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First-principles study of the polar O-terminated ZnO surface in thermodynamic equilibrium
with oxygen and hydrogen
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Using density-functional theory in combination with a thermodynamic formalism we calculate the relative
stability of various structural models of the polar O-termingi@@01)-O surface of ZnO. Model surfaces with
different concentrations of oxygen vacancies and hydrogen adatoms are considered. Assuming that the surfaces
are in thermodynamic equilibrium with an,@nd H, gas phase we determine a phase diagram of the lowest-
energy surface structures. For a wide range of temperatures and pressures we find that hydrogen will be
adsorbed at the surface, preferentially with a coverage of 1/2 monolayer. At high temperatures and low
pressures the hydrogen can be removed and a structure with 1/4 of the surface oxygen atoms missing becomes
the most stable one. The clean, defect-free surface can only exist in an oxygen-rich environment with a very
low hydrogen partial pressure. However, since we find that the dissociative adsorption of molecular hydrogen
and water(if also the Zn-terminated surface is pregdatenergetically very preferable, it is very unlikely that
a clean, defect-fre€0001)-O surface can be observed in experiment.

DOI: 10.1103/PhysRevB.69.045416 PACS nunider68.35.Md, 68.47.Gh, 68.35.Bs, 71.15.Mb

[. INTRODUCTION as “intrinsic surface-state compensatiéndr as “metaliza-
tion of the polar surfaces®’However, whether a true metal-
To understand the structure, composition, and stability ofic state is present will depend on the dispersion of the par-
polar surfaces on a solid theoretical basis is one of the chatially occupied bands. Additionally, in a second step, the
lenging problems in surface scient@he most interesting surface may reconstruct and undergo a distortion in which,
polar surfaces are so called “Tasker-typ¢ surface$  for example, for the O-terminated surface, four surface atoms
which are formed by alternating layers of oppositely chargedcombine in such a way that an unoccupiep-2and splits
ions. Assuming a purely ionic modéh which all ions are in ~ from the other eleven occupiedpzands and the surface
their formal bulk oxidation state, such a stacking sequencéecomes insulating agaib). Second, the charge reduction
creates a dipole moment perpendicular to the surfaces whiabf the surface layers may take place by removing 1/4 of the
diverges with slab thickness, and with simple electrostaticurface iongll). The so created vacancies may be ordered
arguments it can be shown that the surface energy will diand form a reconstruction or may be randomly distributed.
verge with sample siz&To quench the dipole moment and to Finally, charged species may be adsorbed to reduce the for-
make the polar surfaces stable, a redistribution of charges imal oxidation state of the surface iofidl). For example,
the surface layers has to take plddeor various polar sur- water may dissociate and protons(Hand hydroxyl groups
faces different mechanisms to accomplish the charge con{OH") adsorb on every second O and Zn surface ion,
pensation have been obsenfedowever, in many cases the respectively. All three scenarios represent idealizations of
underlying stabilization mechanism is very controversiallythe charge-compensation process. In general, any combina-
discussed in the literature. tions of the three mechanisms are conceivable, like the si-
One of the most widely investigated examples of Taskermultaneous formation of vacancies and partially filled bands,
type(3) polar surfaces are the two basal planes of ZnO: thes long as the charge-compensation rule is obeyed. The sur-
O-terminated0001)-O and the Zn-terminate@®001)-Zn sur-  face structure finally realized for a specific polar surface will
face. The two surfaces are the terminating planes of a stacke the one with the lowest surface energy.
ing sequence of hexagonal Zn and O layers along the crys- For ZnO it was believed for a long time that both polar
tallographicc axis with alternating distances &,=0.61 A surfaces exist in an unreconstructed, truncated-bulk-like
andR,=1.99 A. In this case, as can be easily shdvithe  state. After standard preparation procedures both sur-
polar ZnO surfaces are only stable if the O-terminated face ifaces show regular (1) pattern in low-energy electron
less negative and the Zn-terminated surface layer less pogiiffraction (LEED) (Ref. 10 and other diffraction
tively charged compared to the formal bulk oxidation stateexperiment$:'*'2Some evidence for missing Zn ions on the
by a factor ofR,/(R;+ R,)~1/4. In principle, three differ- (0001)-Zn surface was found in gracing incidence x-ray dif-
ent scenarios are conceivable to accomplish this charge réraction (GIXD),'* however, for th&0001)-O surface no evi-
distribution: The ionic charge of the surface ions may bedence for substantial amounts of surface oxygen vacancies
reduced from=2 to £3/2, which may be regarded as an was detected in GIXORef. 11 and low-energy alkali-ion
“electron transfer” from the O- to the Zn-terminated surface scattering(LEIS).1?
(la). As a result, partially occupied surface bands will appear For ideal, truncated-bulk-like surface terminations only
with a 3/4 filled O-2 band at thg0001)-O and a 1/4 filed mechanism(la) can explain the stability of the polar ZnO
Zn-4s band at th€0001-Zn surface. This is often referred to surfaces. Consequently, in most theoretical first-principles

0163-1829/2004/6@)/04541610)/$22.50 69 045416-1 ©2004 The American Physical Society



