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Abstract: The defects in zinc oxide crystals are of crucial importance for their usability in
many applications and are not yet fully understood. Here, we demonstrate that dioxygen
species are present as defects in the grown ZnO, resulting in a bending of the atom layers
that lie perpendicular to the c-axis. In the Raman spectra, these defects cause the appearance
of bands different from the known bands of perfect ZnO crystals allowed by symmetry.
These additional Raman bands, which have been frequently reported for ZnO in the past,
can thus be fully explained by the presence of dioxygen species, and the widespread
assumption of second-order modes for the assignments of these bands is not necessary.
Furthermore, the Raman spectrum belonging to perfect zinc oxide in the ideal wurtzite
structure is presented, obtained from small domains in ZnO(0001) crystals exposed to
pressures up to 2 GPa. The dependence of the O-O stretching modes on the applied
pressure proves the presence of dioxygen species in ZnO, which is also confirmed by
phonon calculations of structure models with embedded dioxygen species. The surface
quality of the ZnO crystals studied is also reflected in the Raman spectra and is included in
the analysis.

Keywords: zinc oxide; crystal structure; dioxygen species; defects; Raman scattering

1. Introduction
Crystals are solids in which atoms are regularly arranged in a spatial lattice with

specific geometric symmetry elements. However, there is no ideal atomic lattice in nature,
and certain imperfections in chemical composition and structural atomic arrangement
are often essential for the usefulness of crystals as materials in technological applications.
Usually, single crystals contain point defects (vacancies, interstitials, and antisites) in
addition to extended defects, such as dislocations and dislocation networks. Vacancies,
for example, allow atoms to move through the lattice during solid-state reactions or ionic
conduction. Dislocations tend to arrange themselves into boundaries which split crystals
into parts with small misorientations [1,2]. The characterization of these inhomogeneities is
fundamental for the understanding of the properties of solid materials.

In particular, the analysis of these intrinsic defects in crystals is of crucial importance
for oxides with a wide range of applications, such as ZnO. Zinc oxide is a semiconducting
material with a large exciton binding energy and a pale yellow to green color, which
crystallizes only in the wurtzite structure at ambient conditions [3]. Besides the color, the
intrinsic defects in ZnO are responsible for various properties of ZnO such as its n-type
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conductivity, which is not yet fully understood [4,5]. Furthermore, ZnO is a functional
material that is used, for example, as a substrate for UV and blue light-emitting devices that
require large, high-quality crystals [6,7]. Such ZnO crystals can be grown using various
methods, via, e.g., hydrothermal, sol–gel, or vapor growth processes [8,9]. Hydrothermal
synthesis is the most attractive method for preparing large crystals since it requires only
low growth temperatures, and ZnO is easily soluble in various hydroxide solutions [10,11].
Thus, in this study, we investigated ZnO single crystals grown using the hydrothermal
technique, with a particular focus on the defects in the crystal, since these impact its
usability and should be examined as carefully as possible.

One of the most powerful techniques for obtaining information about a material is
light scattering. This applies in particular to Raman scattering, a local probe that is well
suited for the analysis of local inhomogeneities. This constitutes a qualitative difference to,
for example, standard X-ray diffraction, where an average value of the sample properties is
determined on length scales beyond 100 nm.

Furthermore, recent results show that the compression of ZnO powder leads to the
emergence of new bands in the Raman spectrum, especially at 1550 cm−1, accompanied by
a remarkable increase in the intensity at around 100 cm−1 and 570 cm−1 [12,13]. In order
to investigate whether a similar effect can also appear in single crystals, we performed
high-pressure experiments on ZnO crystals in the same pressure range as for the powder
samples (about 1 GPa). The objective of this experiment was to determine the impact
of pressure on defects in crystalline structures. Analogous pressure effects on vacancy
defects have been described in the literature for halides: the compression of halide double
perovskites at 1.7 GPa increases conductivity by one order of magnitude [14]. Thus, the
current investigation provides an opportunity to gain deeper insights into the ZnO structure
and its defects. The pressure range employed was well below the one required for pressure-
induced structural phase transitions of ZnO, which begin at around 9 GPa and first result
in the rock salt structure type [15].

This work presents detailed Raman analyses of single-crystal ZnO before and after
applying a pressure of up to 2 GPa. The measurements were performed using the sample
imaging technique on the (0001) surface with different surface qualities. The observed
results were then analyzed with respect to the structural features of zinc oxide. The defects
and dislocations in ZnO influence the vibration modes and are therefore visible in the
Raman spectra. The differences in the observed spectra were analyzed in detail together
with the calculations of the corresponding phonon spectra and Raman intensities, using
density functional theory (DFT) methods. In addition, optical and electron microscopic
investigations were performed to characterize the local atomic arrangements.

2. Materials and Methods
2.1. Samples

Pale-yellow, single-crystal ZnO samples with two orientations (<0.5◦), (0001) and (10-
10), were purchased from CrysTec GmbH (Berlin, Germany, 10 × 10 × 1 mm3, hexagonal
wurtzite structure, hydrothermal growth). One surface side (10 × 10 mm2) was epi-
polished, and the others were finely ground. The average roughness Ra was determined
with an atomic force microscope (Cypher, Asylum Research, Goleta, CA, USA) to <0.5 nm
and <150 nm for the epi-polished and fine-ground surfaces, respectively. The refraction
indices of the ZnO crystals are given by no = 2.026 (ordinary) and nc = 2.041 (extraordinary).
For the high-pressure experiments, a ZnO(0001) crystal was cut into small, flat pieces
measuring 2 × 2 × 1 mm3 (see Figure S1 in the Supporting Information SI) using a diamond
saw. For compression, these flat samples of ZnO crystals were wrapped in aluminum foil,
embedded in boron nitride powder, and sealed inside an aluminum foil ampoule. The
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ampoule was placed in a walker-type multi-anvil press and subjected to pressures of 0.5, 1,
or 2 GPa for 1 h. The pressure was slowly released over 10 h; see Figure S1. The crystals
were then removed intact from the crucible and transferred to the Raman spectrometer. The
Raman measurements were performed immediately afterwards in the following days and
repeated for certain samples, sometimes months later, over a period of about six months,
without observing relaxation phenomena.

Moreover, ZnO powder (99.999%, lightly yellow) purchased from Acros Organics
(Geel, Belgium) was compressed with 1 GPa at ambient conditions using a hydraulic press
(PerkinElmer GmbH, Rodgau, Germany), forming a round disc.

2.2. Raman Spectroscopy

The Raman measurements on the ZnO crystals were performed with a laser-
microscope Rahman spectrometer (BXFM microscope and iHR 550 spectrometer, Horiba,
Germany) operating with a 532 nm laser and a Peltier-cooled CCD camera (Synapse),
Horiba Scientific, Bensheim, Germany. The resolution of the spectrometer (three-grating
1800 L/mm) was about 1 wavenumber, and the measurements started at 60 cm−1. The laser
beam (20 mW) was focused with an objective lens (100× magnification, 0.9 NA) on the
samples using a confocal aperture in quasi-backscattering geometry (acquisition time 10 s).
The size of the laser spot of the device with this configuration was approximately 1 µm.
Subsequently, the Raman signal was coupled using a fiber-optic cable to the spectrome-
ter. The Raman spectra of the ZnO powder and crystals were measured with the same
apparatus. For the Raman mapping, a LabRAM HR Evolution Raman spectrometer was
used (Horiba Scientific, Bensheim, Germany). The spectrometer setup included a double
super razor edge filter and a Peltier-cooled CCD camera (Synapse, grating 1800 L/mm).
The measurements were performed with linearly polarized laser light with a wavelength
of 532 nm in the wavenumber range of 20 cm−1 to 2000 cm−1 (acquisition time 1.5 s/3 s).
The power of the laser was 40 mW, and the light beam was typically focused by a 10×
(overview spectra) and 50× (LWD) objective to a <5 µm spot diameter on the top surface
of the sample using a microscope (defined from the device parameters). For the Raman
mapping, a 9 × 9 grid of measurement points on the 2 × 2 mm2 crystal surface with a
distance of 200 µm between the individual measurement points was used, which was set
by a computer-controlled XY stage with autofocus. Measurements with lower laser power
showed no difference in the spectra, and no heating-related effects on the samples were
observed. This observation was in agreement with Raman investigations using a similar
laser power (38.5 mW at 532 nm) on ZnO crystals, where no laser-induced damage to the
ZnO crystals was observed [16].

