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ABSTRACT

Many thin film applications are based on oxides. The optimization of the oxide prop-
erties is an on-going process and requires a deep understanding of the deposition
process. A typical feature of reactive (magnetron) sputter deposition is the presence
of negative oxygen ions. Two groups of ions can be identified based on their energy.
Low energy ions are generated in the bulk of the discharge. The high energy ions
are emitted from the oxide or oxidized target surface. As these ions are generated
at the cathode, they are accelerated by the electric field towards the growing film.
Depending on the discharge voltage and the powering method, their energy is typ-
ically several tenths to hundreds electron volt. As such the ions can have a strong
impact on the film properties. In the case of magnetron sputtering, this will lead
to inhomogenous film properties over the substrate facing the locally eroded target.
Due to their high energy, the trajectory of negative ions can be easily predicted
which has led to several strategies to avoid negative ion bombardment such as fac-
ing target sputtering and off-axis sputtering. This paper reviews several facets of
the production, the measurements and the impact on the film properties of negative
ions during reactive sputtering. Despite the many illustrative studies on the impact
of negative oxygen ions, quantification is often lacking as the negative ion yield is
only known for a few oxides. The compilation of several literature sources allows the
discussed trends to be placed in a quantitative framework.
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1. Introduction

The presence of negative ions in gas discharges was already postulated in the very
first paper on sputtering. Indeed, the paper by Grove, identified as the first paper on
sputtering [1], states: "My present experiments show, I believe, that in induction across
gaseous dielectrics there is a commencement, so to speak, of decomposition, a polar
arrangement not merely of the molecules, irrespective of their chemical characters, but
a chemical alternation of their forces, the electronegative element being determined or
directed, though not traveling in one direction, and the electropositive in the opposite
direction." 2].

Although the observation of negative oxygen emission from surfaces bombarded with
positive ions was already reported earlier [3, [4], the research on their impact during
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sputtering of oxides took really off by a prediction based on a study of the etching of
the deposit by negative Au™ ions from rare-earth/gold targets [5l [6]. The occurrence of
etching of the deposit could be related to the difference between the electron affinity of
Au and the ionization energy of the rare-earth. In this way, a measure of the energy re-
quired to transfer an electron from the first constituent element of the target compound
to the second element was obtained. Based on the data at hand, an upper threshold value
of 3.4 eV was suggested to observe etching. The papers state that this indicates that
film growth of several oxides (and other compounds) could be influenced by negative
ion bombardment. The authors realized that the negative ion production will probably
not be characterized by the calculated hard threshold. Indeed, it was shown later that
the occurrence of negative ion etching of several oxides was observed for higher values
than the aforementioned difference [7]. It should be mentioned that the evaluation in
both cases is based on the deposition/etch rate and not on the probability of negative
ion emission. The etching will not only be defined by the ability to emit negative ions
from the target, but also by the energy of the negative species, and the sputtering yield
of the deposit by these ions. The connection between the straightforward observation of
etching and a quantitative threshold however was a motivation for many to investigate
the importance of negative oxygen ion (NOI) bombardment.

This paper reviews the current knowledge of NOI bombardment during sputter de-
position. The paper is organized as follows. First, the measurement of NOI during
(magnetron) sputtering will be highlighted. Secondly, the production of NOIs in the
discharge bulk and at the cathode will be discussed. Based on the current knowledge,
the NOI yield will be quantified. Some methods to avoid NOI bombardment will be
treated after modeling of the ion trajectories. In a final section, the effect of NOI during
film growth is reviewed. The knowledge on NOIs will be briefly confronted with the
observation of other negative ions during sputter deposition.

2. Measurement of negative oxygen

2.1. Mass spectrometry

NOIs can together with other ions be easily detected by mass spectrometry during
reactive sputtering. Important for the interpretation of the observed results is that the
mass spectrometer has typically a low acceptance angle which is energy dependent. A
power law dependence of the acceptance angle A on the ion energy F has been reported:

Ax E™" (1)

with several values for n (0.3 [8],1.61 [9]). The acceptance angle is as low as a few
degrees for ion energies larger than 100 eV. High energy ions will only be measured
when traveling almost perpendicular towards the mass spectrometer orifice due to the
low acceptance angle. Tons released from inclined or tilted surfaces, will not be measured
although they can still affect the film growth. This topic will be further discussed in
but can already be illustrated by one example. No high energy NOIs were
measured with mass spectrometry during the sputter deposition of Ti-Cr-oxides, in
contrast to other reports for similar materials [I0 [I1]. The reason is the specific used
geometry, i.e. magnetron assemblies in a dual magnetron configuration tilted versus the
mass spectrometer axis.

A second concern regarding mass spectrometry is that the technique as used during
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Figure 1. Ion energy distribution functions (IEDF) of O~ measured during DC and RF sputtering of an
Al doped ZnO (AZO) target. The discharge power was 50 W and the argon pressure was 0.5 Pa during all
experiments. The blue lines are the expected energies based on the dissociation of complex ions accelerated to
the discharge voltage. The label indicates the mother ion. The energy has been calculated by a multiplication
of the energy defined by the discharge voltage (peak at O”) with the ratio of the atomic mass of oxygen and
the mass of the mother ion (see also [Equation 3). Data taken from Welzel and Ellmer [L3].

sputter deposition doesn’t provide quantitative data. The NOI count rate can only be
compared in a relative way and the NOI yield cannot be quantified.

Not only the presence of negative ions can be evaluated, but more advanced mass
spectrometers permit the measurement of their energy distribution. (Magnetron) gas
discharges can be powered in different ways known as radio-frequency (RF), direct
current (DC), pulsed DC and high power impulse magnetron sputtering (HiPIMS).
The powering method affects the energy distribution observed . Ishibashi and
co-workers [12] have studied the oxygen energy distribution for five different materials
(indium tin oxide, ZnO, barium copper oxide, yttrium barium oxide, and lead zirconium
titanate) at constant discharge power for both RF and DC magnetron discharges. The
authors observe that the energy distribution for DC discharges shows typically one
major peak at an energy defined by the discharge voltage together with some minor
peaks at lower energies [14]. Two dimensional particle-in-cell/Monte Carlo simulations
show a similar result [I5]. In contrast the energy distribution as measured during RF
powering is much more complicated which is confirmed by other research groups 16, [13].

In a DC magnetron discharge almost the entire applied voltage between cathode
and anode falls across the cathode sheath [17]. Negative ions released from the cath-
ode/target will therefore have an energy comparable to the value of the applied voltage
(Figure 1]). Strictly speaking, the ions are accelerated between the cathode and the
plasma potential. The ion energy is however measured versus ground potential, and
hence the registered energy is defined by the discharge voltage only. As the discharge
voltage can be tuned by different deposition parameters, it is possible to change the
negative ion energy by the magnetic field strength [I8, 19, 20], the discharge pressure
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[14], 20], the discharge current/power [I4, 20], and the sputter gas composition [14} 20].
There is no low energy tail of the high energy NOI peak which indicates that no
negative ion formation occurs in the sheath itself [2I]. The high energy tail of the
peaks can be explained from the energy distribution for sputtered atoms which typically
follows a Thompson distribution. At low energy the distribution is described by [22]

E

f(E)“m

(2)

where U is the surface binding energy of the sputtered species. The restricted knowl-
edge regarding the surface binding energy of oxygen hinders accurate fitting. From the
several approaches to determine the surface binding energy, one can indeed learn that
the surface binding energy for oxygen is rather unknown, or at least only very approx-
imate. TasOs is a well characterized material as it is used as a calibration standard
during XPS depth profiling [23], but even for this material strongly different surface
binding energy values can be found: an analytical model gives a value of 7.93 eV [24], a
thermodyamic based calculation 2.61 eV [25], the suggested input for the Monte Carlo
package TRIDYN is 6.7 eV [20], for another Monte Carlo package SRIM 2 eV [27], while
experimental data gives a surface binding energy of 4.7 eV [28]. Further, the correctness
of the energy distribution at low energy is debated [29, [30].

Mass spectrometry shows also the ejection of negative clusters which are accelerated
over the cathode sheath [31], B2, 33]. The dissociation due to impact with the sputter
gas results in the formation of smaller clusters and NOIs. This process explains the
presence of other lower energy peaks in the energy spectrum [34] 35] 19, 32]. The peak
position can be calculated based on energy and momentum conservation,

E.=—CSFE, (3)

where E is the ion energy and M the ion mass for the child (¢) and mother (m) ion. The
energy lost during the collision is small and neglected in the calculation. The calculated
energy of NOIs that originate from different mother ions is demonstrated in
(blue lines).

Low energy NOIs can also be present in the gas discharge. The origin of these ions
will be discussed in These are not observed in but in many other
studies the energy spectrum shows an intense low energy peak attributed to these bulk
NOIs entering the mass spectrometer [33, [36]. The difference depends on the electrical
configuration of the mass spectrometer orifice. When the orifice is at floating potential
V4, ions with an energy lower than eV} cannot enter the mass spectrometer. The floating
potential however does not shift the energy distribution because this potential barrier
is only passed leading to a deceleration and acceleration before and after the orifice,
respectively. The deposition of isolating films can change the potential from grounded
to floating.

Based on the information that the negative ions (and clusters) are sputtered, the
energy distribution of the negative ions measured during DC powering [35], [36] has been

modeled based on the Thompson distribution (Equation 2J),

FE— €Vd
(E—eVa)+ U

FE ~e [ (v«

Emin

_dV, (4)
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where V3 is the discharge voltage, Eyi, is the energy which corresponds to the minimal
measured absolute voltage of the discharge voltage. The function ¢ (V) accounts the
variation of the DC discharge voltage which have shown to be a Gaussian with a mean
discharge voltage and a given standard deviation.

Similar results as for DC sputtering have been obtained for pulsed DC experiments
[37, B6]. During pulsed DC powering, the discharge voltage is time dependent. This
requires to change the latter equation to [306],

E — €Vd (t)
() ~/ 9(0) X T e
where (5)

1foreVy(t) <E
g(t) = 10 =
0 for eVy (t) > E

The integration is carried out over the pulse.

The ion energy distribution function is much broader for the RF discharges .
The broadening is caused by the oscillation of the target potential around the self-
bias potential. As the ion ejection mechanism is expected to be the same as during
DC sputtering, the obtained spectrum is the result of overlapping spectra for each
momentary potential. The peaks within the broad distribution are no artifacts but
real structures from the discharge, confirmed by measurements by other research teams
[38, 89, 40]. The kinetic energy of the ions before entering the mass spectrometer is
defined by the oscillating target and plasma potential. In contrast to DC sputtering,
the ions have therefore different energy and hence a different transit time to reach the
mass spectrometer. The plasma potential at the time of arrival at the mass spectrometer
orifice is different, and will be function of the initial kinetic energy as the latter defines
the time of arrival. This results in a modulation of the detected ion energy, and explains
the presence of the peaks within the broad energy distribution. A similar effect have
been described for pulsed DC where two peaks are observed: one for ions that reach
the mass spectrometer during the pulse, and those arriving during the off-period [41].
A combination of both types of distributions can be obtained [42] by mixing RF and
DC powering. This mixing also allows the target DC bias to be modified, and hence to
influence the negative ion energy [43]. The latter will be discussed in more detail further
in the paper.

