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Preferential stability of the d-BCT phase in ZnO thin films
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Stoichiometric B4 thin films have formally divergent surface energies, which arise from the intrinsic dipole
of the unit cell. Previous density functional theory studies have predicted that below a critical thickness this
results in relaxation to the nonpolar planar h-MgO structure. The calculations presented here demonstrate that
h-MgO-structured ZnO thin films are themselves unstable with respect to further relaxation to the d-BCT
structure, which restores near-tetrahedral local coordination while minimizing the surface dipole. Although the
B4 —h-MgO relaxation is disfavored for slabs thicker than 20 layers, d-BCT is predicted to be the favored
polymorph for slabs up to 54 layers. Nudged elastic band calculations and vibrational analysis indicate that the
h-MgO — d-BCT relaxation is spontaneous at nonzero temperatures.
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I. INTRODUCTION

Many II-VI and III-V semiconductors adopt tetrahedrally
coordinated open structures, usually zinc-blende (B3) or
waurtzite (B4), which differ only in the stacking sequence of
their interpenetrating close-packed lattices. These materials
are wide-band-gap compounds with potential applications in
optoelectronic devices such as photovoltaic cells, laser di-
odes, and photocatalysts. ZnO in particular has been the sub-
ject of widespread research, both as an archetypal model
system, and due to technologically useful optoelectronic
properties.! Under ambient conditions ZnO adopts the wurtz-
ite crystal structure. Differing thermodynamic conditions,
however, can lead to alternative structures being stabilized,
and several have been proposed as existing within a rich
polymorphism.? Under compression ZnO undergoes a phase
transition to the denser rock-salt (B1) structure,’ and a sec-
ond transition on the application of further pressure to the
CsCl (B2) structure has been observed in molecular-
dynamics simulations.* In contrast, negative pressures have
been predicted by ab initio calculations to stabilize a se-
quence of more open structures based on zeolite motifs.’

Such diversity of potential structures for a single com-
pound provides a range of materials with potentially novel
properties. For these alternative polymorphs to be used in
technological applications, however, requires they are at least
metastable under atmospheric conditions. One approach by
which alternative crystal structures can be stabilized is nano-
scale synthesis. In nanoscale samples the surface energy can
make a significant contribution to the relative stability of
competing phases,® and control of surface energies can be
used to drive phase transitions between phases which may be
otherwise unstable in the bulk.”® For example, Decremps et
al.'® demonstrated that Bl-structured ZnO nanocrystals
formed under compression, when subsequently annealed at
high pressure, remained metastable when returned to ambi-
ent pressure. This was attributed to the stabilizing effect of
the low-energy {100} surfaces present in the optimum Bl
morphologies. ZnO has a diverse range of growth morpholo-
gies, demonstrating topologies such as nanoscale wires,
belts,'" or combs.'? The permutations of surface and bulk
energies, offered by this morphological variety, raise the pos-
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sibility of stabilizing competing crystal structures under am-
bient pressure by controlling crystal shapes.

ZnO thin films are one example where finite-size effects
have been predicted to modify the relative stabilities of com-
peting crystalline structures.'>!'* The B4 unit cell is intrinsi-
cally dipolar, yet bulk B4 systems preferentially display po-
lar {0001} surfaces, despite the formally divergent surface
energy. In macroscopic samples there is considerable evi-
dence that this divergent surface energy is quenched by re-
constructive facetting of the surface layers.'>!® For thin films
below a critical thickness, however, an alternative stabiliza-
tion mechanism has been proposed. Freeman et al.'* reported
density-functional theory calculations that demonstrated that
for films below a critical thickness, the B4 structure is un-
stable with respect to relaxation to a hexagonal planar struc-
ture; isostructural with hexagonal boron nitride (BN), and
denoted herein as h-MgO (Ref. 17) (Fig. 1). On this basis
they proposed that growth of ZnO crystals begins via thin
films with the h-MgO structure, which then undergo a tran-
sition to the bulk-favored B4 structure when a critical thick-
ness is surpassed, thus explaining the preferential growth of
B4 crystals with exposed {0001} surfaces, despite their large
formal surface energy.'?

The distortion of these thin films from the normally fa-
vored B4 structure to h-MgO is driven by the decrease in
energy associated with quenching the surface dipoles. Below
a critical thickness this more than offsets the energetic cost
associated with the deformation of the coordination tetrahe-
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FIG. 1. (Color online) The B3, B4, h-MgO, and d-BCT struc-
tures considered as starting geometries for the slab relaxations. Six-
membered rings in adjacent ab layers are highlighted, showing how
the conformation of these and their relative orientation defines each
of the four structures.

