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Abstract: A cavity-hollow cathode was investigated for its properties as plasma source, versatile
low-cost sputtering source and cluster source. The discharge is produced in argon gas inside a hollow
cathode consisting of two specifically formed disks of the material to be sputtered. An additional cavity
further increases the electron density by the pendulum effect and thereby the production of positive
argon ions and the sputter rate. Here we present investigations of this discharge by Langmuir probes.
Evidence was found for the formation of a space charge double layer above the cathode. Immediately
after their production the sputtered atoms appear to form clusters which are negatively charged. This
enhances the deposition rate of the clusters on the substrates. For various sputter durations films of
titanium were produced on highly oriented pyrolytic graphite (HOPG). In this case an approximate value
for the size of deposited Ti-clusters could be found in investigations by means of a scanning tunnel
miscroscope.
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1. Introduction

Various techniques are in use for thin film depositions. Magnetron sputtering sources are
regularly used with great success. However, there are problems with the deposition of fer-
romagnetic materials. Therefore also alternative sputtering configurations without mag-
netic fields are investigated. These can also be used for the production of metal ions and as
cluster sources [1-3]. Such an alternative is offered by the hollow cathode. Its main advan-
tage is that, on the inner side of the annular cathode cylinder, ion-rich sheaths form due to
the cathode fall of the discharge. For the electrons, this leads to the formation of a potential
trough a few hundred volts height inside which they can perform a pendulum motion. This
effect, which strongly enhances the electron density and thus the ionization rate, gives rise
to a high plasma density. This effect is known for a long time, see e.g. [4] and more recently
[5, 6]. Often an additional cavity further enhances this effect wherefore this is called the
cavity hollow cathode (CHC). In this case a plasma jet is formed at the muzzle of the hol-
low cathode. The anode can either be the chamber wall or a special anode ring in a distance
of a few cm above the muzzle of the hollow cathode.

As a sputtering source the CHC was first described in [7, 8]. In this case the cathode is
made of the material to be sputtered. The plasma ions inside the CHC are accelerated by
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the cathode fall towards the inner cathode walls, which causes intensive sputtering. Due to
pressure and electric potential gradients the sputtered atoms are transported towards the
substrate usually positioned near the anode.

The CHC operates in the range of a few 0.1 mbar and it was used to grow TiN,O,-thin
films. Good quality thin films of TiN, Ni and Fe were successfully produced by various
groups [9-11]. Recently this configuration was intensively investigated, both in the dc re-
gime as well as in the pulsed regime [11, 12].

Since it does not need a magnetic field, one of the main advantages of the CHC config-
uration is offered by the possibility to sputter also ferromagnetic materials [13]. More-
over, the film quality is enhanced by intense bombardment of the substrate by electrons. It
was also shown that during the deposition clusters were formed [14] which are negatively
charged in the plasma. To improve the performances of this configuration regarding the
control of film parameters (vapour fluency, growth rate, film uniformity, energy of ions
impinging on the substrate, size of the sputtered aggregates, elemental composition), fur-
ther characterization of the CHC is necessary. Here, we concentrate on the presentation
and discussion of the results of probe measurements in the CHC plasma and the sputtering
of titanium thin films on highly oriented pyrolytic graphite (HOPG). The thin films were
investigated by a scanning tunneling microscope (STM).

2. Experimental set-up and typical discharge data

In general any hollow cathode geometry needs to satisfy the following conditions in
order to establish the hollow cathode (HC-) effect[15, 16]:

® The surfaces of the cathode have to face each other, or preferably are formed by an

annular cylinder,

® The surfaces have to be separated from each other by a distance such that the high

energy electrons generated in one cathode fall can reach the opposite cathode fall
without too many collisions, being reflected there.

Obviously the latter condition depends mainly on the plasma density, since, on one
side, the mean free path is determined by it, and on the other side, the typical thickness d of
an ion rich sheath is determined by the Child-Langmuir’s law and thus @” is proportional
toV'? | I, with V, being the voltage across the cathode fall and /, is the ion current through

it, which itself is mainly determined by the plasma density. The inverse of this ratio, i.e.,
1,/V?,is, by the way, the perveance of the system.

