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Impact of the high oxygen deficiency on the photoluminescence 
properties of black zinc oxide thin films
Magdalena Nistor,*a Daniela Dobrin a, Florin Gherendi a , and Jacques Perrière b,c

The presence of oxygen deficiency in ZnO thin films is a key factor for tailoring their optical and electrical properties. High 
oxygen-deficient zinc oxide thin films were synthesized by pulsed electron beam deposition and investigated by Rutherford 
backscattering spectrometry, photoluminescence, X-ray diffraction, Hall effect measurements, and X-ray photoelectron 
spectroscopy. At a high degree of deficiency of about 15%, leading to black (or dark) films, zinc oxide films were found to be 
amorphous. The optical properties are dominated by the introduction of deep-level defect states that absorb visible light, 
whereas the electrical properties are governed by the increased electron concentration in the conduction band (6.55 1020 
cm-3). These oxygen-deficient zinc oxide films exhibited enhanced violet and blue photoluminescence emission in the range 
408- 456 nm attributed to zinc interstitials and their extended states.

A Introduction

Nanocomposite thin films exhibiting metal nanoclusters 
embedded in an oxide matrix have attracted increasing 
attention due to the novel physical and chemical properties 
obtained from the nano-scale size for promising application in 
areas of optoelectronic materials and devices, energy 
conversion, energy storage, catalysis, environment, and 
biomedicine [1, 2]. Among oxide candidates, zinc oxide (ZnO) 
allows versatile growth in various nanoscale forms and presents 
a rich defect chemistry [3]. ZnO is a semiconductor oxide with a 
wide range of applications in optoelectronic devices, sensors, 
and transparent electronics due to its high exciton binding 
energy (~60 meV), wide bandgap (~3.37 eV), versatile electrical 
properties, and piezoelectric characteristics. However, defects 
in ZnO thin films and nanostructures significantly influences 
their optical, electrical, and structural properties [3]. 
Understanding the impact of oxygen deficiency on the 
composition, properties, and native defect formation of ZnO 
thin films is crucial for tailoring the material properties for 
specific applications.
Oxygen deficiency in ZnO usually occurs from an imbalance 
between zinc and oxygen during growth. Although the 
predominant ionic defects are Zn interstitials and oxygen 
vacancies, which are defects that dominate native ZnO, these 
defects remain a subject for debate [3]. Both defects donate 
two electrons; therefore, distinguishing one from the other is 
challenging using only electrical measurements but their 

photoluminescence signatures could improve the 
understanding.
As the degree of oxygen deficiency in the ZnO thin films 
increases, the films change from transparent or slightly 
yellowish to a progressively darker color. When ZnO (film or 
bulk) has a high level of oxygen deficiency, it turns black (or 
dark) in appearance [4-11]. This change is primarily due to the 
formation of defects within the bandgap, causing the ZnO to 
absorb light in the visible spectrum. At high concentrations of 
defects the quenching of the excitonic luminescence of ZnO 
leads to the formation of photoluminescence bands, 
particularly in the ultraviolet and blue region [12-16], which are 
less common than those in visible region [17]. The electronic 
structure is also modified, leading to an increased concentration 
of free carriers (electrons) in the films. This often results in 
enhanced electrical conductivity, with the films exhibiting n-
type behavior, which can be advantageous for certain 
applications that not require optical transparency [11-16].
Several attempts of growing black ZnO films and nanostructures 
were made either by chemical methods (physicochemical 
reduction in solution [5], electrochemical oxidation of Zn foil [6, 
7], sol-gel method [8], anodic oxidation of metallic zinc [9, 10]) 
or physical methods (pulsed electron beam deposition [11], 
pulsed laser deposition [18] and magnetron sputtering [4]). 
Most of these black or dark ZnO films have presented the Zn 
metallic phase inside the oxide matrix, being nanocomposite 
thin films but only a few studies have quantitatively measured 
oxygen deficiency in black ZnO films [18]. 
Zinc oxide was difficult to obtain in amorphous form in thin 
films, knowing that crystallization of the film in the hexagonal 
würtzite (P63mc) structure occurs easily close to room 
temperature on different substrates, in particular on single 
crystalline c-cut sapphire [19, 20]. Previous efforts have mostly 
been focused on growing amorphous transparent ZnO thin films 
at cryogenic temperatures using pulsed laser deposition and 
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sputtering [21-23] or in chemical solutions [24, 25]. The 
advantages of amorphous ZnO as an interfacial structure in the 
suppression of dendrite growth and parasitic reactions of zinc 
metal anodes in aqueous media was demonstrated for zinc 
metal batteries [26]. These are an alternative to rechargeable 
lithium-ion batteries due to their low cost, safety and good 
electrochemical performance. Amorphous ZnO showed 
moderate adsorption energy, strong desolvation ability, and 
hydrophilicity, improving the cycling and thus eliminating the 
main concerns of these batteries related to the safety, capacity 
degradation and unsatisfied cycle life [26, 27]. Amorphous ZnO 
on Zn metal presented a disordered microstructure, a good 
conductivity and the lack of grain boundary that effectively 
homogenized the distribution of ions and electrons at the 
electrode interface [28]. Recently, high oxygen deficiency in 
ZnO emerged as a promising strategy for amorphous black of 
ZnO thin films with enhanced absorption in the visible and near-
infrared regions [11].
Although photoluminescence spectroscopy [12-17, 30, 31] and 
Hall effect measurements [20, 29, 32] has been widely used to 
characterize the crystalline ZnO films, amorphous ZnO thin films 
with high oxygen deficiency have been less studied by these 
methods. On the other hand, Zn rich ZnO thin films and 
nanostructures grown under non-equilibrum methods often 
exhibit lower photoluminescence efficiency due to lack long-
range order and are more susceptible to defect-related 
emissions [12-16]. In contrast, epitaxial ZnO thin films, which 
are grown with well-defined crystallographic alignment to a 
substrate, exhibit high crystallinity [33-35] and are typically 
associated with superior optical properties and an intense 
excitonic peak in photoluminescence spectra [17, 30, 31]. 
In this work high oxygen deficient amorphous ZnO thin films 
were grown by pulsed electron beam deposition (PED), a non-
equilibrium method [2, 11, 20, 36-41] that has features in 
common with pulsed laser deposition [18, 19, 21, 33-35] to 
grow either epitaxial [20, 36, 39] or nanocomposite thin films 
[2, 36]. The physical properties of highly oxygen deficient and 
amorphous ZnO thin films were investigated by combining 
photoluminescence spectroscopy, Rutherford backscattering 
spectrometry, X-ray diffraction, Hall measurements and X-ray 
photoelectron spectroscopy. Additionally, we discuss how high 
oxygen deficiency impacts the optical and electrical properties 
offering a more complete understanding of the behavior and 
performance of black amorphous ZnO thin films that may 
enable a combination of very distinct properties for novel 
applications.

