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Density-functional study of the structure and stability of ZnO surfaces
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An extensive theoretical investigation of the nonpolar (@pknd (11D) surfaces as well as the polar
zinc-terminated0001)-Zn and oxygen-terminated (00P:O surfaces of ZnO is presented. Particular attention
is given to the convergence properties of various parameters such as bdsisaset, mesh, slab thickness, or
relaxation constraints within local-density and generalized-gradient approximation pseudopotential calculations
using both plane-wave and mixed-basis sets. The pros and cons of different approaches to deal with the
stability problem of the polar surfaces are discussed. Reliable results for the structural relaxations and the
energetics of these surfaces are presented and compared to previous theoretical and experimental data, which
are also concisely reviewed and commented.
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. INTRODUCTION experimentit was shown that O-terminated (00p4urfaces
with p(1X 1) LEED patterns are usually hydrogen covered
The 1I-VI semiconductor ZnO has become a frequentlyyhereas the clean O-terminated surface exhibits & XB
studied material in surface science because of its wide rang@construction, we will focus in this study on the clean, un-
of technological applications. ZnO is a basic material forreconstructed surfaces of Zno.
varistors, thyristors, and optical coatings. In addition, its di- | the present paper, we investigate all four main crystal
rect band gap makes it an interesting candidate for blue an@rminations of ZnO. The fully relaxed geometric structures
UV light-emitting diodes and laser diodesThe electronic  and the surface/cleavage energies have been calculated using
and structural properties of the ZnO surfaces are, in particuy first-principles density-functional theoDFT) method.
lar, important in its applications as chemical sensor in gagye have employed both, a local-density approximation
detecting systems and as catalyst for hydrogenation and dg-pA) and a generalized-gradient approximati6BGA)
hydrogenation reactions. In combination with Cu particles atunctional. We will discuss the relative stability of the four
the surface, ZnO is a selective and efficient catalyst for theyurfaces and how the surface relaxations of the nonpolar
methanol synthesfswhere it is employed in industrial scale. faces are connected to the covalency/ionicity of the chemical
The mechanism behind the enhanced catalytic activity wheBond in ZnO. Finally, a detailed comparison with existing
combined with Cu is poorly understood. However, beforetheoretical and experimental results will be given.
this interesting interplay between the ZnO substrate and the 1 nonpolar (16(11) surface of ZnO has been the focus

Cu particles can be addressed, a thorough understanding gf several experimental and theoretical studies. However, the
the underlying clean ZnO surfaces is necessary. form of the relaxation of the surface atoms is still very con-
From a physical/chemical point of view, ZnO is a Very yqyersial. Dukeet al® concluded from their best LEED
interesting material because of the mixed covalent/ionic aSanalysid that the top-layer zinc ion is displaced downwards
pects in the chemical bonding. ZnO crystallizes in the hebeAd (Zn)=—0.45+0.1 A and likewise the top-layer oxy-
agonal wurtzite structureB4), which consists of hexagonal gen bLy Ad, (0)=—-0.05£0.1 A, leading to a tilt of the
Z_n and O. planes staqked alternately along _Wis (see Zn-O dimer of 12*:5°. No compelling evidence for lateral
Fig. 1). Anions and cations are fourfold coordinated, respeCyigiortions within the first layer or for second-layer relax-

tively, like in the closely related zinc-blende structure. Atet- o0 were obtained, but small improvements could be

rahedral coordinated bulk structure is typical for rather COVay chieved by assuming a lateral displacement of the Zn ion

lent semiconductors. On the other hand, ZnO shows gregf, - q oxygen byAd;(Zn)=0.1+0.2 A The strong in-

similarities with ionic insulators such as MgOIhis is why ;a1 relaxation of the Zn ion was later confirmed byp@b
Zan is often_ called the “ionic extreme” of tetrahedral coor- etal’? in an angle-resolved photoemission experiment. By
dinated §em|conductors. . o comparing the relative position of a particular surface state
Wurtzite crystals are d_omlnated bl four low Miller index with its theoretically predicted geometry dependence, a Zn
surfaces: the nonpolar (10} and (11®) surfaces and the displacement downwards bid, (zZn)=—0.4 A was con-
polar zinc-terminated(000)-Zn and oxygen-terminated ¢juded.
(0001 -0 surfacegsee Fig. 1 By ion sputtering and anneal- In contrast, Jedrecet al!® found best agreement with
ing at not too high temperatures, all four surfaces can bé¢heir grazing incidence x-ray diffractio(GIXD) data for a
prepared in a bulk terminated, unreconstructed state, whegructural model where the top-layer zinc atom is displaced
the surface atoms only undergo symmetry conserving relaxdownwards by onlyAd, (Zn)=—0.06+0.02 A and shifted
ations. A typicalp(1x1) pattern is observed in low-energy toward oxygen byAd;(Zn)=0.05+0.02 A. However, for
electron diffraction (LEED) and other diffraction their samples they observed a high density of steps and from
experiment§=® Although in a recent He-scattering their best-fit model they predict rather high vacancy concen-
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[0001] mann preferred an almost bulklike surface structure. With a

pdfuffﬁ;éem first-principles hybrid B3LYP method, Wander and

- Harrisorf? found much smaller relaxations for the (X2

i surface than for the (1@) face, but not all degrees of free-

nonpolar 3 \ O dom were relaxed in this study. To our knowledge there has
(1010) surface % ! been no quantitative experimental investigation.