2.2. Current measurements

Negative ions are charged species and hence it is possible to detect them by measuring
their current. Other species are deflected from the current collector by the application
of electric and magnetic fields. As the negative ions can generated secondary electrons
on their impact at the current collector, it is necessary to design the probe in such way
that these secondary electrons are not detected.

One of the first, and often cited, papers on NOI bombardment during RF magnetron
sputtering of YBayCuzO7x (YBCO) superconductors discusses how this technique can
be used to explain the loss in deposition rate and the preferential sputtering of Ba and
Cu due to NOI bombardment at the substrate [44]. The method was used to calculate
the negative ion yield using some assumptions. Especially, the assumption of equal sec-
ondary electron yield from the collecting electrode by positive ion bombardment and
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Figure 2. The negative oxygen ion current as function of the oxygen-to-total flow ratio during reactive mag-
netron sputtering of Zn and Zr. The negative ion current was attributed to negative ions based on experiments
with a more advanced time-of-flight set-up. Experiments were performed at constant discharge current (80 mA)
and total pressure (0.67 Pa). Data taken from Tominaga and Kikuma [46].

fast neutrals seems to make the estimated negative ion yield questionable. The method
is however also used during ion beam sputtering. Due to the inclination of the ion
beam with the target, the signal towards the current sensor will be less affected by high
energetic argon neutrals, and hence the reported values (0.540.1 and 0.340.1 for the
electron and negative ion yield, respectively) can be trusted. The emission of negative
ions species from YBCO was also studied at low Ar™ ion energies using secondary ion
mass spectrometry (SIMS). It is confirmed that the highest contribution corresponds
to O"(OH") ions which exceeds by far the yield of other secondary negative ions. The
addition of oxygen during the argon bombardment enhances further the negative ion
yield [45]. A similar approach was demonstrated for magnetron and diode sputtering of
ZnO (and BaTiO3) [47, [48]. The authors could proof that only high energetic oxygen
ions were entering the probe by using a time-of-flight set-up. By measuring also the
emitted secondary electrons from the CuBe current collector, they were able to detect
high energetic oxygen neutrals. The latter signal contains also a contribution of emitted
photons from the gas discharge which could be eliminated by its pressure independency.
The collected negative ion current strongly decreases with increasing pressure which is
explained from gas scattering, neutralization and electron detachment. The authors
studied the negative oxygen emission for both Zn and Zr sputtered reactively in an
argon-oxygen mixture in a follow-up study [46]. Measurements are performed as a func-
tion of the oxygen-to-total flow ratio. shows that the collected negative oxygen
ion current shows hysteresis typically for reactive magnetron sputtering experiments
[49]. This indicates that the negative ion emission is much more important when the
target is poisoned. The poisoned state of the target was confirmed by measurements of
the deposition rate based on the photoemission of Zn and Zr lines, and the discharge
voltage behavior. Similar trends in the hysteresis behavior as for other process parame-
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ters is demonstrated for Zr/Oq reactive sputtering [50] and Ti/O9 [51]. Comparison of
the three studied materials under the same conditions (80 mA, total pressure 0.67 Pa,
80%/20% argon/oxygen) the negative ion current decreases from Zr, over Zn to Ti. Also
other studies confirm the requirement to have a (partially) oxidized target surface to
observe negative oxygen emission [52].

A technique, similar to other aforementioned methods, is known as magnetic filtering
probe measurements. The probe is principally based on a series of grid electrodes in
conjunction with a magnetic filter. The transverse magnetic field, arranged perpendic-
ularly to the particle flux direction, filters the plasma electrons from the bombarding
flux by magnetizing them. The potential on the electrodes hinders positive ions to be
measured and hence only negative ions reach the detector. The technique has been used
to measure the negative ion flux during reactive sputtering of Ti in an oxygen/argon
mixture [53]. The authors report a negative ion yield of approximately 1.1 x 1073 for a
poisoned Ti target.

2.3. Energy flux measurements

The high energy of the NOIs ejected from the target can be measured with an energy flux
probe. Together with several other species, negative ions contribute to the energy flux.
To distinguish among these species additional diagnostics and/or modeling is required.
Moreover, not all energy of the impinging negative ions is transferred into heat. Energy
losses through electron detachment, secondary electron emission, backscattering, and
re-sputtering could affect the measurements. Calculations performed in the context
of energy flux measurements during indium tin oxide (ITO) depositions showed that
the energy losses count for approximately 10% [54]. Target erosion can affect also the
measured energy flux as the trajectory of high energetic negative ions is more directional
as compared to sputtered and reflected atoms (see . Hence, it is possible
that the energy flux in poisoned mode, i.e. with a strong contribution of negative oxygen
ions, is lower than in metallic mode [55]. Nevertheless, during reactive sputtering of CeOq
[56], 57] and MgO [58] the energy flux was much larger as compared to the metallic mode,
but also strongly dependent on the target erosion. Using modeling to account for space
charge effects, it was possible to derive from the energy flux measurements for CeOs a
negative ion yield of 0.015. A value of 3.3 x 1073 was reported for ITO [54].

2.4. Photodetachment measurements

An electron from a negative charged oxygen ion can be detached by the impact of a
photon with sufficient energy. This changes the discharge characteristics which can be
probed from the optogalvanic signal generated by released electrons. The signal can be
picked up either by the anode or by a probe [59]. The latter is also known as probe
assisted laser optogalvanic spectroscopy [60]. As the electron removal increases the local
electron density, it is also possible to use a Langmuir probe. The technique is known
as Langmuir probe laser photodetachment. As it is necessary to avoid photo-stimulated
electron emission from the Langmuir probe itself during the measurement, the probe is
shielded by a carefully placed wire. This explains the alternative name for this technique,
i.e. eclipse photodetachment.

The technique doesn’t discriminate between the aforementioned groups of low,
medium and high energy negative ions. It is possible to distinct between target-borne
high energy oxygen ions and bulk negative oxygen during pulsed DC sputtering exper-
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Figure 3. The NOI bulk density during reactive sputtering with a planar circular magnetron. Target material;
Ti, total pressure: 2.4 Pa (0.48 Pa O2), discharge power: 200 W. The discharge was in full poisoned mode. The
magnetic field vectors (without magnitudes) are shown, together with a line representing the last closed flux
surface separating the magnetic trap from the open plasma. The white dot represents the magnetic null. Data
taken from Scribbins et al. [66](oxygen density) and from Dodd et al. [61] (magnetic field vectors).

iments by measurement of the negative oxygen ion density during the negative voltage
pulse on the cathode (on phase) and after the negative pulse (off phase) [6I]. This
kind of experiments shows that the measured oxygen density is mainly dominated by
low energetic negative ions for which, in contrast to the high energetic species, the
negative ion density has a clear dependence on the position relative to the target as
shown in The negative oxygen ions are mainly present in the high potential
regions of the plasma above the closed field region of the magnetic trap and confined to
an annulus-shaped region around the central axis. At the high pressure, i.e. 2.4 Pa as
shown in the peak oxygen density is approximately twice the electron density.
Measurements have also been performed at lower pressure which makes it possible to
conclude that the area of the highest oxygen densities spreads out with increasing pres-
sure, until NOIs start to occupy the central magnetic field-free region on the center line
above the cathode target and to enter the top of the magnetic trap. The method has
been employed during reactive magnetron sputtering of TiOy using DC [62], pulsed DC
[61), 63, 64] and HiPIMS [65]. An alternative to measure the increased electron density
by laser photodetachment is the usage of a resonant hairpin probe. The principle of
the technique is based on the measurement of the plasma dielectric constant using a
microwave resonant structure. When the resonator is placed in the plasma, the resonant
frequency shift from its characteristic resonance frequency in vacuum. The electron den-
sity can be determined by this frequency shift. The simplest microwave resonator probe
is a quarter-wavelength parallel transmission line, which has one end short-circuited
and the other end open; therefore it resembles a hairpin. The main advantage of this
technique is that the probe is floating and it requires no current collection to determine
the density [67]. The bulk density of negative oxygen ions was measured during pulsed
DC reactive sputtering using both Langmuir and resonant hairpin probe. The measure-
ments shows that the negative ion density increases in the afterglow of the discharge
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[68]. In the afterglow the electron temperature decreases, and therefore more negative
ions can be formed as compared to the on-period of the pulse because the cross section
for negative ion formation by dissociative attachment to excited oxygen molecules (see
further, increases with decreasing electron energy.

Pure Langmuir probe measurements have also been employed. The main challenge is
that some complex adjustments need to made to the developed theories for electropos-
tive discharges [69] [70]. Hence, the results are based on the interpretation of the probe
characteristics by a given theory. Often the plasma is complex and contains ions with
different masses. The typical ion mass, required for the analysis of the ion flux towards
the probe is not known in detail and is an aggregate of smaller molecular fragments.
Langmuir probe measurements have been used to measure the behavior of negative
oxygen ions in the afterglow of a reactive HIPIMS discharge [71]. The O™ concentration
was found to decay more slowly as compared to the electron density which results in
long-lived highly electronegative afterglow plasma’s.

For sake of completeness, acoustic ion waves to probe magnetron discharges can also
be used to measure negative ion concentrations [72].

3. Negative oxygen production in the discharge bulk

The description of the production of negative ions in the bulk of the gas discharge is
important because their presence can alter the discharge operation. For example, the
presence of negative ions in the discharge can significantly influence the positive ion flux
impinging upon plasma-facing surfaces [73], [71]. Essential issues are the mechanisms of
the negative ion generation and destruction, the influence of negative ions on transport
properties of charged species (ambipolar diffusion), the structure of the plasma sheath
(Bohm velocity), and finally the chemical interactions between neutrals and negative
ions [74]. These topics have been investigated in the context of the usage of electronega-
tive gases in the technology of plasma—surface processing, and the production of negative
ion beams [75]. Some of the most important topics will be discussed in this section.

The density of negative ions in the bulk of the discharge during reactive (magnetron)
sputtering is defined by several creation and destruction processes [70, [77, [7§].

