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Relying on HSEO03, GyW,, and random phase approximation + GoyW, approaches, this study provides a
complete characterization of the electronic properties of six ZnO bulk polymorphs, including quasiparticle
spectra, absorption, and electron energy-loss spectra. It focuses on the series zinc blende, wurtzite, body-centered
tetragonal, sodalite, and cubane structures, along which atoms have similar local tetrahedral environments and
decreasing atomic density, to which the hexagonal boron nitride structure was added. All trends in the electronic
properties—gap opening, blueshift of low-energy interband transitions, redshift of the main absorption peak, the
frequency at which the real part of the dielectric tensor vanishes, and the plasmon energy—were interpreted in
terms of the two main effects resulting from the decrease of the atomic density along the series: a bandwidth
narrowing close to the gap edge and a decrease (in absolute value) of the electrostatic potential acting on the zinc
and oxygen ions. This work gives firm grounds to help and foster spectroscopic experiments on ZnO polymorphs.

It represents a preliminary step towards the study of thin-film properties.
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I. INTRODUCTION

Zinc oxide (ZnO) is a wide-gap semiconductor [1] which
crystallizes in the wurtzite structure under normal conditions.
Due to its peculiar optoelectronic properties, it has been used
to benchmark novel theoretical or computational approaches
[2-8] as well as employed in many technological applications,
such as transparent electronics, field emitters, gas sensors, or
solar cells [9-11].

Besides the wurtzite polymorph, diverse bulk structures
have been predicted to be stable under suitable thermodynamic
conditions [12-16], and some of them have been synthe-
sized [17-21]. Similarly, a wide variety of ZnO nanostructures
can be produced [22]. In particular, an active field of research
with potential fruitful technological applications focuses on
ultrathin films [23-26] whose properties, especially the elec-
tronic ones, are still lacking full theoretical and experimental
characterization.

In this context, the possibility of tuning electronic and
optical properties through structural modifications calls for
a more thorough understanding of the properties of ZnO bulk
polymorphs. In recent years, various authors have compared
the electronic structure of wurtzite and zinc blende to those of
the rocksalt and cesium chloride polymorphs [4,12,27,28], but
the latter materials are stable only under high pressure.

On the other hand, most recent work on other ZnO
polymorphs—hexagonal boron nitride, body-centered tetrag-
onal sodalite and cubane—focuses only on stability curves or
critical pressures for structural phase transitions [13,29], with
no detailed analysis of the electronic structure and excited-state
properties. Only very recently have their gap widths been
scrutinized [30,31].

The present theoretical work aims at a full characterization
of quasiparticle (QP), absorption, and electron energy-loss
(EELS) spectra of representative ambient-pressure ZnO poly-
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morphs to help the interpretation of spectroscopic experiments.
We have chosen to focus on the following series: zinc blende,
wurtzite, body-centered tetragonal (bct), sodalite, and cubane
structures, along which atoms have similar local tetrahedral
environments and decreasing atomic density. We have added
the hexagonal boron nitride structure (h-BN) in view of its
importance in ultrathin films.

The paper is organized as follows: In Sec. II, after details
of the computational setup, the structural properties of the
six polymorphs are presented and discussed. Section III is
devoted to the characterization of the QP spectra and band
gaps. The absorption and the electron energy-loss spectra of
the six polymorphs are the subject of Sec. IV, with a focus
on their most notable peaks and a comparison with the QP
structures highlighted in the previous section. Section V gives
a summary of the main results of the study and conclusions.

II. STRUCTURAL PROPERTIES

As a preliminary step to their electronic properties, this
section focuses on the ground-state characteristics of six ZnO
polymorphs (wurtzite, zinc blende, #-BN, bct, sodalite, and
cubane). Two exchange-correlation (XC) potentials and two
pseudopotentials are used to predict equilibrium structures,
cohesive energies, and bulk moduli. The wurtzite structure
serves as a benchmark to validate the method to be applied to
other polymorphs for which no experimental data are available.

A. Computational details

All ground-state calculations are performed within the
framework of the density functional theory, using the
projector-augmented wave (PAW) method [32,33], and a
plane-wave basis set, as implemented in VASP [34]. Oxygen
atoms participate in the valence band with six electrons
each, whereas two Zn pseudopotentials (labeled Zn'** and
Zn***) have been tested, according to whether 3d'%4s> or
3523 p%3d'%4s? electrons are kept in the valence, respectively.
The Perdew-Burke-Ernzerhof (PBE) generalized-gradient
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FIG. 1. (Color online) Wurtzite energy versus volume E(V)
curves, computed with PBE (generalised gradient approximation
GGA) and HSEO03 XC functionals and the FSHC scheme (see text),
in which the core electrons are represented by the Zn'** or Zn**
pseudopotential.

approximation [35] is used, in parallel with the range-separated
hybrid Heyd-Scuseria-Ernzerhof (HSE03) XC functional [36].

