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Abstract

Zinc oxide exhibits unique properties that are reflected in a wide variety of

applications, particularly in the field of transparent, conductive films. How-

ever, less attention has been paid to their color. Here, we present the synthesis

of yellow-gray ZnO films at room temperature by femtosecond pulsed laser

deposition. In situ Raman investigations of these polycrystalline ZnO films

reveal the existence of superoxide ions, O2
�, in zinc oxide, which are responsi-

ble for the yellow color, and are also detected in ZnO powder and single crys-

tals. In addition, further dioxygen species are identified in the samples,

including the O2-molecule. The negative charge excess caused by the dioxygen

species creates metallic zinc as a byproduct. Structural analysis reveals an

unforced realization of the dioxygen species in the ZnO lattice. Density func-

tional theory (DFT) calculations support the assumed structural displacements

as well as the observed, unexpected Raman bands. These results open up

completely new insights into the behavior of ZnO.
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1 | INTRODUCTION

Zinc oxide is an extensively studied compound, but in
many of these studies,[1] little attention has been paid to
the color of ZnO. There is a wide range of colors reported
for ZnO independent of the form of the solid. In nature,
ZnO occurs as the mineral zincite in the colors yellow,
light-green, and red, which is commonly ascribed to impu-
rities such as Fe and Mn.[2] ZnO powder is mainly synthe-
sized by dehydration of zinc hydroxide that yields white
pure material.[3] Commercially available powder generally
has a slight pale-yellow hue. In addition, the powder is
thermochromic and reversibly changes its color to yellow

with temperature in air, which is explained by the loss of
oxygen at high temperatures, for example, at 800�C.[4]

Most single crystals of ZnO are grown by hydrother-
mal processes in alkali-metal hydroxide fluxes.[5,6] The
crystals obtained exhibit colors ranging from yellow,
green, and red to brown. The origin of these colors is
explained by impurities (Li, Na, K, H, Fe, etc.) introduced
into the crystals from fluxes or by the apparatus materials
used.[5] The commercial high-quality crystals, for exam-
ple, for substrates, are light yellow. Additionally, struc-
tural investigations suggest that the different colors are
related to the oxygen content of the crystals.[7] Annealing
of ZnO crystals in zinc vapor changes the color from light
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yellow to dark red, which is explained by removal of zinc
vacancies and introduction of oxygen vacancies.[8] In
contrast, highly crystalline ZnO films (≤4 μm thick)
grown by liquid phase epitaxy on substrates appear
completely transparent and colorless.[9] These results and
their explanations are not consistent and require a more
detailed investigation of the origin of the color.

In reports of the deposition of ZnO films on substrates
by sputtering,[10] pulsed laser deposition (PLD),[11] chemi-
cal vapor deposition,[10,12] and molecular beam epitaxy,[13]

the films obtained are generally described as transparent,
without any mentioning of colors. The transmittance of
the films is generally above 80%. Sometimes the films
exhibit reduced transparencies,[14,15] and, to the best of
our knowledge, only in one case amorphous brown-
colored films are described.[16] However, the color is a very
important property, especially with regard to the applica-
tion as transparent, conductive (n-type) oxide coatings.
Furthermore, from a scientific point of view, it is neces-
sary to understand the origin of the color. This raises the
question: Are all (pure) crystalline ZnO films colorless, or
are there also colored ZnO films? The deposition of films
via the gas phase enables optimal avoidance of impurities
and allows to focus on the structural arrangement of zinc
and oxygen. Therefore, we deposit ZnO films using the
femtosecond-PLD[17] and characterize the properties of
these films, in particular to obtain indications of color,
using X-ray diffraction and Raman spectroscopy. The
thickness of these films is set just below 100 nm, which
represents the optimum for solar cell applications.[18]

2 | MATERIALS AND METHODS

2.1 | Chemicals

ZnO powder (99.999%, lightly yellow) was purchased from
Acros Organics (Geel, Belgium) and the ZnO crystals (ori-
ented (001) and (100)) from the CrysTec GmbH (Berlin,
Germany). The PLD target was generated by pressing the
ZnO powder with 8 tons pressure in argon atmosphere
using a hydraulic press (Perkin Elmer, Germany), forming
a round disc with a diameter of 16 mm and a thickness of
4–5 mm. After pressing, the disc showed a more intense
yellow color, compared to the powder, together with a
slightly gray surface, which suggests a loss of oxygen on
the surface forming metallic zinc.