B. MEYER PHYSICAL REVIEW B 69, 045416 (2004

studies of the polar ZnO surfaces ideal surface terminationbe present, and the nature of the H-freex@@) structure is
together with partially filled surface bands were still unknown. There is some evidence from x-ray photoelec-
assumed:®*2 Studies exploring the other two stabilizations tron spectroscopyXPS) (Ref. 18 that oxygen vacancies are
mechanisms are very scarce. In a pioneeghgnitio study  involved, but 1/3 of the oxygens missing is also not the ex-
Wander and Harrisdfi investigated whether the polar sur- Pected vacancy concentration to stabilize the surface.
faces may be stabilized by the dissociation of water and the Motivated by these experimental findings we explore in
adsorption of H and OH™ groups according to mechanism the present paper the competition between the three stabili-
(Ill). They found this energetically unfavorable compared to?ation mechanisms in a very general way. The main focus
situation (1a). However, instead of 1/2 monolayers, which Will be on the O-terminated0001-O surface, and we take
would be the ideal configurations for band filling, only full @1 a@pproach very similar in spirit to the investigation of the
monolayers of H and OH were considered, thereby over- ZN-terminated surface in Refs. 15 and 17. For a series of
compensating the needed charge transfer between the pofii#fface models we determine the total energies and the fully
surfaces. In addition, only one specific adsorption site for thé€laxed atomic structures using a first-principles DFT ap-
H* and OH" groups was probed. proach. Surface structures with various oxygen vacancy con-
Meanwhile two recent experiments have created consigcentrations and different amounts of adsorbed hydrogen are
erable doubt that the polar ZnO surfaces really exist in gonsidered, including structures corresponding to the three
clean, unreconstructed state. With scanning tunneling mildeal stabilization scenarios and structures compatible with
croscopy (STM) it was showr®1® that the Zn-terminated the HAS observations. _ _
surface is characterized by the presence of nanoscaled, trian- Static total-energy DFT calculations only give results for
gular islands with a height of one ZnO double layer. TheZ€T0 temperature, zero pressure, and for surfaces in contact
shape of the islands is size dependent and typical pit strudvith vacuum. However,.the actual Iowest—energy structure of
tures appear for larger islands. Since the step edges afe (0001-O surface will depend on the environment and
O-terminated, the high step concentration leads to a signifi¢an change with temperatuiie pressurep, and exposure to
cant decrease of Zn ions in the surface. A rough analysis P2 and H gas phases. Therefore, to determine the equilib-
the island and pit size distribution yielded that approximatelyilUm structure and composition of the surface at finite tem-

1/4 of the Zn ions is missing, in agreement with mechanisniPerature and oxygen and hydrogen partial pressures, we
(). With detailed density-functional theory(DFT) combine our DFT results with a thermodynamic description

calculation&®'7 it was confirmed that a crystal termination Of the surfaces. To take deviations in surface composition

with triangular shaped islands and pits is indeed lower irAnd the presence of gas phases into account, we introduce
energy than the perfect bulk-truncated surface for a wid@PPropriate chemical potentiaisand calculate an approxi-
range of oxygen and hydrogen chemical potentials. Under Hation of the Gibbs free-surface enefgepending on the
rich conditions, structures with up to 1/2 monolayer of hy-chemical potentials we then determine the surface structure
droxyl groups were even more stable, indicating that the ac¥ith the lowest free energy which allows us to construct a
tual surface morphology will sensitively depend on thePhase diagram for the surface. If we assume that the surface
chemical environment. is in thermodynamic equilibrium with the gas phases, we can
On the other hand, for the O-terminated polar surface néelate the chemical potentials to a given temperafuend
such island and pit structure was found with StvHow- ~ Pressurep. In this way we are able to extend our zero tem-
ever, with He scatteringHAS) it was discoverelf that at ~ Perature and zero pressure DFT results to experimentally rel-
ultrahigh vacuum(UHV) conditions O-terminated surfaces evant environments, thereby bridging the gap between UHV-
with (1x 1) LEED and HAS diffraction pattern are always like conditions and temperatures and gas phase pressures that
hydrogen covered, whereas after a careful removal of th&e typically applied, for example, in catalytic processes like
hydrogen a (X 3) structure is found. The (£3) spots are the methanol synthesfs.
best visible in HAS, but under certain conditions can also be

observed in LEED?® The H-free surface is very reactive and Il COMPUTATIONAL APPROACH
dissociates water and therefore exists only for a limited time _
even at UHV conditiong® In a subsequent stuthr??> CO A. Thermodynamics

was used as a probe molecule to distinguish between clean | thjs section we will give a brief description of the ther-
and hydrogen saturated surfaces. By comparing calculatedodynamic formalism which we have used to determine the
CO adsorption energies for different surface structures withnost stable structures of the polar O-terminated ZnO surface.
experimental results it was confirmed that the polarrpe formalism has been successfully applied in several pre-
O-terminated surface is usually hydrogen covered whereas\goys surface studié%?>~®%and is described in more detail in
clean (1x 1) (0001-O surface is very unlikely to exist. Refs. 4 and 30.

In previous studies the H coverage of the polar The general expression for the free energy of a surface in

O-terminated surface was not observed most likely becausgquilibrium with particle reservoirs at the temperatiirand
LEED and x rays are not sensitive to hydrogen. However, ityressurep is given by

is not clear how the structures found in the HAS study, Ref.
18, lead to a stabilization of the polar O-terminated surface.