A cutoff energy of 600 eV is used for all polymorphs, in
both PBE and HSEO3 calculations. The k-point meshes used
to sample the Brillouin zone are 8 x 8 x 8 for zinc blende,
8 x 8 x 6 for wurtzite and #-BN structures, 6 x 6 x 6 for the
sodalite structure, 4 x 4 x 6 for the bct structure, and 4 x 4 x
4 for cubane. All atomic degrees of freedom are relaxed until
the maximum forces get smaller than 0.01 eV/A and until all

components of the stress tensor are lower than 0.01 eV/AS.
These settings lead to converged values of the cell parameter
within 0.01 A and of the cohesive energy within 0.01 eV per
formula unit. Only the ideal bct structure (a = b) has been
considered.

B. Benchmarking the method on the wurtzite polymorph

In the PBE and HSEO3 schemes, the wurtzite formation
energy per formula unit E(V') with respect to isolated atoms
is first computed at fixed volumes V, after full cell shape and
internal parameter u optimization. It is then fitted with a Birch-
Murnaghan equation of state [37], which gives the cohesive
energy, the equilibrium volume, and the bulk modulus.

The PBE and HSEO03 E (V) curves, obtained with the Zn'*t
and Zn*** pseudopotentials, are presented in Fig. 1, and the
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related structural parameters (a, c/a, u), bulk moduli K,
cohesive energies E., and gaps E, [computed from the energy
difference between the top of the valence band (VB) and the
bottom of the conduction band (CB)] are reported in Table I
together with experimental data [1,38—41].

The two pseudopotentials give nearly indistinguishable
results, not only on structural properties, but also for the
prediction of gap widths (Table I), in good agreement with
similar theoretical calculations [4,31,42]. As a consequence,
the less computationally demanding Zn'?>* pseudopotential
will be adequate for the simulation of other polymorphs. The
HSEO3 potential leads to smaller equilibrium cells, but the
c/a ratio and the u parameter do not change with respect to
their PBE values. In HSEO3, the d electrons of Zn are more
localized than in the PBE scheme, which results in a higher
screening of the ionic charges. This allows ions to get closer
to each other (volume reduction) without modifying the bond
angles.

In passing, considering the HSEQO3 computation cost, we
have tested a less demanding but approximate optimization
method. It consists of the calculation of the E(V) curve
including structural optimization at the PBE level, followed
by a mere HSEO3 electronic structure calculation for each
V value. This fixed-structure hybrid correction (FSHC) to the
PBE energy depends on the atomic arrangement, which means
that the corresponding EFSHC(V) curve is not a simple shift
of EPBE(V). Its results for ZnO bulk wurtzite are reported in
Fig. 1 and Table I. With a much lower computational cost, the
FSHC method performs as well as full HSEO3 optimization.

C. Structural properties of ZnO polymorphs

The six ZnO polymorphs under consideration display var-
ious atomic densities and local atomic arrangements (Fig. 2),
which are reflected in their relative stability and electronic
properties. The zinc blende, wurtztite, ideal bct, sodalite, and
cubane phases are characterized by similar local geometries,
with Zn atoms in a tetrahedral environment (number of first
neighbors N; = 4; Table II). The tetrahedra are almost ideal
in zinc blende and wurtzite, but distorted in other structures,
with slight variations in angles but almost similar average
bond lengths. They are arranged differently in the different
structures, leading to different second-neighbor numbers N,,
ranging from 12 (wurtzite, zinc blende, ~-BN phases) to 9
in the least dense cubane phase. In the following, we will
analyze structural and electronic trends along the series zinc
blende, wurtzite, bct, sodalite, and cubane, along which N,
decreases. The h-BN polymorph represents an exception, as

TABLEI. Ground-state properties of ZnO wurtzite: lattice parameter a (A), ratio ¢/a, internal parameter «, bulk modulus K (GPa), cohesive
energy with respect to atoms E. (eV/ formula unit), and gap width E, (eV).

a (A) c/a u K (GPa) E. (eV) E, (eV)
Zn't PBE 3.28 1.61 0.38 128.5 7.03 0.73
HSEO03 3.25 1.61 0.38 142.9 6.90 2.27
FSHC 3.25 1.61 0.38 145.8 6.90 227
Zn** PBE 3.28 1.61 0.38 129.0 7.03 0.74
HSE03 3.25 1.61 0.38 140.1 6.90 2.29

Experiment 3.25[38,39] 1.60 [38,39] 0.38-0.39 [38,40] 135-183 [38-40] 7.52 [41] 3.34 1]
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FIG. 2. (Color online) Primitive cells of the six ZnO polymorphs.
Small (red) balls are O atoms, big (gray) ones are Zn.

far as first-neighbor coordination is concerned (N; = 5), since
all its atoms have a trigonal bipyramidal environment.