2.2 | Synthesis

Film depositions were performed using a femtosecond
laser system (FemtoRegen, High-Q-Laser GmbH,

Austria) with a wavelength of 516 nm at 442 femtosecond
(pulse length) focused (0.05 mm) on the PLD-target sur-
face with a power of 50–70 mW (energy per pulse of
0.05–0.07 mJ at 1 kHz). The ablation operated with a line
scan of 50 mm/s on the rotating target (0.125 rpm) in a
vacuum chamber with a process pressure of 6–
8 � 10�8 mbar for a period of 6–7 h per sample; further
details in Fischer et al.[19] The ZnO was deposited on
single-crystal sapphire substrates (orientation (0001),
CrysTec GmbH, Germany) at 25�C, which were clamped
on a copper holder and subsequently transferred to an X-
ray diffractometer while maintaining vacuum. During
the process some macroscopic particles were also depos-
ited onto the substrate. This phenomenon is well known
for the ablation with laser pulses in the nanosecond/
picosecond range and also occurs in a reduced manner
for our laser system with a pulse length of about 0.5 ps.
Generally, the ablation and deposition of large particles
is not significant for the femtosecond-PLD.[20]

To avoid contamination of ZnO (forming,
e.g., hydroxides and carbonates) the complete handling—
starting from the preparation of the target, the deposition,
characterization, and the storing of the samples—was
performed in argon atmosphere or under high vacuum.

2.3 | X-ray diffraction

X-ray powder diffraction was measured by a θ/-
θ-diffractometer (D8-Advance, Bruker AXS, Germany)
with a Goebel mirror (Cu-Kα radiation) inside a vacuum
chamber (1 � 10�7 mbar) in reflection mode. The pow-
der patterns were monitored at an angle of incidence of
10� using an area sensitive detector (Vantec-500, Bruker
AXS). The structure refinement of the integrated patterns
was performed by the Rietveld method via the TOPAS
software (TOPAS Vers. 4.2, Brucker AXS). For the visual-
ization of the crystal structures the software package Dia-
mond version 4.4.1 (Crystal Impact GbR, Bonn,
Germany) was used.

2.4 | In situ Raman spectroscopy

The X-ray diffractometer was equipped with a laser-
microscope Raman spectrometer (BXFM microscope and
iHR 550 spectrometer, Horiba, Germany) operating with
a 532-nm laser and a Peltier-cooled CCD camera
(Synapse). The resolution of the spectrometer (three-
grating 1800 L/mm) was 1 wavenumber (cm�1), and the
measurements were started at 90 cm�1. The laser beam
(20 mW) was focused with an objective (100�, 0.9 NA)
on the samples inside a vacuum chamber
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(1 � 10�7 mbar) using a confocal aperture in quasi-
backscattering geometry. The direct coupled laser beam
passed through a window in the vacuum chamber and
finally impinged on the samples (see Figure S1). Subse-
quently, the Raman signal was coupled by a fiber-optic
cable to the spectrometer. Thus, the Raman spectra were
recorded in situ while maintaining vacuum and tempera-
ture of the prepared ZnO films. Laser irradiation caused
a local heating of the samples, which initiated the order-
ing inside the obtained macroscopic particles. Since the
temperature caused by the irradiation could not be mea-
sured directly, we used the results of an investigation on
doped ZnO samples[21] with comparable experimental
conditions as an indication of the temperature present in
our investigation. Thus, the temperature reached was
estimated to be below 700�C based on experiments on
doped ZnO samples[21] with similar laser power. In addi-
tion, an increase of the intensity of Raman bands, accom-
panied by broadening and red-shift, have been observed
with increasing laser power, but no change in the ZnO
structure[21] was seen. The Raman spectra of the ZnO
powder and crystals were measured with the same
apparatus.

2.5 | Scanning electron microscopy

The scanning electron microscopy (SEM) images were
recorded with a field emission microscope (Merlin, Zeiss
GmbH, Germany) using an accelerating voltage of 5 kV
and an in-lens detector. The samples were transferred
into the microscope in an argon atmosphere using a
custom-built transfer chamber.

