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Temperature Stabilized Surface Reconstructions at Polar ZnO(0001)
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The atomic structure of the polar ZnO(0001) surfaces in a dry and humid oxygen environment is studied
combining diffraction experiments and density-functional theory. Our results indicate that for similar
stoichiometries a large number of very different, but energetically almost degenerate reconstructions exist.
Thus vibrational entropy, which could be safely neglected for most semiconductor surfaces becomes
dominant, giving rise to a hitherto not reported strong dependence of surface phase diagrams on
temperature. Based on this insight we are able to consistently describe and explain the experimentally
observed surface structures on polar ZnO(0001) surfaces.
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The use of ZnO in such diverse technological areas as
catalysis, corrosion, adhesion, gas sensing, and micro- or
optoelectronic devices has triggered widespread interest in
this material [1-5]. Being essential for any of these appli-
cations, knowledge of the surface structure and stoichi-
ometry is of particularly high practical interest. Despite
numerous experimental and theoretical studies the surface
structure of ZnO remains elusive. Various microscopic
models stabilizing polar surfaces have been suggested,
e.g., creation of metallic surface states, removal of surface
atoms, or adsorption of impurity atoms [1-3,6-9]. How-
ever, the different mechanisms and structures are contro-
versially discussed. A prominent example is the debate
whether a (2 X 2) or a (/3 X \/3)R30° reconstruction is
more stable [10]. Interestingly, while these structures were
intensively discussed in the 1970s, neither has been ob-
served in more recent studies, which mainly reported tri-
angular island structures [7].

7Zn0O is a wide direct band gap semiconductor which
crystallizes in the wurtzite structure. Cleaving a ZnO crys-
tal perpendicular to the c¢ axis results in the formation of the
oxygen-terminated (0001) and the zinc-terminated (0001)
polar surfaces. Because of the high density of partially oc-
cupied states [each zinc (oxygen) dangling bond is filled
with 1/2 (3/2) electrons] such surfaces are unstable and
prone to reconstructions. Indeed, although (0001) ZnO sur-
faces prepared by sputtering and subsequent annealing cy-
cles in UHV conditions have been shown to give rise to a
(1 X 1) LEED pattern, STM measurements by Dulub e al.
[7] reveal a morphology characterized by a large number of
differently sized triangular pits and islands. It has been sug-
gested that these features are the dominant stable reconstruc-
tion in the absence of hydrogen for a wide range of oxygen
and hydrogen chemical potentials [7,8] and aconsequence of
electrostatics which causes a reduction of the Madelung
energy upon formation of two dimensional islands [7,8].
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In the present Letter results of a detailed experimental
and density-functional theory (DFT) study on the morphol-
ogy of ZnO(0001) polar surfaces in dry and humid oxygen
atmosphere are given. Our experimental data show sur-
faces with (2 X 2) and (\/§ X \/§)R30° reconstructions,
which are consistent with the early observations, but can-
not be explained based on the recently derived theoretical
surface phase diagrams. Performing density-functional
theory calculations for an extensive set of surface struc-
tures and including temperature effects due to surface
vibrational entropy we construct phase diagrams, which
depend on chemical potentials and temperature. Our re-
sults for hydrogenated ZnO surfaces show that in contrast
to common belief the explicit temperature dependence can
dominate, giving rise to surface structures, which are com-
pletely absent in the previously studied 7 = 0 K phase
diagrams. Based on this insight we are able to address
the long standing debate.

All experiments were performed using hydrothermally
grown ZnO crystals, obtained from MaTeck GmbH (Jiilich,
Germany), with the ZnO(0001)-Zn side chemomechani-
cally polished with colloidal silica. The correct orientation
of the crystals was confirmed by their chemical etching
behavior [3]. To ensure well-defined single crystalline
surfaces, the crystals were pretreated by etching in a 3N
NaOH solution [2] before annealing. Subsequent annealing
procedures were carried out using a setup described else-
where [2,3]. Oxygen gas with a quality of 4.8 was used for
the experiments. All exposures were isothermal with the
temperature kept at 950 °C = 3 °C and ambient pressures
for 48 h. The samples were cooled down afterwards to
450 °C within 6 h and kept at this final temperature for
another 2 h to ensure thermodynamic equilibrium. Subse-
quent transfer of the samples from the furnace to the UHV
introduction chamber took less than 2 min, ensuring that
we measure the “frozen in” geometries obtained at the
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preparation temperatures. The LEED measurements were
performed at close-to-normal electron incidence with
emission energies from 20 to 120 eV in an UHV system
with a base pressure of 10~'° mbar.

