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Increasing the Al-concentration in Al-doped ZnO (AZO) is one way of improving the conductivity of this transparent conductive
oxide (TCO). Beyond a certain concentration, an unwanted secondary phase develops with a low conductivity. Its stoichiometry
is Zn3Al,Og, and its crystal structure has not yet been convincingly determined. By applying unbiased ab initio structure
prediction tools, we predict the crystal structure of Zn3Al,Og to be monoclinic with space group Pm. It can be described as a
nanofabric, with onedimensional Al,O3-wires penetrating a ZnO-matrix. This crystal has a formation energy that is lower than
any structure proposed before, and is consistent with all available experimental information. Knowledge of the nature of this
phase can help to avoid its formation and therefor to engineer AZO crystals with an increased level of Al-doping and associated

increased conductivity.

1 Introduction

Over the past decades, transparent conducting oxides '~ have
made their way into a variety of applications®. Solar cells,
energy-conserving windows and flat-panel displays are among
the best known ones. Three major material families with TCO
properties are SnO,, ITO (indium-tin oxide, In,O3:Sn) and
Zn0O. The former two are dominant in terms of the yearly
produced volume, but as they contain expensive (In) and/or
noxious (Sn) elements, alternatives are welcome. Intrinsic
or doped ZnO has been optimized to performance levels that
make it a viable substitute for several applications*’. The fig-
ure of merit for TCO’s is the ratio of the electrical conduc-
tivity to the optical absorption coefficient®. Al-doped ZnO
(a.k.a. AZO) has been produced with an electrical conductiv-
ity as high as 1.2 x 10* S/cm, making its figure of merit to
rival with the one of ITO%%°. Attempts to increase conduc-
tivity in AZO even further were made by aiming at an op-
timal distribution of the Al dopants over the sample, which
can, for example, be achieved by Atomic Layer Deposition
(ALD)!'%!4_ 1In the course of such studies, a wide range of
Al-concentrations was scanned, up to 25 at.% Al (as common
in this field, at.% refers to the Al to Zn ratio) 1416, This
largely surpasses the solubility limit of Al in ZnO, which lies
between 0.1 and 0.5 at.% '"-2!. It has been observed that be-
yond 3-6 at.% Al, the conductivity drops again'!!322, Yosh-
ioka et al.?>?* proposed the following explanation for this ob-
servation: beyond the solubility limit, a fraction of the sam-
ple adopts a new metastable crystal structure, that has a lower
conductivity. In analogy to what is known about the ZnO-
Iny O3 system, they postulated for this metastable phase the

same crystal structure as the one observed for the series of
homologous phases (ZnO),,(InoO3) (m > 3). This is a ‘nano-
laminated’ structure, that is shown schematically in Fig. 1-(a)
for m = 3. It is formed by alternations of 3 atomic layers with
the nominal composition InO; (AlO;) and 4 atomic layers that
are taken from ZnO. In the latter layers, 25 at.% of the Zn-
positions are randomly substituted by In (Al). Yoshioka et
al. examined this structure by Density Functional Theory, and
observed (1) that its formation energy is smaller than the for-
mation energy for Zn-vacancy defects (which were suggested
before to be responsible for the conductivity decrease), (2) that
it shows an expansion in the c-direction with respect to ZnO
doped with substitutional Al, which is consistent with experi-
mental observations by X-ray diffraction, and (3) that the 4, 5
and 6-coordinated Al-sites which appear in this crystal struc-
ture lead to a computed XANES-spectrum that is more consis-
tent with the experimentally observed spectra. This proposal
by Yoshioka et al. has been rapidly accepted by the commu-
nity >11:13.152526 " In particular, the presence of the homolo-
gous phase with m = 3 was claimed to be observed experi-
mentally by at least two groups using XANES ?7-28.

In this paper, we will show that a different metastable crys-
tal structure can account equally well for the various experi-
mental observations, while its formation energy is smaller than
the one for the homologous phase. It is therefore more likely
to occur. As we came to this conclusion by applying system-
atic crystal structure prediction tools, it is not very likely that
yet another metastable structure with even lower formation en-
ergy exists. Knowing exactly which metastable phase(s) are
formed in the supersaturated regime offers an additional han-
dle to engineer (delay) in a systematic way their formation.
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This paper is illustrative of the role ab initio crystal structure
prediction, a tool developed during the past decade in the the-
oretical condensed matter community>*=3!, can play in crystal
engineering problems.

