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A B S T R A C T

A hollow cathode discharge with a CuNi (Cu50Ni50) cathode is operated inside a vacuum chamber with Ar gas
flowing through its nozzle. O2 gas is admitted to the vaccum chamber. Typical Ar+O2 gas pressures are in the
range of 2–50 Pa. The energy distribution of plasma ions is investigated with the help of energy-resolved mass
spectrometry. Singly charged Ar+ and molecular O+

2 ions are the most abundant ionic species. Deposition rate
and heat flux to a substrate increase as function of discharge current. At high pressures, the deposition rate
is further increased by the directional gas flow, which becomes more focused onto the substrate. Deposited
and annealed thin films are analysed by X-ray diffraction and Raman spectroscopy. As-deposited films are
composed of a mixed Cu𝑥Ni1−𝑥O cubic phase with a preferred (111) orientation. Upon annealing at 600 oC,
the mixed Cu𝑥Ni1−𝑥O phase separates into two sub-phases composed of NiO and CuO. Annealed films display
a photoelectrochemical (PEC) activity as a photocathode. The PEC activity deteriorates with time, however.
This behaviour is related to the reduction of CuO to Cu2O.
1. Introduction

Mixed metal oxides (MMO) are novel compounds composed of two
or more metallic elements combined with oxygen to form an oxide.
Examples include copper and nickel ferrites (CuFe2O4 and NiFe2O4),
nickel and zinc cobaltites (CoNiO2 and CoZnO2), and magnesium alu-
minate (MgAl2O4). In general, these compounds offer unique properties
that result from a combination of the different metallic elements and
can be used in a variety of applications, such as catalysts [1–5],
ceramics [6–10], sensors [11–14], and batteries [15–18].

Mixed copper nickel oxides have attracted some interest in recent
years. CuO and NiO are p-type semiconductors, in contrast to most
other metal oxides which are of n-type [14,19]. The band gaps of
CuO (1.7 eV) and NiO (3.5 eV) are very different [19] while the
work functions of CuO (6.0 eV) and NiO (6.4 eV) are close to each
other [20]. Both materials fulfil the requirements as a photocatalyst,
i.e., a theoretical minimum band gap energy of 1.23 eV for water
splitting applications and with respect to the energetic positions of
valence band and conduction band [21,22]. Cu𝑥Ni1−𝑥O MMOs with
𝑥 = 0−1 have band gaps that lie between those of CuO and NiO and thus
allow the band gap to be tailored by varying the Cu/Ni ratio [23–26].

∗ Corresponding author at: Institut für Physik, Universität Greifswald, Felix-Hausdorff-Str. 6, 17489 Greifswald, Germany.
E-mail address: hippler@physik.uni-greifswald.de (R. Hippler).

The electrical conductivity also depends on the Cu/Ni ratio; it increases
with increasing copper content 𝑥 [23,24,27]. Copper nickel oxides have
many applications, e.g., as glucose sensors [28], for photocatalytic
degradation of volatile organic compounds [29], in solar cells [30], and
as catalyst for oxidation of CO [31], degradation of phenol [32], NO𝑥
removal [33], and water splitting [34].

In the present communication we investigate a pulsed hollow cath-
ode (PHC) discharge with a copper nickel cathode. A typical hollow
cathode (HC) is made from a cylindrical tube. The discharge is sus-
tained by electrons which undergo a pendulum motion inside the
HC [35–38]. Beside thin film deposition, the HC discharge has been
employed in, e.g., atomic spectroscopy, laser technology, and as UV
generator [37,39–46]. Here we focus on two major goals: an investi-
gation of the PHC discharge with respect to its suitability for deposition
of MMO films and the deposition and characterization of mixed copper
nickel oxide films. Characterization of the PHC discharge is carried out
with the help of time- and energy-resolved mass spectrometry, time-
resolved optical emission spectroscopy, and with a multi-functional
plasma sensor to measure heat flux and deposition rate. The dis-
charge is then utilized for deposition of copper nickel oxide thin
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Fig. 1. Experimental set-up (schematic) for thin film deposition with hollow cathode, power supply (PHC) with 100 Ω resistor, external anode (optional), substrate holder, MFPA
sensor, and RF probe (optional) inside the vacuum chamber.
films on silicon Si(111) wafers and on fluorine-doped tin oxide (FTO)
coated glass substrates. The structural and morphological properties of
the as-deposited and annealed films are studied with the help of X-
ray diffractometry and Raman spectroscopy. The photoelectrochemical
(PEC) activity is further investigated.