B Experimental

Oxygen deficient ZnOx thin films were grown by PED on c-cut 
single crystalline sapphire substrates (CrysTec Gmbh) at a 
temperature of 300°C in argon at a pressure of 9 x 10-3 mbar. 
The PED setup and the working concept were described 
previously [2, 11, 20, 38]. The pulsed electron beam of about 
100 ns FWHM interacts with the ceramic ZnO target at 45° 
generating an ablation plasma that mediates the growth of the 

films on a substrate located parallel to the target at 4 cm. The 
following growth parameters were used: 15 kV high voltage, 16 
nF external capacitor and a repetition rate about 1 Hz. The 
argon was selected as the background gas to prevent chemical 
reactions that could affect the results. 
In contrast to the pulsed laser deposition, the PED method is 
used for thin film deposition within a narrow window of working 
pressure, situated around 10-2 mbar, within that the generation 
and propagation towards the target of the pulsed electron 
beam occur simultaneously [38].
Photoluminescence measurements (PL) of ZnO thin films were 
carried out at room temperature with a FLS 920 Edinburgh 
Instruments spectrofluorimeter equipped with a 450 W Xe lamp 
excitation source and double monochromators on both 
excitation and emission using an excitation wavelength of 350 
nm.
Rutherford backscattering spectrometry (RBS) was performed 
at the 2 MeV Van de Graaff accelerator of the INSP, Sorbonne 
Université, to determine the composition and thickness of the 
ZnO thin films grown by PED. 
X-ray photoelectron spectroscopy (XPS) of films was carried out 
with the help of the Thermo Scientific ESCALAB Xi+ 
spectrometer at NILPRP. The survey and high-resolution spectra 
(Zn 2p, Zn 3p, Zn LMM, O 1s, C 1s) were recorded with pass 
energy of 100 eV and 1 eV energy step size and 20 eV pass 
energy and 0.1 eV energy step size, respectively, using a 
monochromatic Al Kα (1486.6 eV) X-ray source. The etching of 
film surface was done for 60 s by a 2 keV argon ion beam and 
the electron flood source was used to compensate the electrical 
charging. The Thermo Scientific Avantage software was used for 
the interpretation of spectra.
The phase structure was investigated by X-ray diffraction (XRD) 
patterns recorded by Philips Xpert MRD diffractometer with the 
Cu Kα radiation (λ = 0.154 nm). 
The resistivity, mobility and density of charge carriers were 
measured using Van der Pauw and Hall methods in a MMR 
Technologies, Inc. setup. 