Relying on PBE and HSEO3 exchange-correlation function-
als and making use of the Zn'>* pseudopotential, the E(V)
curves of the six polymorphs are reported in Fig. 3 and their
structural characteristics in Table II. These results compare
well with findings from other authors [4,12,13,29,31,42]. As
for the case of wurtzite, the PBE calculation predicts larger
cell parameters for all structures, although bonding angles
are the same in HSEO3 and PBE approximations. Cohesive
energies are also larger in the PBE calculations (of the order
of 0.10-0.15 e V) but the relative stability of the six polymorphs
is identical in both approximations. Table II evidences an
expected decrease of cohesion energy as the atomic density
of the polymorphs becomes lower.

III. QUASIPARTICLE SPECTRA AND BAND GAPS

After a preliminary part devoted to a presentation of
the computational approach and its application to the
wurtzite phase, the PBE, HSE03, and GyW, band gaps and
quasiparticle spectra of the six ZnO polymorphs under con-
sideration are analyzed, with a particular focus on the orbital
character of the main peaks in the VB and CB.

A. Computational approach

Among known problems of local and semilocal density
functional approaches, such as the PBE approximation, are
the underestimation of the band gap in semiconductors
and insulators and the excessive delocalization of d and f
electrons. The HSEO3 XC potential is meant to partially
cure both problems. It coincides with the PBE XC potential,
except at short distance from the nuclei, where the nonlocal
exchange term is treated explicitly. On top of this, the GoW,
approach [43,44] adds dynamical screening (based on long-
range Coulomb interaction) to the bare exchange terms. Hence,
in view of discussing how electronic properties are affected
by structural modifications at short and long distances, a
comparison of the three approaches (PBE, HSE03, and GoWy)

PHYSICAL REVIEW B 91, 075126 (2015)

TABLE II. Structural properties of the six ZnO polymorphs:
lattice parameters a, b, and ¢ (A), internal parameter u, and average
Zn-O distance dano(A) together with bulk modulus K (GPa) and
cohesive energy with respect to atoms E,. (eV/formula unit). N; and
N, are the numbers of first and second neighbors, respectively

PBE HSEO3
h-BN
(Ni =5, N, =12)
a=>b 345 3.43
c 4.60 4.50
dzn—o 2.11 2.09
K 110.4 122.0
E. 6.88 6.76
Zinc blende
(Ny =4,N, =12)
a=b=c 3.27 3.24
dza_o 2.00 1.98
K 127.8 141.7
E. 7.01 6.87
Wurtztite
(Ny =4,N, =12)
a=>b 3.28 3.25
c 5.30 5.24
u 0.38 0.38
dza_o 2.00 1.98
K 128.5 142.9
E. 7.03 6.90
Ideal bct
(Ny =4,N, =11)
a=>b 5.62 5.55
c 3.28 3.25
u 0.36 0.36
dza_o 2.00 1.98
K 115.0 129.1
E. 6.98 6.85
Sodalite
(N =4, N, = 10)
a=b=c 5.66 5.61
dza_o 2.00 1.98
K 104.3 115.1
E. 6.90 6.76
Cubane
(N =4,N, =9)
a=b=c 6.28 6.22
u 0.33 0.33
dza_o 2.01 1.99
K 99.8 110.9
E. 6.81 6.66

is relevant. The PBE and HSEQO3 calculations are performed
with the same cutoff energy of 600 eV as previously. The
quasiparticle corrections to the HSEO3 energies are computed
in the GyW; scheme as implemented in VASP [45]. The
GW gap of wurtzite ZnO has been computed to benchmark
all-electron [3,46,47], or PAW [45,48] approaches, or to test
performances in conjunction with refined starting points, as
given by hybrid functionals [6,49]. It has been pointed out
how fundamental and technical aspects may impact the results
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FIG. 3. (Color online) Energy versus volume E(V) curves com-

puted for the six ZnO polymorphs, with PBE (left panel) or HSE03
(right panel) XC functionals and the Zn'** pseudopotential.

of such calculations [50-52]. For this reason we have paid
particular attention to achieving an excellent convergence of
the computational setup.

For all materials, the real axis is sampled with 100 energies
and a cutoff energy of 560 eV is used to define the dimension
of the self-energy operator. The number of bands included in
the GoWy calculation and the k-point grid (centered at ') are
different from structure to structure and are reported in the left
part of Table III. To account for the discrete k-point sampling,
raw data are convoluted with a Gaussian function of width
o =02eV.

The atomic arrangements used in each calculation are the
equilibrium structures obtained with the corresponding XC
potential as described in the previous section.