The formation of negative ions in low pressure discharges, where three body processes
are not very plausible, is partially due to dissociative electron attachment to oxygen
molecules and ion pair formation:

Oy+e - 0+0" (6a)
Os+e” =0T +0 +e” (6b)

The total cross section for negative ion formation has been studied by several re-
searchers but the cross section reported by Rapp and Briglia [79] have been accepted
as recommended data [80]. The cross section shows a broad peak (Figure 4)) which is

associated to by following resonance process [81]
e+ 0, (X°%;) = 05 (*M,) — 07 (*P) + O (°P) (7)
At collision energies larger than 17 eV the production occurs through the ion pair

mechanism (Equation 6bf). The above dissociative attachment process is accepted as
the major formation mechanism of negative ions in low-pressure plasmas. Dissociative
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attachment may be strongly enhanced by vibrational/electronic excitation of the parent
gas. Therefore, the production through metastable oxygen molecules has shown to be
important [77]

0 (a'A) +¢~ = 07 +0(°P) (8a)

0y (a'Az) +¢~ =07 +0('D) (8b)

Oy (AP, APA, ¢'%y) + e~ = 07 + 0 (*P) (8c)
0y (b'35) = 040" (8d)

The cross sections for these production mechanisms are also depicted in [Figure 4]
However, the impact of the latter reactions will depend on the electron temperature as
the decay of a metastable oxygen molecule into pairs of neutral oxygen atoms can be
far more dominant than the creation of metastable molecules.

The aforementioned formation processes are compensated by several destruction pro-
cesses. Reported reactions with electrons are [82] [77]

e +0" - 0+e +e (9)

Reported reactions with other species are [82] 83, [77]

0Fy +0° - 0,+0 (10a)
0Of+0" =-0+0 (10b)
O+0" =509 +e” (10(3)

05 +0" =0+0+0 (10d)

Oy, +0" - 03+¢e" (106)

O™+ 0, (alAg) = Oy + ¢ (10f)
0™+ 0, (ald,) -+ 0403 (10g)
O™ +0; (b'5f) = 0y + 0+ ¢ (10h)
O™ +Art — O+ Ar (10i)

The formation and destruction of NOIs based on the aforementioned reactions was nu-
merically studied, among other species, using a global volume averaged discharge model
of an inductive coupled gas discharge as a function of the oxygen content in the gas
discharge [77]. The major conclusions were that negative oxygen ions are produced by
dissociative attachment to oxygen molecules with a strong contribution by dissociative
attachment to metastable oxygen molecules . Negative oxygen ions are,
at high argon content, mainly lost through interaction with positive argon ions
and electrons . Similar results were obtained based on a hybrid
Monte Carlo fluid model of a Oz/Ar DC discharges with low oxygen content (<5%
oxygen) [78]. The latter simulations show a low bulk density for NOIs as compared
to the electron density. One refers to the ratio of both densities as the electronega-
tivity of the gas discharge which can, based on the simulation results, be calculated
as approximately 5x 107 for the lowest oxygen concentration (0.5%) up to 5x10 for
the highest concentration (5%). At similar oxygen concentrations higher values were

10
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obtained for the aforementioned study of an inductive coupled gas discharge [77]. The
latter study shows also an almost linear increase of the electronegativity as a func-
tion of the oxygen concentration within the discharge. The electronegativity reaches a
value of 0.4 for a pure 500 W oxygen discharge. The authors report that the results are
consistent with some experimental studies. Simulations have also been performed for
magnetron discharges. A study on a DC magnetron discharge using a chromium target
by a collisional-radiative model reports on an electronegativity of approximately 0.015,
independently of the oxygen content in the discharge [87]. A PIC/MC simulation shows
also very low electronegativity values, i.e. approximately 4x 10 for 30% oxygen in the
gas discharge [88]. The calculations are performed above the racetrack region. Another
PIC/MC shows at similar oxygen content in the discharge an electronegativity value of
0.04 [89]. According both to PIC/MC simulations, a higher negative ion density is found
further away from the cathode. This behavior is attributed to the difference in mass be-
tween electrons and negative ions [89]. The negative ions are generated in an area close
to the cathode but in contrast to the electrons the heavy O ions are not trapped by the
magnetic field. Therefore the negative ions will move towards the positive plasma po-
tential region. A similar reasoning was used to explain the high electronegativity values
experimentally measured in a region above the center of the target [66].

To explain the observed difference between experimental and simulated NOI densities
in pure oxygen DC discharges at pressures between 5 and 20 Pa, an alternative mecha-
nism was suggested where oxygen ions are formed close to the cathode surface [74]. The
authors propose that their formation is due to the interaction with high energy positive
ions accelerated towards the cathode and oxygen molecules

Oy + X7 (high E) - O" + O~ + X" (11)
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Although this mechanism takes place close to the cathode, the negative ions are not
produced at the cathode surface as will be discussed in the next section.

4. Negative oxygen production at the target surface

Negative ions can be formed at a surface based on two mechanisms [90]. Atoms or
molecules that impinge on a hot surface can be ionized when re-evaporated. This mech-
anism, known as thermodynamic-equilibrium surface ionization, is perhaps only im-
portant during hot target sputter deposition, but will be less common during a more
traditional usage of sputter deposition. The second mechanism is negative ion sput-
tering. An extensive amount of research have been performed to unravel this process
of atomic secondary ion emission. There are two main driving forces for this research.
First, negative ion emission is often observed and studied during SIMS.

A second motivation is the production of negative ion sources. As will be discussed
further in the text, negative ions are often seen as a main disadvantage during sputter
deposition but this point of view is clearly not shared in the ion beam community.
Within this community, special efforts are taken to generate NOIs because it allows ion
beams of mixed positive and negative ions to be produced and to avoid in this way
surface charging during the bombardment [90, [91].

Despite the wealth of information produced under these driving forces, there is still
no theoretical model that can predict the secondary ion probability with sufficient ac-
curacy [75]. Hence, a full description will probably not be possible for each oxide and/or
oxygen/plasma exposed surface. The reason for this lack is simple: the process is com-
plex as the ionization of the sputtered particles is complicated by the dependence on
the characteristic properties of the outgoing particles, the emitting surface, and the pro-
jectile ions as well as the mechanism of the ejection process. Various models have been
proposed for a theoretical description of the ionization process. The models are typically
described as a two-step process that involves first the ejection of atomic and/or molecu-
lar particles from the surface via knock-on sputtering. Evidence for this first step is given
by investigations for negative ion emission with different bombarding ions, incident an-
gles and ion energies. The agreement of the negative ion yield dependencies on these
parameters with the Sigmund model [92] show that the O™ ions are emitted by the same
mechanisms for the sputtering of neutral atoms [93]. As a second step of the negative ion
emission mechanism, an electron transfer between the surface and the ejected particles
is proposed. For example, it is generally accepted that a resonance charge transfer is the
primary process responsible for atomic secondary ion formation/survival. The charge
transfer occurs between a sputtered particle and the solid’s surface as the sputtered
particle departs the surface, i.e. during or shortly after the bond is broken between
both players [94]. Two major models have been developed based on the resonant charge
transfer: a bond-breaking approach for insulating substrates with (partially) ionic bonds
between the constituent elements, while for (semi)conducting substrates with covalent
or metallic bonds an electron tunneling approach is used.

A strong increase in the negative oxygen ion yield from metal surfaces exposed to
oxygen is observed when the work function of the metal is reduced by the deposition of
alkali metals such as Li or Cs on the target during the sputtering experiment [95] 96, 97].
In older work, the observation of negative oxygen ions and/or negative charged oxygen
containing clusters was probably caused by the poorer vacuum conditions which led to
adsorption of water and/or oxygen on the metal surface [98]. This contamination could
be removed by heating the metal surface [99]. The enhancement by the deposition of
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Figure 5. Schematic overview of the change of the affinity level (red lines) as a function of the distance versus
a metal surface. The level width is indicated in orange. A simple band diagram of a metal (at 0 K) is presented
in green. The deposition of alkali metal will result in a lowering of the work function ®, or a raise of the Fermi
level. A few positions of the Fermi level are shown.

alkali metals is typically described with the electron tunneling model. The electronic
levels of an oxygen atom couple with the metal levels when the oxygen atom is close
to the metal surface. The metal levels form a quasi-continuum of states and the atomic
levels are degenerate with this quasi-continuum. As a consequence of the coupling, the
atomic level acquires a finite lifetime or equivalently a width Az. The interaction with
the surface also results in shifts of the level energies which, as a first approximation,
are understandable as image charge shifts. The coupling between atomic and metal
levels induces an one-electron charge transfer process between the atom and the surface.
It involves transitions with a constant energy and is usually termed ’resonant charge
transfer’ [100]. For the formation of negative ions, the level of interest is the electron
affinity level of the atom leaving the surface . To tunnel from the metal to the
affinity level of the atom, this level must correspond in energy with the occupied states
in the metal. As the atom travels further from the surface, the affinity level increases
to cross the Fermi level at some distance known as the crossing distance. To leave the
vicinity of the metal surface as an ion, the ion must survive neutralization which is
only possible when the width of the electronic level is sufficiently small [T0I]. In the
case of O emission from a Cu or Al surface, the affinity level width (life time) is quite
large (small) and hence the ionisation probability is small. By the addition of alkali
elements, the work function is gradually reduced (see &g — ;- - in and the
crossing distance increases. In this way not only the electron tunneling to the leaving
oxygen atom can occur over a wide range of distances from the surface but also the
probability it survives neutralization increases due to the longer lifetime. From
it is clear that at some alkali metal coverage the survival probability will become unity
[102]. Based on the above description, the work function dependence of the negative ion
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Figure 6. (a) The relative intensity of negative oxygen ions emitted from oxygen covered vanadium as a
function of the inverse of the ion velocity (bottom axis)/energy (top axis). Experiments were performed at
different Cs loading resulting in a shift of the work function. According to the tunneling model all lines should
converge at the origin (data taken from Bernheim and Le Bourse [I03]) (b) The intensity of negative oxygen
ions emitted from oxygen covered vanadium (exposure 4 Langmuir) as a function of the work function change
induced by cesiating the surface during 500 eV Net bombardment (data taken from Yu [95]). (c) The derivative
of the data shown in (b), i.e. d1In (I) /d (A®) as function of the work function change.

yield can be written as [104]

o X exp (—M> (12)

€n

where A’ and ¢, represent the electron affinity at the crossing distance from the surface
and a parameter which depends on the particular ionization mechanism, respectively.
This exponential dependence of the ionization probability on work function is however
only a crude approximation within a limited range of A®. Indeed, based on
it is expected that the derivative d1n (1) /d (A®) is constant. However, the derivative
changes in some cases monotonically ,c) [102]. Moreover, a detailed analysis
showed that the predicted inverse velocity dependence of the ionization probability fails
at lower velocities where experiments reveal a velocity independent ionization proba-
bility [104]. The application of the tunneling model at high energy would lead to a
probability independency of the work function which seems not to be confirmed by
experiments ([Figure 6h).

Deviations from the electron tunneling model can indicate the presence of additional
excitation-based mechanisms. Many mechanisms have been described and discussed.
Here, we focus on a specific example related to negative oxygen emission. The impact
of low energy Na® (<500 V) ions on Al covered with oxygen showed that both the
electron and negative ion emission increases with increasing oxygen coverage [105, [106].