1
A full hydrogen monolayer would overcompensate the Tol==G(ToINVY= N wi(T 1
charge transfer so that again partially occupied bands have to (T.p)=g| G(TpAND) Z (TR ()
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whereG(T,p,{N;}) is the Gibbs free energy of the solid with 1
the surface of interesA is the surface area, angd , N; are Ay(T.p)=% G T.p.Ny N —GSiYT.p)
the chemical potentials and particle numbers of the various
species. In contrast to the usual convention in macroscopic
thermodynamics we define here the chemical potentials per
atom rather than per mole. For the study of the polar
O-terminated ZnO surface in contact with an oxygen and dlere, G and Gi5f, are the Gibbs free energies of the su-
hydrogen gas phase we have to consider the three Chemid@@rCe”S with the model surface and the reference configura-
species =zn, O, and H. tion, respectively, and\ is now the area of the surface unit
For simplicity we have assumed two independent resercell. Sincg we only consider structures of the O-terminated
voirs for O, and H, with a common pressufe Experimen- surface with O vacancies an_d adsorbed H atoms, only the
tally, it is more likely that a mixture of @and H, is present. numbe_r of O vacanc!el‘dv (= difference of the number of O
In this case, the pressuein Eq. (1) has to be replaced by atoms in the slab with the model surface and the reference

: ; - statg and the number of adsorbed H atoidg appears in
appropriate partial pressurqx@z and p_HZ,' However, in the Eqg. (2), i.e., the chemical potential of Zn grogs out. The
present study we will keep the restriction of separate resefjifrerenceA y is negative if a model surface is more stable
voirs in the sense that we do not allow @nd H, to reactto  than the ideal, truncated-bulk-like surface termination and
H,0O, which would be the case in full thermodynamic equi- positive otherwise.
librium. This is justified by arguing that the reaction barrier  |n principle we now have to calculate the Gibbs free en-
for the formation of HO is high enough that the reaction ergy of all slabs representing our surface models, including
plays no role on the time scales of interest. the contributions coming from changes in volume and in

In thermodynamic equilibrium the chemical potentials entropy. The entropy term may be calculated, for example,
would be determined uniquely by the temperatdiethe by evaluating the vibrational spectra in a quasiharmonic
pressurg, and the total particle numbers of the solid and theapproximatiorts but in practice this is computationally very
gas phases. The surface structure, here represented by @igmanding. As is apparent from E@), only thedifference
particle number$\;, would then be determined by a uncon- of the Gibbs free energy of two surface structures enters the
strained minimization of the surface free energy, Y.  €xpression fordy. In Ref. 30 it was shown that the vibra-
However, this is not very practical to do. Therefore, we will tional contributions to the entropy usually cancel to a large
take a different approach: We calculate the surface free erfXtent and that the influence of volume changes are even

ergy of a series of model surfaces with different structuresSmaller. Therefore we will neglect all entropy and volume

and compositions as a function of the chemical potentialseffects: The Gibbs free energies then reduce to the internal

rf ref
For given chemical potentials we predict which surfaceSNergies of the slabs and we can repl@g, and G, in

structure is the most stable one by searching for the surfadgd- (2) by the energies as directly obtained from total-energy

model with the lowest surface free energy. In a second ste €9, DFY calculations. . . . .
Finally we have to determine meaningful ranges in which

the chemical potentials are then related to actual temperature ; . .
o . . _“Wwe can vary the chemical potentials. First, there are upper
and pressure conditions by assuming that the surface is in

thermodynamic equilibrium with the gas phases. bounds for all three chemical potentigly, sy, and uzn,

X . beyond which molecular oxygen and molecular hydrogen
In our calculations all surfaces are represented by per'Odkivould condensate and metallic Zn would crystallize at the

cally repeated slabs so that the Gibbs free energy  tace These bounds are given by the total energy of the
G(T,p,{Ni}) refers to the gontent of one sup_ercell. Sinceigplated molecule&,,, Ey,., and of bulk ZnE%Ik (neglect-
ZnO is not centrosymmetric, slabs representing the polar | d tz Zﬁ ot
ZnO surfaces are inevitably O terminated on one side and zI{'9 volume and entropy €efieots
terminated on the other side. It is therefore not possible to 1 1 bulk

. . <sEq., <s5E,, < BT, 3)
derive separate surface energies for the two polar surfaces Ho=2%0,  HMH=2EH,  Hzn=Ezn
solely from the total energy of a slab calculation. Only the
sum of the surface energies, i.e., the cleavage energy, can
determined. Chetty and Marffhproposed a scheme which 0
allows to extract absolute surface energies even in cases wift
inequivalent slab terminations by introducing an energy den- L .
sity. However, in the present study we are only interested in Apo=mo=3Eo0, App=pu—3En, (4)
the relative stability of O-terminated surfaces with different
structures and compositions. The Zn face of the slabs is urFurthermore we impose that the surface is always in equilib-
changed in all calculations. We therefore only consider theium with the ZnO bulk phase. Then the sumwd and w2,
cleavage energy, and we relate all energies relative to a reftas to be equal to the total enerBy,o of bulk ZnO. Thus
erence state which we have taken to be the ideal, truncatednly one of the two chemical potentigle, and iz, is inde-
bulk termination. We define the change of the cleavage enpendent, and together with Eq3) we introduce lower
ergy Ay as the difference of Ed1) for a slab with a chosen bounds for the chemical potentials. Using the energy of for-
surface structure and a slab with ideal surface terminationsmation E; of ZnO:

+Ny wo(T,p) —Npuy(T,p) |- (2

the following we will use these upper bounds as zero point
energy and relate the chemical potentials relative to the
al energies of the isolated molecules:
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Ei=|Eno— Ezn— SEo | (5) TABLE |. Calculated binding energiei; °F for the isolated K
2 and G molecules and for the bulk phases of Zn and ZnO. Zero-
the allowed range for the chemical potentdgk is given by  point vibrations are not included. The experimental heat of forma-
tionsH{® are forT=298 K andp=1 bar and are taken from Ref.