2.3. Microscopy

The optical images of the ZnO crystals were recorded using an optical microscope
(Nikon Eclipse LV100ND, Nikon Instruments Inc., Amstelveen, The Netherlands) equipped
with a digital camera and operated at different magnifications (200× to 1000×) in bright
field and differential interference contrast modes. Scanning electron microscopy (SEM) im-
ages were taken with a field emission microscope (Merlin, Carl Zeiss GmbH, Oberkochen,
Germany) using an accelerating voltage of 2–5 kV and an Everhart–Thornley (SE) detec-
tor. Transmission electron microscopy (STEM) was performed in a probe-corrected JEOL
ARM200CF (JEOL Co. Ltd., Tokyo, Japan) operated at 200 kV. Images were recorded using
an annular bright-field (ABF) and a high-angle annular dark-field (HAADF) detector with
collection semi-angles of 10–20 mrad and 70–300 mrad, respectively. The convergence semi-
angle of the electron probe was 20.4 mrad for STEM imaging, and 6 mrad for large-scale
electric field measurements.
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2.4. Theoretical Calculations

The ab initio calculations were performed using the CRYSTAL software (versions 17 and
23), based on the linear combination of atomic orbitals (LCAO) [17]. Crystallographic and
structural analysis were performed using the KPLOT code [18]. The full structural optimiza-
tions were carried out using analytical gradients, and the subsequent phonon calculations
were based on analytical first and numerical second derivatives [19]. The LO-TO splitting
at the Γ-point was calculated within the framework of the coupled perturbed Kohn–Sham
method [20]. A fully analytical method for calculating Raman intensities of periodic systems
was applied [21,22]. The density functional theory (DFT) calculations were performed using
the B3LYP functional (Becke’s three-parameter functional in combination with the correlation
functional of Lee, Yang, and Parr) [23] and the generalized gradient approximation (GGA)
with the PBE (Perdew, Burke, and Ernzerhof) functional [24]. Employing several ab initio
methods can help provide a better understanding of the quantitative reliability of the theoreti-
cal findings [25]. Each local optimization employed an all-electron basis set (AEBS): a [6s5p2d]
basis set in the case of zinc, and a [4s3p] basis set in the case of oxygen [12,26].

The calculation of the vibrational frequencies using the CRYSTAL code was performed
at the Γ point. The dynamical matrix was computed through the numerical evaluation
of the first derivative of the analytical atomic gradients. The point group symmetry of
the system was fully exploited to reduce the number of points. At every numerical step,
the residual symmetry was preserved during the SCF process and the calculation of the
gradient. Although the Raman intensities were calculated for a single crystal, the CRYSTAL
program also automatically performed the simulation of powder samples by computing
integrals over all possible orientations of ideal bulk crystals [17,21,22]. For the evaluation
of the vibrational frequencies and Raman spectra, it was essential to use a high-precision
code with low tolerance values.

In this study, the threshold for convergence regarding the total energy during ge-
ometry optimization was set to 10−7, the threshold for convergence regarding the total
energy during frequency calculation was set to 10−10, while tolerances for Coulomb and ex-
change sums (five parameters controlling the accuracy of the calculation of the bi-electronic
Coulomb and exchange series) were set to 10−6, 10−6, 10−6, 10−6, and 10−12. The computed
Raman modes are sensitive to changes in the variation of lattice parameters. For all the
calculations, we employed relaxed supercells. Moreover, the supercell model used within
this study was compared with ideal bulk, supercell, and non-relaxed models, resulting
in small energy differences in agreement with data from the literature (see Table S7 in
Supplementary Materials).

3. Results
3.1. Raman Scattering on ZnO Single Crystals

The Raman measurements were performed on pale-yellow ZnO(0001) crystals, which
had been purchased with two different surface qualities. One side was epi-polished (av-
erage roughness Ra < 0.5 nm) and the second side was fine-ground (Ra < 150 nm); the
corresponding SEM images are shown in Figure S2 (Supporting Information SI). In addition,
a ZnO(10-10) crystal was cleaved along (0001), and this cleaved surface was also charac-
terized by Raman measurements. The Raman spectra of these three different ZnO(0001)
surfaces aligned perpendicular to the laser beam are shown in Figure 1 together with the
spectrum of the ZnO powder compressed at 1 GPa (pressed powder). All these spectra
were recorded with a small spot size of about 1 µm (objective lens 100× magnification) and
repeated many times at randomly selected positions on the ZnO surfaces.

The ideal form of zinc oxide, which crystallizes in the wurtzite structure, exhibits six active
Raman modes in first-order Raman scattering [27]. Their occurrence depends on the scattering
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geometry, and thus, only three modes appear for the geometry applied here, with the c-plane
perpendicular to the laser beam in the backscattering mode (Porto notation [28]: Z(XX)Ẑ).
First of all, it is noticeable that all spectra of the ZnO(0001) crystals used in this study show
more Raman bands than the three symmetry-allowed modes, E2-low at 99 cm−1, E2-high
at 438 cm−1, and A1-LO at 574 cm−1 [29], see Figure 1. These three modes are marked by
the orange solid lines in Figure 1, and the remaining three modes that are not present in
our measurement geometry (E1-TO, A1-TO, and E1-LO) are shown as dashed orange lines,
respectively. In the Raman spectrum of the epi-polished ZnO(0001), additional bands at
333 cm−1, 1106 cm−1, and 1156 cm−1 are clearly visible; in addition, we observe a shoulder
at 405 cm−1, and very weak bands at around 200 cm−1, 540 cm−1, 660 cm−1, and 719 cm−1.
Of these, only the shoulder at 405 cm−1 matches one of the allowed first-order Raman
modes of ZnO (E1-TO). This spectrum corresponds to the generally recognized spectrum of
ZnO(0001) and is frequently reported and analyzed in the literature for zinc oxide [29]. The
same additional bands are visible for the cleaved ZnO(0001) surface, except that the shoulder
at 405 cm−1 slightly shifted to become a more distinct separate band at 400 cm−1. In the
literature [29], the observed additional bands are explained by second-order scattering caused
by overtones and the combination of optical and acoustic phonons (for details, see Table S1).
Up to now, this interpretation of the spectra by assigning these peaks to the second-order
bands seems to provide an acceptable solution [16,30,31].

Figure 1. Raman spectra of original (not exposed to high pressure) ZnO single crystals with three
different surface qualities—fine-ground, epi-polished, and cleaved surface—(scattering geome-
try: (0001) ⊥ to the laser beam), and of a pressed ZnO powder (assigned wavenumber values
of specific bands are marked by arrows); all measurements were captured with an 100× objective lens.
The six active Raman modes of the ideal ZnO structure are represented by orange lines with labels
at the top (solid lines: symmetry-allowed modes for the applied scattering geometry). Insert: the
magnified, normalized range from 380 cm−1 to 480 cm−1 (around the E2-high mode) of the three
single-crystal spectra.
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Regarding the different surfaces studied, we note that our measurements demonstrate
that the Raman spectrum of ZnO obtained from an epi-polished surface is nearly identical
to the spectrum obtained inside a crystal at the same orientation (created by cleavage).
Remarkable, however, are the many tiny but narrow maxima between 60 and 150 cm−1,
which occur at almost the same wavenumbers in the spectra of both epi-polished and
cleaved ZnO. In the spectrum of the ZnO sample with the fine-ground surface, these bands
become more intense and overlap, thus appearing at first sight to represent an enhanced
background. This enhanced Raman intensity decreases with a wavenumber up to 270 cm−1,
and is accompanied by additional broad bands at 380 cm−1 and 579 cm−1 (fine-ground
ZnO). It should be noted that the spectrum depicted for fine-ground ZnO represents the
average of our measured spectra over all surface points at which measurements were per-
formed; however, for individual surface spots, spectra with almost identical characteristics
to those of epi-polished ZnO can be found, as well as spectra with additional bands that
are twice as intense (cf. Figure S3, Supporting Information). Furthermore, the spectrum of
the fine-ground ZnO is nearly identical to the spectrum of the pressed powder. Thus, the
fine-ground ZnO seems to have similar imperfections, e.g., structural displacements, as
the pressed powder. The fine-ground ZnO exhibits a rougher surface compared to the epi-
polished one, which implies a higher local disorder, which is then reflected in the observed
enhanced bands. This result is also confirmed by the measured line widths of the E2-high
band at 438 cm−1 for the ZnO crystals (see the insert in Figure 1). All these lines show an
asymmetric broadening towards lower wavenumbers, but the width is significantly larger
for the fine-ground ZnO. The larger line width seems to be the result of a certain structural
displacement (associated with a variation in the Zn-O distances) in the fine-ground ZnO.
Two surprising conclusions can already be drawn from the evidence presented: the coin-
cidence of the Raman spectra of the fine-ground ZnO and the pressed powder, and the
strong influence of the surface quality on the Raman spectra. Both observations reflect the
degree and type of disorder in the ZnO structure caused by the methods applied when
creating the samples and preparing them for the Raman measurements.

3.2. Influence of Pressure on ZnO Crystals

To study the influence of pressure on the ZnO structure, high-pressure experiments
with ZnO(0001) crystals were performed up to pressures of 2 GPa. For this purpose,
small crystals (2 × 2 × 1 mm3) were pressed in a metal crucible filled with BN using a
Voggenreiter press for 1 h. The crystals were then removed from the crucible while still
intact and transferred to the Raman spectrometer. Furthermore, the observation that the
Raman spectra at the various locations on a fine-ground ZnO crystal can be quite different
suggests that the entire surface should be examined in as much detail as possible. Therefore,
the high-pressure experiments were combined with a sample imaging technique (before
and after compression). In these Raman measurements, the sample was scanned pit-by-pit
using a predefined grid, and one spectrum after the other was recorded until the entire
area of interest had been mapped (for both surface qualities). In this context, objective
lenses with a lower magnification were also used in order to enlarge the captured area. The
lateral resolution on the surface for the Raman spectra was given by the spot size of ≤5 µm
(magnification 10×) with a distance of 200 µm between the measuring points.