C Results and discussion

Accurately measuring the composition of ZnO thin films, 
especially the oxygen content, is essential for understanding 
and controlling their optical and electrical properties [19, 38]. 
The composition and thickness of the black zinc oxide were 
obtained for the ZnOx thin films grown by PED on c-cut single 
crystalline sapphire substrates at a temperature of 300°C in 
argon at a pressure of 9 x 10-3 mbar by means of fitted RBS 
spectra (Figure 1a) using the RUMP (Rutherford Universal 
Manipulation Program) [42]. In this software the stoichiometry 
and thickness are determined from the best-fit by comparing 
the experimental RBS spectrum with the simulated one based 
on theoretical calculations of Rutherford scattering and energy 
loss of ions in matter. A thickness of 96 nm and a 15% oxygen 
deficiency (ZnO0.85) in the limits of the 4% precision of the RBS 
analysis for oxygen, were deduced, from the fitting of the RBS 
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data in RUMP software, where a two-layer model of the ZnOx 
thin film and sapphire substrate was considered. When the 
Zn1O1 stoichiometry was taken into account in the film, the 
experimental spectrum was not properly fitted; thus the data 
was iteratively fitted up until for the best fit spectrum (line) a 
value of Zn1O0.85 was obtained (Figure 1a). The fitted RBS 
spectrum does not show the presence of other impurities in the 
film. The film oxygen deficiency is preserved throughout the 
thickness of the film. Moreover, an analysis was conducted by 
RBS at one-year intervals, and it was found that the composition 
ZnO₀.₈₅ remained constant. This indicates that the films exhibit 
remarkable stability under ambient conditions.

(a)

(b)
Figure 1 (a) Experimental RBS spectrum (squares) and the fit of 
the spectrum (line) and (b) absorption spectrum of a black ZnOx 
thin film grown by PED on c-cut single crystal sapphire substrate 
at 300 °C in argon at a pressure of 9 x 10-3 mbar. The inset shows 
the Tauc plot. 

In addition, X-ray photoelectron spectroscopy (XPS) has been 
performed and the survey spectrum has not been revealed 
impurities in the films.
A high level of oxygen deficiency in ZnO (in film or bulk form) 
results in a black or dark appearance [4-11]. A typical example 

of absorbance spectrum for a Zn1O0.85 thin film is given in Figure 
1b, showing that the absorption in the visible range and near-
infrared regions is considerable and associated with the black 
(dark) color of these thin films. The Tauc plot (inset of Figure 1b) 
of a black ZnO0.85 film yielded a bandgap of 2.95 eV, similar with 
other reports [5, 11], while grey-colored films presented 
typically bandgap values ranging from 3.09 to 3.18 eV [4]. These 
values differ from the commonly reported bandgap values for 
transparent, crystalline, and stoichiometric ZnO (3.2 - 3.37 eV 
[3, 5]). The narrow band gap is due to a large oxygen deficiency 
in the film [5, 9, 10, 43], which generates subgap states, as 
shown by theoretical calculations for In2Ox [43].
In PED the control of the oxygen incorporation in ZnOx thin films 
depends on the growth parameters, the gas pressure and the 
energy of the species emitted by the target [20, 36]. The pulsed 
electron beam ablation of the ZnO target provides high kinetic 
energy (tens of eV) to the Zn and O atoms in the plasma plume 
[40]. Like in PLD, several possible sources of oxygen (target, 
background gas, substrate) can contribute to the oxidation 
process during pulsed laser deposition of oxide thin films [44, 
45]. As in PLD, approximately 45% of the oxygen in the film 
originates from the background gas, while the difference is 
directly incorporated from the target. Furthermore, oxygen is 
only incorporated in the films during the growth period (i.e. 
during the pulse of the electron beam), while oxidation and 
oxygen exchange do not occur between successive beam pulses 
[44] and the oxygen release from the sapphire substrate is 
mostly negligible [45]. 
A more generalized numerical modeling of the plasma plume 
propagation and oxidation during pulsed laser deposition of 
TiO2 thin films showed that the oxidation state of the arriving 
particles (Ti, TiO, and TiO2) on the substrate surface depends on 
oxygen background pressure [45]. At low oxygen pressure of 
about 2 x 10-2 mbar, fast oxygen atoms arrives prior to the 
slower titanium atoms, impacting the oxidation state of the 
initial substrate surface [45]. Due to the similarities between 
PED and PLD propagation plume for ZnO at similar pressures at 
10-2 mbar [40, 44], numerical simulations [45] and angular 
distribution of complex oxides cotaining elements with 
different mass ratios [38], the oxygen atoms arrive faster and 
prior to the slower, heavier, zinc atoms in argon background 
gas. Therefore, the PED growth in argon at 10-2 mbar pressure 
(few collissions [38]) with high kinetic energies of the target 
species will contribute to zinc oxide thin films with large oxygen 
deficiency.
A typical photoluminescence (PL) spectrum of ZnO thin films 
consists of two main regions: (i) the near-band-edge (NBE) 
emission, which is attributed to the recombination of free 
excitons, and (ii) defect-related emissions, which occur at lower 
energies and are often associated with deep-level defects such 
as oxygen vacancies, zinc interstitials, or dopants in the film [17, 
47-52].
Photoluminescence measurements at room temperature were 
performed on ZnO0.85 thin films with an excitation wavelength 
of 350 nm. The photoluminescence spectrum of a ZnO0.85 thin 
film is shown in Figure 2. The overall shape of the PL spectrum 
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is related to the large oxygen deficiency that introduces defect-
related emissions at energies lower than the bandgap [47-52].
The PL spectrum consists of a weak and broadened NBE 
emission at 3.3 eV and intense defect-related emission bands in 
the region 2.2 – 3.2 eV. The peaks located at 408, 432 and 456 
nm correspond to 3.0, 2.9 and 2.7 eV. All peaks were fitted with 
four Gaussian curves (Figure 2) [12, 13]. A notable reduction in 
the intensity of the ultraviolet emission at 3.3 eV is observed, 
explained by the formation of defects in the films, which 
provide additional channels for electron-hole recombination. 

