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Abstract: ZnO is one of the most important industrial metal oxide semiconductors. However, in order
to fully realise its potential, the electronic structure of ZnO has to be modified to better fit the needs
of specific fields. Recent studies demonstrated that reactive magnetron sputtering under Zn-rich
conditions promotes the formation of intrinsic ZnO defects and allows the deposition of metallic
Zn phase-rich ZnO films. In photocatalytic efficiency tests these films were superior to traditional
ZnO oxide, therefore, the purposeful formation of intrinsic ZnO defects, namely Zn interstitials and
oxygen vacancies, can be considered as advantageous self-doping. Considering that such self-doped
ZnO remains a semiconductor, the natural question is if it is possible to further improve its properties
by adding extrinsic dopants. Accordingly, in the current study, the metallic Zn phase-rich ZnO
oxide film formation process (reactive magnetron sputtering) was supplemented by simultaneous
sputtering of copper or carbon. Effects of the selected dopants on the structure of self-doped ZnO were
investigated by X-ray diffractometer, scanning electron microscope, X-ray photoelectron spectroscope
and photoluminescence techniques. Meanwhile, its effect on photocatalytic activity was estimated by
visible light activated bleaching of Methylene Blue. It was observed that both dopants modify the
microstructure of the films, but only carbon has a positive effect on photocatalytic efficiency.

Keywords: photocatalysis; ZnO; zinc oxide; photocatalysts; doping; microstructure; magnetron sputtering

1. Introduction

Zinc oxide is an important industrial material extensively used in numerous products
such as rubber, plastic, ceramics, glass, medicine, food, pigments, coatings and others [1–5].
In these products, traditional industries exploit the appealing bulk properties of ZnO,
namely, high refractive index [6], high thermal stability and conductivity, coupled with
a relatively low thermal expansion [5,7], high UV radiation absorbance [8], deodorising
and antibacterial properties [9], etc. However, traditional industries use only part of
ZnO’s potential, because it also has an intriguing set of semiconducting, piezoelectric
and pyroelectric properties [10]. Some of these properties are already being applied in
commercialised products such as varistors and transparent conducting oxides. However,
many more potential applications including nano-electronics, optoelectronics, sensors, field
emission, light-emitting diodes, photocatalysis, nanogenerators and nanopiezotronics are
still being developed today [10–15].

Naturally, different semiconductor ZnO applications are facing slightly different
challenges. However, in general, a lot of them are dealing with the random effects caused
by the intrinsic defects which are immanent in zinc oxide [16]. For most semiconductors,
traditionally, this would mean the identification, formation and stabilisation of certain
electron level configurations which would be the most suitable for the selected applications.
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However, for zinc oxide, determination of the credible links between the specific electron
energy levels and intrinsic defects (or dopants) that induce them is complicated. For
example, it is accepted that the reference band gap value for ZnO is 3.36–3.37 eV [17–19].
In addition, researchers generally agree that oxygen vacancies (Vo), zinc vacancies (VZn),
oxygen interstitials (Oi) and zinc interstitials (Zni) are the most common types of intrinsic
ZnO defects [20]. However, experimentally observed ZnO band gap values often do not
match the reference value and vary from less than 3.2 eV [21] to more than 3.5 eV [22].
Similarly, the review by A. Galdámez-Martinez et al. [23] revealed that positioning of VZn,
Oi, and Zni defect levels vary up to 0.5–0.6 eV, while discrepancies in VO positioning are
even wider and exceed 1 eV [18,23,24]. The diversity of these characteristics emphasises the
vast possibilities of potential ZnO modifications. However, at the same time, it indicates
how strongly distinct ZnO properties depend on the specific synthesis methods and sample
history [25].