For the purpose of this work we used two different
settings to anneal the crystals, which lead to the formation
of distinct morphologies, as indicated by the LEED pat-
terns exemplarily shown in Fig. 1. A structure with (2 X 2)
periodicity [Fig. 1(a)] is seen at the ZnO(0001) surface
annealed in a dry oxygen atmosphere (containing at maxi-
mum 2 ppm water). Annealing in a humidified oxygen
atmosphere containing water with a partial pressure of
40 mbar leads to the appearance of a structure with a (\/3 X
\/§)R30° LEED image [Fig. 1(b)]. Angle resolved XPS-
spectroscopy measurements, performed after the sample
introduction into the UHV chamber, show no sample con-
tamination and clearly indicate the presence of hydroxide
at the surface of samples prepared in humid oxygen atmo-
sphere [2]. AFM experiments on these surfaces show
atomically flat several micrometers wide terraces and the
absence of triangular pits.

To identify the geometries giving rise to the observed
LEED patterns, we performed ab initio calculations in
combination with atomistic thermodynamics [11,12]. Our
first-principles approach is based on density-functional
theory in the Perdew-Wang-91 [13] generalized gradient
approximation, using the projector augmented wave
method [14] as implemented in VASP [15]. With this setup
we determined the equilibrium lattice parameters for ZnO
tobe a=3.281 A and ¢/a = 1.615, in good agreement with
previous experimental [16] and theoretical work [8,17].
For the surface calculations a (8 X 8 X 1) I'-point centered
mesh was used to sample the Brillouin zone of the primi-
tive (1 X 1) surface unit cell, while the energy cutoff cho-
sen for the plane-wave basis set was 550 eV. The surface
was modeled using a supercell approach with slab geome-
tries consisting of five double layers of ZnO separated by a
vacuum of about 20 A. Dangling bonds on the oxygen-
terminated side of the slab were passivated by pseudo H
atoms with a valence of 1/2¢~, to avoid spurious charge
transfer from the back to the top surface of the slab. The

(V3 x3)R30°+ (2 x DH]

a) b)

FIG. 1 (color online). LEED images obtained at 63 eV show-
ing the (2 X 2) periodicity of the surface prepared in clean
oxygen atmosphere (a) and the (+/3 X \3)R30° periodicity of
the surface prepared in humid oxygen atmosphere (b). Corre-
sponding stable structures identified by theory are shown in (c)
and (d). O atoms: red, Zn atoms: gray, and H atoms: white balls.

upper four double layers of ZnO were allowed to relax,
while the remaining layers at the bottom of the slab were
kept fixed. Convergence tests show that this choice yields
total energies converged to within 10meV/(1 X 1) unit
cell.

Employing different sized surface unit cells we inves-
tigated by DFT an extensive set of more than 50 configu-
rations with surface structures including vacancies,
adsorbates, and triangular atom arrangements. Based on
the computed energies E; [18], with o labeling the cor-
responding surface reconstruction, we construct the sur-
face phase diagram employing atomistic thermodynamics
[11,12]. The key quantity needed to construct such a
diagram is the excess Gibbs energy