%5‘ ! c D Coming to the polar surfaces, we encounter the funda-
.§» O mental problem that in an ionic model these surfaces are
i. () unstable and should not exist. They are so-called “Tasker

. %; _______ ; 7n type-3” surface<® and with simple electrostatic arguments it
% ! \:‘ can be shown that the surface energy diverges for such a

- @ configuratior?® To stabilize the polar surfaces, a rearrange-
ment of charges between the O- and the Zn-terminated sur-
ogEy PO Ote faces needs to take place, in which the Zn-terminated side

becomes less positively charged and the O-terminated face
FIG. 1. Wurtzite structure §4) of ZnO with the polar zinc- less negative. In fact, most polar surfaces show massive sur-

terminated(0001)-Zn, the polar oxygen-terminated (000D, and  face reconstructions or exhibit facetting to accommodate the
the nonpolar (10@) surfaces. charge transfétAlso randomly distributed vacancies, impu-

rity atoms in the surface layers, or the presence of charged
trations in the first two surface layers with occupancy factorgdsorbates are possible mechanisms to stabilize polar sur-
of 0.77+0.02 and 0.96:0.04 for the first and second Iayer, faces. However, the po|ar ZnO surfaces are remarkab|y
respectively. On the other hand, Parkerl.** reported scan-  stable, and many experiments suggest that they are in an
ning tunneling microscopy images of the nonpolar (@p1 unreconstructed, clean, and fully ordered sfat@espite
surfaces with atomic resolution, where large flat terraces arsany investigations how the polar ZnO surfaces are stabi-
found and no defects are visible in areas as large as1#1 lized is still an open questich.
surface unit cells. Due to the small scattering contribution, Assuming clean and unreconstructed surfaces, the reduc-
the position of oxygen could not be determined very accuiion in surface charge density can only occur from a redistri-
rately in the GIXD experiment of Ref. 13. The result of the bution of the electrons. Negative charge has to be transferred
best fit was that O relaxes further toward the bulk than Zrfrom the O-terminated face to the Zn-terminated side, lead-
with Ad, (O)=-0.12-0.06 A. This would be very un- ing to partially occupied bands at the surface. This so-called

usual, since to our knowledge no (@lwurtzite or(110 ~ metallization of thgggrfaoe has been used by all prevédus

zinc-blende surface structure has been reported where tfitio calculation§#2°to model the polar ZnO surfaces and

surface dimers tilts with the cation above the anion. will also be employed in the present study. However,
The first theoretical investigations of the (_]Gmlsurface whether or not the surfaces are metallic will depend on the

; . A : width of the partially occupied bands.
nwlfgevgfyn%i#;r;%te?g '”ngg(ljglihtvs!]ndg:r(gfg gﬁgg&:gltg Several attempts have been made to determine the layer
strong displacement of Ad ,(Zn)— " 057 A whereas relaxations of the unreconstructed polar surfaces. In an early
1 - . ,

lvanov and Pollmant? obtained an almost bulklike surface dy?arr;lcacl) :EES almaly5|s D_uke dan_do Ié%b?mél?w:ﬂd Zan
geometry. A recent calculation with atomistic potentialsOu er Zn-O double-layer spacing df,=0. orthe zn-

based on a shell mod@lpredictedAd, (zn)= —0.25 A and terminated surface and,,=0.807 A for the O-terminated
L : pce. Unfortunately, this analysis was based on an early bulk

igatlrzg ;trong upward relaxation of the second-layer n OStructure of ZnO, see Ref. 29, in which the bulk double-layer
Several ab initio studies (DFT-LDA.® Hartree-Fock spacing was assumed to be 0.807 A instead of 0.612 A,

(HF),19 and a hybrid HF and DFT method using the B3LYP For the Zn-terminated surface, it was concluded from the

functionaf®) employing Gaussian orbitals as basis functionsf;r.?]pasr.'ﬁnor}a?fo)r(]'%roa%gthgao'qr']ﬁr:f(;'?g(apzgr?tgfmg]sscr?;ce
to solve the electronic structure problem favor small inward INg simulat y Inw xatl u

relaxations of zn and small tilts of the ZnO-dimers of 2" Iay_er can be ruled out. Coaxial impact_—collision lon-
2° to 5°. However, it is questionable if these studies repre_scatterlgg spectroscoffyprpposed an expanglon O, by
sent fully converged results. There is only one recent first. 0-35 A- Also an expansion mflz‘ by +0.05 A for thrgéZn—
principles DFT-LDA calculation using plane wavésvhere te_rmlnate(_j surface was found in a GIXD measure m.
larger relaxations with a tilt of 11.7° were obtained. this experiment, the x-ray data could best be fitted by assum-
— ing a random removal of 1/4 of the Zn atoms in the surface
The nonpolar (11@) ZnO surface has been less fre- |5yer On the other hand, from the shadowing and blocking
quently studied than its (1@) counterpart. The two tight- edges of a low-energy alkali-metal ion scattefihg_EIS)
binding model$>° predicted the same relaxation behavior experiment, no evidence for substantial quantities of point
for the (112) as for the (100) surface: Wang and Duké  defects in the Zn-terminated as well as in the O-terminated
found a strong zinc displacement&fl, (Zn)=—0.54 Ato-  surface was found.
ward the bulk whereas the TB model of Ivanov and Poll- For the O-terminated surface, it was concluded from LEIS
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(Ref. 33 that the Zn-O double-layer spacimj, is close to TABLE I. Computed and experimental values of the structural
its bulk value. An XPD studif found a contraction of 25% parameters for bulk ZnCa andc are the lattice constants,is an

of d,, but like in the LEED analysiélhe wrong bulk struc- internal coordinate of the wurtzite structure which determines the
ture of Ref. 29 was used in the scattering simulations. Aelative position of the anion and cation sublattice alongcthgis,
GIXD measuremerit predicted also an inward relaxation of Bo iS the bulk modulus, angy is the transition pressure between
the topmost O layer by-0.33 A and an outward relaxation the wurtzite 84) and rocksaltB1) struc‘Fure of ZnO Experimen- _
of the underlying Zn plane by+0.08 A. The occupancy tal values are frpm Refs. 23-25. Relative deviations from experi-
probabilities were fitted, resulting in 1.3 and 0.7 for the first™e"t &€ given in parentheses.