There are many physical and chemical methods for how to obtain zinc oxide. One of
the well-known physical ZnO synthesis methods is the use of a magnetron with a Zn or ZnO
target, and its sputtering in an Ar (inert) or Ar + O2 (reactive) gas atmosphere. Magnetron
sputtering has several advantages over traditional wet chemical methods [26]: (i) easy
deposition of nearly all metals, alloys and compounds; (ii) high material purity; (iii) strong
adhesion with the substrate; (iv) good coverage of curvy surfaces; (v) the possibility of
obtaining crystalline phases on heat-sensitive substrates without calcination; and (vi) high
uniformity over large surface areas. Moreover, in most cases with magnetron sputtering, it
is possible to form coatings with metastable phases whose composition goes beyond the
conventional solubility limits [27–29]. Later phenomena are explained by the kinetically
limited growth processes that govern thin film structure evolution [30].

Up to now, most of the reported reactive magnetron sputtering ZnO film deposition
experiments were performed under relatively oxygen-rich conditions [31–33]. These exper-
iments usually produce highly transparent wurtzite phase ZnO films with strong c-axis
oriented growth [34]. On the other hand, it has also been shown that reactive magnetron
sputtering under lower partial oxygen pressures can produce nearly opaque dark brown-
black ZnO films [35]. These films lose the preference for the c-axis growth and can include
a small fraction of the metallic Zn phase. Based on the theoretical modelling, ZnO films
produced under Zn-rich conditions stabilise their structure by generating Zni and VO point
defects [20]. Zni presumably has an energy level positioned approximately 0.22–0.3 eV
below the conduction band of ZnO [18,24]. This narrows down the effective band gap of
ZnO and enables its photocatalytic response under visible-light irradiation. Indeed, our
earlier study demonstrated that reactive magnetron sputtering under Zn-rich conditions
promotes the formation of intrinsic ZnO defects and allows the deposition of metallic Zn
phase-rich ZnO oxide films. In visible-light photocatalytic efficiency tests these films were
superior to traditional ZnO oxide [35], therefore, the purposeful formation of intrinsic ZnO
defects, namely Zn interstitials and oxygen vacancies, can be considered advantageous
self-doping.

Considering that such self-doped ZnO remains a semiconductor, the natural question is
if it is possible to further improve self-doped ZnO properties by adding extrinsic metal or
non-metal dopants. For example, it is well known that dopants such as copper [36–39] and
carbon [40–42] can reduce the ZnO band gap, lower down the charge recombination rate
and enhance its photocatalytic activity. However, how such dopants would affect the prop-
erties of self-doped ZnO is not known. Accordingly, in the current work we supplemented
the metallic Zn phase-rich ZnO oxide film formation process by simultaneous sputtering
of copper or carbon and analysed how these dopants affect the structural and functional
properties of self-doped ZnO films.
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2. Results
2.1. Crystallographic Structure of ZnO Films

The standard molar enthalpy of formation for bulk ZnO is relatively high and reaches
−350.5 kJ/mol [43]. This means that if zinc gets in contact with oxygen (especially during
reactive magnetron sputtering), it is easily oxidised to ZnO. Zinc oxide can be crystallized
in hexagonal wurtzite and cubic zincblende phases. The latter one is less stable and its for-
mation requires specific conditions, therefore during magnetron sputtering ZnO crystallises
almost exclusively in the hexagonal structure [44]. Several research groups [31,45] demon-
strated that the free surface energies of various wurtzite ZnO planes differ significantly.
Naturally, ZnO films produced by reactive magnetron sputtering tend to form the most
thermodynamically favourable orientation, which is (002) [31]. The formation enthalpy of
ZnO nanoparticles is lower than the formation enthalpy of bulk ZnO [46]. For example,
while the formation enthalpy value for bulk ZnO is −350.5 kJ/mol [43], the corresponding
values for 50 nm size and 20 nm size nanoparticles are −328.4 kJ/mol and −307.7 kJ/mol,
respectively [46]. Accordingly, it is more advantageous thermodynamically to sustain
the growth of existing c-axis oriented crystals than to form new randomly oriented ZnO
nucleates. In practice, this means that by magnetron sputtering scientists usually obtain
highly crystalline ZnO films with only one (002) crystallographic orientation.