2. Experiment

The experimental set-up consists of a cylindrical hollow cathode in-
side a vacuum chamber of 35 cm in diameter and 19 cm of height. The
chamber is pumped by a combination of a rotary and a turbomolecular
pump to a base pressure of 1×10−4 Pa. The nozzle is made from copper
nickel (Cu50Ni50) alloy with a purity of 99.95%, a length of 40 mm, an
outer diameter of 12 mm, and an inner diameter of 5 mm. The nozzle
is embedded in a water-cooled copper holder. It protrudes out of the
cooling holder, thus causing the end of the nozzle to heat up during
operation [47–50]. The scheme of the HC sputtering system is depicted
in Fig. 1.

The hollow cathode is connected via a 100 Ω resistor to a DC power
supply (Advanced Energy MDX-500) and a home-made pulse power
supply with a capacitor bank. This resistor acts as a discharge stabilizer
to prevent unwanted discharge oscillations or arc ignition. The power
switch allows to operate the HC discharge in pulsed mode. A com-
mercial arbitrary waveform generator (OWON AG 1022) is employed
to set the repetition frequency to 𝑓 = 5 kHz and the pulse length to
𝑇on = 100 μs. The pulsed hollow cathode (PHC) discharge is operated
in current control mode with a typical mean discharge current of 0.25
A and a typical mean discharge power of about 80 W. The discharge
characteristics are presented in a Fig. 2.

An additional ring anode made from a DN 63 CF copper gasket
(inner diameter 63 mm, outer diameter 82 mm, thickness 2 mm) is
mounted at a distance of 100 mm from the cathode [50]. The anode
is powered by a regulated laboratory DC voltage supply (Manson HCS-
3204) with a maximal output voltage of 60 V. The anode is kept at
2

ground potential (+0 V) during film deposition and at +60 V during
the ion energy distribution measurements which are described below.

The gas flow rate of the working gases are adjusted using separate
mass flow controllers. Argon (purity 99.996%) is introduced into the
chamber through the hollow cathode at a flow rate of 200 sccm. The
oxygen inlet is placed separately from the cathode nozzle, at the lateral
side of the chamber in order to prevent poisoning of the cathode. In
this way, the discharge is operated in metallic rather than in compound
(oxidized) mode. The oxygen gas flow rate is set as 100 sccm (O2 purity
99.999%).

The gas pressure inside the nozzle is determined by the gas flow rate
𝑄 through the tube

𝑄 = 𝐿𝛥𝑝 = 𝐿 (𝑝1 − 𝑝2) (1)

where 𝑝1 and 𝑝2 is the gas pressure at the tube’s inlet and outlet,
respectively, 𝛥𝑝 = 𝑝1 − 𝑝2, and 𝐿 the conductance. In the laminar
regime, which can be used as a good approximation, the conductance
of a straight tube with inner diameter 𝑑 and length 𝑙 is given by [51,52]

𝐿 = 𝜋 𝑑4

128 𝜂 𝑙
�̄� = 𝜋 𝑑4

256 𝜂 𝑙
(𝑝1 + 𝑝2) (2)

where �̄� = 1
2 (𝑝1 + 𝑝2) is the mean pressure, and 𝜂 is the temperature-

dependent gas viscosity [53]. Combining Eqs. (1) and (2) we obtain

𝑄 = 𝜋 𝑑4

256 𝜂 𝑙
(𝑝21 − 𝑝22) . (3)