B. Wurtzite ZnO

The top panel of Fig. 4 displays the total density of
states (DOS) of ZnO wurtzite computed with the three XC
approaches. For the GoW calculation, the orbital components
of the site-projected local DOS (LDOS) in the VB and CB are
also reported in the middle and bottom panels of the figure,
respectively. Our results are in good agreement with available
theoretical calculations [4,12,31,49] and with experimental
photoemission spectra [53,54].

The valence region is built from electronic states with
strong O 2p and Zn 3d character and displays three main

TABLE III. Parameters used in the GoW, QP and optical spectra
calculations.

GyW, corrections RPA 4+ GoW,

No. of bands k grid No. of bands
h-BN 1000 8x8x6 64
Zinc blende 560 12 x 12 x 12 36
Wurtzite 1000 8§x8x6 64
bct 2160 6x6x8 100
Sodalite 2880 6x6x6 230
Cubane 3840 4x4x4 300
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FIG. 4. (Color online) Top panel: ZnO wurtzite total DOS, cal-
culated within PBE (red dashed), HSEO3 (blue dotted), and GyW,
(black solid) approaches. Central panel: Atom- and orbital-projected
GoW, DOSs in the VB. Bottom panel: Atom- and orbital-projected
GoW, DOSs in the CB. All curves are aligned at the valence band
maximum.

structures. At the bottom of the VB, in quantitative agreement
with previous calculations [4], there is a sharp, double-peaked
structure (peaks D; and D) predominantly formed by Zn 3d
states.

In PBE, the Zn 3d band extends from —6.5 to —4 eV, while
it is downshifted by 1 eV in the case of HSE03 and GyW,
calculations, as a known result of the stronger localization
of d electrons in these approaches. The d-band splitting is
typical of the tetrahedral environment around Zn atoms, with
a higher-energy peak D, of #, symmetry and a lower one D,
of e symmetry. The e states are hybridized with O 2p states
(bonding states).

At higher energies, broader structures are present, mainly
formed by O 2 p states (O and O, regions). O results from Zn
45 —02 p bonding states. In the HSE03 and Gy W, results, itis a
well-defined peak located between —5 and —3.5 eV, whereas
in PBE, it appears only as a shoulder on the Zn 3d LDOS
which is too high in energy. The remainder of the valence
band (O, region), extending from —3.5 eV up to the Fermi
level, is mostly constituted by O2 p—Zn3d antibonding states
and by hybridized O2p—02p states.

The lowest-energy part of the CB (from 3.31 up to ~6.6 eV
in GyW)) is formed essentially by states of Zn 4s character.
At around 5 eV, an additional Zn 4p contribution starts
growing, defining region H (from 6.6 to 10.6 eV in GoWj).
At 11.7 eV, the CB displays a sharp peak (denoted S), formed
by O2p—Zn4s antibonding states. The Zn 4p contribution
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TABLE IV. PBE, HSEO3, and GoyW, band gaps (eV) of the six
ZnO polymorphs [55].

E;BE E;ISE Egcowo
h-BN 0.97 2.53 3.57
Zinc blende 0.63 2.13 3.18
Wurtzite 0.73 2.25 3.31
bct 0.75 2.26 3.41
Sodalite 1.05 243 3.63
Cubane 1.33 2.73 4.00

reaches its maximum beyond 15 eV. We denote by P, the region
around 13.3 eV, above which Zn 4p states are predominant
although still hybridized with Zn 4s, and by P, the region
around 16.0 eV, where the CB is merely formed from Zn 4p
orbitals.

As a final remark, the use of range-separated hybrids
appears especially important to obtain a correct description
of valence states, while the inclusion of quasiparticle cor-
rections (in the GyW, approach) does not bring significant
improvement. In contrast, GoWy corrections are crucial to
correctly locate the conduction band minimum, hence giving
areliable estimation of the band gap (0.73 eV in PBE, 2.25 eV
in HSEO03, 3.31 eV in the GyW),, results, to be compared to the
experimental value 3.34 eV, Table IV). The CB DOS shape, on
the other hand, is not significantly modified by quasiparticle
corrections, which justifies the use of scissor operators or
other extrapolation techniques [30], if one does not need to
be quantitatively predictive of the band gap.

C. Quasiparticle spectra of ZnO polymorphs

With the view of comparing the six ZnO polymorphs, we
first discuss the influence of structural parameters on the gap
widths. Then the full quasiparticle spectra are analysed.

1. Band gaps

Table IV reports the gap widths of the six ZnO polymorphs,
obtained within the PBE, HSEO03, and GyW, approaches.
Despite the well-known overall underestimations in HSEO3,
which are even more severe in the PBE method, the hierarchy
of gap widths in the six phases is identical within the three
approaches, with a maximal gap variation (between cubane
and zinc blende) of 0.7 eV in the PBE and HSEO3 results and
0.8 eV in GoW,. This suggests that the gap hierarchy—larger
gaps in less dense polymorphs—is not determined by details
of the electronic structure but rather by quantities directly
related to the structure. Arguments of different nature can be
invoked to interpret bulk band gap variations. One refers to the
strength of the electrostatic potential acting on the ions, others
to hybridization effects. In the following we successively
consider their applicability to ZnO band gaps.