The described trend can be changed when relatively fast reactive magnetron sputtering
is conducted under low partial pressure of oxygen [35,47]. In such cases, zinc does not
have enough time to be fully oxidised and the growth of crystalline ZnO regions can be
interrupted by random accumulations of oxygen vacancies. Oxygen-depleted domains
can become the base points for the formation of new Zn or ZnO nucleates. In scientific
reports, these effects reveal themselves as lower film crystallinity, a less pronounced ZnO
(002) preferred orientation, or even the appearance of additional hexagonal metallic Zn
structures in XRD patterns [35,47,48].

In the current work, we intentionally used a relatively high Ar:O2 gas flow ratio (5:1)
and, without extrinsic dopants, obtained dark opaque metallic Zn phase-rich ZnO films
(in the following text denominated as m-ZnO). XRD data (Figure 1) confirmed that as-
deposited m-ZnO film had a polycrystalline structure with nearly all possible orientations
of the hexagonal wurtzite ZnO phase (JCPDS card number 01-070-8070). The remaining
peaks matched the pattern of the hexagonal metallic Zn phase (JCPDS card number 00-
004-0831). Considering the deposition conditions, it would probably be more accurate
to name the second phase a solid solution of oxygen in zinc. However, for convenience,
in the following text it will be named a (metallic) Zn phase (the optional word metallic is
added to stress that based on XPS data (provided bellow) this phase is not considered a
zinc suboxide). The crystallite sizes of ZnO and Zn phases in the m-ZnO sample were
estimated at 9.5 nm and 11.0 nm, respectively. The similarity between the XRD patterns of
the m-ZnO sample and the most photocatalytically efficient metallic Zn phase rich ZnO
oxide film from [35] indicated successful replication of the needed synthesis conditions.

The introduction of Cu additives (in the following text denominated as Cu-ZnO)
qualitatively did not change the XRD pattern of the film. However, peak widening reflected
crystallite size reduction to 6.7 nm and 3.5 nm for ZnO and metallic Zn phases, respectively.
A similar reduction of crystallite size was reported in [36], where the decrease in the
crystalline ZnO particle size upon Cu doping was attributed to the formation of Cu–O–Zn
bonds, which hinders the growth of crystalline domains.

Lastly, the placement of graphite pieces on the Zn magnetron target (in the following
text denominated as C-ZnO) resulted in the formation of a higher crystallinity ZnO phase
(crystallite size 32.7 nm) with one dominating (002) crystallographic orientation. We assume
that partial covering of the Zn target by carbon reduced the rate of zinc sputtering from
the target (likewise its condensation at the substrate) and this provided more favourable
conditions for the full oxidation of zinc. Consequently, the crystal structure of the ZnO
phase was more similar to the transparent ZnO films prepared under conventional oxygen-
rich conditions [35,47].
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m-ZnO sample (Figure 2a) was approximately 61–62 at.%. The remaining part was com-
posed entirely of oxygen.  
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Figure 2. Elemental composition depth profiles of ZnO films (obtained by XPS): (a) m-ZnO; (b) Cu-
ZnO; (c) C-ZnO films. Depth profiles were obtained performing alternating photoelectron acquisi-
tion and sputtering by 2 kV Ar+ ions which were rastered over 2 × 2 mm area. 

Different authors [36,37,49] have tested diverse ranges of Cu dopant concentrations 
and concluded that, up to a certain degree, increasing Cu doping steadily provides higher 
photocatalytic activity. However, just over the optimal point, the photocatalytic activity 

Figure 1. XRD patterns of ZnO films without and with extrinsic dopants: m-ZnO marks ZnO film
without extrinsic dopants; Cu-ZnO marks ZnO film doped by copper; C-ZnO film marks ZnO doped
by carbon. XRD data recorded using theta–theta modification, Cu Kα radiation, Lynx Eye linear
position sensitive detector and 0.01◦ measurement step size.

2.2. Elemental and Chemical Composition of the Films

After deposition, samples were handled in air. Therefore, their surface was covered by
adventitious hydrocarbons and adsorbed moisture. In order to determine their nominal
elemental composition, samples were alternately sputtered by 2 kV Ar+ ions and measured
by XPS (Figure 2). The steady concentration value of zinc in the alternately sputtered m-
ZnO sample (Figure 2a) was approximately 61–62 at.%. The remaining part was composed
entirely of oxygen.
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Figure 2. Elemental composition depth profiles of ZnO films (obtained by XPS): (a) m-ZnO; (b) Cu-
ZnO; (c) C-ZnO films. Depth profiles were obtained performing alternating photoelectron acquisition
and sputtering by 2 kV Ar+ ions which were rastered over 2 × 2 mm area.

