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A B S T R A C T   

For all technologies, the energy-payback time (EPBT) serves as a critical metric. As an example, we study ion 
beam sputter deposition (IBSD), a sputter deposition approach where plasma, target, and substrate are decou
pled. We compare three different configurations for reactive gas injection in order to demonstrate how the 
corresponding thin-film deposition processes can be improved, i.e., via the ion source, close to the target, or close 
to the substrate. The latter two decouple the introduction of inert and reactive gases, thus enabling substantial 
additional control in the deposition process. We investigate nickel oxide (NiOx) thin films as a versatile model 
system which is of interest for a wide range of applications. In the growth process, we vary growth times between 
5 and 205 min and examine O2/Ar flow ratios between 0.13 and 5.82 for the different gas inlet configurations. 
Based on detailed structural and compositional analyses of the deposited thin films, we show that the deposition 
mode significantly influences crystal quality, growth rate, and surface roughness. Notably, the configuration 
where the reactive gas is injected close to the Ni target leads to significant improvement of the crystalline quality 
of the deposited NiOx layers for thicknesses of 30–200 nm. Furthermore, reactive gas injection close to the 
substrate yields films of comparable quality for thicknesses of 800 nm and above, but at almost twice the growth 
rate. These findings present a promising avenue for optimizing EPBT of IBSD by yielding better films in shorter 
process times and at less energy consumption. Yet, for low O2/Ar ratios the formation of a secondary phase of 
NiAl2O4 spinel is observed.   

1. Introduction 

A major hurdle when introducing a novel device is its acceptance by 
future users. In addition to device performance, aspects of sustainability 
and environment friendliness of the technology affect the user’s decision 
whether to buy or not to buy a novel device [1,2]. If a new technology is 
environmentally harmful, it will unlikely replace established solutions 
just due to better performance. Achieving sustainability in the fabrica
tion of novel devices is hence of paramount importance. It necessitates 
credible assessments of the environmental impact of the fabrication 
process. Life cycle assessments from cradle-to-cradle of resource con
sumption of technologies in terms of energy consumption, carbon 
footprint, and materials provide quantitative parameters for decision 
making [3,4]. For example, in case of sustainable energy technologies 
such as photovoltaic modules the energy payback time (EPBT) describes 
the period of time a module must operate and turn solar power into 

electrical power to recover the energy it took to produce the module 
initially. Thus, the EPBT is such a quantitative measure helping in the 
decision process [5]. In order to reduce the EPBT of a technology or to 
improve the sustainability assessment of a device, all stages of its life 
cycle and use need to be optimized. 

Thin-film deposition processes play a major role in device fabrication 
and are thus at the cradle of the life cycle of most modern devices [6,7]. 
For example, thin films are the active material in large-scale sustainable 
energy technologies such as smart windows and solar cells as much as in 
micro-scale semiconductor devices [8–13]. Various technologies are 
employed for thin-film deposition comprising physical vapor deposition 
(PVD) and chemical vapor deposition (CVD) approaches. Typically, 
these methods have in common to operate under vacuum conditions and 
often a substrate heating is required to ensure crystallization of the 
deposited thin films. Both requirements contribute to the energy con
sumption of the thin-film growth process. Of course, also production 
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time, that is closely related to the deposition rate is very important in 
this context. The challenge in further advancement of growth apparatus 
in terms of a better energy efficiency and thus a shorter EPBT of the 
fabricated devices is to improve or at least preserve the quality of the 
deposited thin films. For example, a smaller/cheaper vacuum system 
may lead to a higher content of impurities in the high vacuum atmo
sphere and thus may reduce thin film quality. Similarly, reducing the 
power used for substrate heating may reduce the substrate temperature 
and result in less crystallinity and, thus, inferior quality of the deposited 
film. Furthermore, an increase of deposition rate is often not compatible 
with a better thin-film quality. 