With the help of Eq. (3), the mean gas pressure �̄� for a given gas flow
rate 𝑄 as function of chamber pressure 𝑝2 is calculated. For a given gas
flow rate 𝑄, Fig. 3 shows the calculated mean gas pressure �̄� as function
of outlet pressure 𝑝2 which is set equal to the chamber pressure for
different gas (nozzle) temperatures. The gas pressure inside the nozzle
increases when the chamber pressure is raised as was done during the
experiments. For a typical nozzle temperature of 700 K and a chamber
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Fig. 2. Discharge voltage and discharge current versus time. The PHC discharge is operated with a Co50Ni50 nozzle, a pulse length of 100 μs, and a repetition frequency of 5 kHz.
ean discharge current 0.25 A. Argon gas flow rate 200 sccm, oxygen gas flow rate 100 sccm, gas pressure 𝑝 = 2.8 Pa.
Fig. 3. Mean gas pressure �̄� inside the HC nozzle as function of nozzle outlet (chamber)
ressure 𝑝2 and for different nozzle temperatures. Argon gas flow rate 200 sccm.

Table 1
Calculated transit time 𝜏 through the mass/energy analyzer.

Ion O+ Ar+ Ni+ Cu+

m/z 16 40 58 65

𝜏 (μs) 47.5 75.1 90.4 95.8

pressure of 50 Pa, the mean pressure inside the tube is about 175 Pa
which agrees reasonable with an estimate of Hubicka et al. [54].

Energy-resolved mass spectrometry is performed with a commercial
Hiden EQP 1000 mass/energy analyzer (Hiden Analytical Ltd., UK) [55,
56]. The instrument is mounted opposite to the hollow cathode and the
anode at a distance of 120 mm from the anode (Fig. 1). The transit
time of ions through the mass analyser is calculated with the help of
a spread-sheet provided by the manufacturer. Calculated transit times
for different ions are given in Table 1.

Optical emission spectroscopy (OES) is carried out with a Shamrock
SR500D spectrometer (focal length 500 mm) equipped with an iCCD
detector (iStar DH334T18UE3, Andor Technology, Belfast, Northern
Ireland). The spectrometer is equipped with three gratings and with
a filter wheel in front of the entrance slit to suppress second order
lines. An optical fibre connected to the entrance slit (slit width 10 μm)
f the spectrometer is installed outside the vacuum chamber at an
3
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Table 2
Relative abundance of nickel and copper isotopes [57].

Isotope mass Ni Cu

58 60 61 62 64 63 65

Abundance (%) 68.1 26.2 1.1 3.6 0.9 69.2 30.8

angle of 45 degree with respect to the target surface. Time-resolved
OES measurements are performed with a gate width of 10 μs and with
incremental gate steps of 10 μs.

The heat flux onto the substrate is measured with the help of
a multi-functional probe analyzer (MFPA) diagnostics system (OUT,
Berlin) featuring a quartz microbalance for deposition rate and a ther-
mopile for heat flux measurements [58]. The probe is placed in front
of the nozzle at the substrate position.

The deposition is done on Si (111) or FTO substrates. Si(111) sub-
strates (about 15 mm × 20 mm) are diced from a p-type silicon wafer
with a (111) crystallographic orientation. Likewise, soda lime glass
substrates coated with conductive fluorine doped tin oxide (FTO) layer
(7 𝛺∕□, TCO22-7/LI, Solaronix) are employed. Prior to deposition,
all substrates were cleaned by bath sonification in acetone, treated in
ethanol and then rinsed in distilled water for 10 min respectively. All
deposition experiments are carried out at two different gas pressures
of 2.8 Pa and 50 Pa in the vacuum chamber. The gas pressure is
measured with a capacitance vacuum gauge. The required pressure
in the chamber is adjusted and maintained constant by the valve
between chamber and turbomolecular pump. Films on Si(111) and
FTO substrates are deposited for 60 mins and 90 mins, respectively.
Based on measurements with the MFPA sensor, the typical deposition
rate (film thickness) at 2.8 Pa and 50 Pa is 1.8 nm/min (120 nm) and
5 nm/min (300 nm), respectively, for a deposition time of 60 min.