Figure 2 Photoluminescence spectrum of a black amorphous 
ZnO0.85 film thin film grown on c-cut single crystal sapphire 
substrate at 300 °C in argon at a pressure of 9 x 10-3 mbar (black 
line) together with its envelope (red line) and four Gaussian 
(dash line) fitting.

Defect-related emission bands in the visible range, centered at 
~2.2 eV (green emission) and commonly associated to oxygen 
vacancies acting as deep-level defects within the ZnO bandgap 
[17, 48], are not observed in Figure 2.
The PL peaks observed between 2.7 and 2.9 eV are attributed 
to the violet and blue luminescence, primarily associated with 
the presence of zinc interstitials (Zni) and extended Zni states, 
which represents a native defect in the crystal structure of zinc 
oxide [12-16, 47-52]. Zni are donor-type defects that introduce 
additional energy levels into the band gap of ZnO, enabling 
electronic transitions that lead to the emission of light when the 
material is excited with ultraviolet photons [3, 12-16]. 
The violet and blue luminescence is less often observed but 
occurs in zinc-rich ZnO samples obtained in non-equilibrium 
synthesis conditions [12-16, 47-52]. A study by Zhang et al. [12] 
reported that the assignment of this PL band to Zni is supported 
by the Zn-excess in as-synthesized ZnO smoke samples (Zn/O = 
1.26 ± 0.15) in the first few nanometers of the surface obtained 
by XPS analysis, the position of the PL maximum at 2.88 eV (430 
nm), and the non-equilibrium synthesis conditions that favour 
the formation of Zn-rich ZnO. A correlation between zinc 
interstitials and the presence of violet luminescence was 
confirmed by electron paramagnetic resonance (EPR) 
measurements for ZnO samples with a zinc excess [12, 13, 15]. 