—E<App=<0. (6) 48
If we assume that the surfaces are in thermodynam]c equi- H, 0, Bulk Zn Bulk ZnO
librium with the gas phases we can relate the chemical po-
tentialsA uo and A uy to a given temperatur€ and partial ~ Ef°F (eV) 450  6.61 1.12 2.84
pressure®o, and Pw,. For ideal gases we can use the well- HP*® (eV) 452 5.17 1.35 3.50

known thermodynamic expressidfis

A,u,o(T,poz):%(ZLOZ(T,pO)JrkBTIn(pozlpo)) (7)  tion of appropriate supercell as well as the calculated bulk
and clean surface structures of ZnO we refer to Ref. 7, where
and the same computational settings as in the present study were
~ used.

App(T,Ph,y) =3 (un,(T,p%) +kgTIN(py, /p%))  (8) All surfaces were modeled by periodically repeated slabs.
, ) 0 Very thick slabs consisting of 8 Zn-O double-layers were
in which p” is the pressure of a refgrence state and thoe eMised to reduce the residual internal electric flekh repre-
perature dependence of the chemical potentigds(T,p")  sent different surface structures X2), (1x3), and
tables® However, it should be noted, as pointed out by}/.aC?:t%iss angreH ??latorgzvézrebconms.'gﬂ?qh Alihitongm‘?g”'
Finnis2® that the equilibrium with the gas phase need not tof'gu : w Uiy X y minimizing !
be perfect. It is sufficient if the surface is in equilibrium with orlce? ble | th ted bindi . f
the bulk phase. In this case, the chemical potential is relategi n labe ! We compare the computed binding €nergies o

to defect concentrations of the bulk. For example, if oxygen ff_erent bulk and moIeCl_JIar refer_ence structures W'Fh ex-
vacancies are the dominant defects we RS perimental heat of formations. While the calculated binding

energies for isolated {Hmolecules and bulk Zn agree quite

_~ well with experiment, there is a noticeable error of 1.4 eV in
Apo(T,p)=po~ksT In(cy/co) @ e binding energy of the free amolecule. This is a well-
with the vacancy concentration, and the oxygen occu- known deficiency of DFF?*° The overestimation of the O

pancy of the O-lattice site afy. binding energy is also reflected in a formation energy for
ZnO which is too low by 0.7 eV. Such deviations would
B. Ab Initio Calculations seriously influence our analysis of the surface energies, Eq.

) ) ) 12), and would alter the allowed range for the oxygen chemi-
The total energies of slabs representing different modety| potential, Eq(6). Therefore, to circumvent errors intro-
surfaces as well as the bulk and molecular reference energigg,ced by a poor description of the, @nolecule, we have
were calculated within the framework of DFf.Exchange  appjied the following procedure: we take the experimental
and correlation effects were included in the generalizedy5)ye for the formation energl; of ZnO from Table | and
gradient approximatioGGA) using the functional of Per- o ;se Eq(5) to replace the total energy of,®y E; and the

20 pe
dew,, Burke, and ErnzerhofPBE).™ As is V?él;” Known,  (4ta energies of Zn and ZnCE,,, and E,¢ are both bulk
GGA's tend to underestimate surface ener@feRecently, a quantities which are typically more accurately described in
new scheme was proposed to correct this deficiéhejow- DFT than molecular energies.

ever, since we are only interested in relative stabilities and
not absolute surface energies we have neglected these cor-
rections in the present study. [ll. RESULTS AND DISCUSSION
Norm conserving pseudopotentigisvere employed to-
gether with a mixed-basis set consisting of plane waves and
nonoverlapping localized orbitals for the »2and the First we explore the possibility whether the ideal,
Zn-3d electrong'* By including localized orbital functions truncated-bulk-like(0001)-O surface may lower its energy
we can drastically reduce the number of plane waves needdsy breaking the symmetry of the surface layers, thereby
for an accurate description of the wave functions. A plane-adopting a distorted surface structure according to mecha-
wave cutoff energy of 20 Ry was sufficient to get well con- nism(lb). A tendency for symmetry-breaking reconstructions
verged resultésee Ref. Y. Monkhorst-Pack-point meshe® is often indicated by a strong nesting of the Fermi surface. In
with a density of at least (86X 6) points in the primitive Fig. 1 we have plotted the two-dimensional Fermi surface
ZnO unit cell were chosen. A dipole correctf6i’ to the  formed by the partially occupied Op2bands. The plot rep-
electrostatic potential was included in the calculations taresents a cut through the Brillouin zone of our supercell in-
eliminate all artificial interactions between the periodically cluding onlyk vectors with a zero component perpendicular
repeated supercells due to the dipole moment of the slabs the surface. Figure 1 reveals that actually two surface
For more details on convergence parameters, the construbands cross the Fermi level. This is well known and in full