The as-deposited samples are exposed to an annealing procedure
using an annealing oven regulated by Classic Clare 4.0 controller. The
annealing procedure was done at temperatures of 410 ◦C and 600 ◦C.
The annealing protocol uses the following parameters: heating rate of
5 ◦C per minute and maximum temperature is held for 240 min.

To determine and characterize the crystallography of studied sam-
ples, the X-ray diffraction (XRD) technique is employed. This analysis is
done with the PANalytical Empyrean X-ray diffractometer operating in
Grazing Incidence (GI) geometry with Cu K𝛼 radiation (𝜆 = 0.154 nm)
in a typical 2𝜃 range from 10◦ to 100◦ and with a step size of 0.02◦.
Raman spectroscopy is carried out at room temperature using a Ren-
ishaw Raman Microscope RM 1000 with a polarized beam of an Ar+

on laser (𝜆 = 514.5 nm) in the back-scattering configuration.
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Fig. 4. Mass spectrum from Ar and Ar+O2 gas mixture. Ar gas flow rate 200 sccm, O2 gas flow rate 10 sccm, gas pressure 2.1 Pa, discharge current 0.25 A.
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The optical transmission of deposited films is measured with a
pectrophotometer (LAMBDA 1050 UV/Vis/NIR, Perkin-Elmer). The
hotoelectrochemical (PEC) activity is measured in an electrochemi-
al cell equipped with quartz glass. The electrodes are connected to
potentiostat (OGF 500, Origaflex) in three-electrode configuration.

he working electrode consists of the Ni-Cu-O layer on FTO-coated
lass, the counter electrode is a platinum plate (1 cm × 1 cm), and
he reference electrode is Ag/AgCl (sat. KCl, +197 mV vs. SHE). The

electrochemical characteristics are measured in an aqueous electrolyte
of 0.1 mol/l Na2SO4 (Penta chemicals). Linear voltammetry is mea-
sured under chopped (5 s on, 5 s off ) simulated solar light using a
Xe lamp with AM 1.5 filter (Hamamatsu C4251) with an intensity of
62 mW/cm2. Amperometry is measured for 2 min in the dark while
during the remaining time the samples are illuminated with the same
light source as in the linear voltammetry measurements.

3. Results and discussion

3.1. Mass spectrometry

Typical ion mass spectra for a PHC discharge operated in pure Ar
and in an Ar+O2 gas mixture are displayed in Fig. 4. The kinetic energy
of detected ions is set to 1 eV. The mass spectrum from pure Ar is
dominated by singly-charged Ar+ (𝑚∕𝑧 = 40), Ni+ (𝑚∕𝑧 = 58 and 60)
and Cu+ (𝑚∕𝑧 = 63 and 65) ions (see Table 2). The mass spectrum from
the Ar+O2 gas mixture additionally displays O+, O+

2 , NiO+, and CuO+

ions. The intensity of Ni+ and Cu+ ions reduces by about 30 % when O2
s added to the discharge which is not compensated by the appearance
f CuO+ and NiO+ ions.

Fig. 5 compares ion energy distributions of singly charged O+

𝑚∕𝑧 = 16), O+
2 (𝑚∕𝑧 = 34) Ar+ (𝑚∕𝑧 = 36), Ni+ (𝑚∕𝑧 = 58), and

Cu+ (𝑚∕𝑧 = 63). A positively biased anode to enhance the ion signal
is employed. The intensity maximum (peak) of the distributions occurs
at a kinetic energy close to 𝐸 = 𝑒 𝑉 , where 𝑒 is the elementary
4

0 𝑎 0
harge and 𝑉𝑎 = 60 V is the applied anode voltage. Ar+ ions display
pronounced low-energy tail which is caused by charge changing

eactions [59].
In addition to the main peak at ≈60 eV, the energy distribution of

+ ions displays a pronounced low-energy maximum which peaks at
45 eV. Also noticed is a pronounced high-energy tail above 60 eV
bserved for O+ ions which could originate from dissociate ionization
f O2 molecules. The observed structures could originate from in-flight
issociation of a molecular ion via the formation of an intermediate
epulsive O+∗

2 ion state, i.e., O+∗
2 → O+ + O [61].