Nat ions were chosen to exclude potential electron emission from the metal surface
[107, [108]. The low energy of the ions also reduces the probability of kinetic electron
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Figure 7. Negative oxygen yield for Na™ on polycrystalline Al and Mo(100) surfaces as function of the surface
coverage. The ion energy was 350 eV and 250 eV for the Al and Mo experiment, respectively. The negative
oxygen yield data was taken from Tucek et al. [I05](Al) and from Tucek et al. [I09] (Mo). In these papers
the negative ion yield is presented as function of the oxygen exposure. The latter was converted to an oxygen
surface coverage using the oxygen adsorption studies for Al by Zhukov et al. [I10] and for Mo by Riwan et al.
[I11]. The lines are linear fits through the data.

emission. Indeed, the observed energy distributions for both the electrons and negative
oxygen ions can only be partially explained from direct kinetic emission (electrons) and
a collision cascade (oxygen ions). The authors propose a collision induced excitation
mechanism of the negative oxygen anion residing on the Al surface which leads to
both electron emission and oxygen ejection. This mechanism is also used to explain the
electron and ion emission for oxygen covered molybdenum surfaces [109]. The similarity
between a single cyrstalline Mo(100) surface and a polycrystalline sample is used as a
proof that for a significant secondary electron and negative ion emission, there must be
oxygen on the metal’s surface, but, to first order, it does not matter how the oxygen
is bound. The study is further expanded to stainless steel (SS) surfaces. The latter can
be important as most vacuum system are built from this material. Hence it is possible
that low energy negative oxygen ions are released from the vacuum chamber walls
which could affect the modeling of oxygen containing gas discharges [112} 113]. The
same group has expanded the research to other metal/oxygen adsorbate systems such
as W/Oq [114] and Si/O2 [115] bombarded with Na™ ions. For Al, Mo, SS, and W the
negative ion yield was determined for a fully covered surface. The yields at 250 eV Na™
were equal to 0.044, 0.006, and 0.006, 0.022 for Al, Mo, SS and W, respectively. The
NOI yield has also been measured as a function of the oxygen exposure. This means
that this data can be used to investigate the correlation between the NOI yield and
the oxygen surface coverage. Other studies have investigated the oxygen coverage as a
function of the oxygen exposure for Al [I10] and Mo [ITI]. The combination of these
papers with the aforementioned results for the NOI yield is presented in It
not only interesting to see that in both cases a linear correlation is found, but rather

15



450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479

480

496
497
498

499

similar slopes are observed.

When metal surface is bombarded by oxygen ion beams or by inert gas ions during
oxygen exposure (known as flooding), the material surface becomes oxidized, i.e. in con-
trast to the previous sections, not only oxygen is chemisorbed on the top surface but also
oxidation occurs within the subsurface. Simultaneously, a strong increase of both the
positive metal ion and the NOI yield is observed [116], 117] (Figure 8)). The pronounced
yield enhancement is observed independently of whether the surface oxidation caused
the work function to increase or decrease [104]. Another resonant charge transfer model
for ionization, know as the bond breaking model, was suggested to explain the observed
phenomena [IT8], [119]. The model is based on the idea that a description of an oxidized
target surface in terms of continuous energy levels may not be appropriate. The sput-
tered particle may interact only with a few discrete electronic levels corresponding to
the local ion bonds between the particle and the target atoms. In the model, ionization
is assumed to result from breaking a partly ionic bond between the emitted atom and
the oxygenated surface. This scenario has been discussed in terms of a crossing between
the diabatic potential curves describing the interaction of an ionic and neutral particle
with the surface. Diabatic means that there is no electronic interaction between the
two covalent and ionic pairs. The model explains both the positive ion yield and the
negative oxygen yield increase in agreement with the experiment . The sput-
tered oxygen atom leaves an anion vacancy at the surface. In case ionization occurs, the
excess of positive hole must be trapped by this anion vacancy for a limited time to allow
the oxygen atom to leave as a negative ion. An equation quite similar to
can be derived [120]. The aforementioned reasoning can also be reversed to explain the
emission of positive metal ions. According to Yu, the bond breaking model is similar in
formulation as models based on the idea that the oxygen enhanced positive ion emission
originates from the dissociation of sputtered, excited, neutral oxide molecules into a pair
of positive and negative ions [119)].

In some cases, not only the negative oxygen yield is increased but also the negative
metal ion yield. To describe this behavior, adaptations to the bond breaking model are
required. For example, in the surface polarization model [121], surface heterogeneity is
introduced to tackle this problem. It postulates the existence of more complex types of
bonding sites comprising at least next nearest neighbors which allows for rationalizing
of both negative and positive ion yield enhancement with oxygen [122]. However, as the
surface polarization model predicts a simultaneous decrease of the positive metal ion
yield, in contrast to the experimental results it has been challenged [123)], [116].
The "anti-site" model has been suggested as an alternative which states that due to the
bombardment some metal atoms will be present on anion sites, and hence can leave as
a negative species [124].

As mentioned above, the explanation based on the image charge fails for insulating
ionic surfaces and hence one would expect that the electron transfer from the surface to
the atom is less favorable. Indeed, to allow an electron transfer from the ionic surface,
the affinity level would need to shift more to align with the electron levels in the valence
band. However, in contrast to a metal, the image attraction will be smaller. In strong
resemblance with the bond breaking model, it can be argued that the downshift of the
electron affinity level is in these cases still possible, even for strong ionic surfaces. In the
latter case, the valence electrons are strongly bound to the oxygen sites, and therefore,
the electron transfer from the surface to the leaving atom is mainly a local event where
the electron moves to the atom from a particular oxygen site. As a result, this local
site becomes a positive region on the surface which results in a Coulomb attraction
that leads to the downshift required to bring the affinity level and the valence band
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Figure 8. Correlation between the intensity for negative oxygen and positive Si ions emitted from silicon
doped with different oxygen concentration (color scale) bombarded with 3 keV Ar ions. Data taken from
Wittmaack [116].

into resonance [125]. As the negative ion moves away from the surface, it would still be
possible that the reverse process, i.e., electron tunneling back into the material surface,
occurs. However, the latter is less probable as the affinity level will overlap with the
band gap between the valence and the condition band [126]. It should also be remarked
that the aforementioned distinction between insulating and conducting surfaces should
be handled with some care as in both models preferential sputtering of oxygen from
the bombarded oxide surfaces will result in defect states located in the band gap of the
solid [127] which could affect the description of the NOI mechanism.

5. Quantitative ion yields

The aforementioned mechanisms for negative ion formation at the target surface show
a strong correlation between the work function and the negative ion yield. A similar
correlation can be found for the ion induced electron yield [128 129 130]. This in-
spired researchers to investigate the correlation between negative ion and the electron
yield [I3I]. It was shown for 13 different metals sputtered in DC reactive mode that
the integrated intensity of the high energy peaks measured with a mass spectrometer
(similar to the one shown in normalized to the sputtering yield of oxygen
correlates with the ion induced electron yield measured for the poisoned targets. The
correlation was confirmed for a few other metals [132]. This correlation indicates that
the probability a sputter oxygen atom to leave the target surface as an ion is related
to the electron yield of the same surface (Figure 9p). The used measuring method, i.e.
mass spectrometry, hinders however to set up a quantitative correlation. As mentioned
in the negative ion yield has been quantitatively determined during reactive
magnetron sputter deposition for four materials: YBCO, ITO, CeO,, and TiOs. Also
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the sputtering yields of these materials are known, and the electron yields can be calcu-
lated or have been published. A verification of the relation between the probability and
the electron emission yield becomes in this way possible. Despite the limited number
of data points in (blue points) a similar trend is observed which allows a
quantification of the negative ion yield for a wide range of materials. A further test of
this quantification can be made by a comparison between the calculated negative ion
yields and another experimental data set. The absolute yield for the ejection of negative
(and positive) ions from clean and oxidized surfaces of several metals was determined
by Benninghoven et al. [141) [142] 143] 144]. An overview is shown in . The
latter measurements have been made for 3 keV Ar* ion bombardment on metal surfaces
exposed to oxygen. Under the assumption that the negative ion yield just scales with
the impact energy, and a similar oxide layer is formed as during magnetron sputtering,
it is possible to compare this data set with the calculated ion yields during reactive
magnetron sputtering. A positive correlation between both data sets is found as shown
in :

The negative oxygen yield for BaTiO3 has been reported under the same conditions
as used in the papers by Benninghoven et al. and has a value of 0.12. The correlation
between the ion beam yields and the magnetron yields can be used to estimate the
negative ion yield for magnetron sputter conditions. The electron yield was measured
by Shintani et al. using a retarding field analyzer to understand the etching of a plat-
inum substrate during DC diode sputtering from a BaTiOg target [145]. The authors
attributed the observed etching to energetic neutrals but this result can now be ex-
plained by bombardment of negative ions [146]. The sputtering yield of BaTiOj3 is not
reported at low energy. A rough estimate of the sputtering yield at a typical ion energy
during magnetron sputtering (400 V) can be made based on the reported ion etch rate
at 2 to 3 keV assuming a linear dependence of the sputtering yield [I47]. The result of
the calculation is shown in with a green marker. Although this calculation is
only made for one material and some rough estimates have been made, the reasonable
agreement shows that the obtained data set seems to be consistent. Nevertheless, it
should be mentioned that for some materials (Li, Mg, Y and YBCO) the ratio between
the negative ion yield and the oxygen sputtering yield is larger than 1 ) which
indicates that the error on the obtained results is probably large as a value larger than 1
indicates that more negative ions leave the material than can be sputtered. However, for
two of these materials (Mg, Y) oxygen oversaturation during reactive sputtering have
been reported which could indicate an additional negative oxygen emission mechanism
based on outdiffusion of oxygen from the target [148].

The correlation between the electron and the negative ion yield holds an interesting
guideline for deposition during reactive magnetron sputtering. As the discharge voltage
is defined by the electron yield [136, 149], the formation of an oxide layer during target
poisoning induces a change in the discharge voltage. A drop in the discharge voltage on
poisoning indicates that the formed oxide has a higher electron yield than the metal,
and hence it can be expected that negative ion bombardment can be important during
film growth.

6. Trajectory of negative ions
High energy NOIs are generated at the surface of poisoned metal targets, or oxide targets

during RF magnetron sputtering. They are accelerated over the cathode sheath. Their
trajectory will for a great extend be determined by the orientation of the target surface.
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Figure 9. a) Correlation between the negative oxygen yield normalized to the oxygen sputtering yield, and
the electron emission yield. The data represented in red markers has been taken from [I31I]. The blue mark-
ers are calculated based on the published data for the negative ion yield (YBCO [44], ITO [54], CeO2 [58],
TiO2 [53]). The used sputtering yields were taken from experimental data (YBCO [133], ITO [134] [135], CeO2
[136} [135], TiO2 [136] [135]. For the electron yield experimental data was taken for YBCO [44] and CeO2 [136],
and TiO2 [136]. For ITO, the electron yield was calculated based on published values for the work function
[37].

b) The absolute yield for O (green) and O (orange) ions from oxidized metal surfaces. The yield was deter-
mined by static secondary ion mass spectrometry. The surface was oxidized at room temperature by exposure,
expressed in Langmuir, to oxygen (Cr: 1600 L, Nb, Ta, V: 1000 L, Ba, Mg, Sr: 12000 L, and Cu, Ni, Ti: 1200 L).
The exposure was sufficient to fully oxidize the polycrystalline surface. Ion bombardment was performed with
a 3 keV Ar beam at an angle of 20° versus the surface.

