavior is similar to the

surface atomalso implies that the Zn and O ideal as-cleavedband bending at semiconductor interfac&he calculations

surfaces are metallic. for thin slabs, however, exhibit an additional artifact. A small
The band structures shown in Fig. 3 essentially confirmamount of charg&Q is also transferred from the Zn side to

this simple model. At the Zn side, a very steep surface statthe O side, in order to align the Fermi levels of both sides.

exists, which is localized mostly at the Zn atoms in the firstOne can estimate the amount of transferred charge assuming

layer. The surface state is only partially occupied and holdshat the central ZnO layers behave like a capacitor with a

roughly half an electron. The oxygen side on the other handiielectric constant. The surface charge is then given by

exhibits two rather flat surface states, with a total electronatomic units, i.e., charges are counted as multiples of the

hole of 0.5 electrons. In practice, the model presented so faslectronic charge

lacks some subtleties that become apparent upon closer in-

spection of Fig. 3. First, the position of the Zn surface band

is such that it partly overlaps with the top of the valence o(d)= pe

band of layers deeper in the bulk. The reason for this behav- 47re’d

ior is that the 4 Zn surface states penetrate the bulk, leading

to a charge transfer from the surface layer into deeper layersvhered is the slab thickness and the “initial” potential

To counteract this penetration a counter field is created shiftdifference between the local Fermi levels on both sides of the

ing the Zn 4 conduction bands and the (pZalence bands slab(as indicated in Fig. ¥ “Initial” here means that long-

to higher(less favorablgenergies in deeper layers. The evo- range charge transfer has not yet occurred, and that the com-

lution of the electrostatic potential in the bulk is shown in pensation mechanism discussed before is not operative. Us-

Fig. 4, together with an illustration indicating the position of ing the same model one can also calculate the surface energy

the local conduction and valence bands. The penetration @fainA y associated with the charge transfer from the electron

charge into the surface is realistic, and occurs even in infirich side (Zn-terminated sideto the holes at the electron

energy (eV)
o
T
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I FIG. 5. Cleavage energy as a function of the number of ZnO

double layersn in the slab. The present results are shown by tri-
angles and results of Ref. 21 are indicated by squares. Diamonds
correspond to the surface energy of a slab, which is terminated with
pseudoatoms with a valency 6.5 at the O ditte energy zero is

shifted arbitrarily in this cage
FIG. 4. (a) Initial positions of the conduction and valence bands

at the ZnO(0001) and (000} surfaces, an¢b) electrostatic poten- . . -
tial in a finite-sized ZnO slab after the charge transfer has occurred. With the previous insight the strong dependency of the

The gray and black bars indicate the local positions of the conduc(-:le"’“"'jlge energy on the thickness of the co_nS|dered slab bg-
tion and valence bands, respectively. The surface band at the Z¢PMes clear. Results of our present calculations are shown in
side has a free-electron-like behavior and is filled up to 1.5 eVFig. 5, together with a comparison to a previous repbFor
above the bottom of the conduction band. The DFT band gap i$he calculations presented in this section, the oxygen atoms
roughly 0.8 eV. Electrons are transferred from the Zn-surface statat the (000} surface, were not replaced by the pseudoatom
localized in the first layer to deeper double layers. A strong localwith a valency of 6.5. Additionally only two double layers
field (band bendingdevelops in the vicinity of the Zn surface to \ere allowed to relax on the Zn and O side of the slab. The
counteract the electron transfer. Alternatively electrons can be trangiyst noticeable observation is that the previous calculations
ferred from _the Zn si_dt_e to_the electron holes at the O gmeken ¢ Meyer and Marx exhibit a much steeper slope than the
arrow), leading to a finite field through the slab. present calculations. The reason for this, at first sight, unex-
pected behavior is that only the two outermost double layers
on both sides of the slab were allowed to relax in the present
calculations, whereas Meyer and Marx allowed for relaxation
of all layers?! To obtain estimates for the slope of the line,
the ion-clamped static dielectric functief must be applied
&' (o) =— E47re20’d in Eq. (5) in the present case, whereas the ionic contribution
€ ' to the dielectric function has to be included, when the central
bulklike part is allowed to respond. For ZnO the static di-
electric function ise3;=4.4, whereas the ionic contribution
is roughly two times largel® explicating the difference in
" slope.
- f #'(o")da”, Despite this difference, both calculations clearly converge
0 to similar values for the surface energy. We find a value of
3.4 JInt in excellent agreement with the previous GGC
calculations’* Second, our curve deviates from the expected
5 linear behavior for very thick slabs\&22,26,30). We have
_ pe carefully checked that this is not an artifact of some calcula-
Ay(d)=— 5o (5) tional L .
sme2d ional parameters. The reason for the deviation is explained
by the observation that fahin slabs, only a small penetra-
It is again emphasized that this energy gain is an artifact ofion of the Zn surface states into the bulklike region is ob-
the finite slab, as evidenced by thedldependency. In the served, and that the alignment of the local-Fermi levels of
limit of very thick slabs, the charge transfer must becomehe Zn and O sides is achieved mainly by a charge transfer
zero. from one side of the slab to the oth@ashed arrow in Fig.

poor side(O-terminated side Initially the local Fermi levels
have an offset oth. After transfer of a charge’ the offset
has decreased to

Integration of the energy gain ¢’ (o’)do’ over the trans-
ferred charge

yields a surface energy changey of
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4). Therefore, Eq(5) correctly models the dependency of the
cleavage energy on the slab thickness. For thick slabs, how-
ever, the surface states at the Zn side penetrate the bulk ef-
ficiently, with the band marked by an arrow in Fig. 3 being
mostly responsible for this. For up to 18-layer thick slabs,
this band is entirely above the Fermi level, but it becomes
progressively populated when the slab thickness is further
increased. Hence for thick slabs, the alignment of the local

vacancy formation energy (eV)