Here, we want to present an example of how to improve the growth 
process of a specific PVD method, i.e. ion beam sputter deposition 
(IBSD). A decoupling of inert and reactive gas has been demonstrated to 
increase the growth rate for other sputtering methods, i.e., for magne
tron sputter deposition [14]. Here, we want to adapt this promising 
approach to IBSD and investigate systematically the influence of the 
injection position of the reactive gas. We choose nickel oxide (NiOx) as 
material for our case study. NiOx has many interesting properties and is 
a candidate material for many device classes [15–19]. NiO exhibits 
several key characteristics, including antiferromagnetism, transparency 
as a p-type semiconductor, and a cubic crystal lattice of rocksalt struc
ture. The band gap energy of NiO is reported to range between 3.25 and 
4.5 eV or 2.54 and 4.80 eV [20–24], depending on the method used for 
its determination and estimation. The Néel temperature is approxi
mately 520 K [24,25]. Due to its physical properties, NiO is considered 
as a versatile material with a high potential for energy applications [24]. 
Furthermore, it can be considered sustainable as the two chemical ele
ments Ni and O are available in abundance. Also, it exhibits a very high 
recovery rate regarding Ni [26]. In addition to the stoichiometric form of 
NiO, non-stoichiometric NiOx films are frequently obtained, due to ox
ygen depletion/excess [27–29]. This behavior is explained by the Ni–O 
phase diagram, in which an NiO-like phase is formed over a wide range 
of metal-to‑oxygen ratios [30,31]. As a result, NiO serves as an excellent 
model system for optimizing growth apparatus and processes due to its 
chemical and compositional simplicity. A comparison in terms of quality 
with samples grown by other methods is facile, as numerous successful 
synthesis reports of NiO thin films can be found in literature. Here, 
different fabrication methods have been employed, including molecular 
beam epitaxy (MBE) [32], metal-organic chemical vapor deposition 
(MOCVD) [33], sputtering techniques [34,35], pulsed laser deposition 
(PLD) [36,37], and electron beam evaporation [38]. 

2. Experimental details 

NiOx thin films are grown using IBSD on c-cut sapphire substrates, 
employing a 3″ metallic Ni target with a purity of 3N (Kurt J. Lesker 
Company). The 2″ sapphire substrates are manually cut yielding sample 
sizes from about 6 × 6 mm2 to 8 × 8 mm2. Fig. 1 schematically illustrates 
the setup of the IBSD growth apparatus. We use a radio frequency ion 
source (referred to as RIT, coming from radiofrequency ion thruster) 
[39,40] to create the primary ion beam. The ion beam particles bom
barding the target (here the Ni target) sputter a plume that consist of a 
mixture of target material and reaction products such as NiOx [41,42]. 
The substrate is closely positioned in the direction of the maximum in
tensity of this secondary plume coming from the target, and not in line- 
of-sight with the primary ion beam from the ion source. The oxygen 
necessary for obtaining the NiOx layer on the substrate may be provided 
at different locations between ion source and substrate. First, this may 
be done via the gas inlet of the ion source, an often-used approach in 
IBSD [43–45]. In the following, we call this configuration RIT injection 
configuration. In this configuration, both the inert gas Ar and the 
reactive gas O2 are injected into the RIT [42,46,47] and are used to 
generate the plasma. Subsequently, the plasma ions are extracted and 
directed towards the target. Second, the so-called (near) target injection 
configuration is employed. Here, solely Ar is used as working gas inside 

the ion source, whereas the reactive gas O2 is directed onto the target 
through a 1/8″ stainless steel pipe. Third, we use the so-called (near) 
substrate injection configuration. Here, again solely Ar is used as 
working gas inside the RIT for generating the plasma, while molecular 
oxygen is sprayed onto the substrate surface using a 1/8″ stainless steel 
pipe. This approach of being able to switch between different injection 
sites of the reactive gas, i.e. of oxygen, is somewhat comparable to meta- 
mode sputtering, where metal deposition and subsequent oxidization 
take place at different locations [48]. All injection configurations are 
illustrated in Fig. 1. 