Time-resolved measurements show a variation of the ion signal
s function of time which follows the time evolution of the pulsed
ischarge (Fig. 6). The calculated transit time though the mass/energy
ilter (Table 1) was subtracted. Evidently, some smearing-out occurs
hich is attributed to the relatively broad energy distribution of the

ons. The intensity variation is more pronounced for O+ and Ar+ ions
ompared to Cu+ and Ni+ ions.

.2. Optical emission spectroscopy

Optical emission spectra are displayed in Fig. 7. Two emission
pectra in the wavelength regions 318–354 nm and 746–782 nm are
hown. The ultraviolet region contains the main Cu I emission lines at

324.6 nm and 327.3 nm and several Ni I emission lines in the range
335–354 nm [62]. Particularly strong are the Ni I lines at 341.3 nm,
345.9 nm, 351.4 nm, and 352.3 nm. The red region contains several
strong Ar I emission lines at 750.4 nm, 751.5 nm, 763.5 nm, and
772.4 nm and the O I triplet lines at 777.2/777.4/777.5 nm. The
temporal evolution of these lines is shown in Fig. 8. The intensity of
all investigated lines rises strongly during the on part of the pulsed
discharge and drops off quickly in the off part. There is some indication
of an afterglow as the intensity of, in particular, the Ar I line shows a
gradual decrease. The contribution of the Cu I and Ni I metal lines
to the afterglow is significantly weaker or even absent. This means

that the afterglow should have a negligible impact on film deposition.
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Fig. 5. Ion energy distribution of O+ (𝑚∕𝑧 = 16, ◦), O+
2 (𝑚∕𝑧 = 34, ▵), Ar+ (𝑚∕𝑧 = 36, ▿), Ni+ (𝑚∕𝑧 = 58, ⋄), and Cu+ (𝑚∕𝑧 = 63, □) ions for a PHC discharge with a positively

biased anode (+60 V) in an Ar+O gas mixture. Ar gas flow rate 200 sccm, O gas flow rate 10 sccm, gas pressure 2.1 Pa, discharge current 0.25 A.
2 2
Fig. 6. Time-resolved energy-integrated intensity of O+ (◦), Ar+ (▵), Ni+ (▿), and Cu+ (⋄) ions of an Ar+O2 gas mixture of a pulsed hollow cathode discharge with a biased anode
(+60 V). Ar gas flow rate 200 sccm, O2 gas flow rate 10 sccm, gas pressure 2.1 Pa, discharge current 0.25 A.
uantitatively, the behaviour of the optical lines follows that of the
ischarge current.

.3. Deposition rate and heat flux

Deposition rate and heat flux measured with the multi-functional
robe analyzer (MFPA) are displayed in Fig. 9 as function of discharge
urrent. For the deposition rate a film density of 6.5 g cm−3 which is
he average density of CuO and NiO was assumed. The deposition rate
ncreases approximately linearly with discharge current whereas the
eat flux is closer to a quadratic increase. Part of the heat flux increase
s caused by impinging ions which show a similar tendency. The
eposition rate increases with increasing pressure inside the vaccum
hamber (Fig. 10). The increasing chamber pressure gives rise to an
ncreasing gas density inside the nozzle of the plasma jet (Fig. 3) which
esults in a more focused gas flow towards the substrate, in agreement
ith observations of Sicha et al. [52,63,64].
5