Different authors [36,37,49] have tested diverse ranges of Cu dopant concentrations
and concluded that, up to a certain degree, increasing Cu doping steadily provides higher
photocatalytic activity. However, just over the optimal point, the photocatalytic activity
of Cu-doped ZnO falls sharply. ZnO co-sputtering using the second magnetron with a
Cu target allowed doping the film with approximately 1.5 at.% of Cu (Figure 2b). Such a
doping concentration makes up one third of the maximum 5 at.% solubility limit of Cu
in ZnO [36] and corresponds well to the optimal Cu concentration values reported in [36]
and [49].

Partial Zn target covering by graphite (C-ZnO sample) allowed doping the film with
approximately 4 at.% of carbon (Figure 2c). This value was considered appropriate because,



Catalysts 2022, 12, 60 5 of 14

as Bechambi et al. [50] demonstrated, the addition of 4% of carbon still favours the photo-
catalytic activity of ZnO, whereas a further increase of C doping can decrease the efficiency
of the photocatalyst. Such a carbon effect was explained by attributing it to the eventual
creation of recombination centres for the photoinduced electron–hole pairs [40].

In addition to providing information about Cu (1.5 at.%) and C (4 at.%) dopant
concentrations, elemental depth profiles also revealed a higher than expected reduction of
Zn concentrations (in favour of oxygen), which was approximately 5–6 at.% for the copper-
doped ZnO and almost 8 at.% for the carbon-doped ZnO. Zinc concentration reduction
was considerably larger, than the corresponding amounts of added dopants and this can
be seen as the indication of the changed chemical state of Zn. To verify this assumption,
we acquired Zn 2p, Zn LMM (Auger electrons) and O 1s spectra (Figure 3). It is known
that the Zn 2p electron binding energy difference for ZnO and metallic Zn phases is small
(Zn 2p3/2 peaks for both compounds usually are positioned in the narrow range between
1021.8–1022.0 eV [51]). Naturally, Zn 2p peaks for all three samples were nearly identical.
Meanwhile, Zn LMM Auger electrons are more sensitive to the chemical state of zinc and
their spectra showed the expected difference between the samples. Namely, higher kinetic
energy peaks (at approximately 992 eV and 995.5 eV) showed the existence of metallic Zn
in m-ZnO and Cu-ZnO samples and confirmed the interpretation of the crystallographic
data which were presented above (Figure 1).
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Figure 3. Comparison of Zn 2p, Zn LMM and O 1s electron spectra for m-ZnO (red curve), Cu-ZnO
(blue curve), and C-ZnO (green curve) samples. Dotted orange lines in O1s spectra represents the
fitting result for the C-ZnO sample, but nearly identical fit was obtained for all free samples. During
XPS spectra acquisition (4.5 W, 20 µm focused beam size, 23.5 eV pass energy, 0.2 eV increment),
charge neutralisation was realised by a dual neutralisation system consisting of low energy electron
and ion beams. Adventitious carbon C 1s peak position of 284.8 eV was used as a neutral charge
reference point.