AG, = Ef = TAS = ¥ Nopq (1)

resulting from the reaction of the surface with atoms in the
surrounding (ambient) gas phase. Here, T is the tempera-
ture of the surface, A S the entropy of the surface atoms, N,
the number of surface atoms of species a with correspond-
ing chemical potential u, of the respective reservoir (e.g.,
gas phase). The entropic contribution due to temperature
driven volume effects is small (<1 meV/atom) and is
therefore neglected. Obviously the excess energy
AG (T, p,) has an explicit temperature dependence due
to surface entropy and an implicit 7 dependence via the
chemical potential u, = wo(pa, T), which is a function of
the partial pressure p, and temperature of the gas phase.
The implicit 7 dependence is related to the entropy of the
gas phase, which can be under realistic conditions an order
of magnitude larger than the entropy of the surface atoms
[12]. Thus the dominant temperature effect is attributed to
the chemical potential and the excess energy is often ap-
proximated by AGo(T, to(pe T)) = AG o (1a(pas T)),
which provides an easy way to reduce the dimensionality
of such phase diagrams [11]. Indeed, previous studies on
7ZnO surfaces relied on this approximation [8].

In the following we will extend this concept and take the
explicit T dependence into account. The thermodynami-
cally stable region of the phase diagram is obtained by
considering that ZnO is in thermodynamic equilibrium
with the gas phase and that wy, and po are mutually
dependent, which results in an upper (lower) bound for
Mo due to the formation of O, molecules (Zn bulk). The
excess energy can be then expressed as a function of three
independent variables, AG (T, uo, py). An additional
constraint is given by uo+2uy <A H(H,0)=
—2.59 eV, since H and O atoms in the gas phase can
form H,O molecules.

Neglecting initially the explicit T dependence we con-
struct the phase diagram shown in Fig. 2(a). An overall
good agreement with the previously published phase dia-
gram [8] is found. We attribute minor deviations in the
absolute position of phase boundaries to differences in the
used parameter setup and rather shallow intersections of
the respective phase planes. For low hydrogen chemical
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FIG. 2 (color online). Phase diagram for the ZnO(0001)-Zn
surface in equilibrium with a humid oxygen atmosphere for dif-
ferent temperatures. Equilibrium conditions under which water
would condensate on the surface are indicated by the hashed area
(upper left corner). (a) T = 0 K. The geometries of the stable
surface structures are shown as insets and in Figs. 1(c) and 1(d).
The oxygen atom in n3n7 + O indicated by a gray arrow is
absent in n3n7 (not shown). The hydrogen chemical potential
My used to construct Fig. 3 is marked by a dot-dashed black line.
(b) T = 973 K. The hashed square marks characteristic condi-
tions of the UHV experiments [10] (cf. text). (c) T = 1223 K.
Dot filled areas depict regions of thermodynamic stability for
(V3 X /3)R30°0+ (2 X DH and (2X2)-0 at T =723 K.
Parameters corresponding to our experimental setup (cf. text)
are marked by black dots and arrows.

potentials the phase diagram is dominated by triangular
reconstructions, while geometries containing H become
stable upon increasing uy. In the oxygen-rich region
(i.e., high ug) we find a novel structure which has not
been reported in previous theoretical studies. This structure
[Fig. 1(d)] exhibits a (\/§ X \/§)R30° periodicity and fea-

tures alternating rows of oxygen atoms and hydroxyl
groups. It has a (+/3 X +/3)R30°-0O backbone with H atoms
adsorbed on top of these O atoms in a (2 X 1) arrangement.
It contains 1/6 ML OH and 1/6 ML O. At even higher H
coverage a hydroxylated ZnO surface, with (2 X 1)-OH
periodicity is favored (inset in Fig. 2). Both structures obey
electron counting [19].

While the (/3 X +/3)R30°-O + (2 X 1)-H phase could
account for the observed LEED image with periodicity
(\/§ X \/§)R30°, we note that none of the phases found
in the phase diagram can explain the measured (2 X 2)
LEED pattern. Based on the experimental conditions (e.g.,
T =450°C, py,0 = 1073 bar) at which we observe the
(2 X 2) periodic structure, we fix @y [20] and plot in Fig. 3
the dependence of the Gibbs free energy on 1. Because of
their very similar stoichiometries, a number of lines with
very similar slopes, but representing very different geome-
tries are found within a rather narrow window of 20—
30 meV. This very narrow energy interval suggest that
differences in vibrational entropy of the various surface
structures may dominate free energy differences at higher
temperatures.