2.6 | DFT calculations

The investigated ZnO structures were generated using
2 � 2 � 2 ZnO wurtzite supercells, where one oxygen ion
is replaced by a dioxygen species and where one oxygen
atom is moved from a regular occupied tetrahedral posi-
tion to an inverse tetrahedral void (cf. structural consid-
erations). The ab initio calculations were performed
using the CRYSTAL17 code, based on the linear combi-
nation of atomic orbitals.[22] The local optimizations of
structures employed analytical gradients, and the subse-
quent phonon calculations were based on analytical first
and numerical second derivatives.[23] Structural relaxa-
tions for various charged states of dioxygen species in
ZnO have been performed followed by phonon calcula-
tions at the Γ-point for a neutral cell. The LO-TO splitting
at the Γ-point was calculated within the framework of
the coupled perturbed Kohn–Sham method.[24]

Structure optimizations were performed on the den-
sity functional theory (DFT) level, employing the B3LYP
functional (Becke's three parameter functional in combi-
nation with the correlation functional of Lee, Yang, and
Parr)[25] and the generalized gradient approximation
(GGA) with the PBE (Perdew, Burke, and Ernzerhof)
functional.[26] 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.[27]

Structural and crystallographic analysis has been per-
formed using the KPLOT software package.[28]

3 | RESULTS AND DISCUSSION

3.1 | Experiments

In our experiments, ZnO is deposited on sapphire sub-
strates at room temperature under a high vacuum. Film
thicknesses range between 60 and 100 nm. The ZnO films
obtained are yellow-gray in color. Figure 1a depicts a
sample on a transparent sapphire substrate photographed
on a white background. The corresponding SEM images
(Figure 1b,c) reveal rough, dense films showing a granu-
lar surface structure with particle sizes between 10 and
70 nm. In addition, a few macroscopic particles per
(100 μm)2 are visible with sizes of 0.5–5 μm, formed by
the PLD-process. The X-ray powder diffraction pattern of
deposited films in Figure 1e shows the expected reflec-
tions of the wurtzite structure of ZnO[29] accompanied by
additional weak broad reflections of metallic zinc. The
deposited ZnO films are polycrystalline and consist of
ZnO with about 20 wt% zinc. The refined crystal sizes are
36 nm (ZnO) and 8 nm (Zn); compare Rietveld data:
Table S1. Both components are expected to contribute to
the color of the films. Thus, the yellow-gray color of the
films is a result of a mixture of gray zinc and yellow ZnO
as discussed below, and is comparable to the yellow sin-
gle crystals of ZnO (see Figure 1d).

Raman spectra of the deposited ZnO films give more
insights into the local ordering. These measurements
reveal unexpected results. Six Raman-active phonon
modes exist for the ZnO lattice: at 99 and 438 cm�1 (E2,
most intensive), at 378 and 574 cm�1 (A1), and at
410 and 590 cm�1 (E1)

[30] (see Table 1). These modes are
clearly visible in the measured spectra of our purchased
powder, ZnO single crystals, and the PLD target used
(pressed from powder); see Figure 2a. However, none of
these specific modes are visible in the Raman spectra of
our films. These spectra exhibit a very broad band from
300 to 600 cm�1 (oxygen-related wavenumbers) along
with an increasing ramp up to 100 cm�1 (zinc-related
wavenumbers); see Figure 2b. The broad band shows a
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maximum at �555 cm�1 and a shoulder at �440 cm�1.
Additionally, a slowly increasing intensity ramp of the
spectra starting from 800 to �1600 cm�1 is remarkable.
The Raman intensity in this range varies slightly from
sample to sample and gives hints of bands at �1140,
1360, and 1570 cm�1. No further bands are detectable for
higher wavenumber up to 3700 cm�1 (see Figure S2). The
total disagreement of these Raman spectra with the
Raman bands of ZnO is completely unexpected. These
results suggest an extremely distorted lattice in the depos-
ited films. We believe that this anomalous behavior is
due to the formation of dioxygen species such as superox-
ide ions, O2

�, in the zinc oxide samples, which is also
responsible for the yellow color.