4. Film characterization

4.1. Crystal structure and morphology

The crystalline structure of deposited thin films is investigated by
grazing incidence X-ray diffraction (XRD). Fig. 11 shows XRD results
for as-deposited and annealed (at 410 ◦C and 600 ◦C) films on Si(111)
substrates deposited at gas pressures of 2.8 Pa and 50 Pa. We note
in passing that the measured reflections of the film deposited at 50
Pa are larger compared to 2.8 Pa film which is due to the higher
deposition rate (Fig. 10). As-deposited films are composed of a cubic
lattice of Cu𝑥Ni𝑦O with a preferred (111) orientation and with a lattice
parameter of 0.422 nm which is significantly larger compared to the
reported lattice parameter for NiO of 0.4178 nm [65]. The annealed
film (410 ◦C) deposited at the lower pressure (2.8 Pa) shows little

difference to the as-deposited film while the annealed film deposited
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Fig. 7. OES spectrum from (a) 318–354 nm showing Cu I and Ni I emission lines and from (b) 746–782 nm showing Ar I and O I emission lines. Ar gas flow rate 200 sccm, O2
gas flow rate 100 sccm, discharge current 0.25 A.

Fig. 8. Temporal evolution of Ar I 763 nm, Cu I 325/327 nm, Ni I 351/352 nm, and O I 777.2/777.4/777.5 nm emission lines. Ar gas flow rate 200 sccm. O2 gas flow rate 100
sccm. Gas pressure 50 Pa. Discharge current 0.25 A.
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Fig. 9. (a) Deposition rate and (b) heat flux versus discharge current for a PHC
discharge. Distance from HC 10.5 cm. Argon gas flow rate 200 sccm, argon gas pressure
2.1 Pa. Oxygen gas flow rate 100 sccm, Ar+O2 gas pressure 2.8 Pa.

Fig. 10. Deposition rate versus O2 gas flow rate for a PHC discharge at different partial
rgon gas pressures of 2.1 Pa (◦), 30 Pa (▵), and 60 Pa (▿). Distance from HC 15 cm.

Argon gas flow rate 200 sccm. Discharge current 0.35 A.
7

Fig. 11. GIXRD of as-deposited and annealed CuNiO films on Si(111) substrates
deposited at (a) 2.8 Pa and (b) 50 Pa. Reflections from CuO (▴), NiO (▾), and Laue
peaks (L) are indicated. Discharge current 0.25 A. Ar gas flow rate 200 sccm, O2 gas
flow rate 100 sccm.

Fig. 12. Lattice parameter 𝑎 of the mixed c-Cu𝑥Ni1−𝑥O phase as function of the CuO
mol fraction 𝑥. Present results (▵) for films A-as (1), A-410 (2), B-as (3), and B-410
(4) and of the mean value (∙) are compared with results of Schmahl et al. (◦) [60].
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Fig. 13. Raman spectroscopy of as-deposited and annealed (410 oC, 600 oC) films
deposited on FTO glass. Ar gas flow rate 200 sccm, O2 gas flow rate 100 sccm, gas
pressure 2.8 Pa. Discharge current 0.25 A. Deposition time 90 min.

Table 3
Crystalline phase and lattice parameters 𝑎, 𝑏, 𝑐, and 𝛽 of as-deposited and annealed
(410 ◦C, 600 ◦C) films deposited at 2.8 Pa (A-as, A-410, and A-600) and 50 Pa (B-as,
B-410, and B-600). 𝐷 mean particle size. cub: cubic, m: monocline.

Film Crystalline Lattice parameter (nm, degrees) 𝐷

phase present results Reference (nm)

A-as cub-Cu𝑥Ni1−𝑥O 𝑎 = 0.4216 13
A-410 cub-Cu𝑥Ni1−𝑥O 𝑎 = 0.422 17
A-600 cub-NiO 𝑎 = 0.4182 𝑎 = 0.41760 [60] 107

m-CuO 𝑎 = 0.4695; 𝑏 = 0.3409 𝑎 = 0.46837, 𝑏 = 0.34226 148
𝑐 = 0.5115; 𝛽 = 99.44o 𝑐 = 0.51288, 𝛽 = 99.54o [69]