¢) The negative oxygen yield taken from figure b as a function of the calculated yield based on the correlation
shown in figure a. Literature values for the electron yield for BaO [I38] and SrO [139] were used. The sputtering
yield for these materials were taken from Yoshimura et al.[I40].
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Figure 10. Simulated negative oxygen ion current density on a 5x5cm? substrate positioned 10 cm from a 2
inch circular planar target which is eroded for a different duration (as indicated per image). The target erosion
profiles were taken from experimental work by our team[I55]. Simulations were performed using SIMTRA
[150, [I51]. The starting positions of the 400 eV oxygen ions were weighted based on erosion groove. The ions
were launched according the local normal direction. The argon pressure was equal to 0.5 Pa. The simulated
discharge current was 0.5 A while the negative ion yield was set at 0.01.

This explains the differences observed in the usage of rotating cylindrical targets, the
implementation of off-axis sputter deposition and facing target configurations, but also
the impact of the target lifetime for planar magnetron configurations. The trajectory of
the negative ions can be modeled with a simple ballistic approach where the ion follows
a straight trajectory from its launching position on the target towards the growing film.
To make the calculation more realistic, gas scattering could be included. During the
discussion on target erosion, magnetron design, deposition configuration and conditions,
test particle Monte Carlo simulations with the SIMTRA code will be used to guide the

discussion [150] 151].

6.1. Target erosion

Several authors have reported on the change in film properties as function of the target
lifetime. Examples are: film density and coloration of WO3 films [I52], texture evolution
of ZnO [153], electrical properties of Al doped ZnO [19]. Measurements of the NOI count
rate radially over a Zn target sputtered in poisoned mode shows that the negative ions
are only emitted from the racetrack, and their trajectory depends strongly on the target
lifetime [I54]. The magnetic configuration of a magnetron results in a localized, toroidal
shaped ionization region above the target. As the positive ions are not affected by the
magnetic field, they travel in straight paths towards the target, and hence the target
is locally eroded by sputtering. For planar targets, the erosion groove (or racetrack)
becomes deeper during the target lifetime. In the case of a DC magnetron discharge, the
full discharge voltage drops in the sheath which has in the case of a magnetron discharge
a thickness of the order of 1 mm. As the sheath above the target follows the target surface
profile, this means that the negative ions, accelerated over the sheath, will have a launch
direction defined by the local orientation of the target surface. For a non-eroded, new
target, the majority of the ions will be detected directly opposite to the racetrack. For a
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strongly eroded target, the ions formed at the inclined surfaces of the erosion track will
be launched in a non-normal direction, This will change the negative ion flux towards
the growing film, and hence the film properties can depend on the target life time which
is detrimental regarding the reproduciblity. Of course, not only the negative ion flux
will change, but also other species such as sputtered atoms and reflected neutrals will be
redirected. However, the nascent energy distribution of sputtered atoms and reflected
neutrals has typical a cosine related distribution. Target erosion will modify the final
distribution only to a minor extend [I56]. Further, the contribution of reflected argon
neutrals will be smaller for oxide and poisoned target surface due to lower, average
atomic number. Reflected oxygen atoms are less important as the oxygen fraction in
the gas discharge is typically below 20% during reactive magnetron sputtering.

The effect of the erosion profile on the distribution of the negative ions is modeled
using the aforementioned particle trajectory code SIMTRA. To include the target ero-
sion profile in the public version of this code the following strategy was followed. A 2
inch planar circular target was meshed in 24x180 trapezoidal cells. The orientation of
each cell was calculated from experimental erosion profiles which were measured during
the target life time [I55]. The negative ions were launched in the normal direction for
each cell with an energy of 400 eV. A square substrate (5x5 cm?) was placed at a dis-
tance of 10 cm from the target. Both target and substrate were place in a cubic vacuum
chamber (the simulation volume) with an edge length of 0.5 m. The argon pressure was
set at 0.5 Pa. shows the result. The racetrack of a fresh target (0 minutes)
is reflected on the substrate. As the target is more eroded, the ions gets more focused
towards the center of the substrate to reach high current density (approx. 1.5 mA /cm?
for an assumed discharge current of 0.5 A and a negative ion yield of 0.01) for a 850
minutes eroded target. Further erosion leads to a more even spreading of the ions of the
substrate. The high ion current densities could lead to space charge effects as observed
for low energy ion beams [58]. The result will depend on the details of the magnetic
field configuration and the target-to-substrate distance.

The change of the launch direction due to the target erosion has also an important
impact on the measurement of the negative ions using mass spectrometry as the latter
has a low acceptance angle . Therefore, the interpretation of radial dis-
tribution of negative ions emitted from the target using mass spectrometry must be
treated with some care. This has been demonstrated for the deposition of AZO thin
films. While the radial distribution of the high-energetic negative ions as measured with
the mass spectrometer showed two maxima opposite to the race track, the resistivities
of the films only showed one maximum opposite the center of the target. While the mass
spectrometer has a low acceptance angle of a few degrees, the sample has an acceptance
angle of 90° which is the cause of this discrepancy [I57]. The latter can also be proven
using SIMTRA. The simulations show that for the deepest eroded target approximately
70% of the NOISs reach the 5x5 cm? substrate, i.e. a drop of 30% as compared to a fresh
target. This effect is much stronger when the acceptance angle is limited to 1°. While
22% of the NOIs can be measured at the substrate position for a fresh target, only 2.5%
will be measured for the deepest eroded target.

6.2. Rotating cylindrical target

The high energetic NOIs follow approximately a straight path from target to substrate.
The formation of the erosion groove on a planar targets results in a concave surface
which can lead to a different ion density profile on the sample as discussed in the
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Figure 11. The angular distribution of negative oxygen ions as measured with a mass spectrometer during
sputtering of Al in poisoned mode with a planar target (red closed markers) and a rotating cylindrical target
(blue closed markers). The open markers show the simulated ratio between the negative oxygen and metal flux
using SIMTRA. Data were taken from Mahieu et al. [33].

previous section. The surface of rotating cylindrical magnetron is however convex, and
hence the angular distribution of the emitted negative ions will be different. The latter
is confirmed by experiments [33] as shown in The angular distribution of ions
emitted from a planar target peaks at 0°, i.e. at the center of the substrate position.
The angular distribution of ions emitted from a rotating cylindrical magnetron shows
two peaks, one for each leg of the racetrack. This difference in angular distribution
was also demonstrated by a comparison of the properties of YBCO thin films located
at different positions under a rotating cylindrical magnetron [I58]. The trajectory of
negative oxygen ions generated at a rotating cylindrical target has been calculated by
an 2D PIC-MC simulation. The negative ions are ejected as sharp rays from the two
legs of the racetrack in agreement with the above analysis, The simulations are linked to
the increased resistivity of experimentally deposited ZnaSnOy thin films [I59]. Similar
simulations have been performed for a dual planar magnetron configuration showing
the same beamlike behavior of the ejected negative oxygen ions [160].

6.3. Strategies to reduce the impact of negative ion bombardment

6.3.1. High pressure experiments

The idea behind an increasing of deposition pressure is to achieve more scattering of the
negative oxygen ions, and hence less negative ions bombard the substrate. Krumme et
al. [38, 139] have studied by mass spectrometry the pressure dependency of the negative
oxygen ion flux for both YBCO and a bismuth-gadolinium-iron garnet targets. During
DC sputtering at constant discharge power, the m/q=16 signal decreases for the high
energetic NOIs, while remaining more or less constant for the low energy NOIs. The
pressure dependency for RF is more complicated. The intensity of the low energy ions
show a steep decline with increasing pressure. The signal for the high energy ions ini-
tially increases with pressure, but drops at high argon pressures. A similar behavior
was observed when argon was replaced by krypton or xenon. The difference in behavior
between DC and RF excitation should however be treated with some care because espe-
cially at high pressures the distinction between the low and high energy contribution for
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Figure 12. Simulation of the deposition flux (left hand axis, pink markers) and negative ion energy (right
hand axis, black markers, grey background) as a function of the argon pressure. The grey region is defined by
the lowest and highest ion energy arriving at the substrate. The bottom three figures give the distribution of
the momentum per arriving atom (MPA) over a 5x5 cm? sized substrate located 10 cm the target. Simulation
conditions were the same as for with a non-eroded target. Molybdenum (Mo) was chosen as trans-
ported element as its mass is close to the average of yttrium, barium and copper.

RF seems somewhat artificial as the peak energies become almost equal. As mentioned
before, the interpretation of mass spectrometry results is complicated by the low accep-
tance angle of the device. Scattered negative ions are more difficult to detect, even if
they have only lost part of their energy. Furthermore, at higher pressure, the probability
of electron detachment (see increases, and the negative ions become energetic
neutrals [47].

Most experimental work shows that very high pressures are required before negative
ions get thermalized. The latter is also confirmed by the performed SIMTRA simula-
tions. It is assumed in the simulation that the launching energy remains constant to
disentangle the effect of pressure and the effect of ion energy. In real experiments how-
ever, the discharge voltage at higher pressure will be lower [161], [162], and as such also
the launching energy. Other effects such as electron detachment in the cathode sheath
could affect the ion energy because the maximum energy an ion obtains, is determined
by how long it will retains its attached electron. However, this effect can be neglected
as the cathode sheath is only of the order of a millimeter [163] 164, [165]. Moreover, the
effect of the higher pressure (atom density) which enhances the probability for electron
detachment, will be (partially) compensated by the narrowing of the cathode sheath
as the deposition pressure increases [166]. [Figure 12| shows the average energy of the
NOIs that arrive on a 5x5 cm? substrate located at 10 cm from a 2 inch target. The
average energy is close to the initial energy at low argon pressure, but at high pressure
the energy of the ions is still very high as compared to displacement energies in mate-
rials. These simulations are in line with analytical calculations [163, [164]. For example
at 3 Pa, the lowest simulated energy is still close to 200 eV. The deposition flux shows
the typical behavior with a maximum as function of the argon pressure. The deposi-
tion rate decreases faster with increasing pressure than the average energy which means
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that the gain in a reduction of the momentum flux towards the growing film ceases once
the maximum in deposition rate has been reached. The latter can also be evaluated
by the calculated the transferred momentum due to negative ion bombardment scaled
per arriving metal as shown in the bottom images of The main effect of the
increased argon pressure is a more evenly spreading of the momentum flux. Hence, it is
more difficult to observe the behavior of the NOI impact as the substrate is more uni-
formly bombarded. Moreover, as mentioned before, a decrease of the discharge voltage
during constant current/power experiments will be observed. Hence, the negative oxy-
gen ion energy will decrease. Alternative strategies to lower the discharge voltage have
also be suggested in literature. The change of the ion energy by changing DC powering
to RF powering will be discussed further in the text. Another approach is to increase
the magnetic field strength at the target [I8, 167, 16§].