In semiconducting or insulating compounds, the elec-
trostatic potentials acting on anions (Vo > 0) and cations
(Vzn < 0) provide a contribution AV = Vo—Vz, > 0 to the
atomic level separation and thus to the gap width. On the other
hand, a covalent contribution to the band gap also exists, a
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FIG. 5. (Color online) Variations of the gap widths 6 E, versus
the variation of electrostatic potential difference 6(A V'), with respect
to the gap and potentials in the wurtzite structure. Results obtained
within the PBE, HSEO3, and GyW, approximations are represented
with black dots, red triangles, and blue squares, respectively. N,
values are also reported for each structure.

function of the number of nearest anion-cation pairs and of
their distances [56,57]. Qualitatively, AV is larger in denser
local environments, which is well obeyed in the ZnO series
when considering denser polymorphs, as seen in Fig. 5, where
we report the variations of gap widths § E, versus §(A V), with
respectto £, and AV in wurtzite [58]. The trends are similar in
the PBE, HSEO03, and Gy W, [59] approaches. However, the gap
variations with respect to the wurtzite structure, § E,, are much
larger than those of the electrostatic potential 5(AV) (0.8 eV as
awhole, versus less than 0.25 eV). More importantly, the trend
(decrease of E, as AV increases) is actually opposite to the
one expected from pure electrostatic arguments. This clearly
shows that the electrostatic potential, whose contribution in
ZnO polymorphs does not appear to have been previously
invoked in the literature, plays a secondary role in the gap
variation. Similarly, since in all (but ~-BN) ZnO polymorphs
the ions are fourfold coordinated with very similar average
Zn-0 distances (Table II), no significant effect of the covalent
contribution is expected on § E.

As regards bandwidth effects, the states most important
for fixing the gap width are those at the top of the VB and
the bottom of the CB which have nearly pure O 2p and
Zn 4s characters, respectively. They form bands whose width
increases with the numbers of nearest O-O or Zn-Zn neighbors,
i.e., N [60]. As a consequence, the larger is N,, the smaller is
the gap width. Figure 5, which also indicates the values of N,
for the various polymorphs, proves that this qualitative trend is
well obeyed in all polymorphs in which atoms are tetrahedrally
coordinated.

2. Complete quasiparticle spectra

Figure 6 reports the GoW( QP spectra of all ZnO poly-
morphs, aligned at the VB maximum, and, aside from the #-BN
phase, ordered from top to bottom according to decreasing
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FIG. 6. GoW, total density of states (arbitrary units) of the six
ZnO polymorphs aligned at the top of the VB. Black round dots mark
the center of gravity of the O, region, squares mark the position of the
highest peak of Zn 4s character, and down-pointing and up-pointing
triangles mark the position of the P; and P, regions respectively.
Vertical lines indicate the positions of the main wurtzite structures as
a guide for the eyes.

values of N,. The DOS features discussed below follow similar
trends at the PBE and HSEO3 levels (not shown).

The VB of all polymorphs displays common features, such
as a clear separation between the D and the O bands. The
splitting of the Zn 3d levels is found in all geometries. The D,
and D, peaks have pure e, and 1, characters, respectively, in
zinc blende where the tetrahedral local environment is perfect.
When the symmetry is progressively lowered (from wurtzite
to cubane), the D; peak develops additional low-energy
structures and is correspondingly shifted to higher energy,
hence reducing the D;-D, splitting. There is also a weight
redistribution between D; to D, visible as well in the A-BN
polymorph.

Higher in energy in the VB, the O, peak due to Zn4s—0O2p
bonding states, and the O, region, associated withZn3d—0 2p
antibonding states and O-O hybridization, can be recognized
in all materials, although the latter displays different features
from structure to structure. Nonetheless, the O; peak positions
and the center of gravity of the O, region (black round
dots) [61] display a systematic, albeit small, shift towards
higher energy in the series (Table V), which can be assigned
to the shifts of oxygen (anion) levels when V, decreases.

The same electrostatic argument, now applied to cation
levels, rationalizes the shifts of the S peak (O 2p—Znd4s
antibonding states, squares), the P; region (low-energy Zn 4p
states, down-pointing triangles) and the P, region (high-energy
Zn 4p states, up-pointing triangles) to lower energies in the
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TABLE V. Position (eV) of the principal features in the GoWy
DOS with respect to the top of the VB

Dl Dz 01 Oz S Pl P2

h-BN —-64 =58 —43 -—-15 11.7 132 157
Zinc blende —-6.7 -58 —43 —-19 121 133 163
Waurtzite —-66 —-58 —-43 -—-19 11.7 133 160
bet —-65 =58 —41 -—-17 115 124 159
Sodalite —-64 =59 =38 -—-17 11.1 123 157
Cubane -6.1 -56 -36 -—-15 115 124 158

CB, when V, decreases in absolute value from zinc blende to
cubane. In contrast to the gap which increases along the same
series, the positions of the main DOS structures seem to be
ruled by electrostatic arguments.