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.80.174105

BENJAMIN J. MORGAN

dra favored in the bulk. For stoichiometric films with thick-
nesses exceeding the critical limit the increase in bulk energy
that would accompany such a relaxation outweighs the de-
crease in surface energy, and the dipole is predicted to be
quenched instead by charge transfer between the {0001} sur-
faces. This screens the intrinsic dipole and gives rise to me-
tallic surfaces.'!#

The relative stabilities of other crystal structures are ex-
pected to be similarly dependent on sample thickness, in
each case with the balance of bulk and surface energies de-
termining the variation in stability with sample thickness.
For dipolar unit cells such as B4, this effect is expected to be
acute. This paper reports the results of performing ab initio
relaxations of periodic thin films with four competing start-
ing structures. The four polymorphs considered are B3, B4,
h-MgO, and d-BCT; shown in Fig. 1. All four structures can
be described as a network of six-membered rings oriented in
the ab plane. In the B3 and B4 structures these ab six-
membered rings have chair conformations, and the relative
orientation between alternate layers determines an hcp or ccp
stacking sequence. The ABA stacking sequence of the B4
structure means the six-membered rings are aligned when
viewed along the ¢ direction, and a flattening of these rings
produces the h-MgO structure, which is isostructural to
h-BN, with the ions in trigonal pyramidal coordination envi-
ronments. This planar structure has previously been pre-
dicted to be an intermediate in the B4 —B1 pressure-driven
phase transition in nanocrystals.'®!° Keeping the ab six-
membered rings aligned, an alternate buckling gives boat
conformations, with the boats in adjacent ab layers oriented
back to back. This gives the alternating four- and eight-
membered rings characteristic of the d-BCT structure, which
is similar in topology to the BCT (body-centered tetragonal)
zeolite structure.

The d-BCT structure has been previously observed in
simulations of ZnS nanocrystals to be more stable than the
bulk B4 structure,?” and has been predicted as a metastable
bulk minimum in LiF.?! Molecular-dynamics simulations of
ZnO nanorods under uniaxial loading have also produced a
pressure-driven B4 — d-BCT transition,?>2* and the d-BCT
structure has been predicted to form spontaneously in down-
stroke pressure-driven transitions from B1 nanoparticles con-
taining domain boundaries.”* While the d-BCT structure has
not been observed in experimental samples, it is closely re-
lated to the IDB* domain boundary,® which allows the in-
version of the ¢ direction in a B4 crystal. The IDB* boundary
can be considered as a two-dimensional (2D) d-BCT region,
with a thickness of a single unit cell. Such boundaries have
been implicated in the relaxation of dipoles in simulated B4
nanocrystals,?® and have been observed with high-resolution
electron microscopy in a range of materials, including
7n0.27:28

II. CALCULATION METHODS

For each of the four crystal structures slab thicknesses of
4-36 layers were considered. These layers are counted such
that each ab layer of distorted six-membered rings in the B3,
B4, and d-BCT slabs is considered to be two layers, follow-
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FIG. 2. (Color online) Plot of the calculated energies per layer
(Eotal! Miayers) against slab thickness for relaxed B3, B4, h-MgO, and
d-BCT slabs.

ing the convention adopted by Freeman et al.'* The surfaces
are separated by a vacuum gap of 15 A along the z direction
to give a pseudo-2D periodic system. Results for the B3
slabs are only reported for 8+ layers, since this is the mini-
mum number of layers required to differentiate the ABA
stacking of B4 from the ABC stacking of B3.

Geometry optimizations were performed using density-
functional theory as implemented in VASP.2%*° This used the
gradient corrected exchange-correlation functional of Per-
dew, Burke, and Ernzerhof.?! The energy cutoff for the
plane-wave basis set was 500 eV and a 8X10X1
Monkhorst-Pack k-point grid was employed, with the third
vector parallel to the slab normal. The interactions between
the valence and core electrons, Zn: [Ar], O: [He], were
treated using the projector augmented wave (PAW)
method.?? Real-space projection was employed for the PAW
functions, with projection operators optimized to give an ac-
curacy of ~1X107* eV atom™, and sufficient G vectors
were included in the summation for Fourier transforms be-
tween real and reciprocal spaces that wrap-around errors
were avoided. During geometric optimization the in-plane a
and b lattice parameters were varied to achieve an in-plane
pressure of smaller magnitude than 1.0 kbar.

III. RESULTS

The energies of the geometry optimized slabs for each of
the four polymorphs are shown in Fig. 2, plotted as the en-
ergy per molecular unit against the number of layers; for the
unit cells considered here this is equal to number of molecu-
lar units. All four polymorphs show the same general behav-
ior with per layer energies that decrease as the total number
of layers increases, corresponding to the decreasing contri-
bution from the surface regions and convergence toward the
asymptotic bulk energies. The B3 slabs were found to be
metastable at all thicknesses considered, but up to 24 layers
were the least energetically favorable of the four structures.