This correlation between the violet photoluminescence signal 
and the EPR signals is summarized as follows: two pairs of 
signals (2.88 eV with g = 1.956 and 2.80 eV with g = 1.960) were 
associated with the same type of defect (Zni), but they were 
localized in slightly different crystallographic environments [12, 
13]. Based on these results, in oxygen deficient zinc oxide 
ZnO0.85 thin films, the PL peaks located around 2.9 eV could be 
assigned to the Zni defect. Moreover, a Zn/O ratio of 1.18 ± 0.1 
across the entire thickness of the oxygen deficient zinc oxide 
thin films was provided by RBS measurements. The studies of 
Zhang et al. [12, 13] correlates the observed PL and EPR 
fingerprints with the presence of specific defects that produce 
distinct PL emissions, ranging from violet to green and yellow. 
For example, a significant decrease in violet photoluminescence 
intensity upon interaction with oxygen indicates that the 
underlying zinc interstitial defect becomes optically inactive.
These results are consistent with other reports [15, 16, 47]. The 
blue luminescence of the ZnO nanoparticles with emission 
wavelengths at 415, 440, 455 and 488 nm was investigated and 
attributed to transitions from the Zni and extended Zni states to 
the valence band [15]. The highly non-equilibrium synthesis 
conditions, including laser ablation in liquid and zinc-rich 
annealing, produced a high concentration of zinc interstitial 
defects, which were the predominant defects in the as-
prepared samples and also confirmed by EPR measurements 
[15]. 
The ZnO nanostructures fabricated by atomic layer deposition 
with a higher density of zinc interstitial defects compared to 
oxygen vacancy defects, also showed blue emission peaks in the 
photoluminescence spectra in the 400 - 437 nm region (3.10-
2.83 eV), which were assigned to transitions from the zinc 
interstitial defect states (3.10-3.04 eV) and their extended 
states to the valence band of ZnO (2.86-2.83 eV) [47]. The zinc 
interstitial defects were found to be less efficient for 
photocatalysis compared to the oxygen vacancy defects, due to 
the greater accessibility and "double effect" of the oxygen 
vacancy defects in trapping both holes and electrons and 
delaying recombination [47]. 
This type of photoluminescence emission was also observed for 
metallic zinc nanostructures at the transition from the bulk to 
the nanoscale regime [14]. Both emission peaks at 3.0 and 2.9 
eV were assigned to the relaxation of electrons excited via the 
3d–sp interband transition in metallic zinc, while the emission 
at 2.7 eV was attributed to the relaxation of electrons excited 
via the sp–sp interband transition [14].
For a moderate oxygen-deficiency in ZnO1-x nanosheets (gray 
color) only yellow-green photoluminescence emission was 
observed, explained by singly ionized surface oxygen vacancies 
that were not present in the stoichiometric, defect-free ZnO 
sample [48]. These ZnO1-x nanosheets presented the light 
absorption into the visible region, and excellent photocatalytic 
activity compared to stoichiometric ZnO [48]. 
Regarding the quenching of violet and blue PL few approaches 
were employed. As the degree of oxygen deficiency in the ZnO 
thin films decreases (the films turn from a dark color to gray) 
the violet and blue PL emission diminishes [48]. The intensity of 
violet photoluminescence emission presents a reactivity 
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towards oxygen, either enhancing the formation of Zni defects 
and violet emission in low oxygen partial pressure or becoming 
optically inactive centers under rich oxygen pressure [12, 13]. 
Low-temperature annealing increases the concentration of zinc 
interstitial defects, enhancing the blue emissions, while high-
temperature annealing leads to the diffusion of zinc interstitial 
defects and quenching of the blue emissions [15].
However, the variations in exact peak positions and relative 
intensities the violet/blue PL suggest that the zinc interstitial 
defects concentrations are influenced by specific parameters 
related to the growth technique, deposition temperature, post-
deposition treatments [12-16, 47-50]. This could be due to 
differences in growth kinetics, energy of deposited species, and 
the ability to control stoichiometry during zinc oxide film 
formation. For example, PED technique involve high-energy 
species that may create more point defects and a precise 
control of the oxygen deficiency. Therefore the film 
composition, in fact the degree of oxygen deficiency is a key 
parameter in determining the PL signatures associated with Zn 
interstitials. However, the lack of consistent reporting and 
systematic variation of parameters across studies makes it 
challenging to establish quantitative relationships between 
processing conditions and PL signatures.

Figure 3: 
(a) Photoluminescence spectra and (b) θ-2θ diffraction patterns 
of a ZnO0.85 thin film grown on c-cut single crystal substrate at 
300 °C and an argon pressure of 9 x 10-3 mbar (blue solid line) 
and of an epitaxial stoichiometric ZnO thin film grown on a c-cut 
sapphire substrate at 500°C under 2 x 10-2 mbar argon pressure 
(dash line)

Since PL measurements are typically performed on crystalline 
ZnO thin films [17, 52], the structure of ZnO0.85 thin films was 
investigated by XRD and compared with that of an epitaxial and 
stoichiometric ZnO thin films. The epitaxial stoichiometric ZnO 
thin films were grown on a c-cut single crystal sapphire 
substrate at 500°C by PED under a higher argon pressure (2 x 
10-2 mbar) than that used in this work (9 x 10-3 mbar).
A comparison between the photoluminescence spectra of an 
oxygen deficient ZnO0.85 thin film (blue solid line) and an 
epitaxial stoichiometric ZnO thin film (black dash line) is shown 
in Figure 3a. Both PL spectra are normalized to the maximum 
value. These PL spectra reveal substantial differences in their 
emission bands primarily due to differences in contributions 
from defect-related emissions. 
The crystalline structure of the oxygen deficient ZnO0.85 thin film 
was examined by XRD and the corresponding θ-2θ pattern is 