Fermi levels of both surfaces is mostly achieved through a =R S,_E 2§§ EZH Eﬁ?ﬁ;ﬁ‘;‘;‘)
local band bending at the Zn-terminated side of the slab, and i 6—o 4x4 cell (3x3 k-points)
the correction formula, Ed5), does not apply. For thin slabs o —t—l————
however, it yields quantitatively sensible corrections to the 0.1

cleavage energy: the local-Fermi levels of the Zn and O side
differ by roughly 2.3 eMcompare Fig. # Using a dielectric
constant of 4.4, an energy correction of 0.0522Jim ob-
tained for the eight-layer thick slab. This would give a
corrected cleavage energy of 3.41 3/mvhich is within
0.01 J/nt of the converged value.

Slightly faster convergence with respect to the slab thick-
ness is achieved by filing the electron holes at the
O-terminated side. In the present work, we achieved this by
replacing the outermost O atoms at the (0p&Glde by a
special pseudoatom with a valency of 6.5. The surface ener-
gies are now indeed converging reasonably rapidly with the FIG. 6. (a) Average Zn vacancy formation energy ar)
thickness of the slab, as shown in Fig. 5. The slab thicknesshange of the surface energy for @901 surface of ZnO.
was fixed to eight ZnO double layers for the remainder of
this work, as already stated in Sec. Il B. Clearly the surface_3 2 ey, for the second and third the energy changes are
energy reaches only a plateau for six to eight double layers, 2 9 and—2.65 eV. For the fourth vacancy the energy gain
and it would have been desirable to perform calculations fofg gnly —1.15 eV, and addition of a fifth vacancy costs al-
12 double layers. But with the present computational réyeady 1.7 eV. The same result can be expressed through the
sources it was impossible to model large scale reconstruggface energy in the oxygen rich limit fzo=0). The sur-
tions Wlth 12_double layers. A few additional convergencesyce energy specifies the energy change per surface area and
tests, illustrating that energy differences are reasonably welk ye|ated to the average vacancy formation eneiglich
converged, will be presented below. specifies the energy gaiper vacancy through the simple

relation

surface energy change (eV)

(b)
1 I 1 I 1 I 1 I 1 I 1 I
005 01 015 02 025 03

(=]

vacancy concentration © vae ML)

B. Zn vacancies

Since removal of Zn atoms from the surface decreases the NErm=A yX surface area,
number of electrons in the surface state, it should enhancg .
o : r equivalentl
the stability of the surface. A removal of every fourth Zn q y
atom, for instance, in a regular ¥2) pattern, would en-
tirely deplete the surface state. Figure 6 summarizes the re- Ay=Efom—————=EformByac:
sults for the average Zn vacancy formation energy. To this surface area

end, the vacancy formation energy is defined as the heat of : .
formation of the following reaction: where 6,,. is the vacancy concentration per surface area.

Again it is clearly visible that the surface energy drops until
bulk terminated slab nO,/2= slabh vac+nZnO, the vacancy concentration reaches 0.25 ML. Then the surface
L ) ) ) . energy increases again. The calculations are clearly consis-
which is equivalent to calculating the formation energy usingiant with the picture that Zn vacancies progressively deplete
the surface state, which is also confirmed by inspection of
the local density of states at the surfdoet shown herg
This corresponds to the oxygen rich limjz§=0), since it Another point that deserves attention is the large depen-
implies that oxygen is abundantly available in the gas phasealency of the vacancy formation energy on the Brillouin-zone
Figure 6 shows that the formation of vacancies leads to aampling in the low coverage limit. For the X&) supercell,
substantial energy gain of the order of 3.2 eV. But the repuld” point only calculations show a significant error of the or-
sion between the vacancies is substantial; already at 0.2#er of 0.3 eV. But even using a single off symmelrpoint
ML, the average vacancy formation energy has decreased /3, 0, O, the calculations are probably not yet fully con-
roughly 2.5 eV. This is more clearly expressed through theverged; at low coverage, the initial increase of the vacancy
energy gain for adding vacancies one by one in thg 43  formation energy is most likely only an artifact of the yet
supercell. The first vacancy has a formation energy oftill insufficient k-point sampling. The slow convergence

Eform= (Estabhvact NEzno— Esjap— n/ZEOZ)/n-
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TABLE I. Average vacancy formation energy and average en-
ergy gain for addition of an oxygen adatom in eV for thex(4)
supercell for two specidl points(0,0,0 and(1/3,1/3,0, and for the
Monkhorst-Pack grid & 3.

Zn vacancy  Zn vacancy O adatom O adatom

vacancy formation energy (eV)

C} two k points 33 two k points 33 -
C _—= G-0 6%6 cell, Zn vacancy

1/16 —3.375 -3.115 -3.618 —3.422 P S ——
2/16 —3.072 —3.054 —3.280 —3.270 | 1 6x6 cell, O adatom
3/16 —2.941 —2.926 —3.039 —3.026 o , B8 6x6cell, Oadatom
1/4 —2.508 —2.484 —2.551 —2.527 -“\