While Zn LMM Auger electrons allowed confirmation of the co-existence of oxidised
and non-oxidised zinc phases, O 1s electrons can be used for the estimation of the uniformity
of the zinc oxide phase. For instance, some researchers have used O 1s spectra for the
identification of oxygen within the stoichiometric hexagonal wurtzite structure (reported
peak positions from 529.7 eV up to 530.0 eV) and within the oxygen-deficient regions
of the ZnO matrix (reported peak positions from 530.5 eV up to 531.0 eV) [52–54]. In
the current work, O 1s spectra for all samples were fitted by two symmetrical peaks
located at approximately 530.5–530.6 eV and 532.1–532.3 eV (estimated FWHM values
were 1.4 ± 0.05 eV and 1.7 ± 0.1 eV, respectively). Higher binding energy peaks were
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attributed to the effect of dopants and the adsorption of moisture/carbon oxide during
sample handling in air [52–54]. Meanwhile, lower binding energy peaks were attributed
to the Zn-O bond. The symmetricity of the strongest peaks and their energy divergence
from the stoichiometric ZnO value allow the assumption that all samples had a ZnO
phase with relatively high yet similar concentrations of uniformly distributed oxygen
vacancies. On the other hand, the noticed differences in elemental composition changes
(Figure 2) and Zn LMM Auger electron spectra (Figure 3) suggest that m-ZnO had metallic
Zn zones with a relatively very low amount of oxygen impurities. Accordingly, in the
XRD pattern of m-ZnO sample (Figure 1) these metallic zinc zones were observed as a
separate zinc phase. In the Cu-ZnO sample the share of non-oxidised zinc is reduced
(witnessed as reduction of Zn phase crystallite size and lowered intensity of corresponding
Auger electron peaks), meanwhile in the C-ZnO sample it is practically not observed. Such
a presence and diminishing of the metallic Zn phase explains the higher than expected
reduction of zinc concentration in Cu-ZnO and C-ZnO samples.

2.3. Microstructure of Doped and Un-Doped ZnO Films

SEM surface images (Figure 4) revealed, that both m-ZnO and Cu-ZnO films had
grainy surfaces with visible feature size below 100 nm, while the average particle size in the
granular C-ZnO surface was approximately 200 nm. Similarly, cross-section views showed
that m-ZnO sample had a relatively uniform microstructure consisting of randomly dis-
tributed fine grains (Figure 4a), whereas C-ZnO film had nearly full-height columns going
from the substrate to the surface of the film (Figure 4c). The microstructure of the Cu-ZnO
film (Figure 4b) was similar to the m-ZnO sample, however some fine rudiments of the
columnar structure (i.e., very fine vertically oriented wrinkles) were already visible through-
out the film. Looking at previously reported ZnO microstructures it can be noted that
the surface morphology and microstructure of m-ZnO and Cu-ZnO films were relatively
similar to the metallic Zn phase rich ZnO oxide films reported in [35]. Meanwhile, SEM
images of C-ZnO sample resembled fully oxidised ZnO films from references [35,55,56].
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Another big difference which is visible in the cross-section views is the change in film
thickness: 6.2 µm for m-ZnO, 6.3 µm for Cu-ZnO, and approximately 0.95 µm for C-ZnO.
Deposition time and magnetron sputtering power for all films were the same (more details
on deposition conditions are provided in Section 4.1). Therefore, the smaller thickness of the
C-ZnO sample neatly supplements the observations by XRD and XPS. More specifically, the
thinner C-ZnO sample supports the idea that carbon pieces reduce the overall sputtering
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rate of zinc from the target. This in turn leads to the smaller oxygen consumption by
the sputtered zinc and indirectly shifts the reactive magnetron sputtering process from
oxygen-deficient to oxygen-rich mode. Accordingly, the Zn LMM Auger electron spectrum
of the C-ZnO sample almost does not have a metallic Zn component and its XRD pattern
looks similar to the ZnO films which were deposited using relatively high partial pressures
of oxygen.

2.4. Photocatalytic Activity of the Films

The photocatalytic methylene blue (MB) bleaching test results are presented in Figure 5.
The first order reaction rate constant value for the Cu-ZnO samples (k = −0.0027 min−1)
was slightly higher than for m-ZnO (k = −0.0024 min−1). This represents little improvement
in photocatalytic activity over m-ZnO, whereas the photocatalytic bleaching efficiency with
C-ZnO sample was almost 70% higher (k = −0.0040 min−1) than for the m-ZnO.
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Figure 5. Efficiency of photocatalytic bleaching of aqueous MB solution under visible light irra-
diation using different photocatalyst films. The tests were performed in a high wall petri dish
(40 mm diameter, borosilicate glass) with 7.5 mL of MB solution (initial concentration 10 mg/L). The
intensity of the visible light irradiation at MB solution surface was approximately 40 mW/cm2.