plotted in Figure 3b (continuous line). Peaks of the ZnO würtzite 
structure or metallic zinc with a hexagonal crystal structure 
were not detected, suggesting that the film can be considered 
nanocrystalline or amorphous. This result is rather unexpected 
because of the high propensity of zinc to crystallize at low 
temperatures but it is in consistent with the film non-
stoichiometry that appears as a key factor for the amorphous 
ZnOx films [11, 51].
The θ-2θ pattern for the epitaxial and stoichiometric ZnO thin 
film is also plotted in Fig. 3b (black dash line), showing the 
characteristic (002) reflection peak of the ZnO würtzite 
structure. Details about the epitaxy of ZnO thin films grown on 
c-cut single crystal sapphire substrate (including pole figures) 
are given elsewhere [20]. 
The epitaxial and stoichiometric ZnO transparent films present 
an intense NBE emission at 3.3 eV, close to the bandgap of ZnO, 
that dominates the spectrum. This indicates that the majority of 
electrons recombine radiatively with holes at or near the 
conduction band without being trapped by deep-level defects 
[17, 52]. The sharp and intense NBE emission is typically related 
to a higher degree of crystallinity of ZnO (epitaxy) in respect 
with the low intensity and broad NBE emission of the oxygen 
deficient ZnO0.85 thin films. 
The typical PL signal associated with oxygen vacancies at 
approximately 2.2 eV, a native point defect of zinc oxide (ZnO) 
[53], was not observed in oxygen-deficient ZnO thin films 
(Figure 2), nor in stoichiometric, epitaxial ZnO thin films grown 
on a c-cut sapphire single crystal substrate at 500 °C under an 
argon pressure of 2 x 10⁻² mbar (Figure 3a, dashed line). The 
oxygen deficiency in black zinc oxide films differs significantly 
from the ideal ZnO stoichiometry, resulting in a lower-than-
expected number of oxygen atoms (about 15% missing). In 
contrast, oxygen vacancies are a type of point defect in a crystal 
lattice where an oxygen atom is missing from its regular position 
but in our case the films are amorphous. By analogy with 
crystalline films, oxygen vacancies are considered point defects 
that impact the film properties like PL. However, to what extent 
the structure and properties of point defects in amorphous 
solids are similar to those in the crystalline phase are still 
debated [54]. 
Although oxygen vacancies are the native point defects of ZnO 
[53], XPS and PL measurements revealed no oxygen vacancies 
in many crystalline ZnO thin films, proving that the film growth 
is essential for PL properties [53, 55, 56]. For example, the XPS 
ZnLMM and O 1s spectra of polycrystalline ZnO thin films grown 
on quartz substrates by sol-gel spin coating have revealed that 
zinc interstitials and zinc vacancies dominate over oxygen 
vacancies as a function of post-annealing temperature, 
modifying the features of the PL spectra in the visible region 
[55]. Moreover, the EPR measurements indicate the presence 
of zinc vacancies and zinc interstitials for high annealing 
temperatures (400 °C and 500 °C) and only zinc vacancies for 
300 °C [55]. Zinc interstitials were introduced by decreasing the 
oxygen pressure during the growth of Al doped ZnO epitaxial 
thin films on c-cut and r-cut sapphire substrates [56]. Due to the 
fact that the Al-O bond strength (511 ± 3 kJ/mol) and ionization 
tendency are larger than those of Zn-O (159 ± 4 kJ/mol), the Al 
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dopant prefers to bind with oxygen, hence the Al doping 
suppresses the formation of oxygen vacancies during film 
growth [56]. By analogy, and taking into account the amorphous 
nature of the films and the absence of dopants, the formation 
of oxygen vacancies is not ensured by a number of oxygen 
atoms smaller than that required by the stoichiometric 
composition. 
Amorphous ZnO films do not exhibit the sharp near-band edge 
emission due to the lack of long-range order, which inhibits the 
formation of free and bound excitons that contribute to the 
sharp ultraviolet emission as observed in crystalline films. As a 
result, the PL spectrum of amorphous ZnO0.85 film is dominated 
by defect-related emissions [12-16, 41, 47-50].
The advantages of PED over PLD and sputtering for achieving 
high oxygen deficiency are related to the control of oxygen 
incorporation in the oxide thin films. The defect-related PL 
emission is related to the degree of oxygen deficiency in the 
ZnO0.85 thin films. The variation of the amount of oxygen from a 
high oxygen deficiency (x = 0.85) to almost stoichiometry (x = 1) 
depends on the PED growth conditions (argon pressure, 
substrate temperature and deposition rate) that is related to 
the kinetic energy of the species arriving on the substrate [11]. 
For example, the growth of the amorphous ZnO0.85 thin film is 
associated with high kinetic energies and a deposition rate 
more than 2.5 times higher in respect to that for growing 
stoichiometric and crystalline ZnO films. Thus in amorphous 
ZnO films, the absence of a well-defined crystal lattice leads to 
the formation of a large number of localized defect states within 
the bandgap, the efficiency of exciton recombination is reduced 
and the violet/blue emission becomes more prominent. 
In the case of amorphous zinc–indium–tin oxide thin films, 
coordination numbers and bond lengths were obtained from 
grazing-incidence x-ray pair-distribution functions (PDF) 
analysis for short-range ordering using high-energy synchrotron 
x rays in agreement with theoretical simulations [57]. The Zn–O 
bond length and coordination number decreased by ∼0.1 Å and 
∼1 (fourfold coordination), respectively in amorphous zinc–
indium–tin films, compared to its crystalline counterpart [57]. 
The decrease in Zn–O bond length with decreasing coordination 
was consistent with theoretical study on the amorphous and 
stoichiometric ZnO [58]. A Monte Carlo study related to the 
grain growth kinetics in two-phase nanostructured films, i.e. 
nanocrystallites embedded in an amorphous matrix, proved 
that an amorphous matrix could significantly hinder the grain 
growth kinetics, resulting in a reduction in grain size or a 
decrease in the grain growth exponent when compared with 
grain growth behaviour observed in epitaxial and polycrystalline 
films [59]. Therefore, the amorphous zinc oxide film acts as a 
barrier, thus inhibiting the movement of grain boundaries and 
slowing down the process of grain growth [59].
Since the value of the binding energy of the Zn 2p3/2 zinc oxide 
peak (1021.7 eV) is very close to the binding energy of the Zn 
metal peak (1021.4 eV) [61], the study of zinc chemistry by X-
ray photoelectron spectroscopy is typically done by analyzing 
the shape and energy position of the most intense Zn L3M45M45 
(Zn LMM) Auger line [62], in the absence of significant Zn 2p 