To summarize, we have evidenced systematic trends in the
variations of gaps and DOSs—whether resulting from the PBE,
HSEO3, or GoW, approximation—along the series of ZnO
polymorphs. The increase of the gap widths and the evolution
of the DOSs close to band edges when the number of second
neighbors N, decreases in the ZnO series has been assigned to
a narrowing of bandwidths associated with O-O hybridization
and Zn-Zn hybridization at the top of the VB and bottom of
CB, respectively. The lower-density polymorphs, like cubane
and sodalite, thus possess the larger gaps, consistently with
Ref. [30], where the authors put forward nanoporosity as a
way to increase the band gap. In contrast, the shifts of the main
DOS structures, towards higher energies in the VB and lower
energies in the CB can be rationalized by electrostatic potential
arguments, the strength (absolute value) of the electrostatic
potential decreasing as the atomic density gets lower, thus
pushing the oxygen and zinc atomic levels closer to each other.

IV. OPTICAL PROPERTIES

After a presentation of the computational setup, this section
provides the absorption and EELS spectra first of ZnO
wurtzite, and then of the other polymorphs. The discussion
stresses the relationship between the optical spectra and the
DOS structures.

A. Theory and methods

In linear response theory, the response of an electronic
system to a perturbing field is described by the complex
dielectric function €(q,w) = €1(q,w) + i€x(q,w) where q is
the exchanged momentum (q — 0 for light) and o is the
energy of the perturbation (photon energy in absorption or
electron-energy loss in EELS). Its real and imaginary parts,
which are connected by Kramers-Kronig relations, enter the
expressions of the optical absorption spectrum A, (w) (light
propagating along the X direction [62]):

Ar(w) = lin}) e(q,0) with q =g, (D
q—)

and of the electron-energy loss spectrum L(q,w):

€(q,)
€1(q,0)* + €2(q,w)>

L(q.0) = —Im[ @

1 ]_
e(qo)|
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Structures in €,, associated with interband transitions, are
directly reflected in the absorption spectra, but also in EELS
when the denominator in Eq. (2) is small. Moreover, L(q,w)
displays additional structures (plasmon peaks) when ¢, = 0
and €, is small.

In the random phase approximation [44], and under the
assumption of a homogeneous medium (neglect of local
fields), the dielectric function e(q,w) = 1 — 47 x°(q,w)/|q|?
is expressed in terms of the macroscopic component of
the independent particle polarizability x°(q,w), which can
be computed as a weighted sum over transitions between
quasiparticle states (RPA 4+ GyW) [63,64]. The knowledge of
initial- and final-state energies of each transition allowed us to
map them on the DOS, and to identify principal contributions
by their associated weights (matrix elements).

In the present study, all spectra are computed within the
RPA + GyWj method [65] using the VASP code [66]. They are
converged with a cutoff energy of 500 eV, and calculated for w
up to 30 eV. In the right side of Table III we report the number
of bands needed for convergence of the spectra, while the
k-point grids used are the same as for the GyW, results (same
table, left side). Absorption and EELS spectra are computed
at momentum transfer q ~ 0. For anisotropic materials, the
ordinary (OCs) and extraordinary (ECs) components are
given, with momentum transfer respectively parallel and
perpendicular to the ab plane. Except when explicitly stated,
local field effects are neglected. Spectra are convoluted with a
Gaussian distribution of width o = 0.5 eV to correct for the
discrete sampling of the Brillouin zone.

B. Waurtzite structure

The frequency dependences of the real and imaginary parts
of the dielectric function of wurtzite ZnO are shown in the
top panel of Fig. 7. The wurtzite structure being anisotropic,
for each of them, OCs and ECs are specified. The onset of
the ex(w) curve is characterized by a step region, labeled
E, originating from transitions between the topmost part of
the VB and the Zn 4s states, forming the bottom of the CB.
Because of the anisotropy of the wurtzite structure, the value
of the absorption onset is different for the OCs and ECs (3.3
and 3.6 eV, respectively). This part of the spectrum is known
to be strongly affected by excitonic effects [67,68], absent in
our calculations, so it will not be further discussed.

