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Effect of pulsed magnetron sputtering process for the
deposition of thin layers of nickel and nickel oxide

WITOLD POSADOWSKI*, ARTUR WIATROWSKI, GRZEGORZ KAPKA

Faculty of Microsystem Electronics and Photonics, Wroclaw University of Science and Technology, Poland

Magnetron sputtered nickel and nickel oxide films have been studied for various applications. We may find, among others,
these films in electrochromic display devices, in resistive type gas sensors, as metal electrodes in electronic devices, in solar
thermal absorbers. Pure nickel films deposited using PVD technique possess good corrosion and wear resistant properties.
Magnetron sputtering has several advantages in film deposition (in comparison to other methods) such as relatively low heating
temperature of the deposited substrate during sputtering process, high energy of sputtered atoms (about 10 eV) at the substrate,
which influences positively the films adhesion. From application point of view, the most valuable feature of these films is
the possibility of scaling target dimensions, which makes feasible the deposition on a several square meter surfaces. The
improvement of magnetron sputtering devices design may influence positively the optimization of the deposition technology
and its efficiency. The thin nickel and nickel oxide films were prepared by pulsed magnetron sputtering using original type
WMK magnetron device. Ni (99.9 %) has been used as a sputtering target of 100 mm in diameter and different thicknesses
(3 mm, 5 mm, and 6 mm). The distance between the substrate and target was the same in all experiments and equal to 120 mm.
Argon and oxygen gases were introduced during the reactive process through needle gas valves at a total pressure of 0.4 Pa.
The sputtering power, sputtering pressure and oxygen partial pressure have been used as technological knobs for deposition
processes. The helpful tool for controlling the pulsed magnetron sputtering process was the original parameter of supply (so
called circulating power). Results from our experiments showed that the deposition of Ni films is possible even from targets of
6 mm thickness. Deposition rate increased proportionally with the sputtering power. The aim of this work is to use the acquired
expertise to develop an efficient technology of thin nickel oxide layers for electrochromic systems.
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1. Introduction sputtering is limited possibility of magnetic ma-
terials sputtering. Targets made of such materi-
als are simply magnetic jumpers for magnetic sys-
tem which significantly limits or even makes their
sputtering impossible. Parallel component of mag-
netic field intensity becomes “suppressed”, Lar-
mor radius of secondary electrons emitted from a
target (during ion bombardment) increases, which
leads, in consequence, to reduction of ionization
efficiency of working gas particles. It highly af-
fects the sputtering rate, leading to its decrease. The
solutions are: using thin targets, which imposes
more frequent targets exchange (uneconomical),
specially prepared targets (e.g. channeling) or/and
using of magnetic systems generating enough high
intensity of magnetic field to cause magnetic satu-
ration of such targets.

Magnetron sputtering allows deposition of high
purity thin conducting, semiconducting and dielec-
tric films. This method is highly attractive due
to wide scaling possibility of sputtering materi-
als (targets) and ability to deposit films in stable,
repeatable and efficient technological processes,
onto large substrates surfaces. This quality be-
comes particularly useful in industrial processes.
Currently, the most popular version of magnetron
method is pulsed sputtering. Although so far ap-
plied techniques of deposition meet certain tech-
nological criteria, different sputtering devices test-
ing are continued. The goal is further construction
optimization in order to implement certain sputter-
ing variations. One of disadvantages of magnetron

The goal of the study presented in this ar-
*E-mail: witold.posadowski@pwr.edu.pl ticle was characterization of pulsed magnetron
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sputtering from nickel targets. The processes were
realized using circular magnetron WMK-100, with
magnetic system specially engineered for this pur-
pose. This research was focused on seeking opti-
mal conditions for nickel sputtering in terms of effi-
ciency (deposition rate). Fundamental properties of
obtained films depending on sputtering process pa-
rameters were investigated. The studies were con-
ducted with a special attention to stating usability
of nickel films for conducting films and nickel ox-
ide films employed as elements of electrochromic
devices. The layers made of these materials are
used as: (i) conducting, anticorrosive coatings and
(i1) in electrochemical gas sensors, thin film elec-
trochromic devices, solar absorbers, etc.