A-600-P cub-NiO 𝑎 = 0.4189 50
cub-Cu2O 𝑎 = 0.4253 𝑎 = 0.4267 [70] 20

B-as cub-Cu𝑥Ni1−𝑥O 𝑎 = 0.4212 16
B-410 cub-NiO 𝑎 = 0.418 6

cub-Cu𝑥Ni1−𝑥O 𝑎 = 0.422 6
B-600 cub-NiO 𝑎 = 0.4180 80

m-CuO 𝑎 = 0.4703; 𝑏 = 0.3417 90
𝑐 = 0.5114; 𝛽 = 99.3o

B-600-P cub-NiO 𝑎 = 0.4184 101
cub-Cu2O 𝑎 = 0.4269 73

at the larger pressure (50 Pa) seem to show the beginning separation
of the mixed Cu𝑥Ni𝑦O phase into NiO and Cu𝑥Ni𝑦O lattice phases with
somewhat different lattice parameters of 0.418 nm and 0.424 nm.
Films annealed at 600◦ show a different picture as can be seen by
the appearance of several new diffraction peaks. These are related to a
separation of the mixed Cu𝑥Ni𝑦O phase into two sub-phases composed
of NiO and CuO. For example, the reflections at 37.2◦, 43.2◦, and
62.8◦ are attributed to cubic NiO(111), NiO(200), and NiO(220) planes,
respectively, whereas the reflections at 32.5◦, 35.6◦, 38.9◦, and 48.9◦

elong to monoclinic CuO(110), CuO(1̄11), CuO(111), and CuO(2̄02)
lanes, respectively, [66,67]. A more detailed analysis reveals that
he ratio of the two phases is not exactly one-to-one but has a small
reference for CuO. A separation of the mixed oxide phase into two
learly separated CuO and NiO phases was also observed by Chen et
l. [68].

The derived lattice parameters are provided in Table 3. Fig. 12
ompares the lattice parameters of the present mixed cubic-Cu𝑥Ni1−𝑥O

phase with previous results of Schmahl et al. [60]. The lattice parame-
ter increases from 𝑎 = 0.4176 nm for pure NiO to 𝑎 = 0.41915 nm for
Cu0.25Ni0.75 [60] and to 𝑎 ≈ 0.4222 nm for the present Cu0.5Ni0.5O
lattice.

The XRD results are supported by Raman spectroscopy. As-deposited
and annealed Raman spectra are composed of two broad peaks at about
8

Fig. 14. (a) Transmission and (b) Tauc plot of annealed films (600 oC) deposited on
FTO-coated glass at 2.8 Pa (A-600 ◦, A-600-P ▵) and 50 Pa (B-600 ▿, B-600-P ⋄) prior
to and after PEC (P) activity measurements.

550 cm−1 and a weak feature at 1100 cm−1 (Fig. 13). The peaks are
frequently assigned to one-phonon LO and two-phonon TO vibrational
modes associated with NiO [71,72]. However, in particular, the one-
phonon LO mode at 550 cm−1 mode is strongly suppressed in bulk
NiO while it is enhanced in nano-crystalline NiO [73,74]. In addition,
the presence of Cu/CuO could play a significant role here. The Raman
spectra of the film annealed at 600◦ additional displays three sharp
peaks at 296 cm−1, 346 cm−1, and 635 cm−1 which are attributed to
CuO [26,75,76].

4.2. Optical properties

The measured optical transmittance of annealed films A-600 and B-
600 on FTO glass is displayed in Fig. 14(a). Films A-600 and B-600 films
become transparent for wavelength 𝜆 ≳ 580 nm and ≳ 670 nm which
corresponds to photon energies 𝐸𝑝ℎ ≲ 1.8 eV and 2.1 eV, respectively.
A more thorough analysis employing a so-called Tauc plot making use
of

(𝛼 𝐸𝑝ℎ)2 = 𝐸𝑝ℎ − 𝐸𝑔 (4)

where 𝛼 is the absorption coefficient and 𝐸𝑝ℎ is the photon energy [77],
is shown in Fig. 14(b). A direct band gap as in the case of CuO and NiO
is assumed [78,79]. The extracted optical band gaps are 2.01 eV and
2.11 eV for annealed films deposited at 2.8 Pa and 50 Pa, respectively.
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Fig. 15. (a) PEC activity (photocurrent density) versus applied potential of annealed
films (600 oC) deposited on FTO-coated glass at 2.8 Pa (◦) and 50 Pa (▵). (b) Time
dependence of photocurrent density at –300 mV vs. Ag/AgCl.