Several sample series are grown employing the different gas injection 
configurations. Identical partial pressures are used in all injection 
modes. The flows are selected and controlled with mass flow controllers 
(Tylan, MKS) to maintain a constant average background pressure 
throughout the series for comparison. The pressure is tracked with a full 
range gauge (Pfeiffer Vacuum), obeying correction terms for individual 
gases. The following values for the O2/Ar ratio have been studied: 0.13, 
0.46, 0.67, 0.91, 1.20, 1.59, 2.79, 5.82. One should note, that the flow 
ratio and injection mode has a weak influence on the beam diameter 
only. The beam diameter varies between 5 and 6 cm. In a first series of 
samples the deposition time is set to 2 h. In a second series, the growth 
times are equal to 5, 15, 45, 60, 90, 120, 205 min at fixed O2/Ar ratio of 
0.91 for assessing the dependence of the properties on film thickness. 
Furthermore, a third series, an alloying series, is employed for investi
gating the impact of Al diffusion from the substrate into the thin films. 
This becomes necessary, as it is possible to produce a NiAl2O4 spinel 
phase at the interface between sapphire substrate and thin film. The Al 
content is varied by covering the Ni target partially with high purity Al 
foil (3N). The Al/Ni ratio has been effectively varied between 0.27 and 
0.4 this way according to XPS analysis. 

The RIT’s plasma is operated at 2 MHz with a power of 230 W. The 
ions are extracted from the ion source with a kinetic energy of 2400 eV. 
To ensure temperature equilibrium during the growth process, the c-cut 
sapphire substrates are pre-heated to 550 ◦C. The coil of the RIT and the 
target are water cooled during operation. Other parts remain at room 
temperature. The base pressure of the system without providing working 
gas is better than 2 × 10− 6 mbar. The total flow of oxygen and argon 
independent of the chosen flow ratio yields an average background 
pressure of 5 × 10− 4 mbar. The distance between RIT and target is 0.2 m, 
that between target and substrate is 0.1 m. The target is pre-sputtered for 

Fig. 1. Schematic illustration of the three different positions for O2 injection 
into the IBSD apparatus, namely the RIT injection, the substrate injection and 
the target injection. Only one injection position is used at a time. RIT injection 
is shown here. 
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30 min prior to starting the actual deposition process in order to remove 
residual contaminants under process conditions. 

We comprehensively characterize the grown layers in terms of their 
structural and compositional properties. For this purpose, we employ X- 
ray diffraction (XRD), atomic force microscopy (AFM), and X-ray 
photoelectron spectroscopy (XPS). The crystallinity of the sputtered 
NiOx thin films is investigated using XRD in Bragg-Brentano geometry, 
employing a Siemens D5000 diffractometer. The same device is used for 
X-ray reflectometry (XRR) measurements that provide film thicknesses 
and, taking into account the deposition time, the corresponding growth 
rates. The growth rate determined is used to extrapolate the thickness of 
films that exceed the maximum thickness where XRR is applicable. If 
growth rate determination and direct thickness measurements via XRR 
are not possible, ellipsometry measurements are conducted between 400 
and 1000 nm. Morphological analysis is performed for selected samples 
(O2/Ar ratios: 0.46, 0.91, 1.20, 1.59, 5.82) using a Zeiss Merlin scanning 
electron microscope (SEM) and a Bruker Multimode 8 atomic force 
microscope (AFM) operating in tapping mode with a silicon nitride tip. 
AFM data are evaluated using Nanoscope 9.2 (Bruker) software and 
Gwyddion software [49]. XPS measurements are conducted using a Phi 
VersaProbe II apparatus for determining the atomic fractions of O and Ni 
in the thin films. A pass energy of 23.5 eV is set for measuring detail 
spectra of O 1s, C 1s and Ni 2p core levels, resulting in a spectral reso
lution of 0.2 eV. Survey scans are conducted with a pass energy of 93.9 
eV and a resolution of 0.8 eV. Samples are exposed to an Ar+ beam with 
an acceleration of 1 kV for 180 s to clean the surface from possible 
contaminants which may be collected during transport through air. 
Excitation is provided by a monochromatic Al Kα source (1486.6 eV). 
Charge neutralization is achieved by combining a flux of e− and Ar+

ions. The binding energy axis is post-calibrated to the signal of adven
titious carbon (284.8 eV). The relative concentrations Xs of each element 
are calculated after correcting for the chemical sensitivity (using tabu
lated relative sensitivity factors RSFs of the XPS instruments manufac
turer for signal s) and apparatus response (transmission function T(E)): 