Figure 2 shows selected spectra of the Raman mapping of ZnO(0001) crystals after the
crystals had been compressed at 1 GPa. It should be mentioned that the spectra presented
in Figure 2, obtained by the Raman mapping, were measured at certain points on the
sample. The majority of the measured spectra are very similar to those shown in Figure 1.
However, after the compression, the background of the spectra is smoother, and especially



Crystals 2025, 15, 574 7 of 27

the broad Raman bands between 500 and 700 cm−1 are weakened for the sample with the
fine-ground surface.

Figure 2. Raman spectra selected from the Raman mapping of ZnO single crystals after being pressed
at 1 GPa (scattering geometry: (0001) ⊥ to the laser beam). Two spectra (for the epi- and fine-ground
surface, respectively) with 50× magnification and an overview spectrum with 10× magnification
(epi-polished) are shown. Such overview spectra were recorded on many different locations on
the surface of the ZnO (0001) crystals before and after the pressure experiments with pressures of
up to 2 GPa. After compression, the crystals were removed from the crucible and transferred to
the Raman spectrometer. Wavenumber values assigned to specific bands are marked by arrows.
Insert: the magnified spectral range from 400 cm−1 to 480 cm−1 (around the E2-high mode) for the
three samples.

The spectrum at the bottom of Figure 2 is a so-called overview spectrum, which was
measured with a spot size of 5 µm (10× magnification) on the epi-polished surface. For this
relatively low magnification, one obtains data from spots with an area of about ten times
the size of the spots studied with the other two magnifications. Similar overview spectra
were obtained (in a more or less identical shape) for many locations on the ZnO(0001)
crystals with this larger spot size of 5 µm after, and also sometimes before, compression.

Two features are noteworthy in the overview spectrum. First, the tiny narrow bands
discussed above appear to partially accumulate into a broad band at about 80 cm−1, which
shows a large broadening with a peak exhibiting a tail towards lower wavenumbers.
Due to the larger area covered by the overview spectrum, a more averaged spectrum of
ZnO was recorded than for the spots with higher magnification, and a sideband to the
E2-low mode at 80 cm−1 is often observed here. The E2-low mode is dominated by polar
Zn displacements perpendicular to (0001), and additional bands in this region suggest
the presence of different Zn environments in the ZnO crystal, which occur with certain
preferred atomic distances averaged over a larger surface area. Secondly, the distinct bands
between 500 cm−1 and 700 cm−1 widely disappear, leaving only a weak, very broad hump,
which is mainly due to the effects of compression, especially for the fine-ground surface.

The two upper spectra in Figure 2 (obtained for the epi- and the fine-ground surface,
respectively) were recorded with a smaller spot size of 2 µm (50× magnification) after
compressing the sample at a pressure of 1 GPa, and they reveal surprising and unexpected
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characteristics. Both spectra exhibit only two narrow Raman bands, which can be assigned
to the E2-low and E2-high modes. The bands for the epi-polished surface are at 103 cm−1

and 442 cm−1, and for the fine-ground surface are at 97 cm−1 and 436 cm−1. These amazing
Raman spectra are precisely what one would theoretically expect when dealing with a truly
perfect ZnO(0001) crystal (only ideal Zn-O distances, and no disorder). The only band
missing in this scattering geometry is the A1-LO mode, which is generally very weak and
in some cases was not observed at all (for a wavelength of >407 nm) [29].

However, zinc oxide is an optically anisotropic material that exhibits birefringence
along the c-axis, i.e., the light is split into two paths, each propagating a different polar-
ization state of the light wave, where the polarization of the light is rotated by different
amounts along each path. Thus, the A1-LO mode can be suppressed if the difference
in the rotation of the polarization amounts to 180◦; in that case, only the two E2 modes
remain as symmetry-allowed modes in our scattering geometry (laser beam along the
c-axis), which corresponds to the Porto notation Z(XY)Ẑ. Under the conditions used, this
extinction is achieved with a penetration depth in ZnO of approx. 7 µm (a refractive index
of ZnO crystal: no = 2.026 (ordinary), nc = 2.041 (extraordinary); in this estimate, a pressure
dependence of the refractive index was not considered [32]). As a consequence, in these
spectra, no additional Raman bands besides the E2 modes are visible. In addition to the
lack of the A1-LO mode, the bands at 333 cm−1 and at about 1100 cm−1 also disappear.
Furthermore, the spectrum of the epi-polished ZnO sample shows a symmetric profile for
the band at 442 cm−1 (E2-high) without any asymmetry. For fine-ground ZnO, there is a
small asymmetry in the E2-high band, which can be caused by a small amount of variation
in the Zn-O distances due to the rougher surface (see Figure 2, insert).

A most striking observation is that all other bands and anomalies that are usually
obtained in the Raman spectra of zinc oxide are no longer present. In particular, this
includes all the bands (203, 333, 539, 660, 719, 1106, and 1156 cm−1) that had commonly been
assigned to second-order scattering effects; cf. [29] and Table S1. In second-order processes,
two phonons are available for excitation. This allows for a high degree of variability among
the phonons involved, which in turn can lead to numerous additional modes. On the other
side, defects are present in ZnO crystals that reduce crystal symmetry. Quite generally,
the weakening of the overall symmetry softens the Raman selection rules and results in
spectra that are composed of bands that include both previously forbidden and modified
first-order modes. Furthermore, we note that point defects (vacancies, interstitial atoms,
etc.) as well as isolated line defects primarily introduce local distortions in the structure,
leading to local modes (first-order Raman scattering, weakly coupled to the host lattice)
that differ from the scattering of ideal ZnO. In addition, these modes can also be coupled
to the host lattices, leading to collective lattice vibrations with corresponding shifting and
broadening. In particular, this implies that second-order phenomena are not necessarily
required to generate additional modes. Thus, we conclude that the observed additional
bands represent Raman scattering that can be caused by structural disorder present in
the ZnO lattice as prepared at standard pressure, where the disorder can be modified or
removed, at least locally, through the application of external forces such as high pressures.

Another remarkable feature is the different values of the two E2 modes (97 cm−1

and 436 cm−1 vs. 103 cm−1 and 442 cm−1) obtained at different sampling positions and
for different surfaces after the compression of the ZnO crystals (see Figure 2). Both E2

modes are shifted in the same direction (from 97 cm−1 to 103 cm−1 and from 436 cm−1 to
442 cm−1, respectively) between the two measurements, and deviations were observed
for both surface qualities. The wavenumbers of the vibration modes of the ZnO lattice
(wurtzite structure) are determined by the force constants (bond strength), which are
commonly observed to vary inversely with the atomic distances (especially for the same
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atomic system) [33]. The Zn-O distances depend on the z-value of the oxygen site (the only
free site parameter in the wurtzite structure) and the lattice parameters [34]; cf. Table S2.

In the literature, it was found that the lattice parameters of ZnO single crystals decrease
with increasing pressure, while the z-value of the oxygen site remains unchanged [35]. This
leads to a small reduction in the Zn-O distances of 0.5 pm at 1 GPa in the ZnO crystal.
Furthermore, Raman measurements as a function of applied pressure show that the E2-high
mode increases from 439 cm−1 to 445 cm−1 at 1 GPa, while the E2-low mode decreases
from 99 cm−1 to 98 cm−1 at 1 GPa compared to ambient conditions [36]. These pressure
experiments were performed in situ in a diamond anvil cell, and the pressure-dependent
behavior is supported by theoretical considerations [36].

In contrast, our phonon calculations for various oxygen displacements in ZnO show
a shift to higher wavenumbers for both E2 modes upon an increase in z from z = 0.38 to
z = 0.42 at the oxygen site [12]. This displacement of the oxygen site leads to a decrease
in the Zn-O distances perpendicular to the c-axis, the vibration direction of the E2 modes.
These results suggest that the shift of the wavenumbers (from 97 cm−1 and 436 cm−1

to 103 cm−1 and 442 cm−1, respectively) shown in Figure 2, measured at two different
sample positions, corresponds to different z-values of the oxygen site and is not due to a
reduction in the lattice parameters. Thus, the different Zn-O distances within the wurtzite
structure—as deduced from our Raman measurements—are stabilized in the ZnO crystals
by shifts in the oxygen positions along the c-axis (z-values) after the compression of the
sample. We note that through our Raman mapping, many local areas (domains) in the
micrometer range were characterized, which enabled us to observe such variations that
are only present at a local level. In addition, the lack of asymmetry of the narrow band at
442 cm−1 (epi-polished) indicates that all Zn-O distances in this sample position are almost
identical (resulting in a small symmetric distance distribution). The slight asymmetry of
the band at 436 cm−1 (toward lower wavenumbers) indicates a small contribution due to
additional, slightly longer Zn-O distances for this Raman sample position on the surface of
the fine-ground ZnO, which can be generated by a slight shift of the oxygen position (z-
value). In the literature, the asymmetric line shape broadening is attributed to anharmonic
interactions with transverse and longitudinal acoustic phonon combinations [29]. However,
since no second-order scattering bands are visible in the Raman spectra here, we do not
consider this explanation to be convincing.