A schematic presentation of the hollow cathode used in our experiments is shown in
Fig. 1. Fig. 2 shows a photo of the CHC, broken down into the main parts. The hollow
cathode consists of two specifically shaped disks of the material to be sputtered, with
18.3 mm in diameter, manufactured of the material to be sputtered. The lower disk has a
height of 9 mm, the upper one of 7 mm. The upper disk has a conically widening muzzle,
opening upwards. The two disks are separated by a glass spacer, 15 mm in diameter and a
height between 6-7 mm. The disks and the glass spacer confine a 1.25 cm® cylindrical
cathode chamber, visible through the glass spacer for optical measurements [11, 12]. The
additional cylindrical cavity (5 mm diameter) inside the lower disk further enhances the
ionization rate in the hollow cathode [7].
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Fig. 1. Schematic of the Cavity Hollow Cathode
sputtering source with electronic circuit: 1 glass
tube, 2, 4 Ti-disks, 3 cathode chamber, 5 cathode
cavity, 6 lead for biasing cathode, 7, 9, 10 gas
channels for admission of working gas in front of
cathode, 8 glass ring spacer, 11 Cu-ring anode of
3 cm diameter about 5 cm above cathode,
12 plasma jet, 13 pivoting substrate holder,
14 highly oriented pyrolytic graphite (HOPG) sub-
strate. Instead of the pivoting holder sometimes a
Langmuir probe was inserted for electric diagnosis
of the plasma jet.
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Fig. 3. Current-voltage characteristic of the CHC for
two different pressures as indicated in the figure:
Region A indicates the glow discharge regime,
Region B the hollow cathode regime.

Fig. 2. Photo of the CHC, broken down into the
main parts.

Fig. 4. Photos of the discharge in the CHC muzzle:
as in Fig. 3, A indicates the glow discharge regime,
B the hollow cathode regime.
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However, after about1/2 hour operation the glass spacer becomes coated on the inside
by the cathode material. This not only restricts the time for optical investigations but also
creates an electrical contact between the lower and upper part of the cathode. Therefore
eventually both parts are on the same negative voltage.

The cathode ensemble is introduced into a cylindrical glass tube. The grounded wall of
the 5 1 stainless steel discharge chamber (not shown in Figs. 1 and 2) acts as the anode. In
certain experiments, an additional 30 mm diameter ring anode, situated 5 cm above the
upper cathode disk, was used. The substrate is pivoted into the space above the muzzle by
a special holder whose distance from the muzzle can be varied up to a few cm. This
reduces the deposition rate of titanium on the substrate as long as it is outside. To
completely prevent unwanted deposition, a shutter can be inserted additionally into the
plasma jet. Instead of the pivoting holder, Langmuir probes were inserted for electrical
diagnosis of the plasma jet.

After evacuation to a base pressure of 107 mbar, Ar gas is employed in front of the
upper cathode disk through three inlets (see Fig. 1) up to the working pressure of 0.2 mbar.
Typical current-voltage (I, -V, ) characteristics of the CHC for two different pressures,
namely 1x10"" mbar and 5x10”" mbar, are shown in Fig. 3; here I 4 1S the total current

through the system, andV,_is the voltage applied to the CHC. Fig. 4 shows photos into the
upper CHC disk muzzle. At low currents, a “pre-discharge” is observed (Region A in Fig.
3 and photo A in Fig. 4), classified as a glow discharge created only outside the cathode
structure between the upper disk of the CHC and the anode. As the current increases, for a
certain ignition voltage the system suddenly jumps into the HC-discharge mode. This
operating regime of the discharge (Region B in Fig. 3 and photo B in Fig. 4) is
characterized by a dramatic increase of I, . When this occurs, the negative glow is
confined inside the cavity, and a conical glowing plasma jet exits from the cathode
muzzle, its shape being determined by electrical and pressure gradients. At a pressure of
1x10™" mbar the ignition voltage is close to 1 300 V, decreasing with increasing pressure
to around 400 V for 5x10™" mbar. The (I, -V i) characteristic shows linear behaviour with

its inverse slope representing the resistance of the discharge R , .

Before the substrate was pivoted into the plasma jet, or the shutter opened, respectively,
a few minutes waiting time was necessary since the discharge needed some time to attain
constant conditions. Without shutter, even though the substrate was not situated inside the
plasma jet, sometimes there was already a certain coating during this waiting time.