Xs =
100 Ai
∑

jAj
,

where the intensity correction is contained in 

As =
Is

T(E) λ RSFs
,

where Is and λ are the measured intensity of the signal s and the 

correction for differences in emergence path length, respectively. A 
background correction is applied using a Shirley-background [50]. For 
the determination of relative concentrations, deconvolution of spectra is 
not necessary. The area between raw signal and background yields the 
intensity Is. 

3. Results and discussion 

We employ XRD in Bragg-Brentano geometry for assessing the 
crystallographic structure of the thin films. Wide-angle survey scans (not 
shown here) are dominated by strong signals of the sapphire substrate 
and signals in the angular range where the (111) signal of rocksalt NiO is 
expected (37.249◦ according to PDF# 00-044-1159). Fig. 2 shows three 
series of XRD θ-2θ scans in this angular range of thin films deposited at 
different O2/Ar flow ratios. Each series corresponds to one of the three 
different configurations for oxygen injection during the growth process. 
The results obtained on samples grown in the RIT injection configura
tion are shown in graph (a), those of samples fabricated in the target 
injection configuration in graph (b), and those of samples synthesized in 
the substrate injection configuration in graph (c). All three series of XRD 
traces exhibit similar trends almost independent of the site of oxygen 
injection. For the lowest O2/Ar flow ratio investigated in this study 
(0.13) almost no XRD reflection is observed in case of the RIT injection 
mode. Slightly stronger signals are present for this flow ratio for thin 
films prepared by the other two injection modes, i.e., target injection 
mode and substrate injection mode. Probably, the amount of oxygen 
available is not sufficient to form NiOx in case of the RIT injection 
configuration, but at the same time too high to form the metallic phase. 
In case of the other two injection configurations, the available amount of 
oxygen is already sufficient to form the NiOx phase and crystallization of 
this phase is observed. However, a more efficient crystallization sets in 
at higher O2/Ar flow ratios. In particular, the NiO (111) reflection tends 
to shift towards its bulk value (dashed vertical line) with an increase of 
the O2/Ar flow ratio. This suggests that lower O2/Ar flow ratios yield 
sub-stoichiometric material and stoichiometric nickel(II) oxide is ob
tained at the highest O2/Ar flow ratio only. One should note, that the 
change in crystallinity may also be attributed to a change in film 
thickness, as the film thickness diminishes with increasing O2/Ar flow 
ratios (see also contents S8-S10 in SI). It has been shown, that crystal
lization properties are influenced by the film thickness [51]. Exem
plarily, the diffraction curve of a stoichiometric NiO thin film deposited 
in the RIT injection configuration is shown in Fig. 2(d). The corre
sponding rocking curve exhibits a full-width-at half-maximum (FWHM) 
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Fig. 2. X-ray diffraction measurements of thin films deposited in RIT injection configuration (a), target injection configuration (b), and substrate injection 
configuration (c). All measurements are performed in Bragg-Brentano geometry. The data has been shifted for clarity. The O2/Ar flow ratio used in each deposition 
process is given in the legend. (d) X-ray diffraction measurement of the NiO thin film obtained in the RIT injection series at the highest O2/Ar ratio employed, and its 
corresponding rocking curve (e). X-ray diffraction measurements of samples of the NiO – Al alloying series with three different ratios of Al/Ni of 0.27 (red), 0.38 
(black), and 0.4 (blue) (f). The discussion of the film thicknesses can be found in contents S8 – S10 in the SI. 
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as small as 99 arcsec, cf. Fig. 2(e). This value is <50 % of values observed 
in conventional sputtering, e.g., 216 arcsec [35]. The FWHM value of 
our NiO thin film can well compete with FWHM values of NiO thin films 
grown by other methods or on other substrates [32–34,37]. However, 
the rocking curve’s FWHM alone cannot serve as a criterion for sample 
quality as it also depends on film thickness, as we will discuss below. 