bilayer O and Zn, respectively. After considerably improved

. . . LDA PBE Expt.
sample preparation was achieved, the same authors reinves-
tigated the O-terminated polar surfaeBest agreement a(A) 3.193(—1.7% 3.282(+1.0% 3.250
with their GIXD data was now found for a structural model ¢(A) 5.163(—-0.8%9  5.291(+1.6% 5.207
where both the upper O and Zn planes relax inwards byc/a 1.617 1.612 1.602
—0.19+0.02 A and—0.07+0.01 A, respectively, with oc- 0.3783 0.3792 0.3825
cupancy factors of 1.0 in the oxygen plane and 8003 in g, (GPa) 161 128 143
the underlying Zn plane. The inward relaxation of the (Gpy) 9.0 11.8 9095

O-layer has been confirmed by another surface x-ray diffrac=

tion measuremerff, where Ad;,=—0.24+0.06 A and i ) o
Adys= +0.04+0.05 A was obtained. of partly occupied bands, a Gaussian broadeéfingth a

Ab initio calculations on polar slaBs28® predict, consis- smearing parameter of 0.1 eV was included. For several con-
tently for both surface terminations, contractions for the firstigUrations representing nonpolar surfaces we repeated the

Zn-O double-layer distance, with a larger inward relaxationc‘."‘lcuIationS with the mixed-basis approach. No significant
at the O-terminated surface differences compared to the results from the ultrasoft-
In view of the above-discussed discrepancies between diﬁs?tu?sogo\tﬁgﬁl_aklng]ﬁ:]h(;ﬂ c?r(t)ctzj cl)%?r? gsgfe rli.D A and GGA that

ferent experimental and theoretical investigations, it is OUR)

; . ) th predict the Zrd bands to be roughly 3 eV too high in
aim to provide a consistent set of fully converged caIcuIa—energy as compared to experim&ht® In consequence, the

tions for the four main ZnO surfaces. We attempt to over-zp g states hybridize stronger with the valence bands,
come the restrictions of previous theoretical studies such thakerepy shifting them unphysically close to the conduction
the current study can be regarded as a reference for perfectyand. The underestimate for the band gap is therefore even
Ordered, defect-free surfaces. An accurate set of uniform thQ‘nore severe in ZnO than in other semiconductors. In our
oretical data may then allow us to discuss the differencegalculations we obtained band gaps of 0.78 eV and 0.74 eV
between theory and experiment in terms of deviations beywjth LDA and PBE, respectively, as opposed to the experi-
tween the model of ideal, unreconstructed surfaces as agental value of 3.4 eV. The band gap and the position of the
sumed in theab initio simulations and the structure of the zn.d bands can be improved significantly if a self-interaction
surfaces occurring in nature. In particular, for the polar surcorrection(SIC) is used®® Usually SIC calculations are very
faces this may give insight into how these surfaces are statemanding, but if the SIC effects are incorporated into the
bilized. pseudopotentidf the additional calculational cost is modest.
Unfortunately, the SIC pseudopotential scheme does not im-
Il. THEORETICAL DETAILS prove the structural properties of Zn@Ref. 46 and also
causes problems when accurate atomic forces are nééded.
Therefore we have omitted the use of SIC pseudopotentials

We have carried out self-consistent total-energy calculain our calculations.
tions within the framework of the DF¥ The exchange and The computed structural parameters for bulk ZnO are
correlation effects were treated within both, the LDRefs.  shown in Table I. Mixed-basis and ultrasoft-pseudopotential
37 and 38 and the GGA, where we used the functional of calculations give the same results within the accuracy dis-
Perdew, Burke, and Ernzertidf{PBE). played in Table 1. As is typical for the functionals, LDA

Two different pseudopotential schemes were applied: Founderestimates the lattice constants by 1-2%, and GGA
the study of the nonpolar surfaces we used pseudopotentiadserestimates them by roughly the same amount.
of the Vanderbilt ultrasoft typ& The electronic wave func- Thec/a ratio strongly influences the internal paramatelf
tions were expanded in a plane-wave basis set including= 1/4+a?/3c?, all nearest-neighbor bonds are equal. Since
plane waves up to a cutoff energy of 25 Ry. A conjugatethec/a ratio is slightly overestimated in our calculations, we
gradient technique as described in Ref. 41 was employed tgetu values that are slightly smaller than observed in experi-
minimize the Kohn-Sham total-energy functional. ment.

For the calculations on the polar surfaces we used norm- The construction of appropriate supercells for the study of
conserving pseudopotentifstogether with a mixed-basis the surfaces will be detailed in the following section. All
set consisting of plane waves and nonoverlapping localizedtomic configurations were fully relaxed by minimizing the
orbitals for the O  and the Zn @ electrons’® A plane-  atomic forces using a variable-metric scheth€onvergence
wave cutoff energy of 20 Ry was sufficient to get well- was assumed when the forces on the ions were less than
converged results. To improve convergence in the presend®005 eV/A.