3.2 | Structural considerations

The wurtzite crystal structure of ZnO consists of ZnO4

and OZn4 tetrahedra as shown in Figure 3a with Zn–O
and O–O distances of 198 and 321 pm,[29] respectively. In
other words, the zinc atoms form a hexagonal close

packing where oxygen atoms occupy one half of the tetra-
hedral voids, which are all corner-connected; the remain-
ing unoccupied tetrahedral voids also form a separate
corner-connected network. Thus, two types of tetrahedral
voids exist: one where the top of the tetrahedra is
directed down along the c-axis (chosen as normal occu-
pied orientation) or up (inverse, empty orientation), as
illustrated in Figure 3b by the blue and yellow tetrahedra
for oxygen. These tetrahedra appear in face-connected
pairs—with each pair effectively forming a trigonal bipyr-
amid of Zn atoms—and by occupying both neighbor tet-
rahedra (red-colored oxygen atoms in Figure 3b), the
formation of dioxygen species with an interatomic dis-
tance of 123 pm occurs, which corresponds to the dis-
tance in the O2-molecule of 121 pm.[31] With a shift of
the z-value of oxygen (the only adjustable site parameter
of the wurtzite structure) from z = 0.382 (common value
in ZnO) to z = 0.375 (value for the ideal wurtzite struc-
ture)[32] the O–O distance increases to 130 pm. This value
agrees well with the oxygen distances of the yellow super-
oxide ion O2

� of 128 to 137 pm in alkali-metal and tetra-
organylammonium superoxides.[33,34] Additionally, the

FIGURE 1 (a) Photograph of a deposited ZnO film on a transparent sapphire substrate (sample diameter �20 mm). (b,c)

Scanning electron microscopy (SEM) images of ZnO films (two magnifications). (d) Single crystal of ZnO (21 � 21 � 11 mm3). (e) X-ray

powder pattern of a ZnO film (line pattern of wurtzite ZnO structure (red), of metallic Zn (blue)) [Colour figure can be viewed at

wileyonlinelibrary.com]
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deviation from the principle of strictly corner-connected
occupied tetrahedra in ZnO can generate a local inverse
occupancy of tetrahedral voids (a filled inversely oriented
tetrahedron next to an empty normally oriented tetrahe-
dron), too. Both situations, dioxygen species formation
and occupied inverse tetrahedral voids, are illustrated in
Figure 3c by the red-colored oxygen atoms. The conse-
quence of this irregular occupancy is an adjustment of
the surrounding atoms, which mainly affects the oxygen
atoms with short O–O distances (233 pm). Thus, the cor-
responding oxygen atoms shift to z ≈ 0.5 to accommodate
short O–O distances; compare green-colored oxygen

atoms in Figure 3d. For this case the corresponding Zn–
O distances decrease from 198 to 188 pm and the short
O–O distances increase from 233 to 275 pm, respectively.

3.3 | Calculated structures

The derived, idealized structural arrangement is verified
by DFT calculations using a 2 � 2 � 2 ZnO supercell,
where one oxygen ion is replaced by a dioxygen species.
Depending on the charge of the dioxygen species, differ-
ent optimized structures are obtained (see Figure S3 and
Table S3). The dioxygen species with two double-
negatively charged O2� ions requires a rather large vol-
ume (O–O distance 244 pm) accompanied by large dis-
placements of the surrounding atoms. The calculations
for lower negative charge (e.g., O2

2� and O2
�) preserve

the dioxygen species with a short O–O distance (154 pm)
embedded in a widely intact ZnO lattice. Analogous cal-
culations are performed with one oxygen atom moved
from a regular occupied tetrahedral position to an inverse
one forming a dioxygen species and an oxygen vacancy.
Figure 4a represents this optimized structure, which
reveal that both, the oxygen vacancy and the formed
dioxygen species (O–O distance 153 pm), are well pre-
served. The oxygen atoms of the dioxygen species have
still the fourfold coordination and the zinc atoms sur-
rounding the oxygen void are threefold coordinated.
These results support an unproblematic insertion of these
dioxygen species into the ZnO structure. Furthermore,
nearly trigonal-planar coordinations are found next to
the dioxygen species. This hexagonal planar arrangement
(BN structure) is also observed in deposited ZnO mono-
layers[35] and is predicted as a possible ZnO crystal
structure.[36]