Sec. 2 gives technical details about the computational tools
that are used. In Sec. 3 we examine crystal structure candi-
dates that are inspired by structures that are known in chemi-
cally similar systems. In Sec. 4, an evolutionary algorithm is
applied to find the most favourable crystal structure in a sys-
tematic, unbiased way. The final structure is checked against
the available experimental evidence in Sec. 5.

2 Computational details

All first principles calculations in this work have been per-
formed within the density-functional theory (DFT) frame-
work3234 using the Perdew-Burke-Ernzerhof exchange-
correlation functional®-. Actual calculations were made
by the Projector Augmented Wave (PAW) method as imple-
mented in the VASP code®’°, using a 520 eV cut-off en-
ergy and Monkhorst-Pack grids with a density of 600 points
per A3, This guarantees a numerical accuracy that is bet-
ter than 2 meV/atom on energy differences. During ge-
ometry optimizations, cell shape, volume and atomic posi-
tions were optimized, the latter until forces were smaller
than 0.01 eV/A. A phonon calculation for the final struc-
ture was performed via the linear response method on
a 2 x2x?2 supercell, with tightly converged energies and
forces. Several cases were cross-checked by the augmented
planewaves+local orbitals (APW+lo) method3*404! as im-
plemented in the WIEN2k package*’, leading to essen-
tially identical results. Within WIEN2k, muffin tin radii
of RAI=RQ =1.58 a.u. and R%'=1.84 a.u. were used, to-
gether with a basis set size determined by Rgigleax:m.
Theoretical Al K-edge XANES spectra were calculated by
WIEN2K as well, taking into account an Al 1s core-hole
in supercells with 112 atoms for ZnAl,O,; and with 132
atoms for Zn3Al,O¢. The computed XANES spectra were
broadened by a Lorentzian function with a characteristic
width of 1 eV. For crystal structure prediction by evolutionary
search, the USPEX?**3 code was used in combination with
VASP.

3 Structure prediction by chemical similarity

Throughout this paper, we focus on one stoichiometry:
Zn3Al,Og. This is identical to the stoichiometry of the ho-
mologous phase (ZnO),,(Al,03) with (m = 3). The question
we want to answer is: given this stoichiometry, what is the
crystal structure that minimizes the total energy of the com-
pound? One — limited — way of addressing this question is to

0.3 Source Original Symmetry | Aform
Composition (eV/atom)

0.25 +—2 —
ICSD 409688 Hg.,(BO,), R3cH 0.420
T N\ ICSD 240724 Cd,(BO,), Pnnm 0.257
%0.15 ° ICSD 14240 Zn,(BO,), 112/c1 0.186

£

S0 #\ | |icsp 155113 Zn,(BO,), c12/c1 0.161
‘\ ICSD 155112 Zn,(BO,), P1 0.160

0.05 -
Yoshioka et al. In,Zn,0, R3mH 0.128
0 . . ICSD 655835 In,Zn,S, P3m1 0.117
at% Al USPEX, this work Pm 0.095

Fig. 2 Formation energies of Zn3 Al,Og-polymorphs with respect to
ZnO and gahnite. Left: graphical representation. In the table at the
right, the first column gives either the ICSD number of the structure
or the source where the structure was found, the chemical formula
corresponding to the original crystal, the space group symbol and
the value of the formation energy.

scan a database of experimental crystal structures for all crys-
tals with A3B,Cgq stoichiometry, where A is any element from
group IIB of the periodic table (the group of Zn), B is any
element from group IIIA (the group of Al) and C is any ele-
ment from group VIA (the group of O). Only structures where
each position is uniquely occupied by one element are consid-
ered. The Inorganic Crystal Structure Database** contains 6
different crystals of this kind, which are listed in Fig. 2. Af-
ter replacing A by Zn, B by Al and C by O, a full geometry
optimization of the cell is performed by VASP. The formation
energy per formula unit of these crystals with respect to de-
composition into the stable crystals ZnO and ZnAl,04 (gah-
nite) is given by:

Etorm = E[ZnsAl,O¢] —2E[ZnO] — E[ZnAl,04]

6]