A. Surface Distortions
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FIG. 1. Contour of the Fermi energy level for the partially oc- -1.0 I .
cupied(0001)-O surface bands plotted within the surface Brillouin 3.0 20 10 0.0
zone(shown to scale Two O-2p bands cross the Fermi levghick oxygen chemical potential Ap,, [6V]
solid lines. The unoccupied regions of the two bands are indicated
by light gray and dark gray areas, respectivély,andb, are the FIG. 2. Surface free energhy of the polar O-terminated
reciprocal lattice vectors, and the surface Brillouin zone is shown(0001)-O surfaces with different concentrations of O-vacancigs
by dashed lines. as function of the oxygen chemical potentifajug. In the topx

axis, the chemical potentidl uo(T,p) has been translated into a

agreement with band-structure plots presented in Refs. 8 arfiessure scale for the fixed temperature Tof 800 K. Vertical
13. The corresponding wave functions are strongly localize§2sed lines indicate the allowed rangegi : for higher chemi-
at the oxygen atoms of the terminating surface layers and a | potentials Qw_lll condensate on the surface and for lower val-
mainly formed by the two O-2 orbitals parallel to the sur- ues ofA uo metallic bulk Zn can form.
face. By integrating the occupied and unoccupied areas of
the Brillouin-zone we find that indeed roughly 1/2 electronsurface at typical UHV conditions of surface science experi-
per surface atom is missing to fill the two surface bandsments. However, at oxygen rich conditioflsigh pressure
However, both Fermi contours are almost spherical and onlgand low temperatuje exceeding a chemical potential of
a weak nesting is present. —1.54 eV, the ideal, defect-free surface becomes the most
As a second test, we did several calculations in which westable structure. The other surfaces with 1, 1/2, and 1/3 va-
randomly displaced the surface atoms in the top atomic layetancy concentrations are higher in energy for all chemical
of our slabs and started an atomic relaxation. Different slabpotentials and will therefore not be present in thermody-
with (1X2), (1x3), and (2<2) surface unit cells were namic equilibrium. In particular, it is very unlikely that the
used but in all cases the surfaces relaxed back toward a syrfit X 3) structure observed in the HAS experiméntorre-
metric structure with a threefold symmetry. The surface ensponds to a simple missing-row structure with every third O
ergy was always higher than in the fully symmetric state, satom removed from the surface.
that no hint for a tendency toward symmetry breaking recon- At this point we should emphasize that plots like Fig. 2
structions was found. strictly only allow to rule out surface structures which are
higher in energy than other surface models. Since we can
only perform calculations for a limited set of surface models,
_ it is always possible that a not yet considered structure with
In the next step we investigate whether (8801)-O sur-  a lower energy exists. For example, since we use periodically
face is stabilized by creating oxygen vacancies. From slabeepeated surface unit cells of a specific size in our DFT ap-
with (1X1), (1X2), (1x3), and (2<2) surface unit cells proach, all our defect structures are perfectly ordered. It is
we have removed one O atom, thereby creating vacancy coimowever very well possible that disordered or even incom-
centrationsc,, of 1, 1/2, 1/3, and 1/4. In Fig. 2 we have mensurate structures might lead to a lower energy. Addition-
plotted the change of the surface enetyy of the four de-  ally, there are hints that island and pit structures like the ones
fect structures relative to the defect-free surface as a functioabserved for the Zn-terminated surfatenay also for the
of the oxygen chemical potentidl . As to be expected O-terminated surface be lower in energy than the ideal sur-
from mechanisnill) the defective surface with 1/4 of the O face and the surface with 1/4 vacancy concentration consid-
atoms missing is the most stable surface structure over ered in our stud§?®
wide range of chemical potentials. Translating the chemical In Table Il we have listed O vacancy formation energies
potential into temperature and pressure conditi@ssuming Ey which we have defined in the present context as the en-
that the surface is in equilibrium with an,@as phase, see ergy difference between the ideal surface and a vacancy sur-
upperx axis in Fig. 3 we see that this will be the most stable face structure of concentrationy, plus 1/2E02, i.e.,, Ey is

B. Oxygen Vacancies
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TABLE II. Calculated vacancy formation energi&s, per O Py, [mbar] 107 107 10° 1 (at 800 K)
atom for removing oxygen from the ideal surface, formingriool- I 1 1 I
ecules and a surface structure with a O vacancy concentration o
cy . (a) For a sixfold (2<2) arrangement of the O vacancies with a
separation 3, (b) for a rectangular O vacancy pattern with dis-
tances of 2 and J§a, a being the ZnO lattice constant.

Ccy 1 1/2 1/3 14 1/4%)

)

Ey (eV) +3.23 +2.84 +2.48 +1.75 +1.54

defined with respect to the total enerBy, of free oxygen

molecules, and not, as usually done, with respect to bulk
ZnO. Ey, depends strongly on the vacancy concentration, in-
dicating a strong interaction between the vacancies. Up tc
cy=1/4 the energy cost to remove O atoms is modest. This
iS not surprising since up to a vacancy concentration of 1/4 20 [ .
the removal of O atoms supports the charge compensation c 3.0 -2.0 -1.0 0.0

the O-terminated surface and will result in a better filling of hydrogen chemical potential Au,, [eV]

the partially occupied O42 band. For higher vacancy con- )
centrations, however, we start to overcompensate the char%e FIG. 3. Surface free energiy of the polar O-terminated
transfer which stabilizes the surface. The @4and is full 0001-O surfaces with different coverages of hydroggpas func-

now, and we have to start to fill Znsdstates in the conduc- 1" Of the hydrogen chemical potentiajuy, . In the topx axis, the
chemical potentialA uy(T,p) has been translated into a pressure

tion pand. Therefor(tj-:'l the energy cost to remove more O a Scale for the fixed temperature Bf=800 K. The vertical dash line
omS Increases rapidly. indicates the upper bound fdruy .