Previously, a strong positive effect of Cu doping for pristine ZnO was reported by
various groups. For example, R.Mohan et al. [38] produced Cu-doped ZnO nanorods and
concluded that Cu doping created surface defects which served as favourable traps for the
electrons and holes, reduced charge recombination and consequently increased the pho-
tocatalytic activity of the rods by approximately a factor of 2. Other researchers [36,37,39]
acknowledged the importance of charge separation in Cu-doped ZnO, but they also re-
ferred to the significance of the increased concentration of oxygen vacancies and polar
surface groups. As was discussed above, metallic Zn phase rich ZnO oxide (i.e., m-ZnO)
itself potentially had a significant amount of structural defects and oxygen vacancies.
According to the ZnO electron energy diagram compiled by Vempati et al. [18], oxygen
vacancies should provide photoluminescence peaks at approximately 500 nm, whereas
ZnO surface defects usually result in additional peaks at approximately 450 and 480 nm.
For m-ZnO all these peaks can be spotted in its photoluminescence spectrum (Figure 6)
and supported the insights from XRD and XPS data. However, it should be noted that in
general m-ZnO response to excitation was very weak. This potentially signals that m-ZnO
sample has a relatively low electron–hole recombination rate which could be attributed
to the presence of the metallic zinc phase. Altogether, it seems that self-doped m-ZnO
already has most of the enhancements (namely, oxygen vacancies and ZnO surface defects)
which were earlier attributed to the copper doping [36,37,39]. Therefore, additional doping
of metallic Zn phase-rich ZnO oxide by Cu provided only limited improvement in its
photocatalytic performance.
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Up to now, carbon doping of pristine ZnO studies [40,41] showed that, for photocat-
alytic applications, ZnO doping by carbon has a strong positive effect which surpasses the
effects by other non-metal dopants such as nitrogen and sulphur. Similarly to Cu-doping,
carbon doping is acknowledged for its role in the reduction of the recombination rate
of photogenerated electron–hole pairs [41,42]. In addition, carbon doping also is known
for lowering of ZnO band gap and increasing efficiency in the visible light spectrum [40].
This is achieved by two major effects: first, C-doping increases the Fermi level electron
density; second, C-doping introduces a number of new vacant (impurity) states into the
band gap, mainly due to the nature of p-type doping [41]. Indeed, the PL spectrum of
the C-ZnO sample (Figure 6) has stronger expressed peaks than the m-ZnO and Cu-ZnO
samples. Moreover, analysis by Sarkar et al. [57] demonstrated that carbon substituted
cationic sites along with the segregation of carbon atoms at the grain boundary regions.
All these carbon-induced energy levels and carbon localisation in the grain boundaries of
the ZnO structure do not coincide with the effects caused by ZnO self-doping. Therefore,
in contrast to Cu-doping, we observe that carbon doping significantly strengthened the
photocatalytic activity of the C-ZnO sample.

3. Discussions

In a recent article, Wang et al. [58] reviewed advancements in synthesis, properties and
applications of various ZnO nanomaterials with oxygen vacancies. It was indicated that
oxygen deficient ZnO can be synthesised by various methods including ball milling [59,60],
chemical reduction [61–64] and other synthesis or post-treatment procedures under oxygen-
deficient conditions [65–70]. Radio frequency (RF) reactive magnetron sputtering [58] was
also tried for this purpose, but, in comparison to other methods, its usage was less common
(seemingly due to more limited availability than chemical methods, and some process
control challenges).

In our previous study we demonstrated that the process of RF reactive magnetron
sputtering of Zn in an Ar-O2 atmosphere has a tendency to shift towards one of two distinct
modes: (i) ZnO oxide phase deposition mode, or (ii) metallic Zn phase deposition mode [35].
By using an unconventional gas phase control method (the details are provided in [35])
we managed to stabilise the reactive magnetron sputtering process in between these two
modes and deposited metallic Zn phase-rich ZnO oxide films. These films were opaque,
had a dark brown-black shade, and their photocatalytic activity was up to 2–3 times higher
than conventional ZnO films, which are obtainable using oxygen rich reactive magnetron
sputtering. Preliminary analysis of metallic Zn phase-rich ZnO oxide films [35] indicated
that these films retained semiconductor properties and had a lot of structural defects
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that could be considered as beneficial intrinsic self-doping [58]. On the other hand, to our
knowledge, the purposeful extrinsic doping of such metallic Zn phase-rich ZnO oxide films
was not yet realised and its potential was not yet discussed in the literature.