Positive formation energies mean that the decomposition
into ZnO and ZnAl,O4 lowers the energy, such that the
Zn3Al,Og crystal is only metastable. The formation energies
are plotted in Fig. 2. Clearly, all crystals we found in this
way are metastable. Fig. 2 shows the formation energy for the
homologous phase model as well. Interestingly, one of these
crystals — P3m1 — has an energy that is slightly lower than the
one of the homologous phase model. It is actually similar to
the homologous phase structure: AlO; layers separated by
ZnO-layers, in which one Zn atom is replaced by Al in an
ordered way.
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Fig. 1 (a) Representation of the nanolaminated Zn3Al,Og structure proposed by Yoshioka er al. The rectangle contains one formula unit. The
red (small) layers have as composition AlO,. The purple (thick) layers are made of ZnO, with 25% of the Zn-positions randomly replaced by
Al What is not explicitly shown in this picture is an in-plane shift of the ZnO layer at the AlO, layers, such that only after the 3 AlO, layer
periodicity is reached. (b) Representation of the Zn3Al, Og nanofabric found by an evolutionary algorithm. The rectangular cell contains two
primitive unit cells, the latter containing one formula unit. A basic building block is indicated by the dashed rectangle in the inset. This crystal
can be described as a ZnO matrix (blue) that is penetrated by parallel and non-touching Al,O3 wires (red).

(a (b)
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4 Structure prediction by an evolutionary algo-
rithm

Searching the lowest-energy crystal structure for a given sto-
ichiometry by looking at chemically similar systems is use-
ful, yet incomplete. Perhaps the system under consideration
can lower its energy by adopting a very different structure?
It has been shown in the recent literature how evolutionary
algorithms can be used in combination with DFT for a truly
unbiased structure prediction?®3! : starting from a set of
randomly generated crystals that mate and produce off-
spring, a selection procedure based on survival of the fittest
produces after a few generations a crystal that is ‘most
adapted’, i.c. that has the lowest possible total energy. We
applied the USPEX evolutionary algorithm?#3 in combina-
tion with the VASP DFT code as the the ‘“quantum engine”
that provides the total energies, in order to find the lowest-
energy crystal structure for the Zn3 Al, Og-stoichiometry. Runs
were performed with one and two formula units per unit cell,
always resulting in the structure that is shown in Fig. 1-(b). Its
crystallographic information is given in Tab. 1. It has a forma-
tion energy that is 22 meV/atom lower than the one of the best
structure found before. A I'-phonon calculation showed all
frequencies to be positive, which is a necessary condition for
a crystal to be dynamically stable. To the best of our knowl-
edge, no structure prototype of this kind was known before.

One can understand this structure as a way to enhance the
mixing of Al,O3 and ZnO. Its basic building block is a rectan-
gle that contains exactly one formula unit (indicated in Fig. 1-
(b)). This column has a narrow Al-rich part with composi-
tion Al,O3 and a thicker Zn-rich part with composition ZnO.
This building block is repeated in such a way — see Fig. 1-(b)
— that isolated parallel Al,O3 wires penetrate a ZnO matrix.
Instead of distinct AlO; layers separating regions of ZnO:Al
(the nanolaminated homologous phase), this structure can be
characterized as separate Al,Os-threads woven into a ZnO-
medium — see Fig. 1-(b). This crystal is a nanofabric rather
than a nanolaminated structure. In this way, the interface area
between Al,O3 and ZnO is considerably increased.

5 Comparison with experiment

Two of the three arguments of Yoshioka et al. to prefer the
homologous model structure over Zn-vacancy models, are
straightforwardly satisfied as well by the structure proposed
here: its formation energy is lower than the one of any other
examined structure (including the homologous model), and it
has interplanar distances of 2.72 A, which is 2.6 % increased
compared to the d(002)-spacing in wurtzite ZnO. The latter
is in agreement with the experimentally observed interpla-
nar distance increase upon Al-doping®®. The third argu-
ment was a comparison of experimental and theoretical