Beyond the onset region, the main absorption peaks [in
the €;(w) curve] occupy the energy range between ~7 and
~20 eV. This part of the spectrum is composed mostly of
transitions from the upper O, region of the VB to the Zn 4s
and Zn 4p final states. The main structures, A at 9.9 eV, B,
and B, between 12.7 eV and 16.6 eV, and the C shoulder
at ~17.6 eV correspond to transitions from O, to H, O, to
S/Py, and O, to P,, respectively (with reference to the DOS
structures, Fig. 4). Although their energies also fall in this
range, transitions from the Zn 3d states (levels D; and D, in
the DOS) have a small weight and their contributions to this
part of the spectrum are negligible. In contrast, the small X
steplike structures located at 21.5 and 22.1 eV in both OCs
and ECs are due to transitions from D, to the P, region.
Comparing our results to Refs. [67,68], in this energy range,
the inclusion of electron-hole interaction redshifts all spectral
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FIG. 7. (Color online) Top panel: Real (red) and imaginary
(black) parts of the RPA 4+ GyW,, dielectric tensor in wurtzite ZnO.
OCs and ECs are reported with solid and dashed lines respectively. In-
set: Absorption spectrum averaged over the three Cartesian directions,
Bottom panel: EELS spectrum at vanishing parallel (solid line) and
perpendicular (dashed line) momentum transfer in the RPA + GoW,
calculation. Red and black arrows mark the positions where the real
part vanishes and has a local minimum, respectively.

features quasirigidly by about 2 eV. Hence, even without the
inclusion of excitonic effects, a meaningful comparison of the
absorption spectra of the six ZnO polymorphs can be made.
Additionally, the comparison between RPA + GoW results
with and without local fields (inset in Fig. 7) shows that the
latter can be neglected as long as peak positions only are
concerned.

The wurtzite ZnO EELS spectrum is reported in the bottom
panel of Fig. 7. It displays very weak structures associated
with the interband transitions E, A, B, and C. The strongest
peaks in the OCs (ECs), at 20.4 (20.9) eV and 22.5 (23.3) eV,
are the signatures of the plasmon resonance and of the X
interband transition, respectively. The X transition is much
more visible in EELS than in absorption due to the low value of
the denominator in Eq. (2). As regards the plasmon resonance,
as can be expected from Eq. (2), its energy is close to but not
exactly equal to the energy where €;(w) vanishes (20.1 and
20.5 eV for the OCs and ECs, respectively).

C. Other polymorphs

The RPA + GyW,, absorption spectra are reported in Fig. 8
for the series of six ZnO polymorphs under consideration. As
a result of the opening of the band gap, the onset moves to
higher energies in the series. The anisotropic effect observed
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FIG. 8. Absorption spectrum of the six ZnO polymorphs. OCs
and ECs are reported with solid and dashed lines, respectively. Circles
and crosses indicate the position of the center of gravity of the B peak.
The positions of wurtzite peaks E, A, B, C, and X are indicated by
vertical lines to guide the eye.

in the onset of wurtzite, can be found also in both bct [69] and
the A-BN lattice (3.4 eV for the OCs and 3.6 eV for the EC,
in the former; 3.6 eV and 4.2 eV for the latter). The E, A, B, C,
and X regions can be distinguished in all spectra. As a general
trend, both the E and A regions (transitions from the top of the
VB to low-energy Zn 4s and Zn 4 p states) are blueshifted along
the series, which can be related to the increase of band gaps.
The higher-energy B peak, which corresponds to transitions
from the O, to the S and P; DOS regions, is strongly affected by
the anisotropy of the materials. It displays a double structure
only in wurtzite and zinc blende, where the final states are
well separated, while, in the other polymorphs, a single broad
structure appears. Unlike the E and A interband transitions, it
is globally redshifted along the series, as highlighted in Fig. 8
and reported in Table VI. This trend is in agreement with
the electrostatic potential effect which pushes the oxygen and
zinc levels closer to each others in the series. Finally, the C
and X transitions do not move significantly from structure to

TABLE VI. Positions of the B peaks (eV), zeros of €;(w) (eV),

and electronic density n (A_a). Values for the ECs are reported in
parentheses.

B € =0 n'/?
h-BN 14.4 (13.8) 20.6 (20.8) 1.29
Zinc blende 15.3 20.3 1.26
Waurtzite 14.5 (15.2) 20.1 (20.5) 1.26
bct 14.4 (14.3) 19.1 (20.1) 1.23
Sodalite 14.3 1.14
Cubane 14.1 1.12
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FIG. 9. EELS spectra of the six ZnO polymorphs. OCs (parallel)
and ECs (perpendicular) spectra are reported with solid and dashed
lines, respectively. Squares and x signs mark the energies where
€1(w) = 0 for OCs and ECs. An arrow indicates the position of the
X structure. The positions of wurtzite peaks E, A, B, C, and X are
indicated by vertical lines to guide the eye.

structure, as a result of the nearly constant energy position
around 16 £ 0.3 eV of the final states (P, region).