3.4 | Raman analysis

The displacement of the oxygen position discussed above,
where the oxygen atoms shift up to z ≈ 0.5 (cf. Figure 3d,
green-colored oxygen atoms), is only weakly reflected in
the intensity variation of the XRD reflections
(cf. Figure S4 and Table S2), but strongly influences the
Raman spectra. Calculations for the phonon wavenum-
bers of the ZnO wurtzite structure with the oxygen posi-
tion at z = 0.38, z = 0.42, and z = 0.50 reveal shifts of the
most intensive E2-modes from 110 and 433 cm�1 to
117 and 517 cm�1, and to 103 and 588 cm�1, respectively
(see Table 1). These results suggest a continuous shift of
the E2-high mode with increasing z-value from 420 to
580 cm�1, which agrees very well with the observed
broad band (300 to 600 cm�1) in the Raman spectra of

FIGURE 2 (a) Raman spectra of ZnO single crystals (two

orientations: (100), (001) ꓕ to laser beam), powder and pressed

powder of the pulsed laser deposition (PLD) target used (arrows

indicate assigned wavenumber values of the pressed powder).

(b) Raman spectra of three ZnO films (arrows indicate assigned

wavenumber values, * bands of the sapphire substrate).

(c) Sequence (1., 2., 3–5.) of Raman spectra of a macroscopic ZnO

particle (arrows indicate assigned wavenumbers) [Colour figure can

be viewed at wileyonlinelibrary.com]
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the films. The maximum of this band at �555 cm�1 cor-
responds to the short Zn–O distances for z = 0.5, and all
the assumed oxygen positions in-between are represented
by the broad shoulder. Additionally, the E1 and A1 modes
spread from near 600 cm�1 to 345 and 735 cm�1 for the
LO phonons and from near 400 cm�1 to 0 and 577 cm�1

for the TO phonons. This spreading supports the
observed broad spectra of the ZnO films, too.

Additionally, phonon calculations of overall-neutral
2 � 2 � 2 ZnO supercell structures are performed.
Figure 4b represents the calculated Raman wavenumbers
(brown bars) for the optimized 2 � 2 � 2 ZnO supercell
containing a dioxygen species next to an oxygen vacancy
(as shown in Figure 4a), overlaid on the Raman spectra
of the ZnO film and powder (see also Tables S4 and S5).
The calculated wavenumbers reflect the wide ranges of
the detected Raman wavenumbers of the ZnO films. Most
phonons belong to the broad band from 300 to 600 cm�1

as well as to the increasing ramp up to 100 cm�1. Thus,
our structural model allows to describe the unexpected
Raman spectrum of the deposited ZnO films in an appro-
priate manner as well as the weak broad bands in the
spectrum of ZnO powder. Further remarkable is that the
Raman bands at 200 and 330 cm�1 of the spectrum of the

ZnO powder are also reproduced by this structure model.
Normally, these bands are assigned as double E2-high
and (E2-high)–(E2-low) modes, respectively.

However, the Raman bands above 700 cm�1, espe-
cially the most prominent band at about 1140 cm�1, can-
not be explained by the above analysis. In the literature
these bands are described as second-order features (over-
tone/combination) of the ZnO modes. To understand the
origin of these bands, it is helpful to consider the depos-
ited macroscopic ZnO particles. The PLD technique gen-
erates large particles in the micrometer regime on the
substrates, which can be characterized individually by
our Raman spectrometer with a laser beam diameter of
about 1 μm. Figure 2c displays a sequence of these mea-
surements taken on the same particle. First, the spectrum
of the ZnO particle shows the same broad features as the
spectra of the ZnO films combined with a weak E2-high
mode at 436 cm�1. However, with each measurement on
the same particle (second, third, etc.) the spectrum
changes, which is not observed for the films. After a few
repetitions, a permanent change in the spectrum occurs.
Thus, initiated by the irradiation of the Raman laser, the
particles order and the expected bulk ZnO vibration
modes appear. The spectra of the irradiated ZnO particles