Table 1 Crystallographic information for the structure that emerged
as the best metastable Zn3 Al,Ogcrystal with at most two formula
units per unit cell. A cif file is available from the Crystallographic
Open Database *>#0 (COD) (entry 3000024)

space group Pm (ITA=6)

a 7.6519 A

b 5.4473 A

c 32419 A

Y 109.71°

element Wyckoff x y zZ

Al 2¢  0.00019 0.00153 0.00000
Al 2¢  0.34071 0.07075 0.50000
0] 2¢  0.36540 0.75821 0.50000
0) 2¢ 0.27101 0.15528 0.00000
0) 2¢  0.58613 0.30139 0.50000
0) 2¢  0.03179 0.86859 0.50000
o 2¢  0.73719 0.86345 0.00000
o 2¢ 098569 0.33677 0.00000
Zn 2¢  0.59532  0.68234 0.50000
Zn 2¢  0.70661 0.22141 0.00000
Zn 2¢  0.11022 0.53682 0.50000

XANES spectra. We reproduce in Fig. 3-(b) the experi-
mental XANES spectrum (red) published by Yoshioka ez
al. for an AZO-sample with 19 at.% Al produced by pulsed
laser deposition, as well as their theoretical XANES spec-
trum for the homologous phase structure (dotted grey).
Yoshioka e al. concluded that this theoretical spectrum
satisfactorily reproduces the overall shape of the experi-
mental spectrum as well as the relative heights of the three
major peaks (the latter indicated by arrows in the picture).
The red line in Fig. 3-(b) is the newly computed theoretical
XANES spectrum for the crystal structure that emerged
from our evolutionary search (Tab. 1). It is remarkably
similar to the computed XANES spectrum of the homolo-
gous phase, only shifted to lower energies by about 2 eV.
Therefor, all arguments about the relative heights of the
peaks hold equally well. Moreover, the onset of the ex-
perimental spectrum (position of the first peak) is much
better described. Yoshioka er al. invoked an additional
phase of Al-atoms near a Zn-vacancy to explain this fea-
ture. As a quality cross-check, Fig. 3-(a) shows the exper-
imental XANES spectrum for the stable ZnAl,O4-phase
(gahnite), compared with the theoretical spectra by Yosh-
ioka et al. and by us. The two theoretical spectra nearly
coincide, which implies that also the XANES spectrum for
the new Zn3;Al,Og-structure has been computed in a tech-
nically correct way.

As the underlying reason why the homologous phase
model yields to interplanar distances and XANES spec-
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Fig. 3 Left: The theoretical Al K-edge XANES spectrum for ZnAl, Oy as calculated in this work (red) and by Ref.23 (dotted grey),
together with the experimental spectrum (black). Right: The experimental Al K-edge XANES spectrum for a concentrated Al-Zn-O
solid solution with 19 at.% Al as produced by pulsed laser deposition (spectrum reproduced from Ref.23) (black, arrows indicate the
three major features), compared with the theoretical XANES spectrum for the homologous phase (spectrum reproduced from Ref.23)
(dotted grey) and with the theoretical XANES spectrum for the Zn3;Al, O¢-crystal obtained from an evolutionary search (Tab. 1) (red).

The latter is a sum of the two spectra that are shown in the inset, one for each of the two Al-sites.

tra that are better than the ones by a previous Zn-vacancy
model, Yoshioka et al. point to the type of Al-coordination.
In the Zn-vacancy model, only 4-fold oxygen coordinated
Al sites appear. The homologous phase structure has a
more rich behaviour, with 4-, 5- and 6-fold oxygen coor-
dinate Al sites. A similar observation can be made for
the new Zn3Al,Og-structure, where the oxygen coordi-
nation turns out to be intermediate between 4-fold and
5-fold: neighbours appear at distances of 1.82 A (2x),
1.87 A, 1.90 A and 1.96 A for the first Al, and at 1.78 A
1.81 A (2x), 1.87 A and 2.25 A for the second Al. This has
to be compared with a Al-O distance of 1.81 A for substi-
tutional (4-fold coordinated) Al in ZnO.

6 Conclusion

We apply an ab initio evolutionary search algorithm to a crys-
tal engineering problem, and suggest by this way a metastable
phase for Zn3 Al,Og that has a formation energy that is lower
than the one of any previously suggested crystal structure.
Its local and overall structural features are consistent with
the available experimental evidence (lattice expansion and
XANES). We suggest this phase to be the one that is formed
upon supersaturating ZnO with Al, which is responsible for
the observed conductivity drop. This study demonstrates the
increased levels of confidence and relevance that are achiev-
able by using unbiased structure prediction tools. Due to the
latter qualities, we expect ab initio evolutionary search will

become a routine method in the toolbox of crystal engineer-
ing.
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