174105-2



PREFERENTIAL STABILITY OF THE d-BCT PHASE IN...

At 24 layers the per layer energy of the B3 slabs falls below
that of h-MgO. For moderately thick slabs (>14 layers) the
general trend of the B4 energies follows that for B3, as ex-
pected due to the similarity in structures, but offset to lower
energy, due to the favored stability of B4 over B3 for bulk
ZnO. For thin slabs (<16 layers) B4 spontaneously relaxes
to h-MgO, as reported previously.!* B4 is able to undergo
this relaxation since the h-MgO structure can be formed by a
simple flattening of the ab chairs that define B4, as is seen in
the compression of B4 nanocrystals as an intermediate in the
B4 — B1 phase transition.'®!° Equivalent flattening is not en-
ergetically favorable for the B3 structure due to the ABC
stacking sequence, making these B3 slabs metastable at all
thicknesses.

For thin films the energy of the nonpolar h-MgO is much
lower than that of polar B3 and B4, as expected from the
smaller surface energy, which dominates for very thin films.
The distortion to trigonal coordination that defines the planar
h-MgO structure, however, gives a large bulk energy, and as
the slabs increase in thickness they become metastable with
respect to both B4 (at 22 layers) and B3 (at 26 layers). B4
slabs with thicknesses of 18 and 20 layers were found to be
metastable despite being higher in energy than corresponding
h-MgO slabs.

For four and six layer slabs the optimized d-BCT and
h-MgO slabs are indistinguishable. The boats of the d-BCT
structure relaxed by flattening toward a more planar struc-
ture, and the h-MgO planar hexagons relaxed by slightly
puckering. For thicknesses where there was a difference in
final structures between h-MgO and d-BCT (>6 layers), the
d-BCT slabs were lowest in energy. This is due to the unique
combination among the considered structures of a nonpolar
unit cell; giving low surface energies; and near-tetrahedral
coordination; giving a lower bulk energy than h-Mg0Q.3?

The slopes of the four per layer energies at large numbers
of layers show that for sufficiently thick slabs the energy of
B4 will fall below that of d-BCT to become the favored
polymorph, recovering the behavior of the bulk material. The
point at which the stability of d-BCT and B4 switches was
estimated by fitting total energies for the two data sets for
Mayers > 18 toa straight line of the form Eyu=Eqy;s
+NjayersEbuic- This gross approximation assumes that surface
relaxations extend over a negligible thickness, and that the
variation in lattice parameters in the surface plane afforded
by the zero-strain relaxation are also minimal (hence the sur-
face energy can be treated as constant). This yielded approxi-
mate bulk energies per formula unit of Ej;(d-BCT)=
—9.053 eV and E,; (B4)=-9.092 eV. This compares well
with zero-pressure bulk energies of —9.054 and -9.100 eV
per formula unit.3* The approximate surface energies, ob-
tained as the intercepts at zero layers for these fitted lines, are
E;(d-BCT)=0.035 eV A2 and E,,{B4)=0.092 eV A2
These lines cross at njye=56 and the d-BCT films are ex-
pected to be stable with respect to the B4 structure up to this
thickness.

Since for all relaxed slabs with thicknesses greater than
six layers the d-BCT structure is both distinct from h-MgO
and lower in energy, it is interesting to consider the degree of
kinetic stability of the h-MgO structure. Transition pathways
between the ten-layer h-MgO and d-BCT structures were cal-
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FIG. 3. (Color online) Energy pathways from nudged elastic
band calculations for a ten-layer slab from the h-MgO to d-BCT
structures. The start and end structures for both pathways are the
optimized zero-pressure h-MgO structure, and the optimized zero-
pressure d-BCT structure.