The effect of pressure on the fine-ground ZnO(0001) crystals reveals a stronger in-
fluence of compression than for the epi-polished crystals, and the corresponding results
are presented in Figure 3. Figure 3 shows selected Raman spectra measured by Raman
mapping the surface of pressed fine-ground ZnO crystals at different lens magnifications
(10×, 50×, and 100×) and applied pressures (0.5, 1, and 2 GPa). The prominent feature
of all these spectra is the appearance of narrow Raman bands at about 1000 cm−1. In the
spectra recorded at high magnifications (50×, 100×), this band was recorded at about
990 cm−1, and the observed intensities increase with increasing pressure. Similarly, the
intensity of the broad bands between 1050 and 1200 cm−1 decreases, and the individual
bands become more separated at the same time. This clearly illustrates the transition from
the broad bands (1050–1200 cm−1) to the narrow bands at about 990 cm−1 due to the
pressure. We note that in this region (750 to 1200 cm−1), the stretching modes of dioxygen
species such as peroxide and superoxide ions are located, which indicates that these species
might be present in the pressed ZnO crystals studied. For example, the O-O stretching
mode is observed for zinc peroxide (ZnO2) [37] at 840 cm−1 and for sodium superoxide
(NaO2) [38] at about 1160 cm−1, respectively, cf. Table S3 in the Supporting Information.
The modes observed here (at about 990 cm−1) lie at in-between wavenumbers, and the
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narrow line widths indicate the presence of a specific dioxygen species with a well-defined
O-O distance in the pressed ZnO crystals.

Figure 3. Raman spectra selected from the Raman-mapping of ZnO single crystals that were pressed
up to 2 GPa (scattering geometry: (0001) ⊥ to the laser beam). The spectra were recorded for
samples with a fine-ground surface after the crystals had been exposed to pressures of 0.5, 1, or
2 GPa (corresponding magnification is given). After compression, the crystals were removed from
the crucible and transferred to the Raman spectrometer. Wavenumber values assigned to specific
bands are marked by arrows. The spectral region between 950 cm−1 and 1050 cm−1 is highlighted.
Insert: the magnified range between 1000 cm−1 and 1800 cm−1 of the two spectra with 0.5 GPa
(magnification 50×) and 1 GPa (magnification 10×).

The spectrum obtained for the crystal pressed at 1 GPa shows two bands in this region
at 990 and 995 cm−1, which are accompanied by two E2-low bands at 99 and 106 cm−1 and
some E2-high bands between 440 and 470 cm−1. Analogous behavior is observed for the
ZnO crystal pressed at 2 GPa. Here, too, several E2 modes are visible, but their intensities
are lower, while the band at 990 cm−1 is very intense. These observations demonstrate
that the dioxygen species (peroxide/superoxide ions) are clearly present in ZnO single
crystals and that the bands in the region between 750 to 1200 cm−1 originate from the O-O
stretching modes. A shift or excitation of these modes due to increased sample temperatures
can be ruled out, as no laser-induced heating effect on the ZnO crystals was observed.
Furthermore, we also exclude the possibility that these narrow bands at around 990 cm−1

could be caused by pressure-induced effects [39], since pressures of up to 2 GPa on ZnO
crystals lead to continuous mode shifts < 15 cm−1 [36], and the one- and two-phonon
densities (ZnO, wurtzite structure) calculated as a function of pressure only showed small
shifts (<25 cm−1 for 2 GPa) for the corresponding modes [40].

Quite generally, the local distortions of the ZnO lattice due to the random presence of
dioxygen species and/or oxygen or Zn vacancies in the ZnO crystal as prepared originally,
have a crucial influence on the local Zn-O and Zn-Zn atom distances and thus on the
local force constants: as a consequence, the wavenumbers of the few symmetry allowed
first-order Raman bands, such as the E2-modes, can be shifted (up or down) from the
values for the ideal ZnO structure, or the modes can even be suppressed. This agrees with
the observation that the additional bands at about 200 cm−1, 380 cm−1, and 580 cm−1,
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which are present in the original standard pressure sample, almost completely disappear
in the fine-ground ZnO once this sample is exposed to high pressure. Again, the number
of the above local defects at random locations is reduced, and furthermore, the dioxygen
species are embedded in a few well-defined environments of the ZnO lattice, leading to the
appearance of the above-mentioned bands at around 1000 cm−1 after the high-pressure
treatment. At the same time, as these narrow bands arise at around 1000 cm−1, the mode
at 200 cm−1 is suppressed, and the weak bands between 600 and 750 cm−1 are reduced
together with the bands between 440 and 470 cm−1. A similar behavior is observed for
the band at around 333 cm−1, the intensity of which decreases with increasing pressure.
In particular, the band at around 333 cm−1 disappears in perfect ZnO crystals, although
this band is strongly correlated with the E2-high mode (438 cm−1). This observation clearly
demonstrates that the band around 333 cm−1 is caused by defects and not by second-order
Raman scattering. Here, we note that due to the rougher surface of the fine-ground ZnO,
there is greater structural flexibility in its response to the application of pressure than for
the epi-polished ZnO. This favors both the reduction in the number of random defects upon
application of pressure and the formation of precisely arranged dioxygen species inside
the ZnO lattice (cf. [16]). These results again reveal that the assumption of a second-order
scattering process is not only unnecessary but also represents a misinterpretation of the
additional Raman bands (besides the symmetry-allowed ones), both in the low-frequency
and high-frequency regions.

Finally, Figure 3 also shows an overview spectrum obtained with tenfold magnification
for the fine-ground ZnO crystal pressed at 1 GPa. This spectrum represents an averaging
over a larger area, analogous to the overview spectrum of epi-polished ZnO. Again, the
narrow bands that can be assigned to the dioxygen species at 1001 and 1033 cm−1 are visible
next to a weak, broad band at 1157 cm−1. However, additional bands sometimes appear at
1452 and 1600 cm−1 after compression. We note that in the region from 1200 to 1600 cm−1,
further O-O modes are active, in particular of the O2-molecule with 1555 cm−1 [41]. The
results support the conclusion that the compression process leads to the formation of
further dioxygen species with different (shorter) O-O distances, which are responsible for
all observed Raman bands between 900 and 1600 cm−1. Weak bands in this range were also
observed for the ZnO crystal after exposure to a pressure of 0.5 GPa (see Figure 3, insert).
In addition, the overview spectrum shows a hump around the E2-low mode at 99 cm−1,
which represents a variety of different zinc-dominated modes and can also be caused by
the presence of dioxygen species in the crystal. We would like to emphasize once again that
the ZnO spectra shown in Figure 3 are selected spectra that do not necessarily represent
the entire sample.

4. Discussion
4.1. Dioxygen Species in ZnO

Zinc oxide crystallizes in the wurtzite structure type, which is characterized by a
hexagonal close packing of zinc atoms, with oxygen atoms located in half of the tetrahedral
voids [34]. The structure, therefore, consists of OZn4 tetrahedra with Zn-O distances of
198 pm and Zn-Zn distances of 321 pm. The wurtzite structure generates two adjacent,
face-connected tetrahedral voids per zinc atom in the hexagonal close-packed zinc, where
one tetrahedron of this pair is filled. Figure 4a shows this arrangement with the oxygen
atoms in the blue tetrahedra. The in-between tetrahedra drawn in white are empty, and
their tips are inverted along the c-axis compared to the blue ones. In principle, however, the
empty neighbor tetrahedron can also be filled with oxygen atoms, which then leads to the
formation of a dioxygen species with an O-O distance of 123 pm (cf. ZnO structure data [34]).
Figure 4b represents a calculated, optimized ZnO structure (DFT calculations, using a
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Zn16O16 supercell, cf. Table S4), where one oxygen atom has been moved from a regular
occupied tetrahedron (blue) to an inverse tetrahedron (white), forming a dioxygen species
(oxygen atoms drawn in red) and an oxygen vacancy (enclosed by the green tetrahedra).
The consequence of this irregular occupation is the displacement of the surrounding atoms,
which affects both the oxygen and zinc atoms in the close neighborhood of the dioxygen
species and the vacancy. Besides the new O-O distance of the dioxygen species with
153 pm, there are additional Zn-O distances of 191 pm and 246 pm (yellow bonds in
Figure 4b), and Zn-Zn distances of 292 pm and 306 pm, and from 328 pm to 339 pm [12]. In
particular, a bending of the hexagonal Zn sheets perpendicular to the c-axis can be seen in
the calculated structure model compared to the planar layers of the ideal ZnO (cf. Figure 4).
The Mulliken charge distribution of the optimized structure indicates that the dioxygen
species corresponds to a peroxide ion O2

2−.

Figure 4. (a) An ideal ZnO wurtzite structure, with the view towards the plane (11–20); (b) a
calculated ZnO structure (2 × 2 × 2 supercell) after relaxation, where one oxygen atom has been
moved from a regular occupied tetrahedral position to an inverse one, forming a dioxygen species
(oxygen atoms are drawn in red, yellow lines depict selected new Zn-O bonds); the oxygen vacancy
formed is enclosed by the green lines/tetrahedron.