6.3.2.  Off-azis and facing target sputtering

Not only working at high pressure have been reported as a method to avoid negative
oxygen bombardment during the deposition of YBCO thin films [169], but also off-axis
sputtering [I70], facing target sputtering [I71], hollow cathode gas flow sputtering [172],
and the usage of a mask between target and substrate have been applied [173, 174 [175].
In the case of off-axis sputtering, hollow cathode gas flow sputtering, and facing target
sputtering, the substrate normal is perpendicular to the target normal, and in this way
negative ions are hindered to reach the growing film. Target erosion can however in the
case of off-axis sputtering result in an increase of the negative ion flux because ions
launched from the inclined surface of the eroded target can reach the
substrate [I70]. Some of these approaches have also been implemented for the deposition
of transparent conducting oxides (TCOs): e.g. facing target sputtering for ITO [176, 177,
178, [I79]. The impact of off-axis deposition on the opto-electronic properties of AZO
films have been studied. The effects have been attributed to negative ion bombardment,
but the influence of other deposition parameters such as the deposition rate and a
possible effect of the chemical composition due to a difference in deposition profile of
Al and Zn have not been evaluated [I80]. Similar work was performed for Ga:ZnO
[I81]. The use of facing target dual rotating cylindrical magnetrons to deposit AZO
have been reported to reduce the damage to Cd(In,Ga)Ses solar cells. To compensate
for the low deposition rate, a bilayer was deposited with the magnetrons first in facing
configuration, and then the magnet assembly was rotated to point directly towards the
substrate [182].

A similar strategy to avoid negative ion bombardment is the use of a shield as demon-
strated during the deposition of AZO films by RF magnetron sputtering using a oxide
target [183].

6.5.3. Substrate bias

A negative bias on the sample to deflect the negative ions have been reported [184]. A
more complex strategy to reduce the energy of the negative oxygen ions by an electric
field is magnetic field shielded sputtering. The set-up includes a permanent magnetic
array between the magnetron and the substrate holder. The plasma is confined between
the magnetron and the array because electrons are trapped in the magnetic field of the
array. As the array is electrically isolated, its potential becomes negative with respect
to the plasma, and hence it limits the negative ions to impinge at full energy on the
substrate [185].
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7. Impact on thin films

The bombardment of the growing film with NOIs leads to several changes which are
known and typical for sputter bombardment: i) material removal, or resputtering ii)
preferential sputtering and hence compositional changes, iii) morphological, microstruc-
tural and textural changes. These effects are not limited to the growing film but can
also affect existing thin films and devices, and can be subdivided under sputter damage
[186]. This paper will mainly focus on the correlation between growing film properties
and the presence of NOI bombardment.

Some papers attribute the observed changes in film properties to negative ions using
the similarities with other studies but without actual proof for the presence of negative
ions. The difference in deposition geometry only can already affect the relative number of
impinging ions as illustrated in The observed behavior can also be influenced
by other energetic species present in the gas discharge. The material dependency will
express itself in the material sensitivity on ion bombardment but also in the ion energy,
and the number of ions per film forming species arriving at the same substrate. The
latter can be expressed as an ion-to-atom (ITA) ratio,

Yo- I fo-

S i

(13)

where 75— represents the negative oxygen yield, Y the compound sputtering yield, I™
the ion current on the target, and f; the fraction of ions (i = O~) or atoms (i = ¢) that
arrive on the substrate, i.e. the transfer functions.

A benefit of this literature overview is the quantification of the NOI yield as obtained
in The correlation between the probability for a sputtered oxygen ion to leave
the oxidized target as a NOI, and the electron yield can be used to calculate
the negative ion yield for different metal target sputtered in poisoned mode, or for oxide
targets sputtered in pure argon. The probability that a negative ion will arrive on the
substrate, i.e. the transfer function, can be simulated using SIMTRA (see e.g. [Figure 10
or . In a similar fashion, it is possible to calculate the deposition rate by a
combination of the same simulation geometry and the sputtering yield for the metal
from the poisoned target. Values for the latter have been published for a wide range of
metals [148]. The used deposition symmetry in the SIMTRA simulations was a two inch
planar magnetron located 10 cm from a 5x5cm? substrate. The transfer function for
the studied metals was on average 7% while for the energetic ions (400 €V) the transfer
function was 80%. summarizes the calculations.

Multiplication of the ITA with the ion energy opens the possibility to study the
influence of the ion impact by comparison with typical displacement energies.
shows this scaled energy for a low (200 eV) and a high (1000 eV) energy. The two green
lines refer to typical displacement energies for oxides [I87, [I88]. The comparison between
the energy per deposited atom and the displacement energy was also used to set-up a
structure zone diagram which included ion assisted deposition [I89].

The two figures will be used to guide the discussion of the following subsections. The
values should not be treated as absolute guidelines because for example all simulations
were performed with identical conditions but the specific experimental set-up can have
a strong impact on both ion energy, and the ion trajectory. Nevertheless, the discussed
approach is applicable for future work and as relative statements can be made, some
initial conclusions can be discussed already at this point. The high atom-to-ratio ex-
plains the historical role of the material research on YBCO in the quantification and
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Figure 13. (a) The ion-to-atom ratio calculated for several materials. The negative ion yield was obtained
from the correlation obtained in For WO3 the calculated target condition [I36] was used to calculate
the work function of the reduced target state [191], and the electron yield. The sputtering yield was taken from
literature [192]. For SiO2 the sputtering yield was taken from Seah and Nunney [25]. The electron yield was
calculated based on empirical equations [193]. A work function of 4.5 eV was used for ZnO to calculate the
electron yield, realizing that the work function can strongly depend on the synthesis method, surface treatment,
and surface cleanness. Literature values were used for the sputtering yield [I94]. The transfer function of the
negative ions was calculated using SIMTRA simulations using the same configuration as for at a
pressure of 0.5 Pa. The same configuration was used to calculate the transfer functions for the different elements
assuming a Thompson energy distribution and a cosine angular distribution. Except for ITO, BaTiOs, and
YBCO, the deposition rate was based on experimental sputtering yields for metal targets in poisoned mode.
For ITO, BaTiO3, and YBCO, the target was assumed to be sputtered without oxygen addition.

(b) The ion-to-atom ratio was multiplied with an ion energy of 200 €V (dark bars) and of 1000 eV (light bars).
The two green lines indicate a low (20 €V) and high (60 eV) threshold for typical displacement energies for
oxides [I87] [188].

determination of NOI bombardment. The developed strategies during this research has
been beneficial to improve the properties of TCO materials [I146]. The impact of NOIs
during the deposition of these materials became more challenging with the replacement
of ITO by AZO. The latter material has a higher negative ion yield [I90], and hence
a higher ion-to-atom ratio can be expected (see values the larger values for aluminum
and Zn as compared to ITO).

7.1. Film texture

Ion bombardment can lead to textural changes and the latter is also valid for NOI
bombardment. For example, NOIs seem to control the the film texture of MgO thin
films deposited by RF magnetron sputtering [195, [196]. Textural changes as function of
the reactive gas flow are also often observed during reactive sputtering when the target
state changes from metallic to poisoned. The strong drop of the deposition rate when
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Figure 14. Texture coefficient for CeOg thin films deposited by reactive magnetron sputtering. The target
was first sputter cleaned in pure Ar (pressure 0.5 Pa, discharge current 0.25 A, and pumping speed 108 L/s).
3 sccm of O2 was added to fully poison the target. The insets show projections of the CeOgq crystal structure.
The arrow indicates the direction of the ions on the three surfaces. Data taken from Van Steenberge et al. [57].

the target poisons, strongly increases the flux ratio between the energy and material, or
stated differently there is more energy available per deposited atom [197]. This typical
transition was not observed during the growth of CeO,. Films have a preferred [002]
fiber texture independently when grown in metallic mode (low flux ratio) or poisoned
mode (high flux ratio) [56]. This texture is expected in metallic mode as the growth is
defined by an evolutionary overgrowth mechanism [197]. In poisoned mode, the growth
is defined by surface energy concepts, and hence a [111] fiber texture is expected because
the (111) surface has the lowest surface energy [198, 199]. The expected film texture
in poisoned mode was only observed for deeply eroded targets. The transition from
[002] to [111] fiber textured film as function of the target erosion depth
was accompanied with a decrease of the energy flux towards the growing film [57]. The
latter is again unexpected as both for metal and reactive deposition typically an increase
in the energy flux is observed when the target gets more eroded. Also the observed
energy flux in poisoned mode is much higher than for Cu and TiN deposition at similar
power and magnetron conditions [200]. Energy resolved mass spectrometry revealed
a similar mechanism as in [subsection 6.1, and allowed the additional energy to be
attributed to the impact of NOIs. This means that for a fresh target the depositions are
performed at high ion-to-atom ratio, and as discussed before, experiments are actually
performed under ion-assisted conditions . The preferential growth under
ion bombardment is explained from the higher projected atomic density in the [002]
direction. When atomic density projected along a crystallographic direction is higher,
the energy/momentum of the impinging ion is distributed over a larger number of
atoms, and hence it is more stable against ion bombardment [201]. This mechanism has
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the preference over a differential sputtering yield mechanisms as according simulations
the latter evolves too slow to explain the texture evolution due to ion bombardment
[202]. The origin in differential damaging relies, according these simulations, on the
crystallographic nature of the channeling process. The latter is not a valid argument
at low energy but the simulations probably set the correct time frame to distinguish
between both mechanisms. The projected atomic density can be calculated based on the
nuclear stopping radii which are energy dependent [201} 203]. The insets of
show the result for three directions in the cerium oxide structure. The {220} surface
is more packed, and hence more stable as compared to the other two orientations, but
also the surface composition is important for the stability of the surface. In contrast to
{220} the surface with the next most densest surface, {200} is oxygen terminated, and
hence, the sputter removal of oxygen by ion bombardment can easily be compensated
by oxygen adsorption from the oxygen/argon discharge. A similar reasoning was made
for the preferential orientation of hydroxyapatite thin films. [204].