level shifts. High resolution core-level spectra of Zn 2p, Zn LMM, 
Zn 3p and O 1s are presented in Figure 4 a-d.

Figure 4: High resolution core-level spectra of an amorphous  
ZnO0.85 thin film grown on c-cut single crystal substrate at 300 
°C and an argon pressure of 9 x 10-3 mbar: (a) Zn 2p (b) Zn LMM; 
(c) Zn 3p and (d) O1s.
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The surface of the black amorphous ZnO0.85 thin film exhibits Zn 
2p peaks at 1022.1 eV and 1045.1 eV, Zn 3p peaks at ∼89 and 
91.7 eV and an O 1s peak at 530.7 eV, which are consistent with 
the typical XPS spectra of ZnO [61-63].
In the Zn LMM Auger transition, the core hole in the Zn 2p3/2 
level (L3) is filled by an electron decayed from the Zn 3d level 
(M45) and the energy difference is used to emit an electron from 
the Zn 3d level (M45). The recorded Zn LMM spectrum is shown 
in Figure 4b, presenting a main peak at 498.6 eV and a shoulder 
at ∼495 eV, being the signature of zinc oxide. In the case of Zn 
metal, both a significant shift towards lower binding energy 
(around few eV) and a narrower Zn LMM profile result should 
be observed [62].
To confirm the oxidation state, the modified Auger parameter, 
defined as the sum between the binding energy of the Zn 2p3/2 

core-level photoelectron line and the kinetic energy of the 
Auger-transition line Zn L3M45M45 was calculated [11, 51, 62-
65]. The 2010.1 eV value obtained using the main peak confirms 
the Zn2+ valence state. A value of about 2013.7 eV using the 
shoulder at ∼495 eV is close to the signature of the Zn (Zn0) 
metal [62-65]. In this case a very slight presence of the metal Zn 
in ZnO0.85 thin films could not be excluded [18, 51, 61, 62] but 
the high oxygen deficiency is not enough to change the shape 
and shift the Zn LMM spectrum.
The luminescence mechanism of the green light emission from 
a ZnO thin film was associated primarily with oxygen vacancies 
in a study where the photoluminescence measurements were 
correlated with XPS investigations [53]. The Zn LMM peaks of 
ZnO thin films annealed at various temperatures does not 
showed a shoulder like in our case [53, 64]. The α values of ZnO 
films annealed at 600–800 °C were determined to be 
approximately 2011 eV, while that of the film annealed at 900 
°C was approximately 2009.6 eV [53].
Since Zn 2p is a surface sensitive peak revealing the chemical 
composition of the ZnO0.85 thin film up to 2-3 nm, the Zn3p XPS 
spectrum (Fig. 4c), which is a doublet peak with 2.7 eV splitting, 
probes deeper twice in the film. 
The O 1s spectrum was deconvoluted into two component 
peaks (Fig. 4d). The first peak at 530.7 eV, assigned to oxygen 
(2-), is narrow (FWHM of 1.27 eV), which means a more 
defective surface state for the black zinc oxide films, as already 
reported [12-16, 47-51]. The overlapping component at higher 
binding energy (532.5 eV) is attributed to the surface organic 
contaminants [47-51].
Resistivity, carrier density and mobility of amorphous ZnO0.85 
thin films were measured by Hall effect at room temperature. 
The black zinc oxide thin films are n-type and have the highest 
value of carrier density among those recorded for the films 
grown by PED (6.55 1020 cm-3), being highly degenerate 
semiconductors in respect with the Mott critical carrier density 
(for ZnO ~ 1019 cm-3 [11]). A resistivity of 1.129 10-2 Ωcm and an 
electron mobility of 1.27 V/cm2s were obtained. The high carrier 
concentration, as measured by the Hall effect, could be 
correlated with an increased density of defects in ZnO such as 
oxygen vacancies and zinc interstitials but without making a 
distinction between them [3]. These defects act as donor states, 