% -0.1 _— A

o 021
with k points is a result of the steepness of the Zn surface g r
state. In the low coverage limit, electrons are removed from i 03
the steepest section of this batmmpare Fig. 3 and con- ?;»”-0.4 =
verged energies are therefore only obtained using a very ac- ® I
curatek point sampling corresponding to roughly X422 ﬁ 03T
points in the Brillouin zone of the primitive surface cell. ? 061
Once the steep part of the band has been depl&tedjnt R N N
sampling becomes a less critical issue. Typically, meshes cor- 0 005 01 015 02 025 03
responding to &8 k points in the Brillouin zone of the vacancy concentration © (ML)

vac

primitive surface cell are sufficient, when the surface state is
half depleted. As a further illustration, the results for the FIG. 7. (a) Average oxygen adsorption energgompared to the
vacancy formation energy and the O adsorption enéefly —average vacancy formation eney@nd b corresponding change of
following section at various coverages are summarized inthe surface energy for th@001 surface of ZnO.
Table I. At 1/16 ML concentration, the errors in the adsorp-
tion energies are clearly large with tvwopoints (200 me\j, ~ order to form O? ions. An insulating surface is again ob-
but they fall off rapidly at higher coverag@0 me\). Addi-  tained when 1/4 ML of oxygen is adsorbed at the ideal
tionally, it is noted that the energy differences between zZr(0001) surface. To allow for a direct comparison with the
vacancies and O adatoms at a particular coverage are roughtacancy formation energy, we define the energy as the heat
four times smaller than the absolute changes of these enedf formation of the following reaction:
ies.
’ Additional convergence tests with respect to the slab slabt nO,/2= slabhO,
thickness were performed as well. For a vacancy concentrgghich is equivalent to calculating the adsorption energy us-
tion of #=1/4, the vacancy formation energy was ing
—2.528 eV, and the energy gain for addition of an O adatom
to the surface was-2.567 eV (for 3X 3 k pointg. These Eads= (Estabho— Estas— N/2Eo ) /n.
values agree within 40 meV with the eight-layer slab calcu-
lations. It is important to emphasize that errors are largest foFor the adsorption of oxygen two different sites were con-
the ideal nonstoichiometric surface, since this surface exhibsidered. The first one is atop Zn atoms, i.e., the conventional
its a strong band bending at the Surf&see Sec. Il A. For bulk continuation of the oxide, which will be termed T4
nonp0|ar |oca||y stoichiometric surfaces, convergence Witr{tetrahedral fourfold coordinated, the coordination the site
slab thickness is in fact much more rapidly attained, andvould have if the bulk were continugdin addition, the
energy differencesbetween surface reconstructions with threefold hollow (H3) site with no Zn atoms beneath was
similar stoichiometryconverge fast with slab thickness to- consideredsee Fig. 8 This site is found to be 2 eV more
wards their final Va|uée_g_, the energy difference between astable than the T4 site at 1/4 ML. Results for the H3 site, and
Zn vacancy and an O adatom changes only by 4 meV from @ comparison to the results of the preceding section are
to 12 layers. Overall, we therefore expect that the energyshown in Fig. 7. It is discernible that oxygen adatoms are
differences between different reconstructions in the relevanfnore stable at any relevant coverage. Particularly at low cov-
regime (0,,c~0.25) are converged to 20 meV for the presenterage, they exceed the stability of isolated vacancies by al-
setup k points and slab thicknegswhich is significantly =~ most 350 meV. At higher coverage the energy difference is
better than the expected DFT precision. smaller indicating a stronger repulsion between the O ad-
atoms, but O adatoms become again significantly more fa-
vorable at a coverage of 5/16 ML. This has geometrical rea-
sons, since for two neighboring vacancies, four O atoms at
An alternative process to the removal of Zn atoms is thehe surface have two broken O-Zn bondsghlighted by
addition of neutral oxygen atoms to the Zn surface. The oxywhite circles in Fig. 8)]; obviously a rather unfavorable
gen atoms will take up the electrons from the surface state isituation.

C. O adatoms
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=—& OH adsorption
&—o H adsorption

adsorption energy (eV)
T

(0] Zn

FIG. 8. (4x4) surface cell with(a) five vacancieqpositions
highlighted by trianglesand(b) four O adatoms adsorbed at the H3
site. For each vacancy, one O-Zn bond is broken at each corner of
the small triangles. The four encircled O atoms have two broken

surface energy change (eV)
I

bonds each. 3k
L ()
D. Adsorption of OH groups and hydrogen A 0'2 : 0!4 ' 0'6 ' 0!8 —
The excess electrons in the conduction band can be re- H coverage © , (ML)

moved by the adsorption of neutral OH groups as well.

When they combine with one electron from the surface state, FIG. 9. (a) Average OH adsorption energy and H adsorption
OH™ groups are formed on the surface. At a coverage ofnergy(with respect to molecular oxygen and hydrogamd (b)
0.5-ML OH, a rather stable situation is expected, since thegorresponding change of the surface energy for(@@91 surface
the surface state has been depleted entirely. To evaluate tREZnO.

adsorption energy as a function of the coverage, the average

adsorption energy is defined as the heat of formation of théarge, however, inhibiting the formation of OH groups under

following reaction: certain experimental conditiortow temperaturg The cal-
culations are nevertheless, consistent with the experimental
slabtn0O,/2+ nH,/2= slabhOH, observations that hydrogen adsorption is exothermic on the

Zn site, and that prolonged exposure to hydrogen destroys
the lateral order of the ZnO crystalthe formation of the
thermodynamically stable OH groups requires oxygen mass
Eads= (Estabhon— Esias— N/2Eq, — N/2Ey )/n. transport on or close to the surface which possibly abolishes
order. Disagreement with experiment exists, however, as to
We also considered hydrogen adsorption at the surface, d&ow much hydrogen can be adsorbed at the surface. Accord-
fining the adsorption energy with respect to molecular hydroing to the present calculation, the saturation coverage is 0.5
gen: ML for molecular H whereas in experiment indications for
an ordered (X 1) overlayer were observéd.
Eads= (Estaphn — Esias— N/2E4,)/n. Returning to Fig. 9, it is noted that the surface energy