Another feature common for all three oxygen injection modes is the 
remarkably high crystallinity of the layers obtained at low oxygen flows 
as shown by the high intensity reflection at around 36.5◦ in the X-ray 
patterns (cf. Fig. 2a–c). This reflection manifests itself already at very 
short deposition times, i.e. very low film thicknesses (cf. Fig. S1). We do 
not attribute this feature to NiOx but rather to the formation of a NiAl2O4 
spinel phase. Most likely, this phase is formed at the interface between 
the sapphire substrate and the thin film, as observed also for other 
material systems [52]. We studied the third series of samples, the 
alloying series, where Al is added during the growth process, as 
described in the previous section, to further corroborate the aforemen
tioned analysis. The X-ray patterns for three samples of this series with 
ratios of Al/Ni of 0.27, 0.38, and 0.4 (cf. Fig. 2(f)) reveal that with higher 
Al/Ni ratio, i.e., higher Al content, the NiOxAly reflection shifts towards 
the 2Θ angle of the (311) reflection of the NiAl2O4 spinel phase (37.010◦

according to PDF# 00-010-0339). 
To further verify the assumption that the thin films are sub-stoi

chiometric NiOx at O2/Ar ratios of <5.82, we employ XPS to obtain the 
O/Ni ratio in our thin films. The results are depicted in Fig. 3. The survey 
scans do not reveal unexpected impurities, cf. Fig. 3(a). To determine the 
exact composition, detail spectra are evaluated to determine reliable 
results [53]. Exemplarily, detail spectra of Ni 2p3/2 (b) and O 1s (c) core 
level after 180 s of Ar+ irradiation, respectively, are shown. Besides the 
expected NiO signals marked in blue, the spectra show Ni related fea
tures [54]. On the one hand, the Ni signals show satellites towards 
higher binding energy [55–57]. On the other hand, the Ar+ beam is not 
only sputtering material from the surfaces but also damages the material 
below to some extent. Thus, material is reduced which evokes signals on 
the lower binding energy side. Nonetheless, the overall trends in 
composition variation are preserved (see also Discussion S5 in SI). Po
tential preferential sputtering is not promoted by undesired impurities 

and, hence, should have the same effect for all samples. Furthermore, 
matrix effects are highly unlikely, as the lattices of the thin films are 
quite comparable as discussed earlier. For clarity, we show the compo
sition values as O/Ni ratio in Fig. 3(d). Similar to the XRD results, the 
films at very low O2/Ar flow do not seem to follow the trends observed 
for the rest of the thin film series. The low oxygen flow regime yields 
metal-rich films. Surprisingly, the composition of the film of the RIT 
injection series, that does not show crystallization in XRD, lies in be
tween those of the other two injection modes for the lowest O2/Ar flow. 
An increasing oxygen flow shifts the O/Ni ratio in the film towards 1:1. 
Hence, the composition results corroborate the trends derived from the 
XRD data, i.e., stoichiometric NiO thin films are obtained at the highest 
relative O2 flow (O2/Ar ratio of 5.92) investigated in this study inde
pendent of the oxygen injection mode. 

We examined the NiOx thin-film surfaces by AFM in order to assess 
the surface morphology. Changes in surface morphology may be 
induced by a variation of stoichiometry which in turn may be reflected 
by different grain growth. In Fig. 4 and Fig. S2 (SI), we present corre
sponding results for selected samples of the three injection mode series. 
The thin films deposited at the lowest O2/Ar flow ratio (i.e. the films in 
the first column) show very smooth surfaces independent of the O2 in
jection configuration. It is remarkable, that the thin films synthesized at 
these low O2/Ar ratios do not follow the general trends observed for the 
rest of the series. This holds independent of the three gas injection 
configurations applied. Furthermore, the surface of the sample of the 
RIT injection series grown at the lowest O2/Ar flow ratio exhibits 
additional needle-like pillars. These pillar-like structures may be an 
explanation, why no crystallization can be observed for this film, i.e., the 
mixed structure of a smooth film on the one hand and the pillar-like 
growth on the other hand seem to hamper crystallization. At higher 
O2/Ar ratios, the situation is different. The AFM images of the film 
surfaces consist of many small features comparable in size with the 
pillars on the surface of the sample of the RIT injection series grown at 
the lowest O2/Ar flow ratio. We tentatively attribute these features to 
small grains separated by grain boundaries. The resolution of AFM ap
proaches its limits when detecting these features. However, the structure 
becomes easier accessible with an SEM (cf. Fig. S3). Triangular patterns 