2. Experimental

Technological processes were conducted us-
ing NP-500 vacuum setup equipped with a pump
system (diffusion pump 2000 L/s + rotary pump
30 m3/h). Base pressure in working chamber was
~3 x 1073 Pa. Circular sputter gun WMK-100,
adapted to sputtering of 100 mm diameter targets
sputtering, was mounted in the vacuum chamber.
Electrical characteristics of nickel targets (99.9 %)
of thicknesses dr-n; = 3 mm, 5 mm and 6 mm were
investigated. The goal was to state the maximal Ni
target thickness which is still possible to be sput-
tered. Argon or argon and oxygen mixture were in-
troduced to the working chamber using a needle
valves system and working pressure during depo-
sition process was fixed at par = 0.4 Pa. Distance
between the target and substrate was constant in all
deposition processes and equal to ds-7 = 120 mm.
Ni and NiOy layers were deposited on Corning
7059 glass and n-type, (1 0 0)-oriented silicon sub-
strates.

2.1.

WMK-100 sputter gun was supplied with DPS
(Dora Power System) MSS-10 kW. Characteris-
tic feature of this system is a series resonant cir-
cuit with stabilized Q-factor used in the output
stage of the supply. Load impedance mismatch
causes a part of the energy gathered in resonant
circuit to be directed back to the power block.

Magnetron power supply

Manufacturer named this energy as “circulating
power” Pc [1]. Pc value varies inversely propor-
tional to impedance value “seen” by the power sup-
ply. It is dependent on degree of targets coverage
with reactive compounds, on the type and composi-
tion of working gas and on magnetic field intensity
above sputtered surface (degree of target etching to
base target thickness).

2.2. WMK-100 sputter gun magnetic as-
sembly

The most important element of every mag-
netron is magnetic system built on NdFeB perma-
nent magnets. The value and distribution of parallel
component of magnetic flux density over the target
surface defines directly glow discharge characteris-
tics and thin film deposition process efficiency. The
role of magnetron magnetic system parameters be-
comes more important during sputtering of targets
made of magnetic materials. Such example is sput-
tering of nickel targets. In this case, sputtering of
nickel is possible only if magnetic material (nickel)
becomes saturated and magnetic field over the tar-
get is sufficient to initiate discharge in crossed mag-
netic and electric fields.

3. Results

Vital part of this study was determination of
magnetic field distribution characteristics at differ-
ent distances (target thickness) from its surface.
Magnetic (Ni) and nonmagnetic target characteris-
tics were investigated. Fig. 1 shows the characteris-
tics obtained for nonmagnetic elements (for exam-
ple Al discs) simulating targets (nonmagnetic) with
different thicknesses.

It is worth noting that even with dt = 12.5 mm
thick nonmagnetic target, it is possible to carry
out efficient sputtering process (efficient sputtering
process requirement is Bmin = ~200 Gs).

Magnetic flux density distribution on the differ-
ent thickness Ni targets (dr-n; = 3 mm, 5 mm and
6 mm) surfaces is shown in Fig. 2. Increasing those
targets thickness causes significant decrease in
magnetic intensity, because these targets “shorten”
magnetic poles more and more. It can be seen that
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Fig. 1. Distribution of parallel component of magnetic

flux density above WMK-100 magnetic system
for different hallotron distances (positions) from
the surface: (a) 3.5 mm, (b) 6.5 mm, (c) 9.5 mm,
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Fig. 2. Distribution of parallel component of magnetic
flux density above WMK-100 magnetic system
surface with different thicknesses of nickel tar-
gets: (a) 3 mm, (b) 5 mm, (¢) 6 mm.

for dr-ni = 6 mm thick Ni target the sputtering
process becomes problematic (B min < 200 Gs)
and it may cause target thickness limitation for ef-
fective sputtering process.

4. Ni thin films fabrication

With maximally driven MSS-10 pulsed power
supply (period completely filled with pulses), the
effective power emitted in a target is proportional

to the number of ions bombarding the target. The
number of ions (ionization efficiency) is a function
of argon pressure (working gas) and magnetic field
intensity [1].

Magnetron efficiency with maximal supply
power was determined during sputtering of targets
with different thicknesses under different argon
pressures. In a standard sputtering process MSS-10
supply power can reach up to ~10 kW.
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Fig. 3. Circulating power Pc versus effective power Pg
during nickel target sputtering under different
working gas pressures.