A. Method of calculation and bulk properties
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(a) Top view: (a) Top view:

[000T] [0001]

| :|
C -
[10T0]
(b) Side view:
- C
[0001] [1120]
(b) Side view:

FIG. 2. Schematic diagram of the surface geometry and the

independent structural parameters of the nonpolar_(Ql(EUrface.
The brackets indicate the two atomic layers shown in top and side ¢
view. Open and filled symbols are the O and Zn ions, respectively,

- . ' FIG. 3. Schematic top and side view of the surface geometry of
and the solid lines represent nearest-neighbor bonds. The atoms |

the first layer are shown by solid/black, second-layer atoms b}ﬁe nonpolar (11Q) surface. The same representation as in Fig. 2 is

dashed/shaded circles. The surface unit cell is indicated by dasheUEEd' The glide planes are indicated by dashed-dotted lines.

lines.

rated by trenches. Slabs with 4—20 atomic layers were used,
B. Surfaces, slab structures, and the stability problem thus containing up to 40 atoms, and the Brillouin zone of the
' ’ supercell was sampled with @x2x2) Monkhorst-Pack

All surfaces were represented by periodically repeateg.point grid. No differences were found when going to a
slabs consisting of several atomic layers and separated by@x4x2) mesh.

valcuum re%.'of%gg 9'4_12';{&' For thte p:f?_la_r Isulrfa;:es tat'dl- The surface layers of the (T(D;t surface are built up by
pole correction™~was used to prevent artificial €lectrostaliC v, 7,4 gimers, which form zigzag lines along the surface

interactions between the repeated units. To simulate the un: ; - -
. . . : see Fig. 3 The two dimers are equivalent and are related b
derlying bulk structure, the slab lattice constant in the dlrec? g.3 q y

. a glide plane symmetry. This symmetry is not destroyed b
tion parallel to the surface was always set equal to the theo[hg atonF:ic relail(ationsyof the suyrfa?:é'.h)e/ slabs in our )éal- g
retical equilibrium bulk valugsee Table)l

The nonpolar surfaces are obtained by cutting the Crystagulations were built of four to eight atomic layers with up to
. . X2X - -poi
perpendicular to the hexagonal Zn and O layesee Fig. 1 2 atoms, and &x2x2) Monkhorst-Pack’ k-point mesh

s was used. Again, a dens@tx4x2) mesh did not alter the
In both cases, for the (103 and the (11R) planes, two resylts.

equivalent surfaces are created so that always stoichiometric Cleaving the crystal perpendicular to the axis (see
slabs with the same surface termination on top and at thgjg. 1) always creates simultaneously a Zn- and an

bottom can_be formed. ) o O-terminated polaf0001) and (000} surface, respectively.
The (10D0) surface geometry is sketched in Fig. 2. Eachif e only consider cuts where the surface atoms stay three-

surface layer contains one ZnO dimer. The dimers form chafto|g coordinated, all slabs representing polar surfaces are au-

acteristic rows along thg1210] direction which are sepa- tomatically stoichiometric and are inevitably Zn terminated
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(a) Top view:

(b) Side view:

FIG. 4. Schematic top and side view of the polar Zn-terminated

(000D surface. The same representation as in Fig. 2 is used.

on one side and O terminated on the other side. Figure
sketches the characteristic sequence of Zn-O double layers
the polar slabs. In our calculations, slabs with 4—-20 Zn-
double layers were used, thus containing 8—40 atom
k-point convergence was achieved with a X(6X1)
Monkhorst-Pack! grid, and tests with up to (2212x1) k
points were made.

Each Zn-O double layer in Fig. 4 exhibits a dipole mo-
ment perpendicular to the surface. If we assume for simplic
ity a purely ionic model for ZnO and assign the fixed formal

chargest+Ze and —Ze to the Zn and O ions, respectively,
then a slab olN double layers will exhibit a dipole moment
of m=NZeg(1—-2u)c/2 (see Fig. 5 This corresponds to a
spontaneous polarization &,=Ze(1—2u), which is inde-

pendent of the thickness of the slab. If the external electric

field is zero, inside the slab an electric field ®f — 4 7P

will be present. Therefore, no matter how thick we choose

our slab, the inner part witheverbecome bulklike, and the

surface energy, defined as the difference between the enerc
of the slab and the energy of the same number of atoms in

the bulk environment, willdiverge with slab thicknes$®
Thus, the polar surfaces anet stable

PHYSICAL REVIEW B 67, 035403 (2003

Zn +Ze +(Z-9)e Zn
O —Ze —Ze O
7n +Ze +Ze Zn
O —Ze —Ze O
Zn — +7¢ +Ze Zn
O —Ze -Ze O
| |uc
7n +Ze +Ze Zn
(0] —Ze —(Z-d)e (0]
unstable stable

FIG. 5. Schematic illustration of the stacking sequence of the
polar slabs. A charge transfer 6 (1—2u)Z~Z/4 has to occur to
stabilize the polar surfaces.

to =(Z— 6)e with 6=(1—2u) Z=~Z/4, then the dipole mo-
ment of the slab will becomadependenbf the slab thick-
ness and the internal electric fieldhnishes This charge
transfer is equivalent to applying an external dipole, which
compensates the internal electric field.

For most polar surfaces the rearrangement of the charges

is accomplished by a modification of the surface layer com-
position with respect to the bulk. If this does not occur, the
internal electric field will “tilt” the band structure, by which
the upper edge of the valence band close to the O-terminated
surface will become higher in energy than the lower edge of
the conduction band at the Zn-terminated féasee Fig. 6.
The slab can now lower its enerdgyhereby reducing the
internal electric fieltl by transferring electrons from the va-
lence band at the O-terminated side to the conduction band at
the Zn-terminated face. This will happen “automatically” in
any self-consistent electronic structure calculation that
makes use of a slab geometry. This is what is usually referred
Ipas “the metallization of polar surfaces.”