In chemistry, several dioxygen species are known: the peroxide ion (O2
2−), the su-

peroxide ion (O2
−), the O2-molecule, and the dioxygenyl ion (O2

+) with O-O distances of
149 pm, 134 pm, 121 pm, and 112 pm [41,42], respectively. In particular, there are many
peroxide and superoxide compounds of the alkali and alkaline earth metals and transi-
tion metals, including zinc peroxide. Furthermore, first-principle DFT calculations of the
stability and the structural arrangement of the excess oxygen atoms in ZnO have been
performed, where interstitial oxygen atoms are placed at (initially empty) tetrahedral and
octahedral sites, thus replacing an O2− ion with the peroxide ion O2

2− [4,43,44]. The studies
reveal that the oxygen interstitial on the octahedral site is present as (O2−)i with a very
high formation energy. By contrast, the oxygen interstitial on the tetrahedral site relaxes
spontaneously to form a peroxide defect (O2

2−) with an O-O distance of 146 pm (called
the split interstitial) [45]. Another split interstitial configuration with an O-O distance of
151 pm has also been found [4]. The calculated formation energy of the peroxide defect
indicates a significant likelihood for this defect to occur under oxygen-rich conditions [43].

Nevertheless, the nature of defects in ZnO is complex and not fully understood to date.
It is indisputable that oxygen vacancies certainly play a role in its intrinsic properties, but
they cannot explain the n-type conductivity of ZnO. Moreover, zinc vacancies possess a very
low formation energy, and it is assumed that local irregularities/inhomogeneities constitute
a significant part of the defect structure [46]. One way to understand the formation and
properties of defects in ZnO is to consider dioxygen species. To gain more insight, the
O-O stretching mode of the split interstitial O2

2− (O-O: 146 pm) on the oxygen site in
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ZnO was calculated to be 1051 cm−1, and its coupling to the ZnO lattice was found to be
very weak [45]. Furthermore, the properties of other diatomic substitution species at an
oxygen site in ZnO (split interstitials), such as NO, N2, and CO, were also calculated (LDA
with ultrasoft pseudopotentials) [45]. The stretching modes of these defects in ZnO as a
function of the interatomic distances are shown in Figure 5, together with the values for the
peroxide, superoxide, and dioxygenyl ions obtained from the corresponding compounds
(ZnO2, NaO2, and O2AsF6) and for the O2-molecule (black dots in Figure 5); here called
constituent ions. The assigned charges of the diatomic species in Figure 5 include the two
electrons from the zinc neighbors. Thus, N2

2−, (CO)2−, and (NO)2− ions embedded in a
crystal correspond to uncharged defects with two or three electrons filled in the π* valence
orbitals. The diagram shows that as the number of electrons decreases, the interatomic
distances decrease and the wavenumbers of the stretching mode increase. In addition, the
wavenumbers of the stretching modes increase from the constituent O-O ions (including O2)
to the substituted diatomic species in ZnO (cf. Figure 5). The wavenumber of a peroxide
ion embedded in ZnO (1051 cm−1) is therefore about 200 cm−1 higher than one of the same
O2

2− ion in zinc peroxide (840 cm−1), in spite of a similar O-O distance. A comparable
value for the stretching mode was found for the peroxide ion in stoichiometric ZnO (the
oxygen atom moved from a regular to an inverse tetrahedral site, forming an oxygen
vacancy) at 975 cm−1 (cf. Figure 5). These results can be used to estimate the wavenumbers
of dioxygen species with lower charges and corresponding shorter O-O distances. The
extrapolation, including the calculated values for the other diatomic species with different
charges, suggests wavenumbers of about 1350 cm−1 for an embedded, single-charged O2

−

(peroxide ion) and more than 1600 cm−1 for a neutral O2 in ZnO (marked by the light red
areas in Figure 5). Therefore, Raman bands measured between 950 and 1150 cm−1 can be
assigned to the peroxide ion at around 1400 cm−1 to the superoxide ion, and at around
1600 cm−1 to the O2-molecule. Since the charge of an ion (by the total electron number)
in ionic solids generally does not correspond to an integer value, this is a rather formal
assignment, and many kinds of intermediate states are quite possible, which is then also
reflected in the measured wavenumbers. We note that the linear relationship between the
force constants, bond enthalpy, and wavenumbers, together with the inverse proportionality
to the atom distances, is demonstrated for the dioxygen species in [42]. Furthermore, the
charge balance also depends on the stoichiometry of ZnO. In the stoichiometric case, as we
used in the present DFT calculation, dioxygen species and oxygen vacancy were formed
simultaneously, and a negative charge excess was created by the formation of a peroxide
ion (O2− + O2− = O2

2− + 2 e−). In contrast, replacing an O2− with an O2
2− resulted in an

oxygen-rich, uncharged zinc oxide. Thus, the formation of oxygen vacancies described
here by the movement of an oxygen atom to form a peroxide ion may require less energy
and may, therefore, be responsible for the intrinsic n-type conductivity of ZnO.

The structural impact of the dioxygen species on the ZnO lattice is most visible in
the O-O distance of the oxygen species. The common z-value for the oxygen site of ZnO
is z = 0.382, which results in dioxygen species with an O-O distance of 123 pm [34]. A
small shift of the z-value of ZnO, e.g., to the ideal wurtzite structure, z = 0.375 [35], leads to
O-O distances of 130 pm, which approximately correspond to those of the superoxide ion
O2

− (134 pm). However, both distances are still closer to those of the O2-molecule than
to those of the constituent dioxygen ions, which emphasizes the necessity of a structural
displacement of the surrounding atoms for the incorporation of peroxide and superoxide
ions in ZnO; cf. Figure 5.
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Figure 5. The wavenumbers of the stretching modes of diatomic species as a function of their
interatomic distances. Black squares: values of dioxygen species (O2

2−, O2
−, O2, and O2

+) obtained
from the corresponding compounds (ZnO2, NaO2, and O2AsF6) and the O2-molecule, respectively.
Other values correspond to diatomic species—O2 (red circles), NO (blue up-triangles), CO (green
down-triangles), N2 (purple diamonds)—with corresponding charges after replacing a regular lattice
oxygen atom in ZnO, calculated by the DFT method; here, the values of the peroxide ion O2

2−

(shaded in gray) were determined for stoichiometric ZnO, which means that a vacancy is formed next
to a dioxygen ion. In addition, the calculated O-O distances of dioxygen species in ZnO (wurtzite
structure with occupied adjacent tetrahedra) for two different oxygen z-values (z = 0.382 determined
by XRD data and z = 0.375 of the ideal wurtzite structure) are indicated by arrows; for further details,
see the text. Furthermore, the areas shaded in light red indicate extrapolated ranges of wavenumbers
for embedded superoxide ions and O2-molecules in ZnO based on values of the peroxide ion.

4.2. Defects in ZnO and Experimental Spatial Resolution

The lateral resolution of the Raman mapping of the ZnO surfaces is defined by the size of
the laser spots, which is ≤5 µm with a distance of 200 µm between the individual measuring
points. Considering that a 9 × 9 grid of measurement points on the 2 × 2 mm2 crystal was
used to characterize the ZnO(0001) surfaces, less than 0.1% of the total crystal surface was
analyzed by the Raman measurements. Therefore, the spectra selected for the respective
measurements do not necessarily represent the entire sample and most of the spectra obtained
from the samples essentially correspond to overview spectra (cf. Figure 2). The reason for this
lies in the density and type of defects that occur in the specific area of the crystals that are
detected, which can be estimated by various methods. Extended defects such as dislocations
are visible in optical images of etched crystal surfaces, and for the (0001) surface of a ZnO
crystal (Crystec, as-received), their number is about 2 × 105 per cm2 measured via a common
wet-chemical etching process (yielding the so-called etch pit density) [47]. This leads to one
dislocation defect in an area of 25 × 25 µm2, on average. In many cases, it is found that the
dislocation density for a ZnO crystal is much lower, and 1–5 per cm2 is achieved for crystals
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of the highest quality [48]. These types of defects are so rare in single-crystal ZnO that
they are present in our measurements only to a very small extent and can thus be ignored.
In contrast, the concentration of intrinsic point defects in oxide crystals is much larger
than that of these extended defects. Using positron annihilation spectroscopy [49], the
point defect concentration in ZnO single crystals (hydrothermal growth) was determined
to be about 105 per µm3. The concentration of electrically active defects measured by
deep-level transition spectroscopy gives similar values in the range of 103–105 point defects
per µm3 for hydrothermally grown crystals [50,51]. The defect structure in ZnO is complex
and, according to our investigations, some of these defects consist of dioxygen species.
The number of different dioxygen species-based defects must be large enough for the
corresponding modes to be visible in all the obtained Raman spectra with spot sizes in the
micrometer range; examples would be the bands at 333 cm−1, 1106 cm−1, and 1156 cm−1 (cf.
Figure 1). Assuming that 1% of the point defects belong to some kind of dioxygen species,
this means that the sample volume detected by the Raman measurement contains more than
a thousand dioxygen species. However, a couple of Raman spectra that deviate from the
common spectra (the ones before pressure application) were found after the ZnO crystals
had been pressed up to 2 GPa (cf. Figures 2 and 3). This can be explained by assuming that
the original deformation of the layers due to various defects (⊥ c-axis, cf. Figure 4b) had
been smoothed out by the application of high pressures. Here, this smoothing process was
accompanied by displacements of oxygen atoms or dioxygen species, such that afterwards,
only a few types of very specific O-O distances were present in noticeable amounts; in the
extreme case, perfect ZnO lattice areas without any defects were generated. Since the laser
focus of our Raman measurements is about 1–5 µm, the individually modified areas are
quite large and must extend over at least a micrometer.