Various adsorption sites for OH groups and H were Consid_shows a rather clear change of the slope between 0.4 and 0.5

ered. As for oxvaen adatoms. the most stable site for O L OH and H coverage. This corresponds to the point where
C Xyger ' ' he surface state becomes depleted, and it is an indication
groups is the H3 site. Hydrogen atoms, on the other han

prefer to adsorb atop the Zn atoms. The average adsorptiotr%at the binding mechanism changes from a binding with an

energies are displayed in Fig. 9. For the present definition jonic contribution (OH) to a less favorable purely covalent

the OH adsorption energy, OH adsorption is clearly more onding(OH) at higher coverage.

favorable than H adsorption. The energy difference amounts

to more than 3 eV at most coverages implying that hydrogen E. Triangular reconstructions

adsorbed at the Zn atoms is thermodynamically unstable, Tyjangular reconstructions were modeled by removing tri-
since the reaction angular shaped areas from the eight-layer thick slab. In the
(4X4) supercell, triangles with an edge lengthnef 2 and
n=3 were considered, in the §66) supercell triangles with

is exothermic. Expressed in another manner: on the Zn sid@n edge length oh=3-5 were calculated, and for the
adsorbed hydrogen is so reactive that it is capable to redudg/48x /48) supercell, triangles with an edge nf=6-7

bulk ZnO units to metallic Zn, forming OH groups. The ki- were constructed. Since a large fraction of the first double
netic barriers for the formation of OH group might be rathersurface layer is removed for the triangular shaped reconstruc-

which is equivalent to calculating the adsorption energy us
ing

nZnO+ slabhH=slabhOH+ nfcc Zn
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G—O relaxed
&—< unrelaxed
0.5 =—8 Madelung energy

-5

formation energy w.r.t. vacancy (eV)

triangle size n

FIG. 11. Formation energy of triangular pits with respect to
isolated vacancies, calculated using the fully relaxed DFT structures
(circles, using DFT and unrelaxed structurggamonds, and using
a Madelung-type calculation for the unrelaxed geometsgsares

Zn vacancies from a stoichiometric point of viéhFor the
triangle with an edge length=3, this is particularly obvi-
ous: removal of the encircled three Zn and three O atoms in
Fig. 10a) leaves the local stoichiometry of the surface unaf-
fected and allows us to go from isolated vacancies to the
triangular pit.

FIG. 10. (4x4) surface cell with(a) three isolated vacancies Furthermore, it is possible to prove that the number of
and (b) a triangular pit with an edge length=3. (\48x 48)  cleaved bonds is identical for three isolated vacancies, and a
supercell with a triangular pit ofc) edge lengtm=6 and(d) edge  triangular shaped pit with an edge lengts 3. We can show
lengthn=7. this by first realizing that the number of outermost Zn atoms
. - . . . . is exactly identical in both cases. For the three isolated Zn
tions, it is esgentlal that t_he surface energies are identical fq;acancies in the (44) cell, 16- 3=13 inequivalent Zn at-
seven- anq elght—l_ayer th'Ck. slabs, since ot.herW|se the formadms per surface area are visible. For the triangulaffpd.
t!on energies of triangles might be ov_eres"umated or undere [0(b)], 16-6=10 Zn atoms are exposed in the outermost
timated. Figure 5 shows that_slab_s with six, seven, a_nd €19%ouble layer, and three more are visible in the second double
double layers have almost identical surface energiis- layer, which yields again a total of 13 Zn atoms. For each

teay, when the charge transfer to the (0QCdurface is in-  yisible Zn atom, one bond has been cleaved. Furthermore,

hibited by replacing the O atoms by pseudoatoms with or the nine oxygen atoms which are located next to the three

valency of 6.5 at the (00Q1surface. Nevertheless, conver- vacancies, one bond has been cleaved. For the triangular re-

gence tests for the (44) cell and a triangle wittn=3 were  construction, the nine oxygen atoms at the edge of the pit

performed. When the number of layers was increased from possess one cleaved bond each, as well. This concludes the

to 12 double layers, the energy difference between the clegproof forn=3, and the argument can be extended readily to

and triangularly reconstructed surface changed by 67 meWiangles with an arbitrary side length. In general, a triangular

for the entire slab. This corresponds to a relative change gfit with side lengthn possess theame surface stoichiometry

67 meV/16=4 meV per primitive surface cell. The energy asn isolated vacancies, and additionally both exhibit exactly

difference between the clean surface and three isolated véhe same number of cleaved bon@&nce the number of

cancies changed by roughly the same nun{68rme\), in-  broken bonds is identical, the covalent contribution to the

dicating that energy differences between surfaces with simisurface energies should be similar foisolated Zn vacan-

lar stoichiometry(see below are essentially converged for cies and for a triangular indentation with side length

the present setup. The calculated formation energies of triangular pits with
Figures 10a) and 1@b) show these two reconstructions, respect to isolated vacancies are shown in Fig. 11. The for-

the one with three isolated Zn vacancies and the triangle witlmation energy is defined as

n=3, respectively. For this particular triangle, six Zn atoms

and three O atoms have been removed, with the removed Zn  Etorm= Esjapitrianglen — Estabhvact N(N—1)/2E 70.