However, one problem still remains: electrons move from

f ) :
Ot%e O- to the Zn-terminated surface until the upper valence-
§and edge at the O-terminated side has reached the same

energy as the lower edge of the conduction band at the Zn-
terminated face as sketched in Fig. 6. In this situation, the
internal electric field is nofully removed for a finite slab
with thicknessD. The residual electric field depends on the
band gap and vanishes only wittDL/In our calculations we

D |

conduction
band

valence
band

FIG. 6. Schematic illustration of the band structure after elec-
trons have moved from the O- to the Zn-terminated surface of the

On the other hand, it can easily be seen that if we modifyslab. Depending on the band gap and the thickiles$ the slab, a

the charge in the top and bottom layer of the slab froe

residual electric field remains inside the slab.
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found that for slabs with up to six Zn-O double layers, the

PHYSICAL REVIEW B 67, 035403 (2003

TABLE Il. Summary of the structural relaxations of the first two

residual electric field is still so strong that the slabs are nosurface layers for the nonpolar (10) and (11D) surfaces. The
stable. There is no energy barrier when the O and Zn layerdefinitions of the independent structural parameters are shown in
are shifted simultaneously and rigidly toward each otherFigs. 2 and 3. All relaxations are given in fractions of the theoretical
Therefore, to get good converged results for the surface gepulk lattice constantsa and ¢ (see Table )l The rows labeled
ometries and energies, very thick slabs have to be usedBulk” are the corresponding values for the unrelaxed surface.

which makes the investigation of the polar surfaces compu
tationally very demanding. Ideally, one should calculate all

(1010) surface

(11R) surface

guantities of interest for different slab thicknes&eand ex- LDA PBE LDA PBE
trapolate the results to/~0. In the present study we ob-
tair?ed the relaxations of the surfaC(l.O layésse Fig. 9 as Au +0.10& +0.100 +0.07@& +0.073
well as the cleavage energy of the polar surfa¢sse 2L —0.04k —0.03& —0.0l@ —0.01=
Fig. 10 by extrapolating the results of slab calculations con-Bulk 0.0 0.0
taining up to 20 Zn-O double layers. Agy 0.653k 0.653% 0.6506 0.651&
Asy 0.624% 0.623%t 0.623@ 0.622%¢
Bulk (1—u)c (1—u)c
IIl. RESULTS AND DISCUSSION Ary 0.08% 0.077
A. The nonpolar (1010) and (1120) surfaces Aax 0.02&a 0.01&
= Bulk 0.0
The nonpolar wurtzite (102) surface and the closely re- d,,, 0.144% 0.144% 0.409% 0.408%
lated zinc-blend€110) surface have been studied experimen-dzu 0.632a1 0.6337 0.521% 0.5222
tally and theoretically for a wide range of IlI-V and 1lI-VI 3 3
compound semiconductors. It was found that all surface8ulk ——al—a al2
show the same basic relaxations with the surface cation mov- 6 s
ing inwards and the anion staying above, resulting in a tilt ofd12y 0.535% 0.535% 0.525% 0.526&
the surface anion-cation dimers, and the magnitude of thézsy 0.501% 0.501% 0.5014 0.500%
relaxation is determined by a competition between dehybridBulk c/2 c/2
izaton and charge-transfer effeéts3-%’ dix 0.4381 0.439%
At the surfacethis applies also to the (103 surfacé, d2x 05512 0.555@
the coordination of the surface atoms is reduced from fourBulk ga

fold to threefold, thereby creating an occupied dangling bond
at the anion and an empty dangling bond at the cation. Two

limiting cases may now be distinguished: In a dominantly The relatively small angle ofv~10° for the tilt of the
covalent bonded compound the cation will rehybridize fromsurface Zn-O dimer together with the Zn-O bond contraction
sp® to sp? and will move downwards until it lies nearly in of Cg,|~7% confirms that the chemical bond in ZnO is
the plane of its three anion neighbors. The anion stays behinlighly ionic, but with significant covalent contributions. A
(often even an outward relaxation is obsenvéehding to-  tilt of 10° is at the lower boundary of what has been ob-
ward p-like bonds to its neighbors. The result is a strong tiltserved for other 1II-V and 1I-VI compoundS.Only the ni-

of the surface anion-cation diméup to 30° is observed

with only a small change of the bond length. In a dominantly ~TABLE Ill. Tilt angle » of the surface dime(see Fig. 2 and
ionic solid, electrostatics prevails over dehybridization ef-relative bond-length contractia@g (in % of the corresponding bulk
fects. To obtain a better screening, both, anion and catiorvalug of the surface bonds for the nonpolar (D)1surface, in
move toward the bulk. The tilt of the anion-cation dimer will comparison with LEED experiment and previous calculati@)s;

be small but the bond length can be significantly reducedrefers to the Zn-O dimer bond parallel to the surfaCgz, to the
Therefore, the relaxation of the surface dimers directly reback bond of zinc to oxygen in the second layer, &}, to the

flects the covalency or ionicity of the chemical bond in therespective back bond of the surface O atom. Bulk values of the
compound of consideration. surface and back bonds ave and [(1/2—u)?+a?/3c?]¥%, re-

. — spectively. pw indicates a plane-wave calculation and “Gauss” a
Our results for the relaxation of the (10} surface are - 1ation employing Gaussian orbitals.

given in Tables Il and llI. All lengths are expressed as frac-
tions of the theoretical lattice parameters given in Table |.