This deduction is supported by optical images taken on the pressed, epi-polished ZnO
crystal. Figure 6 presents images of the ZnO crystals in the transmission and DIC (differential
interference contrast) modes, which were exposed to pressures of 1 and 2 GPa, respectively.
These images show areas deformed by pressure, which form curved stripes in the (0001)
surface, which are fragmented by cracks. The number and width of the stripes increase
with the pressure applied, and such stripes were not observed in the original crystals. At
1 GPa, the width of the stripes is about 10 µm, and at 2 GPa, the width is about 20 µm, and
the length is hundreds of micrometers. The cracks run perpendicular to the stripe lengths
within the crystals at different distances from each other and consist of broken lines. Thus,
the pressed ZnO crystals partially consist of fragments (micrometer size domains), in which
different structural arrangements can occur, and whose difference from the ideal ZnO crystal
is characterized by the presence of specific sets of O-O distances, various degrees of layer
bending, or slightly modified lattice parameters. The position of the stripes does not seem to
be influenced by mesoscopic imperfections caused by processes involved in the growth and
surface finishing, or the cutting of the samples (including surface scratches). This pressure-
induced formation of crack fragments was also observed by the unidirectional sliding friction
test under a contact pressure of 0.72 GPa, which showed cleavage cracks along the (0002)
layers of single-crystal ZnO [52]. Furthermore, contact-induced damage from nanoindentation
measurements (around 1 GPa) revealed the nucleation and propagation of slip on the (0001)
and (10–11) layers [53]. Both studies confirm the formation of cracks in the c-plane and in an
orientation of about 60◦ to the c-plane for ZnO under pressure, which is consistent with the
observations on our samples. This means that ZnO crystals break locally into fragments across
and/or along the (0001) direction under pressure. The influence of pressure is greater on the
rough surface of the fine-ground ZnO, which can be explained by the greater variability in the
formation of different types of individual fragments under pressure. The fine-ground ZnO
crystals contain areas with precisely arranged dioxygen species that belong to the peroxide
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ion, together with species where the O-O distances are similar to those of the O2-molecule.
Similarly, the perfect ZnO lattice areas are also a result of the compression process and were
mainly caused by the flattening of the bent layers present in the original crystal before exposure
to high pressure.

 

Figure 6. Optical images of an epi-polished ZnO(0001) crystal (a) in transmission and (b) in differential
interference contrast modes, after having applied pressures of 1 and 2 GPa, respectively. The curved
stripes, which are fragmented by cracks (⊥ to the stripes), are clearly visible.

Turning to other probes besides spectroscopy, we note that, in general, the changes
in the Raman spectra (compared to those for the original samples) reflect the permanent
local (micrometer-scale) structure changes of the ZnO crystals caused by the application of
high pressure, as discussed above. Aiming for even higher resolution, the transmission
electron microscopy (TEM) technique seems to be the ideal tool for the investigation of
such defects at the atomic scale. However, this method needs very thin, precisely oriented
samples, whose preparation is a non-trivial task. Thus, in this study, we employed several
different techniques to prepare such samples from our ZnO crystals.

Figure 7 shows a high-angle annular dark-field image (HAADF) that represents the
(11–20) layers of a ZnO sample prepared by ultramicrotomy, and an annular bright-field
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(ABF) STEM image prepared with a focused ion beam setup, followed by the nanoMill
technique with the same orientation. The HAADF-STEM image of this ZnO sample (20 nm
thick) shows several bends in the Zn layers perpendicular to the c-axis, which extend
over a range of 2 to 5 nm. Areas over which such a coordinated displacement of the zinc
atoms (white dots) occurs are indicated by red ellipses in Figure 7a. Furthermore, the
occupation of some pairs of adjacent tetrahedra by two oxygen atoms is suggested by the
ABF image: a number of areas are visible where two oxygen atoms (small dark dots) occupy
neighboring tetrahedral sites (see the insert, Figure 7b). The regions where many dioxygen
species are found to be located right next to each other in a row perpendicular to the c-axis
exhibit sizes of about 2 nm. This incorporation of several dioxygen species in a row is
accompanied by a bending of the Zn layers that lie perpendicular to the c-axis; this implies
a systematic variation of both the Zn-Zn distances between the hexagonal Zn-sheets and
the O-O distances in the dioxygen species present.

However, one must note that although these TEM observations clearly indicate the
presence of coordinated rows of dioxygen species in ZnO, they are only of limited validity
as far as the origin of these lines of defects in the TEM samples is concerned. It is quite
possible that these observed defects might have been introduced into the ZnO samples by
the TEM sample preparation techniques used; such a possibility cannot be excluded since
the low hardness of ZnO and the thinning processes involved can both favor the generation
of new defects. Nevertheless, the observed TEM images represent the intrinsic structural
imperfections of ZnO (dioxygen formation accompanied by bending) of precisely the kind
suggested by our Raman measurements on ZnO crystals; only the specific origin of these
highly coordinated defect arrangements remains unclear.

We note that the bending makes it difficult to obtain enough suitable TEM images
for a quantitative analysis with high accuracy. Nevertheless, the rather large number of
individual defects associated with such bending regions visible in the TEM images, with
sizes of several nanometers, supports the point defect concentration of about 105 point
defects per µm3 mentioned in the literature [49].

4.3. Raman Analysis

To evaluate the influence of the structural imperfections in zinc oxide on the Raman
spectra in more detail, we calculated the Raman bands of the ZnO structure where the
inserted dioxygen species is formed by moving an oxygen atom from a regular to an inverse
tetrahedral site of the ZnO supercell containing sixteen formula units of ZnO (cf. Table S4
and Figure 4b). In this structure model, both oxygen atoms are located inside the trigonal
bipyramid of Zn atoms formed by the two face-connected tetrahedra, and the structure is
relaxed with respect to the atom positions and cell parameters of the supercell, resulting
in an O-O distance of 153 pm for the dioxygen species. The Raman active phonon modes
obtained for this realization of a dioxygen species (cf. Table S5) are presented in Figure 8,
together with the spectra of the epi-polished and the fine-ground ZnO crystals before any
pressure treatments had been applied (c.f., Figure 1); the orange bars were computed for the
same Z(XX)Ẑ scattering geometry that had been employed for the measured spectra (laser
beam ⊥ c-plane). The calculation reveals many bands of the ZnO lattice with significant
intensity, and most of the calculated bands appear between 80 cm−1 and 260 cm−1 and
between 380 cm−1 and 580 cm−1, with the strongest bands at 158 cm−1, 208 cm−1, and
548/558 cm−1. These bands are located next to the two generally dominant, symmetry-
allowed phonon modes of ZnO (E2-low: 103 cm−1, E2-high 463 cm−1 for the structure
model used above). An analogous calculation for a supercell of the ideal ZnO wurtzite
structure of the same size (16 formula units of ZnO) reveals only the modes allowed by
symmetry, with E2 at 110 cm−1 and 435 cm−1, and A1 at 377 cm−1.
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Figure 7. HAADF-STEM (a) and ABF-STEM (b) images of the original, as-received ZnO crystal
representing the (11–20) layer. (a) Zinc atoms are visible as white dots; the unit cell and c-axis are
marked in red, and the regions where bending of the zinc atom rows ⊥ c-axis occurs are marked by
an ellipse; and atoms in the ideal ZnO unit cell are shown in the inset at the bottom right. (b) Oxygen
atoms are visible as small dark-grey dots, and the arrow/ellipse indicates a position where both
adjacent, face-connected tetrahedral voids are occupied by oxygen atoms, enlarged at the top right.
The zinc atoms correspond to the large black spots; in the enlargement, both oxygen and zinc atoms
are distinctly visible. The inset inside the enlargement shows an excerpt of the wurtzite structure,
with zinc atoms in grey, regular oxygen atoms in blue, and the additional oxygen atom in the adjacent
tetrahedra in cyan.
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Figure 8. Raman spectra of original (no exposure to high pressure) ZnO single crystals (scattering
geometry: (0001) ⊥ to laser beam, i.e., Z(XX)Ẑ) with two different surface qualities, including
calculated Raman modes of the ZnO structure model, where one oxygen atom is moved from a
regular occupied tetrahedral void to an inverse one with structural relaxations. The intensities of the
modes calculated for the scattering geometry Z(XX)Ẑ are shown as orange bars.