The EELS spectra are reported in Fig. 9. All polymorphs
display a main structure around 20 eV, which progressively
redshifts and broadens along the series from zinc blende to
cubane. As for wurtzite, this structure involves the plasmon
peak and the X interband transition. The classical model based
on the free-electron gas predicts that the plasmon frequency
scales as the square root of the (valence) electron density n:
w, & /n. According to it, a decrease of w,, along the series
is expected, as well as a decrease of the energy for which
€1(w) vanishes, in agreement with numerical results (Table VI).
However, ZnO is not a free-electron-gas material. This clearly
appears in the mere fact that €;(w) never vanishes in sodalite
and cubane, and shows that a more careful analysis of the
frequency dependence of €; and ¢, is needed.

Due to the Kramers-Kronig relations which link €;(w) and
€,(w), intense and narrow peaks in €;(w) are reflected in a
sharp decrease of €,(w) at the same energy, possibly driving it
to negative values. In the ZnO polymorphs, the main structure
in €;(w) is the B peak. Its redshift in the series, noted above,
is thus fully consistent with the shift of the energy at which
€1(w) vanishes and thus of the plasmon resonance. In sodalite
and cubane, however, the B peak is not intense and sharp
enough to push €;(w) to negative values. Additionally, as
visible in Fig. 10 in the case of cubane, the C shoulder, which
is well detached from the B peak, induces a rise of €;(w),
thus impeding it to vanish. Nevertheless, the two local minima
of €;(w) are sufficiently close to zero [and €,(w) sufficiently
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FIG. 10. (Color online) Cubane optical properties: Top panel:
Real (red) and imaginary (black) parts of the dielectric tensor
in RPA + GyW,. Bottom panel: Electron energy-loss spectrum at
vanishing momentum. Red and black arrows mark the positions of
the first minimum of €;(w) and of the X transition, respectively.

small] to generate strong peaks in the EELS, although the
latter cannot be considered as genuine plasmon resonances. A
similar situation occurs in sodalite.

Aside from the plasmon peaks, most spectra display an
additional structure, in the same energy range, due to the X
interband transition, between the D, states and the P, DOS
region. In zinc blende, its intensity is high both because of the
pure tetrahedral local environment of the atoms which yields
a well-defined e, —1,, splitting and because of the final-state
localization (state at 16.3 eV in Fig. 6). Along the series from
zinc blende to cubane, the intensity of the peak decreases with
local symmetry lowering, due to the associated intensity loss
of the initial D, DOS state.

To summarize, we have evidenced systematic trends in the
shapes of absorption and EELS spectra, along the series of
ZnO polymorphs, and we have related them to the behavior
of the DOS structures discussed in the preceding section. The
onset of absorption moves to higher energies in the series as
a consequence of the opening of the band gap, which also
induces a blueshift of the low-energy interband transitions. In
contrast, the decrease of electrostatic potential along the series,
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which brings oxygen and zinc levels closer to each other, shifts
the main absorption peak to lower energies. This provokes a
decrease of the frequency at which €;(w) vanishes and of the
plasmon resonance. The cubane and sodalite polymorphs were
shown not to possess genuine plasmon resonances.

V. CONCLUSIONS

This work provides a complete characterization of the
electronic properties of six ZnO polymorphs, including
quasiparticle, absorption, and EELS spectra. It focuses on
the series zinc blende, wurtzite, (ideal) bct, sodalite, and
cubane structures, along which atoms have similar local
tetrahedral environments and decreasing atomic density. The
h-BN structure was added in view of its importance in ultrathin
films. Computations rely on the PBE and HSEO3 approaches
for structural properties, on GyW corrections to the HSE03
eigenvalues for the simulation of QP spectra, and on the
RPA 4+ GyW, method to determine the dielectric tensors and
the absorption and EELS spectra.

The decrease of the atomic density along the series has
two main consequences which can be traced in the electronic
properties. First, due to the decrease of the number of second
neighbors, a band narrowing close to the gap edge takes place.
Second, the electrostatic potential acting on the oxygen and
zinc ions decreases (in absolute value), pushing their atomic
levels closer to each other. These effects are quite general and
independent of the level of approximation chosen.

The band narrowing induces an increase of the band gap and
a blueshift of the interband low energy transitions. The second
effect is responsible for shifts of the main DOS structures,
towards higher energies in the VB and lower energies in
the CB. As a consequence, the main absorption peak, the
frequency at which €; () vanishes and the plasmon resonance
shift to lower energies. The cubane and sodalite polymorphs
were shown not to possess genuine plasmon resonances.

This study provides a firm theoretical support to the analysis
of spectroscopic experiments on ZnO polymorphs. Moreover,
it gives the necessary background for forthcoming studies of
ZnO nano-objects, in which, additionally, finite-size effects
will need to be taken into account.
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