. R . X L L w CB,H CB,Zn CB,o
Using these dimensionless relative quantities, no significant
differences between the LDA and GGA calculations can bd.DA, this study 10.7° -67 —-28 -32
seen. For two structural parameters, the decay of the surfadBE, this study 10.1° -72 -31 -35
relaxations into the bulk is illustrated in Fig. 7. Compared toLEED, Ref. 5 12°£5° —3+6
the topmost surface layer, the tilt angleand the in-plane LDA+pw, Ref. 21 11.7° -6.0
bond-length contractiofg | of the Zn-O dimers are already LDA +Gauss, Ref. 18 3.6° -79 —-52 -27
much smaller in the second and the subsequent layers, bHE, Ref. 19 2.3° -72 —-36 -34
still significant deviations from the bulk structure can be seerg3Lyp, Refs. 20 and 52 5.2° —49 —-29 —05

as deep as five or six layers below the surface.
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2 TABLE IV. Tilt angle w of the surface dimefsee Fig. 3 and
relative bond-length contractio@g of the surface bonds for the

nonpolar (11®) surface. The same notation as in Table IIl is used.

0% tilt angle ®

& CB,H CB,Zn CB,o

LDA, this study 7.6° —5.8 —-1.4 -1.7
PBE, this study 7.4° —6.4 —-15 —-1.8

-6 bond length
contraction G,

only three degrees of freedom per surface layer were relaxed.

The authors claimed that the position of the Zn and O ions

are constrained by symmetry. This is not correct. From the
FIG. 7. Deep-layer relaxations for the nonpolar (09kurface WO Zn-O dimers in each surface layer, the atoms of one

calculated with a 20-layer slab. Plotted are the tilt anglgin ~ dimer can move freely in all three Cartesian directions, lead-

degreesand the in-plane bond-length contractiog, (in %) of the ~ INg to six degrees of freedom per surface lagsse Fig. 3

Zn-O dimers as a function of the distance from the surface. Onlylhe position of the second dimer is then determined by the

the PBE results are shown, the results from the LDA calculationglide plane symmetrysee also Ref. 54

are essentially identical.

-5 ! L L ' L L 1 1 -8 1 1 L L 1 L L 1
123 4567 8910 123 45678 910
surface layer surface layer

tride semiconductors show tilt angles that are similarly B. The polar (000)-Zn and (0001)-O surfaces

21 . .
small’ In Fig. 8 we show the convergence of the relaxation of the

The calculated surface relaxations in Tables Il and Il T
. . topmost surface layers for the pol®001)-Zn and (000)-O
agree very well with the DFT-LDA study Qf Ref. 21 and with suprfaces dependin)g; on t}kepoinr')[ mesh and the [glanel-wave
the results from the LEED analysisRelative to the central energy cutoff. For a (& 6% 1) Monkhorst-Pack mesh and a
Ifayer c;f the Sflglg er f|rld_a0%czswgwargAr§Ia>§tE>rl gfotzzsur'cutoff energy of 20 Ry, well-converged results are obtained,
ace atoms odd, (Zn)=—0. an 1(0)=~0. and we have kept those settings for all further calculations.

\Fl)vziitrheg Shti(f)t ngajl(ezlrg‘)):th_e ()S.szlgi%élm,g,“(zg)dj?g)i'&— %0815' The calculated interlayer distances for the two polar surfaces

+0.1 A, andAd(Zn)=0.1=0.2 A from the LEED experi-
ment. 040 da(Zn)

Rotation angles ob=2°—5° seem anomalously small in P R (SR .
the context of what is known for other compounds. Even for %99g-"d,,0) 1
the very ionic AIN, a tilt angle ofw=7.5° has been s | d.Zn
reportec?* The smaller relaxations obtained in Refs. 18—20 =
may be due to not fully converged calculations. Very thin %°
slabs were partly used or only the first one or two surfaceo.os | d,,(0) 4
layers were relaxed. In Ref. 20 no relaxation of the Zn ions A A A

.05 L . L 0.40 L . L

parallel to the surface was allowed. Also the convergence of 4 6 8 10 12 4 6 8 10 12
the localized basis sets employed in these studies and th k—point mesh (n,n, ) k-point mesh (n,n,1)
k-point sampling may have been a problem. As a test we
made a slab calculation where we fixed the positions of the VESCAUIN 0.42 : :
atoms at the bulk positions and allowed only the first surface™ ol
layer to relax. The tilt angle then reduces to roughly half 0.09
of its value. Also coarsening thiepoint mesh from (&2 0.08 I @) |
X 2) to (2X2x% 2) results in changes of 2°3° in . Since  %— = 0.41
we performed our calculations with two very different 0.07 - ]

0.42

0.41
7 |

pseudopotential approaches we can exclude any bias causg ¢ | o d(0). P p
by the use of pseudopotentials. p--"

Tables Il and IV show our results for the relaxation of the %95, 25 30 02 o5 30
(1120) surface. The atomic displacements are of the same plane-wave cut-off [Ry] plane-wave cut-off [Ry]

ordgr of ma.gni'tlljde as 'has been found for the (@0durface. FIG. 8. Convergence of the first three interlayer distar(seg
Again, no significant differences between the LDA and GGAEig 4) for the polar(0001)-Zn and the (000)-O surface with re-
calculation can be seen. The tilt of the surface dimers of 7.5° =

. . spect tok-point sampling(top) and plane-wave energy cutdfiot-
a?d 'the reduqtlon of the Zn-O dimer b.ond length of ab,omtom). Slabs with eight Zn-O double layers and the PBE functional
6% fits nicely into the picture of ZnO being at the borderline,are ysed. Thé-point test was done with a plane-wave cutoff of

between ionic and covalent solids. _ 20 Ry, and a (66x1) k-point mesh was used for the energy
In a hybrid B3LYP stud§” much smaller relaxations for cytoff test. All distances are given in fractions of the theoretical

the (112) surface were reported. However, in this studybulk lattice constant (see Table)l
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0.12 — 0.41 ——— TABLE VI. Relaxation of the surface layers of the polar ZnO