(O) atoms located above the second layefZn) atoms. In

general,nX(n+1)/2 Zn atoms anchX(n—1)/2 O atoms It is a measure of how much energy_is gaingd, wheva-
are removed for a triangle with an edge lengthwhich cancies combine to form a triangular indentation. Of course,

corresponds to in this process ZnO units must be _removed from the slab as
P well, which is accounted for by addingn—1)/2E,,,o to the
nXx(n+1)/2—nX(n—1)/2=n formation energy. At the real ZnO surface, this involves mass
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transport, and the removed units might attach to steps, arsed in the calculation of the Madelung energies, where we
they might form triangles at the surface. regard this constant as a simple fitting parameter. The energy
The calculated formation energies are roughly propordifferences between triangles and vacancies obtained in this
tional to the side length of the triangle The calculated manner are shown in Fig. 11 using squares. The calculated
constant of proportionality implies that 300 meV are gainedpoints lie almost exactly on top of the energy differences
whenever an additional vacancy is incorporated into a triobtained in the DFT calculationgising the same unrelaxed
angle in turn increasing its edge length by one. The lineagonfigurations This is certainly to some degree fortuitous,
dependency also means that six isolated vacancies can eitHfépce the applied model is necessarily an oversimplification.
combine to form two triangles with a side length 3 or aBut certainly it is the Madelung energy that stabilizes the
single triangle with a side length 6. In the former case, thdriangles. A much simplified explanation for the stability of
energy gain is X 0.805 eV=1.6 eV, whereas in the latter, it triangles can be given by inspecting the first coordination
is only slightly larger(1.8 e\). If the formation energies Shell of undercoordinated oxygen atofsee Fig. 1(8)]. The
were lying exactly on a straight line, many small trianglesnumber of Zn neighbors is identical around vacancies and
would have exactly the same energy as few large triangledfiangles. But on the unreconstructed surface, oxygen atoms
As we will see later, the present calculations seem to favotn the proximity of vacancies have six repulsive oxygen
the second scenario, i.e., rather large triangles with additiondleighbors in the second coordination shell, whereas this
triangular features inside. Nevertheless, the energetic comp8umber is reduced to four or five when triangles form on the
tition is very tight, which explicates why the surface be- surface.
comes macroscopically rough in the experiment. In practice,
the largest formation energy per vacarice., the value one
obtains after division by the number of vacangiés ob-
tained for the triangle with side length=6. The drop for Figure 12a) shows the layer resolved electronic density
the triangle with side length=7 is probably related to the of states(DOS) of the ideal(000]) surface. It is emphasized
proximity of triang|es for the d4_8>< \/4—8) Superce” used for that the DOS presentgd in this section was obtained with
this casd compare Fig. 1@)]. each O atom at the (00QXkurface replaced by an atom with
The intriguing question is the reason for the stability ofa valency of 6.5, in order to fill the surface state at the oxy-
triangles versus isolated vacancies. Since differences in thgen side. Charge transfer from the Zn to the O side is there-
covalent bonding can be ruled out on the basis of the introfore inhibited, and only local band bending is operative. As a
ductory arguments of this section, only two possible answerseference the density of states in the S-2 layer is used, which
remain. Either the triangles allow for a more efficient surfaceexhibits little modifications compared to the bulk. As a result
relaxation or electrostatic arguments explicate the observedf the band bending, the onset of the valence band and the
behavior. To test the first hypotheses the energies of isolatqabsitions of the core levels are at 1 eV larger binding ener-
vacancies and triangular pits were calculated without surfacgies in the S layer than in the S-2 lay@nore negative In
relaxation and are summarized in Fig. 11 using diamondshe surface layer, the general structure and shape of the DOS
Clearly without relaxation the formation energies of trianglesat the oxygen atoms changes little compared to deeper lay-
are close to those obtained with relaxation, although iters, whereas the Zd band has narrowed somewhat as a
should be noted that the individual relaxation energies areesult of the reduced coordination. The most obvious feature,
large and of the order of several eV, but they are almoshowever, is the free-electron parabola stemming from the
identical forn isolated vacancies and a triangle with edgefree-electron 2D-surface state. The Fermi-level cuts through
lengthn. To test the hypothesis that the Madelung energy ighis parabola and even in the S-2 double layer a sizable con-
responsible for the formation of triangles, the Madelung en4ribution from this surface state is still visible. It is certain
ergies of the unrelaxed triangular pits with edge lengind  that the metallic surface state should be visible in STS and
n isolated vacancies were evaluated and compared. At firstould allow for a clear identification of the ideal surface.
sight, this is not a trivial undertaking, since one encounterd\lso the local band bending would have a finger print in
again the problem that the Madelung energy is not convereore-level spectroscopy, but neither the metallic surface state
gent in the ionic model, i.e., the surface energies do dependor the local band bending has been obseR8d? which
on the thickness of the considered slab. For the ideal bullagain rules out the existence of the unreconstructed surface.
terminated surface, this problem can be circumvented by as- For the OH covered surfa¢€&ig. 12b)], the surface state
signing an ionicity of+3/2 and—3/2 to the outermost Zn has been depleted entirely, and the surface is essentially in-
and O ions, respectivelicompare Sec. Ill A To model the sulating. This confirms that adsorption of OH creates a low-
defective surfaces, the ionicity of the outermost Zn atomdying electron acceptor level allowing the depletion of the Zn
must be set to 1.5/(% 6,,), which ensures that the Made- 4s band at the surface. At the surface, no band bending is
lung energy remains well defined. Heflg, is the effective found and the Zn and O derived states are similar to those in
Zn deficiency, as already defined in Ref. 10. For the twathe bulk. Fingerprints of the OH group are the Gtpeak in
models shown in Fig. 10, the Zn deficiency is, for instanceyvalence bandin DFT located—7 eV below the top of the
07,=—3/16, which implies that the ionicity of the 12 Zn valence-band edgeand the larger O 1s core-level binding
atoms visible in Figs. 1@ and 1Qb) is 1.84 (the reduced energy of the oxygen atoms in the OH group. Therefore in
ionicity is also assigned to the visible Zn atoms in the seconeéxperiments, the identification of a OH covered surface
double laye). Furthermore, a dielectric constant of 5.5 wasshould be straightforward.