Eight different transition metal oxides were deposited in poisoned mode using DC
magnetron sputtering [205]. Although no specific details were given regarding the film
texture, it is reported that the oxides of V, Nb, Ta, W, and Mo grow amorphous while
crystalline samples were obtained for Zr and Hf. Both crystalline and amorphous thin
film were observed for Ti. As no other mechanisms could explain the trend, the authors
attribute this behavior to energetic bombardment because they observe a similar trend
in the film stress. The authors further state that the energy of the negative ions is much
higher for the amorphous oxides because the discharge voltage increases on poisoning
the target, while for the crystalline oxides the voltage increase is moderate. The observed
trends are in-line with the model proposed in the beginning of this section. The high
voltage in the poisoned mode indicates that the ion-induced electron yield for the target
is low [136], and consequently also the probability to eject negative ions will be low.
The trend is also clear from the ion-to-atom ratio or the calculated ion energy per atom
(Figure 13). For W, Nb, and Ta a much lower value is calculated as compared to Zr.
The value of Ti is in between the first group and Zr. This indicates that negative ion
bombardment seems to assist the crystallization of titanium oxide. The above reasoning
is further strengthened based on other results regarding the deposition of TiOy [206].
Off-axis sputter deposited thin films show a low crystallinity. Samples located above
the racetrack of a new target are crystalline and are mainly composed of the rutile
phase. As the arrival position of the NOIs change from above the racetrack towards
the center of the racetrack due to target erosion, samples located above the racetrack
of an old target are still crystalline but the anatase phase is more strongly observed,
i.e. the reverse situations as for a new target. When the discharge power is changed
from DCMS to HiPIMS, the phase composition shifts towards almost pure rutile. The
study also investigates the role of ion bombardment with Xe™ and O™ ions to further
proof the beneficial effect of ion bombardment on the crystallization of TiO thin films.
Strong ion bombardment should lead to amorphization which has been demonstrated
for Y203 [33].

The aforementioned examples show that although some general trends can be ex-
plained, the specific role of NOI bombardment requires detailed analysis and the impact
can be very material dependent. For example, several authors report on the impact of
negative ions during the deposition of ZnO, although one would expect a relative low
impact based on the calculated ion-to-atom ratio or calculated ion energy per atom
(Figure 13|). Nevertheless, several authors [207, 208, 209, 210, 21T, 153], 212] report that
the sample position relative to racetrack affects the ZnO film texture. Samples not fac-
ing the target racetrack often grow with the c-axis perpendicular, c,, to the substrate
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or the (0001) plane parallel with the substrate, while rather a ¢ texture is observed for
samples facing the racetrack. In the latter case, biaxial texturing with the [1120] axis
perpendicular to the substrate has been observed [213] 214]. A similar change in the
texture has been observed when changing the magnetic balance from strongly balanced
(c1) to highly unbalanced (c¢j) which indicates that a strong energy flux towards the
growing film favors ¢ texturing [2I5]. As the NOI yield is expected to increase with
target oxidation, the same conclusion can be made upon a comparison between low and
high oxygen pressure experiments [216] 217], and the addition of aluminum during the
deposition (see also further) [216]. The previously discussed strategies to avoid nega-
tive ion bombardment can be used to keep the ¢, film texture: working at higher total
pressure [218], or by placing the samples parallel to the target normal [219].

A detailed study by Kohl [220] shows that in the case of ZnO, the film texture is
mainly defined by the initial growth stage which can be influenced by ion bombardment
[221]. Another argument for the nucleation driven selection of the film texture is the
fact that annealing of ¢ textured thin films doesn’t result in a change of their texture
but deposition at high temperature results in ¢; textured films [217]. The usage of
heavy xenon ions with an energy of 800 eV results in the formation of ¢; textured
films [222]. When this bombardment is only performed during the initial growth to
form a seed layer, the film texture is not altered due to NOI bombardment [223]. This
indicates that the (0002) layer is rather insensitive to negative ion bombardment. Auger
electron spectroscopy and energy loss spectroscopy measurements show indeed that the
ZnO(0001) surface is relatively resistant to the low energy argon ion bombardment-
induced compositional changes [224]. No changes were observed for the Zn terminated
surface, while a minor oxygen deficiency was observed for the O terminated surface. The
latter can easily be compensated by the presence of oxygen in the magnetron discharge.
The observation of the stable (0002) surface excludes mechanisms based on preferential
sputtering, or on damage controlled selection as sometimes used in aforementioned
references. Strong negative ion bombardment results in the formation of ¢ textured
seed layer which can be used in a similar fashion as for Xe bombardment to obtain
for almost purely ¢ textured films. The origin of the deteriorating effect of negative
ion bombardment on the development of ¢; textured ZnO thin films is not fully clear
but seems to be controlled by the energy, mass and current of the ions. This makes
comparison between several studies difficult as for example a negative bias on the sample
influences both the negative and the positive ion bombardment. Moreover, the presence
of (carbon) impurities [225], the target state during long term deposition [210, 226] can
further blur the general picture.

7.2. Resputtering

The impact of ions on a solid has been described /modeled and quantified in many ways.
Hence, based on the aforementioned discussion on the ion energy, it can be expected that
deposited material is again removed from the sample due to sputtering. In literature, this
process is known as resputtering. In the earlier years of sputtering, the sputter removal
by negative ions was already demonstrated by for example Jennings et al. who studied
sputtering of Au deposited on oxidized tantalum anodes in a pure oxygen discharge
[227]. Resputtering of ZnO was attributed to high energy neutral atoms [207], but later
studies showed that origin of these neutrals are negative ions which are neutralized
during their travel towards the growing film [48].

Also for AZO, resputtering was observed [228]. The impact of negative ion emission
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on the thickness profile was studied during sputter deposition of BaTiOz [229]. Although
no measurements were made regarding the presence of negative ions, the authors cite the
similarity between this material and high temperature superconductors regarding NOI
ejection. This similarity is indeed confirmed by the ion-to-atom calculations .

shows from the latter study the thickness profile for films deposited on
a glass substrate as measured with profilometry. The grey line shows the expected
deposition profile after 20 hours of sputter deposition. It is observed that the measured
thickness is much lower in the region above the target. The change vs. the expected
deposition profile is shown in [Figure 15p. It is observed that the glass substrate gets
etched at the beginning of the experiments. It must however be noted that the observed
lowered deposition rate above the target/race track is not necessarily a direct proof
for negative ion bombardment. For example, intensive electron bombardment can also
induce the same effect [230]. In the latter study, a transverse magnetic field is used to
avoid electron bombardment and hence to obtain a more uniform deposition. As the
magnetic field is too weak to affect high energy negative ions, this result shows that NOI
bombardment is in this specific case not the explanation for the reduced deposition rate.
Substrate heating can also be an alternative explanation. An increased negative biasing
of the substrate have been suggested by Hanak and Pellicane [231] as another alternative
explanation. However, in the paper of Hanak and Pellicane, the results between on the
one hand Y503 and Al,O3 targets are compared with on the other hand In,O3z. The
first two materials are known to have a high electron yield, and hence a high negative
ion yield can be expected ) while for In,Og3 the electron yield is expected to
be much lower which is typical for semiconducting materials [136].

7.3. Compositional changes

Grace et al. discusses the role of NOI bombardment on the chemical composition of
BSCCO thin films and the preferential loss of Bi [232] 233]. In both papers, no real
evidence for negative ion bombardment is given, but the authors refer to similarity for
YBCO targets with a preferential loss of Ba. Hirata et al. [234] illustrates a barium
deficiency in barium for YBaj goCus g50y targets and a decrease of the deposition rate
above the racetrack for BaCug20y. For Y203 and CuOy targets, the deposition rate
decrease is not (or only slightly) observed. The 123’ target composition has been en-
riched to "135’ to compensate the barium (and copper) loss due to resputtering [235].
Experiments shows that hydroxyapatite coatings are deficient in P. Simulations show
that the origin of this deficiency could be the resputtering effect due to NOIs [236].
Also, preferential sputtering of Zn from TasZn3Og [237] and from AZO [238|, 228], and
of Ca from Ca3zCosOg [239] have been attributed to NOI bombardment.

7.4. Morphological and microstructural changes

shows a compilation of SEM micrographs of sputter deposited BaTiOs thin
films [240]. The measurements were performed in a region where strong re-sputtering was
observed . Micrograph a was taken closest to the center, while micrograph
h corresponds to a spot on the substrate closer to the target edge. Black regions in
micrograph a and b is the non-covered glass substrate. For position h a continuous,
smooth film is observed. Etch pits, typical for ion bombardment, are noticed on the
other micrographs which become stronger in density when the sample is closer to the
target center. As a result, the surface roughness increases, and becomes defined by the
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Figure 15. Figure (a) shows the measured thickness profile for BaTiO3 film deposited by RF diode sputtering.
The grey line is the expected deposition profile for 20 hours deposition when no resputtering would occur. Based
on this latter reported profile, the expected profiles for the other deposited profiles were calculated, and used
to calculate the relative change (Figure (b)). The vertical lines indicate the region the film were analyzed by
scanning electron microscopy (see . The deposition conditions are given in the caption of

Data taken from Kester and Messier [229].

ion bombardment. The authors have studied the formation of the etch pits as function of
the film thickness. For thicker films, surface ripples can be observed. Substrate etching
have also been reported during sputter deposition of SrTiOg [241].

Densification of amorphous SiO4 thin film by negative oxygen ion bombardment has
been demonstrated [242].

7.5. Functional film properties

As demonstrated in [section @], the flux of NOIs depends strongly on the relative position
of the substrate versus the target. Hence, it can be expected to observe a spatial variation
of the functional properties which has indeed been demonstrated by several teams [I8),
243]. Especially popular are AZO thin films deposited by magnetron sputtering using
a metallic target [244] or a ceramic target [245, 246, 247]. The observed changes in
crystalline quality, resistivity [248, 238 249, 250] and, carrier concentration can be
explained from the high energetic NOI bombardment. A stronger effect is observed for
Mg xZn,O:Al (with 10 %mol of MgO) as compared to ZnO:Al (with 2 %mol of Al;O3)
[251]. This strong impact of NOI for ZnO is not really expected as the calculated energy
per atom for zinc is only marginal above the displacement energy threshold.
However, in most of the aforementioned studies, the ZnO target has been doped with a
few weight percent of Al (or Mg). Both Al;O3 and MgO have a much lower sputtering
yield as compared to ZnO. This imbalance between the sputtering yields will result
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Figure 16. Micrographs of sputter deposited BaTiO3 deposited by RF diode sputtering. Deposition condi-
tions: 5 hours deposition, target-substrate distance 3 cm, power 100 W, total pressure 2.66 Pa, 1:1 argon:oxygen
mixture. The micrographs were taken in a region indicated in [Figure 15| The micrographs are ordered as func-
tion of the radial distance from the center of the target with micrograph a is taken closest to the target center.
Compilation based on images provided by Kester and Messier [240].
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in preferential sputtering of ZnO, and surface enrichment of the low sputtering yield
material. The surface concentration ratio between ZnO and the dopant oxide can be
calculated as [252], 24]

<Cdopant ) ® . YZnO (Cdopant ) b (14)

CZnO Ydopant C1ZnO

where Y; is the sputtering yield, C; the concentration, and the superscript s and b refer to
the surface and bulk, respectively. Based on the reported values of the sputtering yield of
Zn, Al and Mg sputtered in poisoned mode [I48], the ratio of the sputtering yield can be
calculated as 50 and 19.5 for aluminum oxide vs. ZnO and MgO vs. ZnO, respectively.
Due to these large values, the surface is mainly covered with AlsO3 or MgO which
both have a high NOI yield. This can probably also explain the difference in behavior
between doped and undoped ZnO [216]. However, the difference in XRD domain size
for AZO and ZnO thin films deposited under identical conditions has been attributed
to the local environment of Al atoms which triggers a structural reorganization in the
AZO thin films [253] but in this study the strong difference in NOI bombardment was
not taken in consideration.