Fig. 3. Typical XPS measurements after Ar+ irradiation: Survey spectrum (a) and detail spectra of Ni 2p3/2 (b) and O 1s (c) core levels are fitted according to 
Biesinger et al. [54]. NiO components are marked in blue, while Ni signals are indicated in green. The area between the dark blue line and the background is taken 
into account for the O/Ni ratio determination. In red, the calculated Shirley background is displayed. (d) The composition of the thin films determined by XPS after 
surface cleaning by Ar ion beam etching. The region of flow ratios where films reveal the spinel-related reflection in XRD is marked. The ratio of Ni to O in stoi
chiometric NiO is shown as a horizontal reference line. 
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at the grain boundaries can be observed very clearly at high magnifi
cations with the SEM. Such triangular shapes have been also observed in 
earlier studies by scanning electron microscopy (SEM) in case of thin 
films grown in a RIT injection mode [42]. The presence of these features 
has been considered an indicator of bi-domain growth. At the highest 
O2/Ar ratio used here, agglomeration of grains to bigger structural 
features takes place. While the roughness decreases for RIT injection and 
substrate injection, an increased roughness and significantly bigger ag
glomerates are found in case of target injection. Very likely, this has to 
do with a decreased secondary particle kinetic energy. With increasing 
oxygen flow, the local density of O2 molecules in front of the target is 
increased. This leads to higher scattering probability of the Ar+ ions with 
the O2 molecules. During the scattering process, kinetic energy from Ar+

ions is transferred to crack the O2 molecules and excite the atoms. Thus, 
the Ar+ ions of the beam are slowed down more than in the other two 
modes prior to impinging on the target surface. Hence, the energy of the 
sputtered particles is also lowered, as their kinetic energy is dependent 
on the kinetic energy of the impinging ions [44,58]. Despite the non- 
equilibrium situation, if one followed the line of arguments by Wulff 
for surface reconstruction in thermal equilibrium, this would lead to 
shorter diffusion lengths and thus bigger agglomerates on the surface 
[59,60]. One should note that there may also be a slowing down of the 
sputtered material between target and substrate in the case of substrate 
injection. Still, it seems that its impact is not as severe, as, in this case, 
films show generally a smaller roughness. 

It is well known, that thin-film properties strongly depend on the 
thickness of the deposited film. This also holds true for NiOx [61–63]. 
Therefore, we will focus on three series of samples of different thickness, 
i.e., grown with different deposition times, one series for each inlet 
position. As it is our goal to optimize thin film growth towards the 
minimization of the EPBT, a high growth rate is desirable for two rea
sons. First, it minimizes the production time and, second, it reduces 
energy consumption, e.g., due to substrate heating (which is often 
essential to promote crystallinity of the deposited film), running the 
vacuum system and the ion source, etc. In general, the deposition rate in 
the sputtering process decreases with a higher oxygen content in the 
plasma [64–66]. However, it needs to exceed a certain threshold in our 
process in order to suppress the undesired spinel formation at the 
interface. In consequence, we choose the O2/Ar ratio of 0.91. The first 
series has shown that this value is the lowest O2/Ar ratio where the 
parasitic spinel phase is not present. Hence, we do not expect an influ
ence of the spinel phase on the results discussed in what follows. We 
selected deposition times of 5, 15, 45, 60, 90, 120, and 205 min in the 