F. Electronic properties
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2 lows for a very accuratk-point sampling. For this triangular
16k reconstruction, the surface state is almost entirely depleted,
E 12k and the Fermi level is located at the edge of the conduction
R band. The local band bending is fairly weak; the onset of the
% Ln valence band and the core levels are shifted by roughly 0.3
g 041 eV to higher binding energies in the surface layer.

2 L G. Surface relaxation

§ - Table Il summarizes the changes of the interlayer dis-
0.8 tances with respect to the bulk interlayer spacing. For the
- ideal bulk terminated surface, a contraction of the Zn-O dis-

L tance by almost 33% is found inside the first double layer. A

%% similar but smaller contraction is obtained in deeper double

layers as well, whereas the distance between the double lay-

2 ers increases slightly. This oscillatory behavior agrees well
T 6L with previous calculation$: The OH and O covered sur-

g Tt faces, however, exhibit only a small relaxation of the inter-
% 12 layer distances. Adsorbed species therefore lift the surface
808 relaxation very efficiently.
2 04l On the other hand, with vacancies, the surface shows an
§ ol even stronger inward relaxation of the first Zn layer than the
- ideal defect-free surface. The Zn atoms sink into the first
E N oxygen layer. For deeper layers, again only little relaxation is
‘§ - found, which indicates that the surface becomes bulklike rap-
K o idly. A similar pattern is observed for the triangularly recon-
TLo structed surfaces, if all Zn atoms visible at the surface are
045 : counted as first layer Zn atoms. The topmost Zn atoms again

0 _8’ sink into the oxygen layer by 0.3 A, whereas little relaxation

is found in deeper layers.

) These results clearly show that the metallic 2D surface

) state—if occupied—has a strong influence on the surface re-
~ L

laxation. For the metallic surface, the oscillatory relaxation is
a consequence of the penetration of the surface state into
deeper layers. When electrons are removed from the surface
state, the surface becomes bulklike after the first ZnO double
layer.

The available experimental data are somewhat difficult to
interpret using the theoretical results. Most experiments in-
dicate a slight outward relaxati§ri®3! This seems to be
consistent only with a surface where O or OH groups are

—_
[\
TT T T

e o
oo

Density of States (states/eV
=

0B adsorbed, since the triangularly reconstructed surfaces show
04 a strong inward relaxation. In the work of Maét al.*! the
0 surface was prepared in flowing oxygen gas, and triangular

8 6 4 2 0 2 4

Fieray (V) features were absent in atomic force microscopy. One might

speculate that their surface was covered by OH groups or

FIG. 12. (a) Electronic density of state€DOS) of the ideal 0Xygen adatoms(oxygen adatoms might be kinetically
as-cleaved0001) surface of ZnO. The electronic states are shownStabl. The x-ray-diffraction data of Ref. 8 might require a
for the first double layerS) and the third double laye(S-2). (b) reanalysis considering triangular reconstructions, but it can-
DOS of the OH covered surfa¢@.5 ML). (c) DOS of a triangularly ~ not be ruled out that the surface was OH or O covered, as
reconstructed surface for a triangle with a side length2 in a  well.

(3% 3) supercell. The Fermi levels are located at 0 eV. The plots
have been shifted such that the edges of the valence bands are H. The phase diagram

aligned for S-2. . ) .
The final phase diagram combining all results of the

For the triangular reconstruction, aX3) supercell with  present work is shown in Fig. 13. It is important to note that
a single small triangle with a side length=2 was consid- this diagram differs quantitatively somewhat from the one
ered(the DOS does not depend significantly on the size ofeported previously, since a more precise computational
the triangles This corresponds to a rather high Zn defi- setup was used in the present case. The eight-layer calcula-
ciency of #,,= —0.222 ML and the size of the cell still al- tions generally favor higher vacancy concentrations, but ad-

245409-11



G. KRESSE, O. DULUB, AND U. DIEBOLD PHYSICAL REVIEW B58, 245409 (2003
TABLE II. Average interlayer distancelonan in A and change relative to the bulk in % of the bulk

interlayer spacing for the ideal, OH covered, and O covered surface, for Zn vacancies and for the recon-

structed surfaces. The entBy@ (4x 4) corresponds to a triangle with side length 3 in thex@) supercell,

and 3,7@(/48x \/48) is the structure shown in the inset of Fig. 136a=—0.21. The bulk interlayer

distances areIZnnon:O.644 A in the double layer amﬂonZnnH:Z.OlO A between double layers.