011 L | surfaces in comparison with previoab initio calculations.

. w

0.10 | dy,(O) %\Q.®\< (0001-Zn surface (0001)-O surface

0.09 | : Ady, Adys Ady, Adys

d,,(Zn) 0.40 L

0.08 W LDA, this study ~ —24%  +4.6%  —47%  +4.7%

0.07 | ] PBE, this study =~ —28%  +5.4% —48%  +5.1%
L _di,(0) B3LYP, Ref. 27 —23% +3.5% —41% +3.0%

006 [ "7 - - ! ) ' '

OO----4 GGA, Ref. 28 -31% +7.0% -52% +6.5%
005 2016 1210 8 P 2016 12 10 8  CCA Ref.8 —25% —41%
double—layers N double—layers N

FIG. 9. First three interlayer distanceee Fig. 4 for the polar tradiction. With He scattering it was shown that after com-

(000)-Zn and the (000}-O surface calculated with different slabs monly used preparation procedures the O-terminated sur-

containingN Zn-O do.”ble Iayers and using the PBE funCt'O.nal' Al faces are usually hydrogen covered. To test how much
distances are given in fractions of the theoretical bulk lattice cons

stantc (see Table )l and are plotted vs I. The extrapolation hydrogen may influence the surface relaxations, we repeated
1/N—0 gives the surface relaxations for a vanishing internal elec calculation where we adsorbed hydrogen on top of the
tric field. O-terminated side of the slab. We find that in this case the
outermost Zn-O double-layer expands again, and the Zn-O

as a function of slab thickned3 are plotted in Fig. 9. As separation goes back close to the bulk distance. A similar
expected from the thickness dependence of the residual eletesult was also reported by Wander and Harrigon.
tric field inside the slab, the I/ plots reveal a nice linear ~ For the Zn-terminated surface there is a clear discrepancy
behavior for the interlayer distances. By extrapolatingbetween theory and experiment. All calculations predict con-
1/D—0, all distances may now be obtained in the limit of aSistently a contraction of the first Zn-O double layer of 20—
vanishing internal electric field. 30%, whereas in experiment no contractfbor even an out-

The extrapolated results for the relaxations of the polatvard relaxation of the topmost Zn layer is fouttd? This
surfaces are summarized in Tables V and VI. Very goodnay indicate that the metallization used in all theoretical
agreement with the results of previoas initio calculations ~ studies is not the adequate model to describe the polar Zn-
is found. In general, all double layers are contracted and thterminated surface. Recently Dulih al>® proposed a new
distances between the double layers are increased relative $tabilization mechanism for the Zn-terminated surface. With
the bulk spacings. For finite slabs, the residual internal elecscanning tunneling microscog$TM) they found that many
tric field further amplifies this characteristic relaxation pat-small islands with a height of one double layer and many pits
tern. one double-layer deep are present on @@01-Zn surface.

The largest relaxation is found for the O-terminated sur-Assuming that the step edges are O terminated, an analysis
face, where the outermost double-layer distance is comef the island and pit size distribution yielded a decrease of
pressed by roughly 50%. This agrees reasonably well witigurface Zn concentration of roughly 25%. Such a reduction
the results of the x-ray experimerf{s3?®where contrac- ©of Zn atoms at the surface would be enough to accomplish
tions of 40%, 54%, and 20% were found. On the other handihe charge transfer needed to stabilize the polar surface. It
from LEED analysié and LEIS measuremeritsit was con-  would not be in contradiction with the observegd1x1)
cluded that the Zn-O double-layer spacing for theLEED pattern, since a long-range correlation between the
O-terminated surface is close to its bulk value. The recendifferent terraces remains. The missing of 25% of the Zn
finding of Kunatet al® may perhaps help to solve this con- atoms was also obtained by Jedretyal > as the best fit of

their GIXD data.

TABLE V. Summary of the surface relaxations for the polar A structure where the surface is stabilized by many small
Zn-terminated(0001)-Zn and the O-terminated (00PO surface, islands and pits with a Zn deficiency at the step edges is, of
(see Fig. 4 All distances are given in fractions of the theoretical course, far away from the model of a clean, perfectly ordered

bulk lattice constant (see Table)l (0001)-Zn surface, used in the theoretical calculations. Basi-
cally all surface Zn atoms will be next to a step edge, and
(000D-Zn surface (0001)-O surface therefore very different relaxations may occur. Unfortu-

LDA PBE LDA PBE nately, it is presently out of the reach of calv initio method

to do calculations on slabs representing such an island and

dqo 0.0924 0.0867 0.0640 0.0628 pit structure.

dzs 0.3958 0.3996 0.3962 0.3985 For the O-terminated surface, on the other hand, the STM
das 0.1106 0.1093 0.1079 0.1077  measurements show a very different picture. Smooth and
dygs 0.3860 0.3889 0.3809 0.3813  flat terraces separated mostly by a two-double-layer step are
dse 0.1148 0.1134 0.1215 0.1221  observed. The number of single double-layer steps was by
Bulk 1_uyc/uc (3-u)c/uc far not large enough to account for a similar stabilization