FIGURE 3 Structural realization of

dioxygen species in ZnO. (a) ZnO wurtzite

structure (2 � 2 � 2 supercell, Zn: gray, O:

blue); one ZnO4 (gray) and one OZn4
tetrahedron (blue). (b) OZn4 tetrahedra

arrangement of wurtzite structure (blue:

normally occupied orientation, top-down along

c-axis) and partially occupied inversely oriented

tetrahedra (yellow: top-up along c-axis, central

oxygen atoms red-colored). (c) ZnO wurtzite

structure (2 � 2 � 2 supercell) with one

occupied inverse tetrahedron forming the

superoxide ion (bottom, red bonding) and one

occupied inverse tetrahedron next to an empty

normally oriented tetrahedron (top). (d) ZnO

wurtzite structure (2 � 2 � 2 supercell)

analogous to (c) with adjusted oxygen atoms

(green); compare text. [Colour figure can be

viewed at wileyonlinelibrary.com]
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show Raman bands at 436 (E2-high), 410 (E1-TO, shoul-
der), and at 376 (A1-TO). The other two expected bands
E1-LO and A1-LO are covered by the broad bands ranging
from 520 to 590 cm�1 and the E2-low modes by the
ramp-up to 100 cm�1, which reflect the still existing dis-
order of the zinc and oxygen atoms. Additionally, the
bands at 328, 240, and 655 cm�1 can be understood by
the structural re-arrangements caused by the dioxygen
formation as described above. Furthermore, bands at
839, and 964 cm�1 are recorded alongside with the broad
bands from 1050 to 1180 cm�1, and previously unre-
ported broad bands at 1273, 1350, and from 1500 to
1600 cm�1 (cf. Table 1). In the range from 530 to
700 cm�1 Raman bands are ascribed, in the literature, to
combinations of optical and acoustic phonons[30] and are
also attributed to defects (oxygen vacancies), displace-
ments, and to electron–phonon interactions, especially in
deposited films.[37,38] The bands at 1050–1180 cm�1 are
assigned to overtones and combinations of the E1-LO and
A1-LO modes. Here, it is particularly notable that the

strong broad band at 1138 cm�1 deviates significantly
from the predicted LO bands (2A1: 1148 cm�1, 2E1:
1180 cm�1)[35] and is also visible when the first-order LO-
bands (574, 590 cm�1) are missing (cf. Figure 2a, spec-
trum 2). We believe that the origin of all these additional
bands above 700 cm�1 for ZnO is the presence of dioxy-
gen species in the deposited ZnO films, as discussed
below.

First, the band at 1138 cm�1 matches very well the
symmetric stretching mode of the yellow superoxide ion
(O2

�) with wavenumber values of 1121 to 1164 cm�1

determined for the alkali-metal and ammonium superox-
ides.[33,34] The broad maxima at around 560 cm�1 and
the ramp-up to 100 cm�1 are the results of the corre-
sponding displaced oxygen and zinc atoms, as described
above. Thus, the dioxygen ion generates all these wave-
numbers. The Raman spectra of the ZnO powder, pressed
powder, and single crystals also show the band at
1140 cm�1, which suggests the presence of superoxides
for ZnO in general. Second, the additional band at
around 1560 cm�1 in the spectra of the films and of the
particles is also visible in the spectrum of the pressed
powder (PLD target), and this band agrees very well with
the stretching mode of the O2-molecule of 1552 cm�1.[39]

Thus, it seems possible that both the pressing and our
deposition process can stabilize O2-molecules inside the
ZnO samples, which supports the presence of dioxygen
ions, too. We note that the ZnO lattice can very nicely
accommodate the O–O distances of O2 and O2

� (see
above and Figure 3). Third, due to the incorporation of
the dioxygen species into the ZnO lattice, the stretching
modes of O2

� and O2 are broadened. The asymmetric
broadening suggests shoulders at 1090 and 1520 cm�1,
which can be attributed to different overlapping peaks.
The dioxygen species in ZnO can appear in isolation or in
groups. These arrangements produce many different
coordinations (of Zn by O) and O–O distances, contribut-
ing to the variations in the corresponding Raman wave-
numbers observed as broadening. Support for the
existence of further intermediate distances between O2

and O2
� is provided by Raman bands at 1273 and

1360 cm�1 and also by the continuously increasing ramp
from 800 to 1600 cm�1 in the Raman spectra of the ZnO
films. The indication, in the measurements, of broad
bands between 600 and 1000 cm�1 can be explained by
dioxygen species with longer O–O distances, for example,
by the peroxide ion O2

2�, which shows the stretching
mode at 840 cm�1 (ZnO2).

[40] In summary, all observed
Raman bands can be explained in a straightforward man-
ner by the presence of dioxygen species inside the ZnO
samples.