surface energy Ay [J/m

C. Hydrogen Adsorption costs only a small amount of energy. Turning to the hydroxy-

We turn now to a situation in which th@001)-O surface lated surface with a full monolayer coverage of hydrogen we
is in equilibrium with a B gas phase. HHmolecules can find that the OH-groups now prefer the fcc-hollow site. So
dissociate, and hydrogen atoms may adsorb at the surfaé® gradually adding hydrogen, the regular lattice site of the
thereby forming OH-groups with the surface oxygen ions.surface O ions becomes unstable relative to the fcc-hollow
Before we start to calculate the surface energy for differensite. However, the energy difference between fcc- and hcp-
surface models with H adatoms, we consider the possibilithollow sites is so small that we have neglected this effect in
that the preferred adsorption site of these OH groups is nall further calculations and have only considered hcp-hollow
longer the regular lattice site of the O ions. Three differentsites for surface oxygen atoms and OH groups.
high-symmetry adsorption sites are conceivable above the In the next step we construct different surface models of
underlying Zn layer: an “on-top” position, a “hcp-hollow hydrogen covered0001)-O surfaces using a similar proce-
site,” which is the regular lattice position for the O ions in dure as in Sec. Ill B. We take slabs with X1), (1X2),
the wurtzite structure, and a “fcc-hollow site.” (1x3), and (2<2) surface unit cells, and we add different

First we consider the clean surface without adsorbed hyamounts of hydrogen to create hydrogen coverages, aff
drogen. Then we see from Table Il that indeed the hcp-1/4, 1/3, 1/2, 2/3, 3/4, and 1 monolayer. The calculated sur-
hollow sites are the most stable positions for the O surfac¢ace energy changesy relative to the cleart0001)-O sur-
layer. However, moving the whole layer to fcc-hollow sites face are plotted in Fig. 3 as a function of the hydrogen

chemical potential uy . A very similar behavior as in Sec.

TABLE lil. Relative stability of the high-symmetry adsorption ||| B arises: at H-rich conditions the structure with a 1/2
sites for(a) the surface O atoms of the ideal O-terminated Surfac%onolayer hydrogen coverage is the most stable surface, in
and (b) the OH groups of the H saturated surface for a full m°”°‘agreement with mechanisrfill). On the other hand, at
layer coverage. ThAE are the calculated energy differences per OH-poor conditions the clean surface without hydrogen be-
atom/OH group for moving the topmost O/OH-surface layer ffom ., meg the most stable structure. As a new feature we find
the regular lattice position of the wurtzite structufécp-hollow ot perween the two limiting cases the surfaces with 1/3 and
site”) to the “on-top” and *fcc-hollow” position. 1/4 monolayer coverage are slightly more stable for small
intervals of the chemical potentiai$Thus, by lowering the

Stte _ on top hep hollow fc hollow chemical potentiall uy from H-rich to H-poor conditions it

(@) Ideal (0001)-0O surface is possible to gradually reduce the hydrogen coverage from
AE (eV) +3.16 0.0 +0.05 1/2 monolayer to 1/3, 1/4, and zero coverage. Translating the
(b) Hydrogen covered0002-O surface chemical potential into temperature and pressure conditions
AE (eV) +1.78 0.0 ~0.02 we find that we will start to remove H at UHV pressures at a

temperature of roughly 750 K, which is in reasonable agree-
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TABLE IV. Calculated binding energiels, per H atom for dis- (a) top view (b) side view
sociating B molecules and forming hydrogen layers of coverage
CH-

Ch 1 3/4 2/3 1/2 1/3 1/4

Ep,(ev) -070 -1.11 -127 -—-197 -—-214 -221

fce—hollow

ment with the experimental observatithThe other surface o ) )
structures with hydrogen coverages larger than 1/2 are al- F!G. 4. Schematic diagram of the high-symmetry adsorption
ways higher in energy and will be unstable for all tempera-s'tes for OH groups on the Zn-terminated polar ZnO surface. Small/
tures and hydrogen partial pressures. In particular a surfack spheres represent Zn, large/gray spheres O atoms.
with a full monolayer of hydrogen as postulated from the ) » )
results of the HAS experimeldtis not likely to exist in ther- hcp-hollow site position above atoms in the second surface
modynamic equilibrium. However, from the intensity of the layer and a fec-hollow site with no atoms beneebe Fig.
He-specular peak it was deduced that only about 0.1% of th#)- . ,
(0002)-O surface consists of flat terraces with diameters ex-. USing the same adsorption geometry as Wander and Har-
ceeding 50 A which contribute to the KI1) HAS signalt®  fison we also find that dissociating water is energetically
Therefore, the H covered surface with a(1) HAS diffrac- unfavorable with a s_IlghtIy larger energy cost_ of 0_.3 ev.
tion pattern may well be a minority phase which is formedHOWever, as shown in Table V, the configuration with the
under suitable kinetic conditions. OH groups gdsorbed at the fcc—.hollow sites |ns.teaq of the
In Table IV we have summarized the H binding energieson—top positions is much lower in energy. Considering the

E, per atom which we have calculated as energy differenc&0rrect adsorption positions for the OH groups we now find

between the ideaD001)-O surface plus 1/E,, and surface that even for the thermodynamically unstable monolayer
: 2 . coverages the dissociation of water is energetically preferred
structures with H coverages of;,. We see that it becomes

rapidly unfavorable to adserb mare hydragen as soon as t by about 0.4 eV. Turning to the thermodynamically stable 1/2

) ) g onolayer coverages of H and OH on the O- and Zn-
concentration for ideal charge compensation of the polar SUl,