We therefore determine the vibrational frequencies for
surface, subsurface, and edge O and Zn atoms, as well as
for O and H atoms and OH groups adsorbed at the surface.
We calculate the force constant K; for each of these atoms
or groups by displacing them along a set of inequivalent
directions and freezing the remaining atoms in the struc-
ture at their optimized equilibrium positions. The fre-
quency within the harmonic approximation is then

w; = \JK;/M;/(27), with M; the mass of the atom or
group. The calculated modes are used to evaluate the
vibrational contribution to Gibbs’ free energy following
the procedure described in Refs. [11,12]. Including vibra-
tional entropy renders the phase diagram explicitly tem-
perature dependent, leading to dramatic changes as the
temperature is increased [compare Fig. 2(a) with 2(b)
and 2(c)]. This change is a consequence of the high vibra-
tional entropy of surface atoms in adatom structures. To
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FIG. 3 (color online). Dependence of the Gibbs free energy of

formation on the oxygen chemical potential wg for uy =
—2 eV (see text).
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give an example, at 7 = 450 °C entropic contributions
lower the energy of the (2 X 2)-O by 88 meV/atom, while
for the triangular n7n3 + O structure the corresponding
stabilization is only 36 meV /atom. Both high temperature
phase diagrams shown in Fig. 2 prominently feature a
(2 X 2)-O adlayer structure, with O adsorbed in hollow
sites [cf. Fig. 1(c)]. This reconstruction is consistent with
the measured LEED pattern. We finally note that the close
proximity between oxygen acceptor and zinc donor atoms
in this structure minimizes the energy cost for an electron
transfer from a zinc to an oxygen dangling bond, making it
one of the most obvious stabilization configurations [21]
obeying electron counting.

The phase diagram for 7 = 973 K [700 °C, Fig. 2(b)]
depicts conditions at which in situ UHV-LEED experi-
ments found in the literature of the 1970s [10] have been
performed (T =973K, 107 < po < 107 bar, 10712 <
Pu, < 10~7). We note that part of the marked area lies in
close proximity to the border line between the (2 X 2)-O
and (v/3 X v/3)R30°-0 + (2 X 1)-H phases, making the
observation of either of these structures plausible.

To discuss our experimental conditions we have in-
cluded in Fig. 2(c) the relevant part of the diagram for 7' =
723 K (450 °C): The temperature driven changes in the
phase boundaries are marked by dashed gray lines (dot
filled areas). The experimental conditions, which lead to
the (2 X 2) LEED pattern are marked by path A (T =
1223 K— 723 K, po, = 1 bar, py,o = 0.2 mbar). This
path is contained entirely within the thermodynamic stabil-
ity region of the (2 X 2)-O structure and thus consistent
with the experimental observations. Similarly, path B
(Po, = 0.96 bar, py,o = 40 mbar) marks the experimen-
tal conditions leading to the (\/§ X \/§)R30° structure. As
can be seen the phase diagram [Fig. 2(c)] predicts a tran-
sition from (2 X 2)-O to (+/3 X +/3)R30°-0 + (2 X 1)-H,
which is indeed observed in experiment.

In summary, we investigated the morphology of the
polar ZnO(0001) surface in dry and humid oxygen atmo-
sphere by combining experiment with DFT calculations
supplemented by thermodynamic considerations. We dem-
onstrated that the vibrational entropy of the surface plays a
decisive role in the competition between various phases to
gain thermodynamic stability, which is in contrast to ob-
servations for other materials [11] and the common belief
that temperature effects are restricted to the 7' dependence
of the gas phase chemical potentials. The, for semiconduc-
tors, unexpectedly large impact of surface vibrational en-
tropy on the stabilization of the surface enables us to
understand the great diversity of experimentally observed
surface geometries. The delicate balance between the vari-
ous stable geometries is expected to affect all areas of
utilization (e.g., sample preparation, catalysis or corrosion,
to name but a few) and implies that surface vibrational
entropy may have to be included whenever oxide surfaces
come into contact with a humid environment.
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