During sputtering of targets with dr-n; = 5 mm
and 6 mm it was not possible to reach full sup-
ply power. It was due to magnetic field “short-
ening”, with Ni target being magnetic jumper.
During an attempt of sputtering the target with
dt-nj = 6 mm, ignition took place at the argon pres-
sure par = ~0.4 Pa. In spite of increasing the pres-
sure up to par = 1.2 Pa (vacuum stand pump system
limit), effective power emitted in the target did not
exceed 300 W. It was corresponding to power den-
sity around 4 W/cm? and allowed deposition of thin
layers of Ni on substrates but the process was not
efficient. Measurable circulating power was not ob-
served during the sputtering, which unambiguously
pointed out insufficient magnetic field intensity
above the Ni target. Analogous measurements were
conducted for 5 mm thick target. Discharge igni-
tion took place at par = 0.26 Pa and even though
circulating power was still not measurable, it was
possible, at the pressure to par = 1.2 Pa, to achieve
~2 kW effective power which corresponded to
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power density of 13 W/cm?. Such power could pro-
vide efficient Ni thin layers deposition. While us-
ing dr-ni = 3 mm targets, it was possible to use
the WMK-100 magnetron and MSS-10 power sup-
ply the most efficiently, and perform Ni films de-
position, at maximal target power around 10 kW
(120 W/cm?).

The relationship between effective Pg and cir-
culating Pc power during sputtering process was
investigated. Pc(Pg) characteristics were measured
during dr-N; = 3 mm Ni targets sputtering (Fig. 3).
These characteristics are very useful for the ini-
tial sputtering process “recognition” — they may
inform about e.g. degree of target wear, phenom-
ena taking place on sputtered material surface
in reactive gas environment (e.g. mixture of argon,
oxygen and/or nitrogen).

The deposition rate of thin nickel layers was
investigated for Ni layers deposited from 3 mm
thick target. Working pressure for each deposition
process was set to be par = ~0.4 Pa. Deposited
layers thickness were measured by means of in-
terference method. Deposition rate was measured
relating the layer thickness to its deposition time.
The relation of layer thickness to effective power is
shown in Fig. 4.

300

WMK-100 R
T 250 @r73mM) "
1= p, =3 mTorr /
E lo}
£ 200 O/
2
T 150
c O
S e
‘@ 100 o
o
Q
@ /
© 50 O/o
0 T T T T T T
1 2 3 4 5 6

effective power P_ [kW]

Fig. 4. Deposition rate versus effective power Pg dissi-
pated in Ni target.

Selected electrical parameters of nickel thin lay-
ers

Ni layers were optically smooth and char-
acterized by good adhesion to the substrate.

Electrical resistance and temperature coefficient of
resistance (TCR) were measured for samples sput-
tered at different sputtering powers. For each
investigated case, the calculated resistiv-
ity was higher than bulk material resistivity
PpoNi = 6.9 uQ-cm and varied in the range of
~16 pQ-cm to 20 puQ-cm, depending on target
power. Such result could be expected due to
fact that resistivity of thin film is determined by
impurities brought into the film during deposition
process, defects and size effect. Measurements
of temperature coefficient of resistance were
carried out for temperature difference AT ~ 75 °C.
Obtained values of TCR = ~+1500 ppm/°C did
not diverge significantly from the values found
in the literature.

4.1.
tion

Nickel oxide (NiOy) thin films fabrica-

Oxygen doped nickel and nickel oxides lay-
ers were obtained as a result of Ni target sputter-
ing in argon and oxygen presence (reactive pro-
cess). Similarly as before, electrical characteris-
tics were measured in different technological con-
ditions (Fig. 5). Total gas pressure was set at 0.4 Pa.
The measurements were made for the following
oxygen content: 0 %, 10 %, 16 %, 23 %, 33 %
and 66 %, defined as (po,/par+0,) X 100 %. Ob-
served variations in circulating power, as function
of oxygen content indicate changes on target sur-
face and around it. At 66 % oxygen content, sput-
tering was performed in dielectric mode (i.e. target
surface fully covered with forming compound: ox-
ide). In characteristics measured for 33 % oxygen
content, the magnetron modes depended on effec-
tive power: (i) for Pg < ~1.5 kW —dielectric mode,
(i) ~1.5 kW < Pg < 4 kW — transient mode, (iii)
Pg > ~4 kW — metallic mode.

The process of oxygen doped NiOyx layers
fabrication was conducted under constant effec-
tive power of P = 2 kW. The layers were de-
posited under different oxygen content in work-
ing gas, varying from 3 to 30 %. The aim was to
recognize the moment of covering target with
nickel oxides.
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Fig. 5. Effect of oxygen content in working gas mix-
ture on circulating and effective power relation
during sputtering of 3 mm thick Ni target.