Ideal (1/2)-ML OH (1/4)-ML O

Zn,O(H) 1.262 1.223

Zn, 0, 0.430 (—33.3) 0.663 (+3.0) 0.606 (-5.9)
0,Zn, 2.146 (+6.7) 2.003 (-0.4) 2.027 (-0.8)
Zn,0, 0.528 (~18.1) 0.648 (-0.6) 0.624 (-3.1)
0,Zn, 2.089 (+3.9) 2.000 (-0.5) 2.010 (0.0)
Zn,0, 0.568 (—11.9) 0.639 (-0.8) 0.626 (-2.8)
032N, 2.064 (+2.7) 2.004 (-0.3) 2.009 (0.1)

(1/4)-ML vacancy 3@ (4x4) 3,7@ (/48x \/48)

Zn,0; 0.272 (-57.7) 0.284 (-55.8) 0.318 (-51.1)
0,Zn, 2.042 (+1.6) 2.044 (-1.7) 2.020 (-0.5)
Zn,0, 0.652 (+1.1) 0.637 (-1.1) 0.673 (+4.4)
0,Zn, 2.024 (+0.7) 2.057 (+2.3) 2.036 (+1.3)
Zny05 0.644 (—0.1) 0.606 (5.9) 0.627 2.7)
05Zn, 2.027 (+0.8) 2.045 (-1.7) 2.031 ¢-1.0)

ditionally more structural models were considered in thewith a side lengtm=6, and two oxygen adatoms adsorbed
present study. In the previous calculations, for instance, onlyt H3 sites[see Fig. 14a)]. Both structures have not been
combinations of triangular indentations and Zn vacanciegonsidered in the previous woriland it is admittedly pos-
were explored, whereas in the present case triangular pits argble that other structures have still been overlogkéd

O adatoms at the terraces were taken into account as we. .= —10/48~ —0.21, the stable structure is a triangle with
The general features are however identical to those reportegh) edge length ofi=7, with another triangular indentation
before. At H-rich conditions, OH groups, adsorbed at theyith n=3 inside (again a previously unconsidered model
otherwise unrec_onstructed substrate, twermodynamically | this case, even the second ZnO double layer has been
fT‘OSt stable. This h_owever. does_ no_t preclgde that the formar'emoved partially. The second triangle is inverted with re-
tion of OH groups is possibly kinetically hindered. To form stpect to the first one, which is a consequence of the ZnO

OH groups, water or hydrogen molecules must dissociate %tacking sequence: to remove more Zn than O atoms in the
the surface, and additional oxygen atoms must stem from '

second double layer, the triangles must be rotated by 180°

either oxygen diffusing to the surface or oxygen molecules’; . . -
dissociating at the surface. Such processes might involve si vith respect to the triangles in the topmost layer. This is fully
nsistent with experimental results, where small pits were

nificant barriers. Nevertheless, the energetics are clear, a AR 10 )
they favor the formation of OH groups over a wide regime_always to form Wlt_hln Iow_er pits? A fu_rther increase of t_he
Typical room-temperature UHV conditions, for instance, cor-Zn concentration is possmle _by qddmg one O atom n the
respond to 300 K and IG° mbar. At these conditions the center of the small triangle with side length-=3 [see Fig.
oxygen and hydrogen chemical potentials are roughly-  14b)] and corresponds to the final structure &,
—0.65 eV andup~—0.54 eV?® This implies that the sur- =—0.23. Several other plausible configurations were also
face should become hydroxylated even in UHYV, if it hasconsidered, for instance adsorption of O adatoms at various
sufficient time to take up residual water or hydrogen fromother H3 sites, but they were energetically slightly less
the gas phase. favorable. The complexity and the size of the supercell
Under hydrogen-poor conditions, however, the surface exprecludes an exhaustive search of the configuration space
hibits a completely different morpholod¥,with triangular ~ with the present computational resourcgbe eight-layer
reconstructions being stable. Preparation conditionsT of /48X /48 supercell contains more than 700 atpridever-
>800 K andp<10 1% mbar correspond tao<—1.9 eV  theless, the present phase diagram is expected to describe the
and uy<—1.55 eV, which is well within the regime where experimental situation reasonably well.
triangles form according to our calculations. Two important issues should be highlighted at this point.
The precise structural morphology depends on the oxygeiihe calculations give a rather clear indication that larger tri-
potential. For oxygen-poor conditions 64,=—7/48 angles are preferred. But large triangles are necessarily
~—0.15), the stable structure is a triangular pit with sidelinked to a low Zn deficiency. The smallest supercell for
lengthn=6 and an additional O adatom adsorbed in thewhich a triangle with an edge length=7 can be realized is
center of the triangular indentation at an H3 site. A&f, the \/48x \/48 supercell. Nevertheless, this corresponds only
=—8/48~—0.17, the stable structure is again a triangleto a rather small Zn deficiency a@f;,= —7/48~—0.15. To
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O chemical potential Uo V)
O rich O poor

FIG. 14. Stable {/48x \/48) structures ata) 6,,=—0.17 and
(b) 67,=—0.23(see text

AR LR

H chemical potential oy V)

27 ' LeEe 5 Atmies
N 3 e € €
» % . .
gl 4 atoms, the triangles are, however, no longer thermodynami-
25F 4 cally stable, and the reconstruction is lifted.
H poor
3 IV. DISCUSSION
FIG. 13. Phase diagram of the Z(@O01-zn surface in equi- The combination of simple thermodynamic arguments