film deposition processes of each series. Fig. 5 shows the FWHM values 
of the rocking curve of the main peak of the deposited films in depen
dence on deposition time (a) and on the layer thickness (b). The FWHM 
is smallest for the films grown in target injection mode, while the other 
two injection modes yield similar, but larger values. This finding is in
dependent of the abscissa, i.e., regardless whether the FWHM values are 
plotted as function of the actual layer thickness or of the deposition time. 
The FWHM values of all three injection modes converge for layer 
thicknesses larger than 800 nm, mainly due to a steep increase of the 
FWHM in the target injection mode series. Notably, the RMS roughness 
of the film surfaces as obtained by AFM, cf. Fig. 5(c), yields comparable 
results for the three series of samples. However, the deposition rate is 
highly dependent on the injection mode used. We find the following 
behavior of the growth rates: substrate injection mode (4.95 nm/min) >
target injection mode (3.71 nm/min) > RIT injection mode (3.39 nm/ 
min). We propose the following explanation for the order of growth rates 
found. The mean free path of Ar at room temperature inside the IBSD 
apparatus is 4 m and 0.2 m at its average base pressure (<2 × 10− 6) 
mbar) and working pressure (ca. 5 × 10− 4 mbar), respectively. In both 
cases, it is longer or comparable to the relevant geometric distances 
between ion source - target and target - substrate of 0.2 and 0.1 m, 
respectively. Thus, considerable scattering of Ar ions of the primary 
beam or particles of the secondary plume is only expected close to the O2 
inlet where locally the pressure is higher than average. In case of sub
strate injection, pure Ar is used to sputter from a metallic target. Ar is a 
more efficient projectile for Ni sputtering than O as the energy transfer 
from projectile ion to target atom is best for comparable masses (AU(Ni) 
≈ 58.7, AU(Ar) ≈ 40, AU(O) ≈ 16). It should also be mentioned that the 
theoretical sputter yield Y is much higher, if Ar will is used as projectile 
instead of O (YNi,O ≈ 1.187; YNi,Ar ≈ 2.513) [67]. Furthermore, the 
oxidation of sputtered metal occurs efficiently close to the substrate 
where O2 is injected, resulting in the highest growth rate. In target in
jection mode, less metal is sputtered. Here, the density of O2 molecules is 
the highest in front of the target, while it is highest at the substrate for 
substrate injection. Hence, for substrate injection, the Ar+ ions impinge 
directly on the target surface and sputter material off the target, whereas 
the Ar+ ions have to move through a “barrier” of O2 molecules before 
reaching the target in case of target injection. During the scattering 
processes, the Ar+ ions are slowed down as described earlier. Thus, the 
Ar+ ions are slower in target injection when they interact with the target 
surface compared to substrate injection. Thus, slowed down, less Ni is 
sputtered than in substrate injection mode. Furthermore, one should 
also consider the oxidation of the target’s surface. In case of substrate 
injection virtually no oxide layer is present on the Ni surface due to the 
elongated pre-sputtering prior to the film deposition. Contrary to this, a 
significant amount of reactive oxygen species is available in front of the 
target for the target injection. Clearly, the Ni target will react with the 
present O species and form NiOx on the surface. Most likely, such an 
oxide layer on the surface of the target will reduce the sputtering yield 
and thus the growth rate. In case of the RIT injection mode, the ion beam 
consists of both, O+ and Ar+ ions. Substantial part of the energy spent in 
running the plasma is used to crack O2 molecules inside the plasma 
vessel [42]. Hence, less material is sputtered from the target as the ion 
beam consists of Ar ions and atomic O ions yielding an even lower Ni 
sputtering rate considering the momentum transfer during sputtering. It 
is also likely, that especially for RIT injection and target injection an 
NiOx surface layer is formed during the growth which will reduce the 
total sputtering rate of the target in this case as well. 