Accordingly, in the current study, the corresponding reactive zinc magnetron sput-
tering setup [35] was supplemented by simultaneous sputtering of copper and carbon.
The effects of these extrinsic dopants on the structure of ZnO films were investigated by
XRD, SEM, XPS and photoluminescence techniques. Meanwhile, its effect on the pho-
tocatalytic activity of the films was estimated by the visible-light activated bleaching of
methylene blue.

XRD analysis revealed that both m-ZnO and Cu-ZnO samples had a polycrystalline
structure with two hexagonal nanocrystalline phases, namely wurtzite ZnO and metallic Zn.
Generally, the same phases were observed by XPS analysis as well. Quantitative analysis of
XRD and XPS data showed that doping by copper slightly decreased the crystallite size of
ZnO and Zn phases. At the same time, it was shown that the addition of copper reduced
zinc concentration and lessened the formation of the metallic Zn phase. On the other hand,
the placement of carbon pieces on the ZnO target was found to lead to a reduced rate of
zinc sputtering. This in turn resulted in smaller oxygen consumption by the sputtered zinc
and indirectly shifted the reactive magnetron sputtering process from oxygen-deficient
to oxygen-rich mode. Reactive magnetron sputtering deposition under such conditions
produced zinc oxide films whose crystallographic structure as well as microstructure were
similar to the ZnO films produced under high partial pressures of oxygen [31,45], although
oxygen concentration in the film was approximately 40% and the chemical state of zinc (i.e.,
zinc neighbourhood of Zn in the ZnO phase) was nearly the same for the oxygen deficient
ZnO [58].

The photocatalytic bleaching test indicated that the positive effect on photocatalyst
efficiency by copper doping was not large, whereas carbon doping increased the efficiency
by approximately 70%. The small effect of copper doping was explained by the relatively
similar effects caused by the intrinsic ZnO defects (mostly Zn interstitials and oxygen
vacancies) and copper dopants. Meanwhile, the reported effect of carbon doping is slightly
different [41,42]: (i) it increases the Fermi level electron density; and (ii) introduces a
number of new vacant (impurity) states into the band gap. These effects do not concur with
the effects caused by the implied intrinsic ZnO defects, therefore carbon doping of highly
deficient ZnO films allows for a higher efficiency in visible light photocatalytic bleaching
tests. Considering the photocatalytic efficiency difference between the m-ZnO and pristine
ZnO samples [35], the overall performance improvement of C-ZnO over conventional ZnO
films can be as high, a factor of 3–5.

4. Materials and Methods
4.1. Deposition of the Films

Within this study, three modifications of a physical vapour deposition system (PVD-75,
Kurt J. Lesker Company, Jefferson Hills, PA, USA) were used. First, metallic Zn phase-
rich ZnO oxide (in the following text denominated as m-ZnO) films were deposited by
reactive magnetron sputtering (Figure 7a). For this process one unbalanced magnetron was
equipped with a metallic Zn target (76 mm diameter, 99.99% purity) and was powered up
for 1 h by an RF power source operating at 150 W. The Ar and O2 supply ratio (5:1) and total
vacuum pressure (1 × 10−2 mbar) were set to match the synthesis conditions of the most
photocatalytically efficient sample from our earlier study [35]. Second, to realise metallic
Zn phase-rich ZnO oxide doping by carbon, we adopted the method described in [71] and,
prior to the sputtering, placed four graphite pieces (approximate size—10 × 10 × 10 mm)
on top of the Zn target (Figure 7b). C-ZnO deposition time, magnetron power, gas phase
management and other process parameters were the same as during m-ZnO deposition.
Third, to obtain metallic Zn phase-rich ZnO oxide doping by copper, we used an additional
unbalanced magnetron (Figure 7c) with metallic Cu target (76 mm diameter, 99.99 purity)
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which was powered by a pulsed-DC power supply operating at 80 W (approximately 0.25 A
and 320 V). Other process parameters were the same as for m-ZnO and C-ZnO deposition.
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4.2. Structural Analysis