. ) rminated surfaces, respectively, the Zn on-top position for
face of 1/2 monolayer is reached. The reason for this beha\{he OH groups becomes unstable and the fec-hollow site is

lor is the same as in the case of the OXygen yacancies: up tRe only stable adsorption position. Furthermore, the energy
1/2 monolayer of hydrogen we fill the partially occupied gain for dissociating water increases to 2.26 eV pgOH

O-2p band. Beyond 1/2 monolayer the rdand is com-  q60ule if only 1/2 monolayer coverages are formed. So

_ﬁ’_ftecljy filled an; V\;e ha\ﬁzto pf/rzlulate tTe conduction b_andeven at low temperatures a very low partial pressure of water
e decrease Ik, from 1/2 to 1/4 monolayer coverage In- s g fficient to cover immediately the clean, unreconstructed

d_|cates that also at low coverages a W?ak repul_swe INterags|ar O- and Zn-terminated surfaces with H and OH groups.
tion between the hydrogen atoms remains. This is the reasdn

why also the low-coverage structures appear in the surface
phase diagram. If we extrapoldig toward zero coverage of E. Surface Phase Diagram
the surface we can estimate.an in_itia'l binding energy of about Finally we combine the results of the previous sections
2.3 eV per H atom for the dissociative adsorption of H and assume that the polé@00-O surface is now simulta-
neously in equilibrium with an ©@and a H gas phase. In
D. Water Dissociation addition to the surface models described in Sec. Il B and
Sec. Il C we have furthermore considered various mixed

As is evident from Fig. 3, hydrogen adsorption plays a . .
; g structures of O vacancies and adsorbed H atoms in the
major role for the stabilization of the pol&001)-O surface, (1x2), (1x3), and (2¢2) surface unit cells.

and for almost all conceivable experimental conditions hy- Th ; ¢ q d N hemical
drogen will be present on the surface. But until now we have € surface irée energy now depends on two chemica

only considered molecular hydrogen as the reservoir for th Oteut'aISAtﬂg anthMg .thhe g{ﬁphs g.f F|gs.' 2 alnd|3tthsere;1
surface hydrogen. However, in many chemical reactions an ore have 1o Ic? EX enthe 0a Iree- |(rjn?]ns:jor:a pr? ' L_:_(;’] a
catalytic processes also water is present. Therefore, we wi lagram would be rather complex and hard to foflow. 1he

briefly explore if also water can act as a source for surfacér\mSt important |_nfor_mat|oln contained in the plot of the sur-
hydrogen in the presence of th@001-Zn face ace free energies is which of the surface models has the
In a DFT study using the hybrid B3LYP functional Wan- _ o _ o

der and Harrisolf found that dissociating water and forming TABLE V. Relative stability of the different OH adsorption sites

a full H and OH monolayer on the O- and Zn-terminated®" the polar Zn-terminated surface, calculated for a monolayer cov-
surface, respectively, is energetically unfavorable by 0.1 e\F"a9¢-
As adsorption sites for the OH groups they assumed the Lgite
on-top positions which would be the next lattice sites for O
ions if the crystal is extended. However, on the polar surAg (ev) 0.0 ~0.04 ~0.72
faces two more high-symmetry adsorption sites exist: the

on top hcp hollow fcc hollow
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< oxygen chemical potential Ay, [eV] TABLE VI. Summary of the averaged interlayer distanaks
8 -35 -30 -25 -20 -15 -10 -05 00 (given in fractions of the theoretical bulk lattice constepaind the
2 T S T T T 0.0 relative changes with respect to the bulk val(iesparenthesggor

H rich
s

5 3
| ]
I I
’
/
!
!
1 ! 1
L L
[5,] [=)
hydrogen chemical potential Ap,, [eV]

S~ H,Ois

three different surface structures: the ideal, defect-f@@01)-O
10" 1 S~ formed

surface, the H covered surface with 1/2 monolayer of hydrogen and
the surface with a vacancy concentration of 1/4. The subscripts refer
to surface layers numbered from the surface plane. The theoretical
PBE bulk values for the interlayer distances dgg ,,=0.1208c

(in bilayen andd,,_o=0.3792c (between bilayepsand the lattice
constant was calculated to lbe=5.291 A (see Ref. V.

|
o
o

c,=1/3

o
=)
|
|
T
1
g
=

_ d Ideal surface H covered O vacancies
c,=1/4 c.=1/4
-

H-0, 0.1825

0,-Zn, 0.0628 (-48%) 0.1207(0.0%  0.1151 (—4.6%)

T Zn,-0;, 0.3985 (+5.1%) 0.3779 ¢0.4%) 0.3767 {0.7%)

: 0 poor omen Os-Zn, 0.1077 (-11%) 0.1246 ¢3.2%) 0.1238 ¢ 2.6%)
R R Zn,-O5  0.3813 (+0.5%) 0.3773 £0.5%) 0.3772 {0.6%)

|
15

o, Imbar] 10

T

1
N
)

¢,=0/¢,=0

H poor

py, [mbar]
|
w
o

1 10°  (at800K)

_ Relating the chemical potentials to temperature conditions
FIG. 5. Phase diagram of the polar O-termina(@@01) surface  and partial pressures of the gas phase shows, see Fig. 5, that
in equilibrium with H, and G particle reservoirs controlling the for almost all realistic experimental conditions hydrogen will
chemical potentials uy and Ao, based on selected superstruc- pe present at théd001)-O surface. Even at UHV conditions
tures as explained in the text. The lowest-energy surface structurggith a low hydrogen partial pressure one has to go to rather
are labeled by the concentrations of oxygen vacancjeand hy-  high temperatures to fully remove all hydrogen. In this case,
drogen adatoms, . The upper right area indicates conditions underg surface structure with O vacancies will become the most
which H,O condensates on the surface. stable one. In order to stabilize the ideal O-terminated sur-
face an oxygen atmosphere with an extremely low content of

lowest surface energy for a given combination of chemicaf’ydrogen(and also water vappis necessary, which is basi-