Differences in the NOI energy should also be considered to explain the functional
properties. This was demonstrated for a-InGaZnO thin film transitors [43 254 255]
and for AZO thin films [256]. The detrimental impact of NOIs can also mitigated by
controlling the ion energy. It is for example argued that by lowering the discharge volt-
age, and hence the NOI energy, during DC sputter deposition of ITO fewer interstitial
defects are generated [I8]. Due to the shallower implantation of the oxygen into the
growing film, the defects can be annealed at a higher rate during film growth. The
NOI energy can also be modulated by choosing for an another excitation method of
the magnetron discharge. This method was not discussed in but will be
highlighted here due to the clear correlation between the NOI energy and the functional
properties of TCO’s. The average NOI energy dropped from 443 eV DC to 156 ¢V (RF
13.56 MHz) and 57 eV for RF 27 MHz during the deposition of AZO. [257, 258]. To
lower the discharge voltage to even lower values, a high frequency RF (81 MHz) was
superimposed to the DC power [259]. Experiments in the latter study were performed
at constant DC power. The higher total discharge power resulted in a higher substrate
temperatures at higher fraction of RF power. Nevertheless, the wide range in discharge
voltages allowed the authors of this study to demonstrate an optimum discharge volt-
age. The films deposited at too low discharge voltage (<50 eV) remained underdense
despite the higher substrate temperature at lower discharge voltages. Within the win-
dow of 60-110 eV the Hall mobility is maximal, and the drop of mobility above 110 eV
is accompanied with a change from tensile to compressive film stress which confirms the
detrimental impact of high energy NOIs. The effects indicate that the film properties
are related to the momentum of the negative ions, and not to the overall energy flux
towards the film. This conclusion is further substantiated by the observation that the
lower boundary of the optimized window coincides with reported threshold displace-
ment energies for ZnO which have an average energy of ~50 eV (for Zn:43 eV, for O:
58 eV) [262, 263, 18, 187, 264 265).

As discussed in the NOI flux depends on the position of the substrate
above a planar target and results in this way in a spatial variation of the film properties.
Hence, it becomes possible to investigate the material properties as function of both the
ion energy, defined by the discharge voltage, and the ion flux, defined by the position
above the target. shows the result of such a study for a few selected properties
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Figure 17. The dgo2 lattice spacing for AZO, the full width at half maximum (FWHM) of the (002) peak
in the diffraction pattern, film resistivity and Hall mobility as function the relative substrate position and the
discharge voltage. The discharge voltage was controlled by combining DC and RF (81 MHz) powering of a
magnetron with a ceramic AZO target. The substrate position is defined relative to the target center (0) and
the target erosion groove (1). The lattice expansion is attributed to the generation of various supersaturated
point defects such as interstitials and vacancies [260]. An increase of the FWHM is related to a drop of the
domain size which can be understood from the structural damage induced by ion bombardment. Figures based
on the data presented by Meng et al. [261].

of AZO. Although the NOI flux was not quantified, the result clearly shows that at low
flux, i.e. above the target center (relative position 0), the impact and the dependency of
the ion energy is weak. Even more interesting is to observe that the ion flux dependency
vanishes at low ion energy. While only special deposition strategies can be used to lower
the ion flux (see , a control by the ion energy seems a better strategy to
optimize the film properties. The method was also applied to improve the properties of
gallium doped zinc oxide, but the study showed that a direct transfer of the optimized
deposition conditions for AZO is not possible [266].

The optical properties of AlsO3 were related to negative ion bombardment during
reactive sputtering of an aluminum target in argon/oxygen mixture [33].

Plasma display panels (PDP) are currently replaced by LCDs as around 2013-2014
major companies such as Panasonic, LG and Samsung discontinued plasma TV pro-
duction. The long term stability of PDPs has always been an issue. The phosphor
degradation determined the luminace lifetime of a flat panel display. The degradation
has been studied in detail by many teams and it has been shown that it is a complex
process induced by many species such as UV photons, electron bombardment [267], and
sputter deposited material from the cathode [268]. One of the reported species are also
negative ions [269]. To lower the sustaining voltage of these panels, researchers have
mainly searched for oxide materials with a high ion induced secondary electron emis-
sion yield such as MgO [270], but these materials have as such also a high negative ion
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yield . This brings the investigation to an impasse: increasing the power effi-
ciency by lowering the sustaining voltage will result in more negative ion bombardment.
Although not proven, this impasse is perhaps one of the reasons the PDP technology
has been abandoned.

7.6. Thin film stress

The impact of high energetic species can induce intrinsic film stress [271]. This has also
been demonstrated for negative ion bombardment. As discussed in a
correlation was observed between the ion-to-atom ratio and thin film stress for several
transition oxides, reactive sputter deposited from metallic targets [205]. The stress of
ITO thin films is attributed to negative oxygen ions and can be controlled by the
deposition pressure [272]. A similar result was obtained for ZnO deposited by diode and
magnetron sputtering [209].

8. Other negative ions

This paper gives a detailed overview of studies performed on the production mechanisms
and the role of NOIs during reactive sputter deposition. Other electronegative elements
can become a negative ion, and similar mechanisms as discussed for oxygen have been
observed. Without the intention to go in the same detail, a short overview of studies
focusing on other negative ions will be treated in this section.

The discussion will be guided based on the model discussed in the introduction [5] [6].
According to this model, the difference between the metal ionization energy (IEy)
and the electron affinity of the atom which leaves as negative ion (EAx) defines the
negative ion production. Based on the quantification of the negative ion yield for oxides
it becomes possible to test this model. shows the same data as
but now plotted as function of the difference between metal ionization energy
and electron affinity. For complex compounds such as BaTiOz, YBCO and ITO the
element with the lowest ionization energy was taken. A clear correlation is found with
as major outliners MgO and Y2Ogs. The proposed threshold of 3.4 €V in the original
model agrees with presented results (see striped orange line labeled threshold). This
correlation, although in a more qualitative way, have been used by others to explain their
observations. As mentioned before, the effects of resputtering of oxides was evaluated
[7]. Also, the relative intensity of mass spectrometry results for five different oxides
could be related to energy-affinity difference [12]

A remarkable illustration of negative ion bombardment is the co-sputtering of a
planar circular target composed of ZnS with a smaller target of ThF3 placed in the center
of the larger target [231]. The substrate (unknown material) is according to the study
etched by negative F~ while no etching is observed for outer part of the substrate. This
observation corresponds with the prediction based on the difference between ionization
energy and electron affinity (see labels ThF3 and ZnS in .

Re-sputtering of (Cag 559r0.45)1- yGaaSs:Cey was observed and attributed to negative
sulfur ion bombardment [273]. The same authors report also re-sputtering of SrS:Ce
films and could control the re-sputtering rate by adjusting the discharge voltage. No
re-sputtering was reported for ZnS. Again these observations are in line with the model
presented in In the context to deposit absorber materials for thin solar cells,
several sulfides and selenides which belong to the class of layered semiconductors have
been investigated. Despite the potential of this approach, the research is limited to
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Figure 18. The data presented in plotted as function of the difference between the ionization energy
of the metal M and the electron affinity of the atom X that leaves as a negative ion. The smallest difference
is taken for complex materials. The striped line through the data points is not a fit but rather a guide for the
eyes. Some of non-oxide compounds discussed in the text are also presented as a striped black line. Ionization
energies and electron affinities were taken from literature [274].

the efforts of one team. Reactive sputtering with HoS requires some additional technical
efforts as the gas is toxic. The team has mainly investigated the growth of WS, [275] 276,
277, 278], MoSy [279] and CulnSs [280]. Measurements of the ion energy distributions
with mass spectrometry were performed [281]. The studies on WSy discuss a possible
effect of the negative ion bombardment, although it cannot be neglected that reflected
neutrals also affect the film growth. The ion distributions of S- are similar for both
reactively sputtered W and Cu. The latter can be understood from their similar value
in ionization energy. No information was given for In, although based on
one would expect a stronger negative ion emission. Nevertheless, the authors indicate
that the ion induced damage during the deposition of CulnS, is less pronounced, but
a proper evaluation is difficult as some experimental details such as discharge voltage
and current are missing.

The presence of CN™ during the deposition of ScAIN has been reported [282]. The
origin of these ions have been attributed to presence of impurities such as C and O in
the Sc ingots which were used as insert in the Al target. No chemical analysis of the
ingots has been represented but it is interesting to observe that the negative oxygen
intensity is much lower as compared to the CN™ intensity which qualitatively agrees
with the difference in ionization energy and electron affinity. The authors also observe,
although at much lower intensity, the same negative ions during the deposition of pure
AIN; i.e. without Sc ingots, but no explanation is given regarding their origin.
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9. Conclusions

Thin film growth by energetic deposition techniques, such as reactive (magnetron) sput-
ter deposition, has been developed to expand the possibilities of non-energetic tech-
niques. Bombardment with energetic species such as reflected neutrals, sputtered atoms,
plasma ions can assist in the improvement of some specific film properties. The re-
searcher has a tool to control the flux/energy of these species by mainly adjusting the
target-to-substrate distance, the deposition pressure, and substrate bias. Negative ions
that are accelerated over the cathode sheath have high energy and therefore alternative
approaches are required to control their impact. A different deposition geometry and/or
alternative discharge excitation methods have been used to control, or better to avoid,
their impact. Where modeling can assist in the quantification of the number, energy,
and direction of sputtered and reflected neutrals arriving at the growing films, quantifi-
cation of the impact negative ions is more cumbersome. Illustrative for this point is that
among the massive amount of literature on their (possible) impact on film properties,
only a handful of studies have aimed to quantify the negative oxygen ion yield under
(magnetron) sputter conditions. Nevertheless, combining this scarce knowledge acquired
in the research community was sufficient to develop a more quantitative approach in this
review paper. Although the scatter on the data is large, it is surprisingly that most of the
experimental studies follow the calculated trends, and than even predictions based on
a small number of measurements seems to hold when applied on a larger data set. This
shows that the future is bright as it can be expected that new quantification attempts
will confirm the presented trends. The proof of the pudding is in the eating. This review
should not be an endpoint, but a starting point in further exploring the role of negative
ion bombardment, and in the quantification of (magnetron) sputter deposition.
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