Crystal structure of the films was analysed by a Bruker D8 diffractometer (XRD, Bruker
D8, Hamburg, Germany) using a Cu Kα radiation and Lynx Eye linear position sensitive
detector. The goniometer was working in theta–theta modification, 2 theta scanning
range was 20–70◦, and the measurement step size was 0.01◦. Surface morphology of
the films was characterised by Scanning Electron Microscope (SEM, Hitachi S-3400N,
Tokyo, Japan). Chemical composition of the samples and elemental distribution depth
profiles were measured by X-ray Photoelectron Spectrometer (XPS, PHI 5000 Versaprobe,
Boston, MA, USA). Depth profiles were obtained performing alternating sputtering by
2 kV Ar+ ions which were rastered over a 2 × 2 mm area. During XPS spectra acquisition,
charge neutralisation was realised by dual neutralisation system consisting of low energy
electron and ion beams. Adventitious carbon C 1s peak position of 284.8 eV was used as a
neutral charge reference point. Photoluminescence (PL) spectroscopy measurements were
performed using Edinburgh Instruments FLS980 instrument (Kirkton Campus, United
Kingdom) with 340 nm excitation source.

4.3. Photocatalytic Efficiency Estimation

The photocatalytic activity of the films was estimated by adapting the aqueous methy-
lene blue (MB) solution bleaching test procedures that are described in ISO 10678:2010 stan-
dard [72]. Before the test, samples were placed into a high wall petri dish (40 mm diameter,
borosilicate glass) with 7.5 mL of MB solution (10 mg/L) and kept in the dark for 20–24 h.
A SOLIS-3C (5700 K, Thorlabs, Dachau, Germany) visible light LED source was used for the
activation of zinc oxide films. The intensity of visible light irradiation at MB solution surface
was approximately 40 mW/cm2. To minimise the evaporation of the MB solution, the petri
dish was covered by a fused silica disk (approximately 90% transmission in whole visible
light spectra). All tests were performed using the same freshly prepared MB solution at
23 ◦C. The efficiency of MB bleaching was measured by UV–VIS spectrophotometer (Jasco
V-650, Tokyo, Japan) with regular sample collection (1 mL volume) at 30 min intervals.
Immediately after the transmission measurement (i.e., after approximately 1 min), MB
solution from the test cuvette was syringed back to the petri-dish with the sample.

5. Conclusions

Recent studies demonstrated that reactive magnetron sputtering under Zn-rich condi-
tions promotes the formation of intrinsic ZnO defects and allows the deposition of metallic
Zn phase-rich ZnO films. In photocatalytic efficiency tests these films were superior to
traditional ZnO oxide, therefore, the purposeful formation of intrinsic ZnO defects, namely
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Zn interstitials and oxygen vacancies, can be considered as advantageous self-doping. Con-
sidering that such self-doped ZnO remains a semiconductor, the natural question was if it
is possible to further improve its properties by adding extrinsic dopants. Accordingly, in
the current study, the metallic Zn phase-rich ZnO oxide film formation process (reactive
magnetron sputtering) was supplemented by simultaneous sputtering of copper or carbon
dopant. Effects of the selected dopants on the structure of self-doped ZnO were investigated
by X-ray diffractometer, scanning electron microscope, X-ray photoelectron spectroscope
and photoluminescence techniques. Meanwhile, its effect on photo-catalytic activity was
estimated by visible light activated bleaching of Methylene Blue. It was observed that both
dopants modify the microstructure of the films, but only carbon has a positive effect on
their photocatalytic efficiency. The small effect of copper doping was explained by the
relatively similar effects caused by the intrinsic ZnO defects (mostly Zn interstitials and
oxygen vacancies) and copper dopants.
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