providing free electrons that contribute to the n-type high 
conductivity of ZnO0.85 films. 
In the case of degenerated crystalline ZnO thin films (carrier 
density higher than the Mott critical carrier density [11, 56]), 
ionized impurity scattering and grain boundary scattering 
represent the predominant carrier scattering processes [56]. In 
the case where grain boundary scattering is found to be 
dominant, mobility increases with increasing temperature; 
when the ionized impurity scattering is dominant, mobility does 
not depend on temperature [56], as already observed for doped 
stoichiometric ZnO thin films grown by PED [20].
For amorphous oxygen-deficient zinc oxide thin films, the 
temperature-dependent resistivity showed a semiconducting-
like shape with a slight increase between 300 K and 5 K, similar 
with that previously measured [11]. This feature in correlation 
with the high value of carrier density (6.55 1020 cm-3) and 
amorphous structural disorder corresponds to large disordered 
metallic-like oxide films and was explained by the quantum 
corrections to conductivity model [11]. 
Although electrical transport models have been transferred 
from crystals to amorphous solids, this correspondence still 
remains to be elucidated by experimental and theoretical 
studies [54]. In fact, many studies assume that oxygen vacancies 
in amorphous films can reversibly capture and release electrons 
due to the fact that the electrical and optical properties of 
polycrystalline and amorphous oxide films are qualitatively 
similar for the same film composition [54]. In our case, the 
amorphous zinc oxide films are not presenting the same 
composition as the polycrystalline or epitaxial thin films 
counterparts. As an example, the stoichiometric, polycrystalline 
and transparent ZnO thin films grown by PED presents a 
resistivity about ten times lower, a carrier density two times 
lower and an electron mobility five times higher than those 
corresponding to the amorphous black zinc oxide thin film [11]. 
In the case of zinc–indium–tin oxide amorphous films, it has 
been determined that the valence electrons associated with 
under-coordinated fourfold In and Sn ions represent the main 
charge transport mechanism for conductivity, while Zn remains 
fully coordinated (4-fold oxygen atoms) [57]. 
The lack of the periodicity and irregularities of the bonds in the 
amorphous transparent conducting oxides contribute to the 
formation of localized defect states near the band edges and 
thus the appearance of electron trapping, carrier scattering and 
subgap absorption as demonstrated in by simulations [43, 57, 
58]. Hence, in oxygen deficient ZnO0.85 thin films, not only zinc 
interstitials, oxygen vacancies but also few Zn metal clusters 
could behave as electron scattering centers, electron trapping, 
contributing to subgap states [43, 51, 66-71], which could 
explain the low value of electron mobility (1.27 V/cm2s) of 
ZnO0.85 films. In addition, X-ray absorption near edge structure 
(XANES) studies proved that the electron mean free path 
contributing to the electrical conduction in amorphous ZnO 
films is rather limited compared to crystalline ZnO films due to 
the structural disorder [60]. However, the analogy between the 
defect scattering from grain-boundary effects of defects in 
crystalline and amorphous oxides needs further investigation.
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Conclusions
Oxygen deficiency in ZnO thin films is a key factor in determining 
their optical and electrical properties. Film growth method such 
as PED can be tailored to control the oxygen deficiency 
concentration, thereby allowing the synthesis of ZnO films with 
desired properties for specific applications. The measurement 
of oxygen deficiency in ZnO0.85 thin films is a critical aspect of 
understanding their electronic and optical behavior. 
The presence of high oxygen deficiency leads to darkened or 
black films introducing in the bangap deep-level defect states 
that absorb visible light with a high electron concentration in 
the conduction band. Techniques such as XRD, XPS and Hall 
effect measurements, combined with optical characterization 
through PL, allowed for a complementary insights into the 
composition and defect structure of ZnO films. 
The PL spectra show distinct peaks corresponding to the energy 
levels associated with Zni defects and their extended states, 
indicating their role in the luminescent properties of the 
material. Amorphous ZnO films show broad, defect-induced 
emissions in the visible spectrum and lack the sharp UV 
emission peak associated with free and bound excitons. 
The ability to control oxygen deficiency is crucial for optimizing 
ZnO thin films for applications. Black ZnO thin films, which 
exhibit enhanced absorption in the visible and near-infrared 
due to large oxygen deficiency and high carrier concentration, 
could be used for solar absorbers and photocatalysis. 
Amorphous ZnO films are attractive for applications that 
require flexible or low-cost deposition methods. Interfacial 
structures can be made for zinc metal anodes in aqueous media 
for zinc metal batteries applications [26], as these films possess 
the required moderate adsorption energy, strong desolvation 
ability and hydrophilicity [26, 27]. As the demand for ZnO-based 
devices continues to grow, the ability to control and engineer 
photoluminescence through deposition techniques and post-
processing treatments will play a pivotal role in advancing the 
performance and functionality of ZnO-based technologies.
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