mechanism as for the Zn-terminated surface.
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4.0 — T T . TABLE VII. Cleavage energyE ., (in J/n?) and relaxation
energyE e ax (in eV per surface Zn-O dimgfor the different ZnO
= 38 f*‘-—)&x S -tfigztidflik__ surfaces and in comparison with previous calculations.
i 36 Ecleav Erelax
2
% 34 (1010) surface
o Mrelaxed slab LDA, this study 2.3 0.37
g32r PBE, this study 16 0.37
S 30| LDA +pw, Ref. 21 1.7 0.37
B3LYP, Ref. 20+ 27 2.3
2.8 2|01I6 1'2 1'0 é é HF, Ref. 19 2.7 0.38
number of Zn—O double—layers N _ Shell model, Ref. 17 2.0
(1120) surface
FIG. 10. Similar plot as Fig. 9 for the cleavage energy of the LDA, this study 2.5 0.29
polar ZnO surfaces. Shown are the results of the PBE calculations. PBE, this study 1.7 0.30
C. Surfacdcleavage energies (0001/(0001) surface
L LDA, this study 4.3 0.26
For the nonpolar surfaces we can obtal_n directly the sur- PBE, this study 34 0.25
face energy from our slab calculations, since the slabs are B3LYP, Ref. 27 40

always terminated by the same surface on both sides. This is

not possible for the polar surface since inevitably both sur-

face terminations are present in a slab calculation. Only th% ree verv well with previous theoretical results. Interest-
cleavage energy of the crystal is well defined. To be able t(l)ng ly, the rX(/aIaxation enF()ar ies are very similar for aI'I surfaces
compare the relative stability of the nonpolar and polar sur- g, 9 y

faces, we will discuss in the following only the cleavage

energies. The surface energies of the nonpolar surfaces asr?rength of the relaxation is almost the same as for the iso-

given by half of their cleavage energy.

Like the interlayer distances, theDlplot of the cleavage

lating nonpolar faces.

energy for the polar surfaces in Fig. 10 exhibits a simple

linear behavior. As can be seen, the cleavage energy does not

change too much with the slab thickness, so that moderate

slab sizes would be sufficient to obtain reasonable converged A first-principles density-functional pseudopotential ap-
proach was used to determine the fully relaxed atomic struc-

results.

IV. SUMMARY AND CONCLUSIONS

when they are normalized to one Zn-O pair. This means that
despite the partially filled bands at the polar surfaces, the

The extrapolated values for the cleavage energy of théures and the surface/cleavage energies of the nonpolar
polar surfaces together with the results for the nonpolar face§l010) and (11®) surfaces and the polar Zn-terminated

and the findings of previous studies are summarized in Tablgy001) and O-terminated (00Q1basal surface planes of
VII. The nonpolar (10D) surface is the most stable face of ZnO.

ZnO with the lowest cleavage energy. But the energy of the The main results of the presented investigation are an ex-
(1120) surface is only slightly higher. The cleavage energytensive set _of reliable daFa for the structural parameters and
for the polar surface is roughly a factor of 2 larger than forthe energetics of the various ZnO surfaces within the LDA
the nonpolar surfaces. This is surprisingly low compared tnd the PBE approximation, which we consider to be a ref-
what has been found in other systems, for example, Mgogrence for future studigSsee, in particular, the compilations
where a metallization was also assumed as the stabilizatidit Tables II, V, and V). _
mechanism for the polar surfac&sTherefore, for ZnO the ~ For the nonpolar surfaces we could resolve the discrep-
metallization mechanism can well compete with other stabi&nCy between experiment and several prevatusitio stud-
lization mechanisms such as reconstructions or randomligs by showing that, if calculations are carefully converged, a
distributed vacancies and cannot be ruled out by energeti®oderate tilt of the Zn-O surface dimers with a relatively
considerations alone. The LDA and GGA results in Table ViiStrong contraction of the dimer bond length is obtained. Such
show the same ordering for the cleavage energies of the dift élaxation pattern is typical for rather ionic compounds, but
ferent surfaces. However, the absolute GGA energies arwith a strong covalent contribution to the chemical bonding.
roughly 30% lower than the LDA results. It is well known Our results are in line with LEED analysis and fit very well
that surface energies are usually underestimated in the GGiRe systematic trends that are observed for other more or less
calculation®® and a 30% reduction in the surface energyionic Il-VI and Ill-V semiconductors. _

compared to LDA calculations has also been observed for The polar surfaces can only be stable if a rearrangement
other metal oxide surfac88.B3LYP partially corrects the Of charges between the Zn- and the O-terminated surfaces
GGA deficiency, and, as can be seen in Table VII, B3LYptakes place. In our calculations the polar surfaces were sta-
surface energies are in much better agreement with LDAilized by allowing the electrons to move from the (0082
than GGA results. Overall, our calculated cleavage energie® the (000)-Zn surface, thereby quenching the internal
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electric field. Nevertheless, even for thick slabs, a finite rermechanisms, such as defect formation, hydroxylation, and/or
sidual electric field is present inside the slabs, which affectshe mechanism proposed by Dulabal >° might stabilize the
the results for the structural parameters and surface energfp001)-Zn surface.

To get well-converged results in the limit of a vanishing Concerning the surface energies, we find very similar val-
internal electric field, we repeated all calculations with slabaues for the two nonpolar surfaces with a slightly lower value

consisting of different numbers of Zn-O double layers andgr the (nﬂ)) surface. The cleavage energy for the polar

extrapolated the results to the limit of an infinite thick slab. syrfaces is predicted to be roughly a factor of 2 larger than
For both polar surfaces we obtain a strong contraction OFor the (10—]0) face

the outermost double-layer spacing. This agrees well with
experiments for the O-terminated surface but not for the Zn
termination, indicating that the electron transfer may not be
the adequate model to describe the stabilization mechanism We wish to thank Volker Staemmler, Karin Fink, and
of the polar Zn-terminated surface. Since this is consistentlChristof Wdl for fruitful discussions. The work was sup-
predicted by all calculations, it is very likely that other ported by SFB 558 and FCI.
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