The extra Raman bands caused by the embedded dioxygen species agree well with
the additional bands observed in the Raman spectra of epi-polished and fine-grounded
ZnO crystals, before high-pressure treatment, between 60 cm−1 and 200 cm−1, and at
around 400/540 cm−1. The band at 333 cm−1 in the Raman spectra is also reflected by a
calculated band at 328 cm−1. Their intensity is low for the scattering geometry used, as
shown in Figure 8, but increases strongly for other scattering geometries. For comparison,
the calculated mode intensities for polycrystalline samples are presented in Table S5. In the
literature, the band at 333 cm−1 is mainly attributed to the second-order combination of
E2-high—E2-low due to its temperature dependence. The difference mode should decrease
in intensity with decreasing temperature, which is the case for the band at 333 cm−1 [54].
However, this decrease in the intensity of the difference mode with decreasing temperature
may also be caused by the strong increase in the intensity of the E2-high mode relative to
the E2-low mode, which is accompanied by a strong reduction in linewidths. In addition,
E1-TO becomes an independent band at 409 cm−1 [54]. This observation suggests that
the distortion of the ZnO lattice changes with temperature (including coupling to the
host lattice) and can therefore also influence the Raman modes. From our point of view,
another remarkable aspect is that this band is not visible in the Raman spectra of beryllium
oxide [55], which also crystallizes in the wurtzite structure like ZnO. The spectrum of BeO
shows the E2-low, E2-high, and A1-LO modes for the scattering geometry used here, but
does not show the difference mode between the two E2 modes. Dioxygen species are not
reported in BeO and are highly unlikely due to the short interatomic distances (a Be-O
distance of 165 pm) [56,57]. These results suggest that the band at 333 cm−1 is more likely
to be due to the presence of dioxygen species than to a difference between two modes. This
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is further supported by the observation that in perfect ZnO, both E2 modes are visible, but
not the difference mode.

All the intense additional bands discussed above, including the band at 328 cm−1,
which we obtained for ZnO with embedded dioxygen species, show the A1 symmetry.
These modes, therefore, correspond to a Zn-O displacement along the c-axis in which a
dioxygen species is involved. The bonding of a zinc atom to the dioxygen species (Zn-O-
O) results in a significant decrease in the mobility of the oxygen atom, which leads to a
reduction in the wavenumber of the A1 modes. Thus, the two A1 modes (TO: 378 cm−1,
LO: 574 cm−1 in ideal ZnO) can be shifted by the embedded dioxygen species to the bands
observed in the two ranges between 60 cm−1 and 330 cm−1 and between 380 cm−1 and
550 cm−1, respectively (such modes whose shift is linked to the presence of a dioxygen
species are indicated by “::”, e.g., for A1 we write A1 :: O-O). The individual bands
then reflect different structural arrangements and/or different dioxygen species. This is
supported, in particular, by the observation that for the two bands that are observed in the
Raman spectra of ZnO crystals at 200 cm−1 and 540 cm−1 but are not expected to be active
due to symmetry, the intensity increases in parallel with the intensity of the O-O stretching
mode of the dioxygen species observed at about 1100 cm−1.

These results of the calculations agree very well with the observed Raman bands
corresponding to the Zn-O based modes of the ZnO crystals. Furthermore, the measured
bands at wavenumbers above 750 cm−1, which correspond to the O-O stretching modes, are
associated in the calculations with a band at a wavenumber of 975 cm−1 for the optimized
structure with an O-O distance of 153 pm. However, the measured spectra (cf. Figure 1)
show two broad bands for the O-O modes between 1000 cm−1 and 1200 cm−1. This
deviation is certainly due to the fixed alignment of the dioxygen species, together with
the specific O-O distances obtained in the model calculations. This means that in the ZnO
crystals used in the experiment, many dioxygen species exist that are characterized by a
variety of O-O distances, and not just one single species with a particular (long or short)
O-O distance, as assumed in the structural models used for the calculations both here and
in the literature. By comparing with the wavenumber vs. O-O distance plot in Figure 5, we
can conclude that the observed Raman bands suggest the presence of O-O distances that
are most likely associated with the presence of peroxide ions in the ZnO crystal.

In summary, the presence of dioxygen species in ZnO, together with the associated
structural displacement of the neighboring Zn and O atoms, can explain the additional
Raman bands of epi-polished and cleaved ZnO crystals; furthermore, second-order modes
for the assignments of these bands are no longer necessary. However, the spectrum of fine-
ground ZnO shows additional deviations (cf. Figure 8), which are most likely a consequence
of the low hardness of ZnO. Zinc oxide is a soft oxide material with a hardness of 5 GPa
(nanoindentation) [58], which corresponds to a Vickers microhardness of 184 kg/mm2

(4 Mohs) [59]. Comparable oxides such as MgO, NiO, and TiO2 (rutile) have a Vickers
hardness of around 600 kg/mm2, Al2O3 (corundum) of 2000 kg/mm2 [59,60], and the
semiconductor GaN has a hardness of 15 GPa [53].

The softness of ZnO can indirectly be responsible for the appearance of structural
changes during the grinding process of ZnO crystals, thus providing an explanation for
the differences in the Raman spectra between the epi-polished and fine-ground ZnO(0001)
crystals. The abrasion caused by grinding leaves structural damage on the surface, which
is still clearly detectable on the rough surface. This is especially true for the broad Raman
bands at around 185 cm−1 and 550 cm−1 (shoulder). However, for the fine-ground sample,
there are additional bands at 380 cm−1 and 575 cm−1, which can be assigned to the
symmetry-allowed bands A1-TO and A1-LO, respectively. While this seems to contradict
the fact that our measurement geometry should suppress these bands—as it does for the
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epi-polished sample (c.f. Figure 1)—we note that the rough surface of the fine-ground
sample can easily contain additional crystal orientations, which are then responsible for
the Raman bands observed (380 cm−1, 575 cm−1). In this respect, the surface of the fine-
ground sample resembles a powder consisting of grains of different sizes with a random
distribution of crystal orientations and explains the almost identical Raman spectra of the
compressed ZnO powder and the fine-ground ZnO crystal, cf. Figure 1 (see also [12]).
Furthermore, the increase in intensity in the range between 60 cm−1 and 250 cm−1 and
the shoulder at about 550 cm−1 reflect structural displacements, as described above, for
an embedded dioxygen species in ZnO. This means that for the sample with the rough
surface, more oxygen atoms occupy irregular sites and form additional Zn-O and Zn-Zn
distances that deviate from those in the ideal ZnO structure. Thus, the grinding process is
responsible for the presence of both various crystal orientations and further irregularities
due to the oxygen distribution observed in fine-ground ZnO(0001) crystals.

With these results, the individual bands of the investigated ZnO(0001) crystals can
be assigned to the specific structural features (keeping in mind the scattering geometry
employed). Table 1 shows the observed Raman bands of epi-polished ZnO(0001) crystals
with the corresponding assignments. The two E2 modes are the observable Raman bands
of perfect ZnO (an ideal wurtzite structure) for the Z(XX)Ẑ geometry employed, and the
also permitted A1-LO mode is mostly suppressed by birefringence. The dioxygen species
created the bands above 800 cm−1 (O-O stretching modes), which are directly coupled
to the bands at 200 cm−1, 333 cm−1 and 539 cm−1 (A1 :: O-O), where the relevant Zn-O
displacements are affected by the presence of the dioxygen species (cf. Figure 2). The
resulting disorder in the Zn lattice is reflected in the bands around 100 cm−1 together with
an asymmetry of the E2-high band, which merges into the shoulder at 405 cm−1. The other
bands between 650 cm−1 and 750 cm−1 reflect larger Zn-O distance deviations induced by
the embedded dioxygen species. For fine-ground ZnO crystals, further bands are observed,
which represent disorder caused by the presence of different crystal orientations (bands at
380 cm−1 and 575 cm−1) and by oxygen irregularities due to the grinding on the crystal
surface (bands at 185 cm−1 and 550 cm−1).

Table 1. Observed Raman modes (wavenumber, cm−1) of epi-polished ZnO(0001) crystals including
corresponding new mode assignments based on the presence of dioxygen species (laser beam ⊥
c-plane). On the left are the Raman modes of the ideal ZnO, and on the right, the additional modes
caused by the embedded oxygen species.

Wavenumber Modes
Ideal ZnO Wavenumber Additional Modes

ZnO with Dioxygen Species

98 E2-low 70–90, 105–150 A/E :: O-O
- A1-TO

405 sh E2-high :: O-O, 203 A1 :: O-O
E1-TO 333 A1 :: O-O

438 E2-high 539 A1 :: O-O
576 A1-LO 660, 719 A/E :: O-O

- E1-LO 1106, 1156 ν O-O
in bold: allowed modes due to scattering geometry used (six allowed by symmetry); sh: shoulder; :: linked to
(see text).

4.4. Pressure Influence

Another aspect that needs to be discussed is the pressure-related changes in the Raman
spectra of ZnO single crystals. The hydrothermal growth of ZnO crystals proceeds below
0.2 GPa and 400 ◦C using alkali hydroxide solutions [8,48,61]. The pressures we applied,
0.5 to 2 GPa, are therefore considerably higher than the pressure that exists during crystal
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growth and can significantly affect an already existing single crystal. Due to the known
low hardness of ZnO, the great influence of the pressure on the ZnO crystals is visible
in the flattening of the bent Zn layers caused by the incorporated dioxygen species (cf.
Figure 4b). Through the compression process, combined with and supported by crack
formation, domains can be created that exhibit the perfect ZnO wurtzite structure. This
type of domain, consisting of essentially ideal ZnO, is reflected in the Raman spectra in
Figure 2. In addition, the incorporated dioxygen species can be adjusted with respect
to their O-O distances by the applied pressures. On the one hand, for a given dioxygen
species, a small O-O distance distribution around some characteristic average value can
be formed, which is then reflected in the narrowness of the Raman bands, e.g., the one
around 1000 cm−1. On the other hand, various different types of dioxygen species with
different characteristic O-O distances can be present, which is then reflected in multiple
Raman bands, e.g., between 1200 and 1600 cm−1 in our study. The different dioxygen
species formed by compression are reflected by the Raman spectra shown in Figure 3.