librium with H and O particle reservoirs controlling the chemical With energies determined bgb initio density-functional
potentialsuy and ug. Preparation conditions of>800 K andp ~ theory can contribute significantly to our understanding of
<10"%° mbar correspond tquo<—1.9 eV andu,<—1.55ev. surface reconstructions. To date, such calculations have been
The upper left area A indicates the conditions under whigloH limited to one-dimensional cuts through the phase diagram;
condensates on the surface. The dark and bright areas correspond® instance, usually only variations in the oxygen potential
a OH covered surfacéB) and triangular reconstructior€), re-  Were considered. The present stu@yd two previous pub-
spectively. Positive numbers indicate the OH coveragg and  lications, Refs. 10 and 27%&xtends this approach to two in-
negative numbers the effective Zn deficieny, per surface area. dependent extensive thermodynamic variables: the chemical
The two insets show optimized structures corresponding to the arepotential of oxygen and hydrogen. For the surfaces of oxides,
The basis vectors of the supercells are indicated by arrows. which are usually in contact with water, it is clearly neces-
sary to include the influence of hydrogen, since oxide sur-
achieve higher Zn deficiencies either the density of triangle$aces are easily passivated by the presence of hydroxyl
has to increase—which can be achieved only, when the trigroups. This has been realized before, for instance, in the
angles simultaneously shrink—or inverted triangles have tgioneering work of Wang, Chaka, and Scheffler, in which
form in the next ZnO layer. For instance, a triangle with anonly the adsorption of hydrogen could explicate the observed
edge lengtm=3 can be realized in a (44) supercell cor- relaxation of the AJO; (000J) surface.
responding to a Zn deficiency @éf,= —3/16~—0.187, and The situation for ZnO is rather similar. When hydrogen is
an even smaller triangle with=2 can be realized in a present, the surface tends to be unreconstructed, and OH
3% 3 supercell. The latter one corresponds already to a Zgroups adsorb at the H3 site, where the oxygen atoms are
deficiency #,,= — 2/9~—0.222. Theab initio calculations coordinated to three surface Zn atoms. The typical OH cov-
give a relatively clear indication that smaller trianglgss  erage is 1/2 ML, which is exactly the amount of OH required
particular, those with a side length &re unfavorable. Hence to deplete the Zn g surface state. For the ideal surface, this
larger triangles with inverted triangles in the next ZnO layersurface state is occupied by half an electron, since electro-
are preferred over a dense packing of smaller triangles.  statics require that the Zn surface atoms have a formal va-
The second important point is that the present calculationtency of +3/2 at the ideal000)) surface. Wher(1/2)-ML
suggest that OH groupsannotadsorb at the reconstructed OH adsorbs, the surface energy is significantly lowered, be-
surface. In Ref. 10, the area C of Fig. 2 corresponded teause the adsorption of OH leads to the formation of a low-
conditions, at which hydroxyl groups adsorbed on the terlying acceptor level, which takes up the “excess” electrons
races and in the triangular pits. In the present case, thedeom the Zn 4 conduction band. Formally a simple ionic
structures were thermodynamically not stable. The main reapicture captures the calculated behavior: upon adsorption,
son for this discrepancy is that we considered more struc©H becomes negatively charged (OH and the Zn surface
tures in the present study, in particular, combinations of tri-atoms reach their full ionicity oft 2.
angles and oxygen atoms adsorbed at H3 sites. These An alternative process to the adsorption of OH groups is
structures compete with OH groups adsorbed at the surfacthe addition of O atoms to the surface and/or the removal of
and are slightly more stable as long as the hydrogen potentialn atoms from the surface. The present calculations indicate
is not sufficiently high. Once the chemical potential of hy- that the addition of O adatoms is energetically slightly more
drogen becomes sufficiently large to hydrogenate the O adavorable than the removal of Zn atoms. In the ionic picture,
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1/4 ML of O should correspond to the energetically most b2
stable situation, since in this case the Zn surface atoms reach y=— S
again their formal ionicity of+2 (and the adsorbed O atom 8me’d

a formal ionicity of —2). Indeed, the calculations agree with for a finite slab with thicknesd. The magnitude of the finite-
these simple arguments: the adsorption(#)-ML oxygen  size effect depends quadratically on the misalignment of the
leads to the lowest surface energy at oxygen rich conditiongocal position of the Fermi levelg at the two sides of the

In practice, however, triangular reconstructions are everlab and is proportional to the dielectric constant of the bulk
more stable than isolated oxygen adatoms or Zn vacancieexide e. Although not discussed in this work, the magnitude
in agreement with recent STM measureméfifehe calcula-  of the effect might be strong enough to change the stability
tions indicate that larger triangles are generally preferre@f surface reconstructions of thin films compared to bulk
over small triangles. To reach the required Zn deficiency opxides.
0.25 ML, large triangles must however possess additional
features inside, which were modeled by removing triangles V. CONCLUSION

rotated by 180° from the second ZnO double layer. It is Depending on the hydrogeand to a lesser extensn the
found that such an arrangement has a lower surface energixygen pressure, the ZnO surface exhibits either triangular
than many small densely packed triangles. The energetishaped reconstructions or remains unreconstructed but cov-
competition between triangles of different size is found to beered by hydroxyl groups. The effective Zn vacancy concen-
very tight, explicating the observed macroscopic rougheningration of the surface is found to be between 0.23 and 0.20
of the surface in the experiment. The reason for the stabilityinder realistic conditions. The concentration of hydroxyl
of triangular reconstructions was shown to arise from simplegroups on the unreconstructed surface is roughly twice as
electrostatic arguments, with the Madelung energy of regularge as the effective Zn vacancy concentration, i.e., under
larly arranged vacancies being significantly higher than thatypical conditions 0.38—-0.5 ML OH. From a catalytic point
of triangles. of view the regime where OH groups and triangular recon-
Finally, we have discussed the dependency of the cleawstructions compete in stability seems to be particularly inter-
age energy on the thickness of the slab, which is an imporesting. The present work forms the basis for further studies
tant issue for polar oxide surfaces lacking inversion symmeinvolving catalytic properties insofar that realistic micro-

try or a mirror plane. It is found that the cleavage energyscopic models for th¢0001) Zn surface are now available.
depends strongly on the thickness of the slab, since a small

amount of charge tends to be transferred from one side of the
slab to the other. The effect is a genuine finite-size effect, and
it is highly undesirable in the present case. A simple analyti- We thank B. Meyer for helpful discussions. The compu-
cal formula to model the finite-size effect was suggestedtations were performed on Scliiager | at the computing
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