: o L ; cally not achievable in experiment.
potentialsi o andA . This information is better visual In Table VI we have summarized the surface relaxations

ized if we project the three-dimensional gllagram on_to thefor the three most important surface structures appearing in
(Apo,Ap) plane and only mark the regions for which a e gyrface phase diagram, Fig. 5. For the extended surface
certain surface structure is the most stable one. The result i yctures with H adatoms and O vacancies we have aver-
a phase diagram of th@001-O surface which is shown in  aged in each atomic plane parallel to the surface the atomic
Fig. 5. displacements, and we define the interlayer distad@esthe

The surface phase diagram in Fig. 5 summarizes in a corseparation of the averaged atomic positions. Depending on
densed fashion the essential results of our study. This phagee surface structure and the charge compensation process,
diagram is dominated by two structures: a surface with 1/very different surface relaxations occur. The largest relax-
monolayer of adsorbed H and a hydrogen-free surface witRtions are found for the clean, defect-free surface termination

1/4 of the oxygen atoms removed. These are the two scvith a compression of the first double-layer distance of al-
narios denoted as mechanisih) and(lll) in the Introduc- most 50% and also a significant contraction of the second

tion, indicating that filling the O-B bands is a very impor- and subsequent double-layer spacmggs. This is in agreement

: ) with other previousab initio studiest’83After filling the
tant mechanism to stabilize tH@001-O surface. Next 10 arially occupied surface bands by adsorbing 1/2 monolayer

these two phases we find two structures in which H is gradugf 14 or by removing 1/4 of the O ions, however, the surface
ally removed from the surface and only at very H-poor con-jayers relax back to almost truncated-bulk-like positions.
ditions and when plenty of oxygen is available, the idealThys, for surfaces with a lower H adatom or O vacancy
O-terminated surface stabilized by mechani@inbecomes  concentration, surface relaxations between the two extremes
the most stable structure. are conceivable. This may explain why experimentally very
None of the additionally considered mixed structuresdifferent results for the surface relaxations were found.
which simultaneously contain O vacancies and H adatom&IXD measuremenfs! have predicted an inward relaxation
appears in the phase diagram. This is not very surprisingf the upper O layer with a contraction of the first double-
since for the given sizes of the surface unit cells no combilayer distance of 40% and 20%, respectively, whereas from
nation of O vacancies and H adatoms exists that leads tbEED (Ref. 10 and LEIS(Ref. 12 experiments it was con-
fully occupied O-p bands. However, it is very well con- cluded that the first double-layer spacing is close to its bulk
ceivable that for larger surface unit cells mixed structuresvalue.
with, for example, an O vacancy concentration of 1/8 and a
H coverage of 1/4, become more stable which would then
appear as new phases between the H covered and the OBy combining first-principles density-functional calcula-
vacancy structures. tions with a thermodynamic formalism we have determined

IV. SUMMARY AND CONCLUSIONS
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lowest-energy structures of the polar O-termina{@@01)-O  phase diagram, Fig. 5. In particular, a structure with a full
surface of ZnO in thermal equilibrium with an,@nd H, gas  monolayer of H as predicted in Ref. 18 is not very likely to
phase. This scheme allows us to extend our zero-temperatuggist globally in thermodynamic equilibriuvhich does not
and zero-pressure DFT results to more realistic temperaturgxclude a kinetic or local stabilizatipn
and pressure conditions which are usually applied in surface Going to low hydrogen partial pressures and higher tem-
science experiments or in catalytic processes like the meth%eratures it is possible to gradually remove the hydrogen
nol synthesis, and thus to bridge computationally the “prestrom the surface and to form stable phases with less than 1/2
sure gap.” monolayer coverage of hydrogen. If all hydrogen is re-
The essential result of this approach is a phase diagram gfoved, oxygen vacancies will be created as was speculated
the (000D-O surface which is plotted in Fig. 5. From this i, Ref. 18. However, we find that a surface with a vacancy
surface phase diagram we predict that hydrogen is adsorbe@ncentration of 1/4 is much more stable than a missing-row
at the(0001)-O surface for a wide range of temperatures andstructure where 1/3 of the oxygens has been removed. There-
H, partial pressures, including UHV conditions. This is in fore, based on the limited set of surface structures taken into
agreement with the recent observations of a HASconsideration in our study, we currently do not understand
experiment® and was also confirmed in a study of the CO the (1x 3) structure observed in Ref. 18.
adsorption on the polar ZnO surfacés. Finally, at higher oxygen partial pressures the O vacancies
We find a H binding energy of roughly 2.3 eV per atom if wj|| pe filled and the clean, defect-free O-terminated surface
molecular hydrogen dissociates and adsorbs at the cleafbcomes the most stable structure. However, the hydrogen
O-terminated surface. Furthermore we prediCt that in Situapartia| pressure has to be very low So_that we consider it very

tions where both polar surface terminations are preent ynjikely that a clean, defect-fre@001)-O surface can be
example for powder samplesiso the dissociative adsorp- opserved in experiment.

tion of water with H and OH groups being adsorbed at the O-

and Zn-terminated surface, respectively, is energetically pref-
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