Careful analysis of the results obtained by characterizing the three 
series of NiO samples corresponding the three different injection modes 
allows us to draw several conclusions. Most importantly, we are able to 
grow thin NiO films of a desired thickness in the range between 30 and 
200 nm with significantly lower FWHM of the rocking curves at the same 
film thickness in the target injection mode than in the other two injec
tion modes. The FWHM in target injection mode is up to 4 times smaller 
for thin films with thicknesses between 30 and 200 nm. Keeping in mind, 

Fig. 4. Atomic force microscopy images of the surface for selected sample of 
the target injection series and increasing O2/Ar flow ratio. Corresponding im
ages for RIT injection as well as substrate injection can be found in Fig. S2 of the 
SI. Additional information on roughness, pit-to-valley distances and the color 
scale span can be found in Table S7 of SI. 
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that elevated heating/higher substrate temperatures are often used to 
promote crystallization [68], this implies that it is possible to achieve a 
required FWHM of the rocking curve of a thin NiO film with a lower 
substrate temperature in target injection mode than in the other two 
modes. Furthermore, the growth rate in target injection mode is about 
10 % higher than in conventional RIT injection mode. Thus, it also cuts 
down the amount of time needed for the growth of a given film thickness 
compared to the conventional growth approach. Thus, thin film quality 
and process time are optimized simultaneously by using the target in
jection mode for films in the range of 30 to 200 nm. For NiO films thicker 
than 800 nm, the differences in quality of thin films deposited with the 
three injection modes characterized by FWHM of the rocking curve for 
the given thickness vanish, making the growth rate the dominant 
parameter for optimizing the energy efficiency of the growth process. In 
this case, the substrate injection mode is the best choice. In general, a 
reconfiguration of the growth apparatus can make the growth process 
significantly more energy efficient and reduce its EPBT considerably. 

We also want to point out additional advantages that target and 
substrate injection of reactive O2 gas offer compared with RIT injection. 
An important parameter for the evaluation for an ion source for material 
processing is its lifetime. In particular, the grid system of the ion source 
is exposed to wear and erosion [69]. As the RIT was originally designed 
for operating with noble gases such as Xe and Ar, a higher erosion of the 
grids system is expected when a fraction of the working gas is O2 in RIT 
injection mode. Thus, utilizing either substrate injection or target in
jection to provide O for the growth process will also increase the lifetime 
of the grid system. 

4. Conclusion 

In conclusion, our study demonstrates the successful growth and 
characterization of NiOx thin films using different O2 injection config
urations in the ion beam sputter deposition apparatus. By decoupling the 
inlets of inert working gas and reactive gas, we are able to significantly 
influence the deposition parameters. The choice of injection mode af
fects the growth rate, the crystallinity, and the surface roughness of the 
deposited thin films. Comparing the substrate injection mode with the 
conventional RIT injection mode and an alternative target injection 
mode, we observe a fourfold reduction in the full-width-at-half- 
maximum (FWHM) of rocking curves for thin films with thicknesses of 
about 30 to 200 nm deposited in the target injection configuration. For 
film thicknesses around 800 nm, the dependence of the crystal quality 
on the injection mode virtually disappears. Still, the crystal quality of all 
films is highly competitive with the results of other reports. It remains to 
be noted that the growth rate can be increased by 46 % for these larger 
film thicknesses by choosing substrate injection instead of the 

conventional RIT injection mode. These findings open up new possi
bilities for optimizing the ion beam sputter deposition process, by 
reducing process times while keeping or even improving the quality of 
the deposited thin films. Specifically, the energy payback time (EPBT) 
may be lowered, making our results highly relevant for the IBS deposi
tion of thin films employable in various applications. Our results should 
remain valid on upscaling of the IBSD apparatus. Therefore, it makes 
sense for suppliers and users to foresee several inlet sites along the path 
from ion source via target to substrate for injecting reactive process 
gases into their IBDS apparatus as there is not one best site for process 
gas injection. The best position for process gas injection varies with the 
thin film material to be deposited as well as with its thickness. Thus, 
process optimization in terms of quality and EPBT requires a flexibility 
with respect to reactive process gas injection. In the future, we plan to 
explore the impact of different reactive gas inlet configurations on the 
growth of other thin-film materials of interest such as other metal ox
ides, metal nitrides or even oxynitrides. 
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