The effects of the compression process can be understood by considering the following
scenario. The two broad Raman bands observed between 1000 and 1200 cm−1 (cf. Figure 1,
typical ZnO spectra) reflect several different dioxygen species, each with a large variety of
O-O distances, as they arise during the growth process. This can occur by incorporating
non-aligned dioxygen species along the c-axis, which are not at the tetrahedral sites in ZnO,
but are in the vicinity. This arrangement allows a wide range of different Zn-O distances
to be realized. A second possibility is that several adjacent dioxygen species occur in a
layer and form a high-defect region, a dioxygen cluster, that is inserted into the stacked
(001) layers. The surrounding atoms try to maintain their ideal structure (as in the ideal
ZnO crystal) and thus compress the O-O distances along the edges of the dioxygen cluster,
which then appear in the crystal as a bend in the (ideally flat) Zn layers. The shorter O-O
distances along the cluster edges are reflected in higher wavenumbers at 1150 cm−1 and
somewhat longer O-O distances present in the inner region of the clusters in the smaller
wavenumbers at 1100 cm−1, respectively; the latter show a lower intensity in all measured
spectra. Under increasing pressure, these two broad bands initially split into separate bands
and then disappear, along with the appearance of narrow bands at around 1000 cm−1 (see
Figure 3). These narrow bands indicate a narrow distribution of the O-O distances of the
dioxygen species (presumably symmetrically arranged parallel to the c-axis) with longer
O-O distances (compared to the initial dioxygen species in the original ZnO crystals); this
is also reflected in the calculated 975 cm−1 wavenumber for the O-O mode of our assumed
structural model. All these structural modifications can be separately realized, since the
crack formation processes inside the ZnO crystal result in distinct individual domains,
such that each exhibits a limited range of the structural features described above. The
observed fragmentation, as shown in Figure 6, together with the bending of the layers and
the formation of dioxygen, as seen in the TEM images (Figure 7), supports this scenario.

4.5. Structural Consequences for ZnO

The origin of the bending of the Zn layers observed in the TEM is the presence of two
face-connected tetrahedral voids in the Zn lattice of wurtzite ZnO that can both incorporate
an oxygen atom, where, in principle, each of the two tetrahedra has initially the same
likelihood to be occupied during the crystal growth process. This flexibility then leads
to the local formation of dioxygen species, followed by the layer bending that can be
observed, for example, in the TEM images shown. The result is an expansion of the entire
crystal lattice, leading to a soft structure with a longer Zn-O distance (198–19 pm [34])
than the slightly shorter Zn-O distance of 196–197 pm that one would expect for the ideal
ZnO wurtzite structure. This estimate for such a distance is obtained from the average
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of the Zn-O distances observed in ZnO4 tetrahedra that are found in ternary zinc oxide
compounds (ICDD database); for details, see the Supporting Information (Figure S4). The
bending-like deformation is also reflected in the high displacement parameter of the zinc
atoms compared to those of the cations in simple oxides; these parameters were determined
by the refinement of the crystal structure of ZnO on the basis of various single-crystal data
published for ZnO, see Table S6. In most instances of the ZnO solids in the ICSD database,
the displacement parameter of the zinc atoms is unusually high: it is just as high as that
of the oxygen atoms, although the value should be considerably lower, since in simple
ionic compounds, the atom displacements tend to decrease with an increasing atomic
number. For example, in Ga2O3, the displacement parameter of the gallium atoms (0.47)
is significantly lower than that of the oxygen atoms (0.75). Moreover, the displacement
parameters of the zinc and oxygen atoms are halved after compression of the powder with a
pressure of approx. 1 GPa (see Table 1 in [62]), which confirms that the atomic displacements
are reduced after the exposure of the sample to high pressures. This decrease in the atomic
displacements is accompanied by a slight decrease in the lattice parameters, which also
suggests a flattening of the bent layers after the application of high pressures. The Raman
spectra confirm this pressure dependence, since the spectra of ZnO crystals show broader
line widths before compression than afterwards, and the background becomes smooth after
exposure to high pressures.

We note that since these structural deviations can also be observed in the spectrum
of cleaved ZnO, the formation of the dioxygen species and the bending is not caused by
the grinding/polishing process but occurs during the original crystal growth. However,
the grinding process generates additional defects that lead to further Raman bands. In
addition, measurements on mineral ZnO crystals also show the O-O stretching modes in
the Raman spectra, which further confirms the presence of dioxygen species as an intrinsic
property of ZnO.

We conclude that, by applying pressures of up to 2 GPa, the originally bent Zn layers
present in the original ZnO crystal can be permanently flattened; furthermore, the O-O
distances of the dioxygen species are also modified, such that Raman bands are observed
in the entire range from 900 cm−1 to 1600 cm−1 for these samples. In addition, the Raman
bands at around 200 cm−1, 405 cm−1, and 575 cm−1 largely disappear after these pressures
are applied.

5. Conclusions
Zinc oxide is a soft material, where bending of the layers perpendicular to the c-axis

occurs during crystal growth, because both of the two face-connected tetrahedral voids
present in the Zn-lattice of the ideal ZnO wurtzite structure can be equally occupied by
oxygen atoms, thus forming dioxygen species during growth. The presence of dioxygen
species allows for the explanation of the complete Raman spectrum of single-crystal ZnO,
i.e., all bands in addition to those allowed by symmetry can be accounted for, and the
assumption of second-order scattering is not necessary. These results furthermore confirm
our earlier studies, where dioxygen species were also formed during the formation of
ZnO films using the femtosecond pulsed-laser deposition method, analogous to the crystal
growth of ZnO [12,62,63], and where we investigated different types of dioxygen species
theoretically [12,63].

In zinc oxide, dioxygen species with different O-O distances occur, and the dependence
of the O-O stretching modes on the applied pressure treatment prove the presence of
dioxygen species in ZnO, which is also supported by phonon calculations of structure
models with embedded dioxygen species. The Raman spectrum of truly perfect zinc
oxide (an ideal wurtzite structure), obtained as domains in pressed ZnO(0001) crystals, is
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presented here for the first time and shows only two modes (E2-low and E2-high) in the
scattering geometry used; the A1-LO mode that is allowed both by symmetry and for the
scattering geometry employed is suppressed by birefringence.

The precise characterization of defects is crucial for understanding the properties
and the resulting possible applications of ZnO. The presence of dioxygen species next
to oxygen vacancies can help in understanding the n-type conductivity of ZnO, which
is still a work in progress today. In particular, the modification of oxygen defects by
applying pressure, as described here, opens up new possibilities. For example, the single-
photon emission of isolated defects in ZnO (NV centers) [64] can be controlled by applying
pressures following a well-designed protocol. In addition, the great influence of surface
quality on Raman spectra was clearly demonstrated, again highlighting the advantages of
Raman spectroscopy as a local probe.

Besides these more fundamental aspects of the embedding of dioxygen species in zinc
oxide, their presence is also of great relevance in applications, since ZnO is a material that
is suitable for various applications in electronics, optoelectronics, and sensor technology.
Here, the most important issue is the stability of its electrical properties in the presence
of oxygen: its conductivity varies, and its electrical properties change over time due to
its reaction with oxygen in the environment. This variation in electrical properties makes
ZnO-based components unstable [65]. Moreover, ZnO is one of the leading representatives
of metal oxide semiconductors, which are known for their good gas sensitivity. The
decisive parameter here is the presence of free electrons on the surface, accompanied by
the formation of oxygen vacancies. The electrons promote the adsorption of gas molecules,
which leads to improved material sensitivity [66]. A precise understanding of oxygen
defects down to the smallest detail is thus essential for the usability of ZnO in all these
applications, and the elucidation of the existence and behavior of dioxygen species in ZnO
plays a key role in this.

Furthermore, dioxygen species are not restricted to ZnO but are also relevant for hard,
electrically insulating materials. For example, two types of interstitial oxygen defects occur
in corundum single crystals irradiated with fast neutrons: neutral atoms and O− ions [67].
The analysis of these defects reveals the formation of oxygen dumbbells and contributes
to understanding the radiation tolerance of the material. Clearly, the study of dioxygen
species in general oxides besides ZnO will be an increasingly important research direction
in solid-state chemistry and materials science.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst15060574/s1, Figure S1: Sample preparation, Figure S2: SEM
images, Figure S3: Raman spectra, Figure S4: Zn-O distances, Table S1: Raman modes, Table S2: Zn-O
distances, Table S3: Raman phonon modes, Table S4: ZnO supercell data, Table S5: Calculated Raman
modes, Table S6: Displacement parameters, Table S7: Calculated energies. Reference [68] is cited in
the supplementary materials.
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