The asymmetric peak broadening of the band at
1140 cm�1 exists also in the spectra of ZnO powder and

FIGURE 4 (a) Calculated ZnO structures of a 2 � 2 � 2

supercell where one oxygen atom is moved from a regular occupied

tetrahedral position to an inverse one (shown left), forming a

dioxygen species (red-colored oxygen atoms) and an oxygen

vacancy (shown on the right side). (b) Calculated Raman

wavenumbers (brown bars, cf. Table S4) of this ZnO 2 � 2 � 2

supercell (as shown in (a) on the right side) compared to Raman

spectra of ZnO film (blue spectrum) and powder (red spectrum)

[Colour figure can be viewed at wileyonlinelibrary.com]
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especially of single crystals. This can be explained by the
presence of domain boundaries consisting of dioxygen
species accumulating in an interface layer. This type of
superoxide ion interface easily connects the inversely ori-
ented ZnO tetrahedra, as shown in Figure S5. This inter-
face can adjust the domains via the O–O distances, which
directly affect the wavenumber of the stretching mode.
An analogous structural configuration exists at the basal
inversion domain boundaries of doped ZnO sam-
ples.[41,42] Here, the octahedrally coordinated dopants
connect the inverted ZnO domains parallel to the (001)
lattice plane. Furthermore, the observed color differences
of crystal slices cut from single crystals along [001] also
support this assumption,[43] whereby the color reflects
different numbers of superoxide ion interfaces per slide.

3.5 | Structure formation procedure

Finally, we demonstrate a scenario for the formation of
the atomic arrangement during the ZnO film deposition
and inside the macroscopic particles. In our experiments,
monoatomic zinc and oxygen, and dioxygen (cf. mass
spectra: Figure S6) are ablated from the PLD target and
are deposited on the substrate. The effortless charge
transfer from zinc to oxygen favors the incorporation of
oxygen as O2� ions in the deposited films. With irregular
occupancy of the tetrahedral voids by O2� ions, dioxygen
species are formed and the observed displacement takes
place, as suggested by our theoretical calculations
(cf. Figure 4a). Direct incorporation of O2-molecules
results in a corresponding displacement, too. Addition-
ally, the inserted dioxygen species locally lead to an accu-
mulation of oxygen atoms accompanied by a reduced
anion charge, which results in enhanced oxygen defects
on regular positions and a (local) excess of negative
charge (n-type conductivity); compare Scheme 1.

We believe that the segregation of metallic zinc in our
samples is the result of this unbalanced negative charge
(Zn2+ + 2 e� à Zn). Thus, highly disordered films are
formed with a wide variety of different dioxygen species
inside. The detected Raman spectra reflect this structural
arrangement. The small crystal sizes of the deposited
films support the stability of the disordered films. The
macroscopic particles with sizes in the micrometer range

are directly deposited onto the substrate. During this
ablation and deposition process, the larger particles disor-
der, but the atoms remain in quite close contact with
each other and can therefore be transformed back into
the ordered wurtzite structure by laser irradiation. Zinc
and oxygen atoms order to form the tetrahedral network,
and mainly superoxide ions and molecular oxygen spe-
cies are formed, as detected in the Raman spectra. Both
dioxygen species fit very well into the ZnO wurtzite struc-
ture, which suggests that the occupancy of the inverse
tetrahedral voids is an intrinsic structural property of
ZnO crystallizing in the wurtzite structure.

4 | CONCLUSION

In conclusion, we present the synthesis of yellow-gray
films of ZnO by femtosecond-PLD. The Raman band at
1140 cm�1 together with the yellow color support the
existence of the superoxide ion O2

� in our ZnO films as
well as in ZnO powders and single crystals, accompanied
by the corresponding disordering. Additionally, further
dioxygen species are identified, in particular the O2-
molecule inside the deposited samples and the pressed
PLD target. The structural variability is enabled by the
flexible ZnO wurtzite structure that tolerates the Zn–O
distance variations formed by different displacements.
This structural feature is manifested in a small thermal
expansion[44] and the piezoelectricity[45] of ZnO. The
high transparency of the ZnO films[18] is also a conse-
quence of the disordering. Finally, the insertion of the
superoxide ion O2

� in place of O2� leads to a local excess
of negative charge and straightforwardly explains the n-
type conductivity[46] of ZnO as being an intrinsic
property.
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