The obtained layers were from 360 nm to
680 nm thick. From the characteristics shown
in Fig. 6, it is seen that, the highest deposition
rate was achieved for 16.7 % oxygen content in
the working gas mixture. The changes in the depo-
sition rate were strictly correlated with the changes
in circulating power during the sputtering process,
what once again proves usability of these param-
eters in reactive processes. It may be concluded
that, different nickel and oxide compounds, in form
of mixtures or different stoichiometry compounds,
have been formed on the target surface.

The layers obtained in gas atmosphere with
oxygen up to 10 %, were nothing different in ap-
pearance (color, roughness) than nickel films ob-
tained in the previous processes; they were silver-
white coloured and optically smooth. The films
obtained at oxygen content exceeding 10 % were
different in color, transparent but the surfaces
were matt. The layers deposited on silicon sub-
strates at higher oxygen content were locally ex-
foliating significantly less than those deposited on
glass substrates. Thermal expansion coefficients for
nickel oxide, Corning 7059 substrates and silicon
are respectively: 32 x 107%/K, 4.6 x 107%/K and
2.6 x 107%/K, which could explain the delamina-
tion of NiOy layers deposited on glass (most likely
caused by stress). Due to poor condition of ob-
tained films (deformed-exfoliated), only thickness
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Fig. 6. Effects of oxygen partial pressure on circulating
power and deposition rate during sputtering at a
constant effective power.

measurements were done and then deposition rate
was calculated (test resistors resistance was not
possible to measure).

Electrical resistance and temperature coefficient
were measured for the films obtained at 3.3 % and
10 % O, content. Properties of the layers obtained
at 3.3 % O, content were similar to nickel films,
their resistivity and TCR were also alike. The lay-
ers obtained at 10 % O, content had higher resis-
tivity (around 60 uQ-cm) and lower TCR. It would
suggest that the obtained films were most proba-
bly nickel films with oxygen built-in but not form-
ing chemical compound with nickel (nickel oxide).
In such films. oxygen would act as defect rather
but precise conclusion will be possible only after
structural characterization, planned in the fur-
ther investigations. Relating structural variations
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to circulating power, observed during sputtering
processes, is one of further investigations goals. It
is anticipated to keep track of deposited films struc-
tural changes in-situ.

5. Summary

Pulsed magnetron sputtering process of
nickel based thin films using circular magnetron
WMK-100 was investigated. Sputtering character-
istics in pure argon and in argon-oxygen mixture
were investigated and the process efficiency
(deposition rate) was determined. The layers were
deposited on silicon and glass substrates.

Sputtering of 100 mm diameter and 5 mm thick
Ni target has not been reported yet in available liter-
ature. The results concerning magnetron sputtering
of nickel based films achieved in this work prove
advantageous parameters of the applied WMK-
100 magnetic assembly. Significantly higher power
densities (~120 W/cm?) in sputtered material
(Ni) than reported by other authors have been
achieved during sputtering of 3 mm thick target,
(2 W/em? to 12 W/em?) [2-5]. This resulted in
notably higher efficiency of Ni films deposition

which is advantagous from economical point of
view. During rective sputtering (with higher oxy-
gen content), NiOy layers with poor adhesion were
obtained. Substrate heating and/or electrical polar-
ization could probably reduce or even eliminate
this effect. This aspect will be studied in further in-
vestigation planned in the future, in particular for
thin film for electrochromic device applications.

Acknowledgements
This work was supported by the State Committee for Sci-
entific Research, Poland.

References

[1] POoSADOWSKI W., WIATROWSKI A., DORA J., RA-
DZIMSKI Z., Thin Solid Films, 516 (14) (2008), 4478.

[2] GEETHA PRIYADARSHINI B., AICH
CHAKRABORTY M., J. Mater. Sci., 46 (2011), 2860.

[3] MALLIKARJUNA REDDY A., SIVASANKAR REDDY A.,
SREEDHARA REDDY P., Mater. Chem. Phys., 125 (2011),
434.

[4] AsHOK KUMAR REDDY Y., MALLIKARJUNA
REDDY A., SIVASANKAR REDDY A., SREEDHARA
REDDY P., J. Nano Electron. Phys., 4 (4) (2012), 04002/1.

[5] Hotovy 1., LIDAY J., SITTER H., VOGRINCIC P., J.
Electr. Eng., 53 (11 —12) (2002), 339.

S.,

Received 2017-03-24
Accepted 2017-10-11



	Introduction
	Experimental
	Results
	Ni thin films fabrication
	Summary