culated using nudged elastic band calculations. As shown in
Fig. 4, the in-plane lattice parameters vary between the poly-
morphs, and it is thus necessary to interpolate the change in
surface area when considering intermediate points along the
transition pathway. Two pathways were considered, which
have their energy profiles shown in Fig. 3. The green (con-
strained) pathway is for ab lattice dimensions that are lin-
early interpolated between those of the start and end points,
while the blue (relaxed) pathway is calculated with each in-
termediate image allowed to relax in the ab directions, under
the usual constraints of the interimage elastic forces. The
transition distance at each point is the sum of distances be-
tween all previous pairs of adjacent images, hence the re-
laxed pathway covers a longer total distance than the con-
strained pathway. For both pathways the h-MgO structure is
the highest point on the energy profile, suggesting little or no
barrier exists as the system moves away from the planar
h-MgO geometry. Interestingly the constrained pathway
shows a local minimum at ~2A, suggesting intermediate
structures can be stabilized under specific in-plane lattice pa-
rameters. In contrast, the “relaxed” pathway shows no such
intermediate barrier, and the system energy falls to the
d-BCT energy after only a short distance along the transition
pathway. This suggests that despite being metastable, the
h-MgO slabs display very little kinetic stability, and an ap-
propriate distortion toward the d-BCT structure need only be
small for the continued relaxation to be spontaneous. Calcu-
lation of vibrational modes for the optimized ten-layer
h-MgO structure, using finite difference methods and posi-
tional offsets of O.IA, predicted one vibrational mode with
an imaginary frequency, supporting the interpretation that the
h-MgO films are highly unstable.

IV. CONCLUSIONS AND DISCUSSION

Density-functional theory optimizations were performed
for B3, B4, h-MgO, and d-BCT slabs with thicknesses in the
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range of 4-36 layers. For very thin slabs (<20 layers) the
energy ordering is E(B3)> E(B4)> E(h-MgO) > E(d-BCT).
As slab thicknesses increase, the energy of first B4 and then
B3 falls below that of h-MgO, whereas d-BCT is predicted to
be the most stable of these four polymorphs across the stud-
ied range. Extrapolation of the slab energies predicts that
d-BCT remains optimally stable up to a thickness of 54 lay-
ers. This has implications for the growth process of such
films, which may proceed via the d-BCT structure, rather
than the h-MgO — B4 process previously suggested.'33

This possibility means it is interesting to consider the
d-BCT — B4 transition. One-potential pathway for this pro-
cess is d-BCT—h-MgO — B4, for which the kinetic barrier
is determined by the d-BCT—h-MgO energy difference.’
For the thick-film limit this is 0.08 eV per molecular unit,
and therefore expected to be thermally accessible. This might
be expected to be a “worst-case” transition pathway, since it
is both highly cooperative, and takes no account of defects.
In addition the instability of the h-MgO structure suggests
the existence of pathways via lower-energy transition states.
This therefore gives an estimated upper limit to the d-BCT
—h-MgO kinetic barrier.

The predicted stability of the d-BCT structure to moderate
thicknesses may also indicate the possibility of growing pure
d-BCT samples under appropriate synthetic conditions, al-
though differences in entropy terms between competing
polymorphs might influence the stability ordering in experi-
mental samples. This result is expected to apply generally for
materials that adopt B4 in the bulk, although the relative
stabilities of the different polymorphs will be strongly mate-
rial dependent, and less polar materials than ZnO may favor
d-BCT within much smaller regimes of film thickness.

It is of course possible that other potential structures may
exist with lower energies than d-BCT for thin films. For
single-crystal samples, it is expected that such favored struc-
tures need to be both nonpolar and have near-tetrahedral co-
ordination. One limitation of this study, due to computational
expense, is the periodicity enforced by the use of 1 X 1Xz
calculation cells. It is possible that lifting the artificial peri-
odicity may permit arrangements such as those seen in re-
laxed B4 nanocrystals, where IDB* grain boundaries separate
oppositely oriented B4 domains.?®3” In addition, the predic-
tion of preferential growth of thin films with the d-BCT
structure presented here is based on models of free-standing
films. Any films grown epitaxially will be affected by the
presence of the support, although the differences in ab lattice
parameters among the polymorphs (Fig. 4) suggests that a
suitable choice of support might be used to direct the growth
of epitaxial films toward selected polymorphs. Such control
of crystal growth through epitaxial strain might be the reason
for the observation of Tusche et al.’® that for ZnO grown on
Ag (111) for very thin films the h-MgO structure was
formed. The surface lattice parameters for Ag (111) and ZnO
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FIG. 4. (Color online) Lattice parameters {u,v} for the opti-
mized h-MgO, B4, d-BCT, and B3 slabs.

(0001) differ by 12%, and a coherent (1 X 1) epitaxial match
is disfavored and not observed in experiment.* The sample
described by Tusche ef al. was indexed to a 7/8 coincidence,
which requires an epitaxial strain for ZnO (0001) of 1.6%
compared to the bulk lattice parameters. The preferential for-
mation of h-MgO for very thin films is consistent with the
larger in-plane lattice parameters required by the flat hexa-
gons that characterize this structure, although other factors
might also cause the Ag epitaxial support to affect the rela-
tive energies of any potential ZnO structures and ultimately
be responsible for the observed growth of h-MgO.
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