The optical band gap increases during PEC activity measurements, see
below.

4.3. Photoelectrochemical (PEC) activity

Fig. 15(a) shows the PEC activity of the annealed Cu𝑥Ni1−𝑥O film
deposited on FTO-coated glass. The investigated film acts as a photo-
cathode and shows a large PEC activity similar to that of CuO [80]
which forms a major phase of the annealed film, see Table 3. Un-
fortunately, the photoelectrochemical activity is not stable with time
and drops to about 40 % of its initial value within 120 min, see
Fig. 15(b). This photocorrosion effect is well-known for CuO [80,81]. In
order to shed some light on the involved structural changes, the optical
transmittance and the crystallographic structure of the films after PEC
treatment was investigated. As shown in Fig. 14, the transmittance
increases at wavelength below 600 nm while the extracted optical band
gap increases from 2.11 eV to 2.45 eV and from 2.01 eV to 2.32 eV for
films A-600 and B-600, respectively. GIXRD measurements of the A-
600 sample before and after PEC activity measurements are displayed
in Fig. 16. Significant differences between the two measurements are
noted. The untreated A-600 sample shows reflections from monoclinic
CuO (indicated by blue arrows) and NiO. The CuO reflections disappear
during PEC treatment and new reflections (indicated by red arrows)
9

Fig. 16. GIXRD of annealed CuNiO films on FTO-coated soda lime glass at 50 Pa before
and after 120 min of PEC activity measurements. Disappearing and newly appearing
reflections are indicated by blue and red arrows, respectively. Reflections from NiO
(▾), CuO (∙), Cu2O (▴), and from the FTO substrate (×) are indicated.

appear. The newly observed reflections are attributed to cubic Cu2O.
An oxygen reduction of CuO photocatalysts to Cu2O was noted be-
fore [81]. The optical band gap of Cu2O is larger compared to CuO
which further explains the observed band gap increase (Fig. 15) [82].
The intensity of the NiO reflections are slightly reduced (about −15%).
Significant changes of the NiO reflection pattern or the appearance of
new reflections from nickel oxide are not observed, however.

5. Conclusions

Results for deposition of mixed copper nickel oxide films with the
help of a pulsed hollow cathode (PHC) discharge operated at 5 kHz are
reported. The PHC discharge is characterized by energy-resolved mass
spectrometry and time-resolved optical emission spectroscopy. The ion
mass spectrum is dominated by Ar+, O+ and O+

2 ions from the working
gas and sputtered Ni+ and Cu+ ions from the CuNi cathode. Optical
emission spectroscopy shows the presence of strong Ar I and O I lines
in the red part (746–782 nm) and of Cu I and Ni I lines in the ultraviolet
part (318–354 nm) of the optical spectrum. The optical emission closely
follows the time-dependence of the pulsed discharge. The investigated
deposition rate increases with gas pressure in the vacuum chamber. It
is explained by a more directed gas flow towards the substrate with
the growing film. Deposited films are composed of a mixed metal
oxide (MMO) cubic Cu𝑥Ni1−𝑥O phase with 𝑥 ≈ 0.5. Upon annealing
at 600 oC, the MMO phase separates into CuO and NiO subphases.
The PEC activity displays a photocathode behaviour. The PEC activity
initially is rather large but drops to less than 40% of its initial value
within the following 2 h. It is shown that this behaviour is related to
the reduction of CuO to Cu2O.
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