The titanium thin films were investigated by means of an STM after taking them out
from the CHC and inserting them into the STM. Since the films were exposed to air during
this procedure, the Ti-layers became oxidized. For future investigations the CHC will be
built into another vacuum connected to the STM chamber by a large valve. Thereby, after
thin film deposition, the substrate can directly be transferred into the STM and investigated
without being exposed to the air.

dis

3. Experimental results

In several earlier works the formation of an electron beam was postulated appearing
above the muzzle of the CHC [9, 11, 17]. Such an electron beam could only be created by a
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plasma double layer (DL) [18]. DLs often appear in plasmas with strong electron currents
especially at sudden variations of the diameter of the current channel since there the cur-
rent density changes. This is well known since the times of Langmuir [19]. Thus it seems
plausible that also the widening of the channel of the CHC in the upper disk could give rise
to the formation of a DL. To substantiate this assumption we have carried out an extensive
investigation with Langmuir probes (see Section 3.1. below). See also [20]. In the electric
field of a DL, also other negative charge carriers can be accelerated towards the substrate,
in addition to the effect of the pressure gradient in this region. As we will see below, there
is evidence for the formation of Ti-clusters in the plasma jet, which usually become nega-
tively charged and can thus be accelerated by the DL towards the substrate. This would
explain our findings in context with the Ti-clusters, as discussed in Section 3.2.
3.1. Characterisation of the hollow cathode regime by a Langmuir probe
Electrostatic probe measurements were
performed with a single Langmuir probe D
above the CHC muzzle. See Fig. 5 for a

schematic of the probe. The probe tips have | | i
to be of a refractory metal to avoid excessive 11 30

—

sputtering or melting. Therefore, a tungsten
wire with a diameter of 0.125 mm was used.
The tip is protruding by 1 mm from the
probe shaft, a ceramic tube (Al,O3;) of
0.5 mm in diameter with a borehole of
0.2 mm diameter. Inside the tube the W-wire

Fig. 5. Schematic of the straight Langmuir probe
used for measurements above the CHC muzzle.
The probe tip is of tungsten wire with a diameter of
0.125 mm. Inside the ceramic tube of 0.5 mm,
outer diameter with a borehole of 0.2 mm diame-
ter, the wire is spliced with a number of very fine
copper wires.

is spliced on a length of about 20 mm with a

certain number of very fine copper wires (threads). This method not only provides an
excellent electrical contact but also a good mechanical one between the two different
metals due to the softness of the Cu-threads on one side and the roughness of the surface of
the W-wire on the other side [21, 22]. This effect is enhanced when the number of
Cu-threads is assessed so that the spliced W-Cu-wire fits tightly into the borehole. The
ceramic tube is used to insulate the probe wire from the plasma except for a short length
(1 mm) and to avoid perturbation of the plasma by the probe shaft. To avoid excessive
perturbation of the plasma by the probe, the diameter of the ceramic tube should be as
small as possible. Care has also to be taken that there is no electrical contact with any
conducting coating that may deposit on the insulator. Eventually the 0.5 mm ceramic tube
is fixed by a ceramic glue on top of a 1.2 mm ceramic tube with 4 holes. The probe wire
(spliced Cu-threads) is pulled through one of the holes and connected by soldering to a
further electrical lead and the vacuum feed-through.

The operating pressures were between 1x10™" and 5x10™" mbar. The discharge current
was varied and different horizontal and vertical probe positions above the cathode muzzle
were applied. The Langmuir probe was electrically swept from -70 V up to +70 V. In or-
der to analyse the current-voltage (I,-V,) characteristics of the Langmuir probe, the cylin-
drical probe theory was applied to determine the plasma parameters such as floating

potential V, plasma potential @, electron temperature 7, and electron density n, [23].
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500" T Fig. 6 shows a typical I,-V, characteris-
001 e tic of the Langmuir probe (Fig. 5) inserted
50¢107 - e 10 mm above the muzzle of the CHC on the
— ! S |-50x10* . . .

S0 2 \/ = axis. We see a rather complicated untypical
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2510° =~ - Seccond derlvtiveof ], | dashed line shows the first derivative of the
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line is the second derivative. If we adopt the
Fig. 6. /,-V, characteristic (solid line and symbols) Druyvesteyn’s method, this second deriva-
with its first (dashed line) and second (dashed- {jve yields the electron energy distribution

dotted line) derivative of a single Langmuir probe . .
for I = 20 mA, at a pressure p = 1x10~" mbar, (EED) [24]. However, as pointed out in

registered 10 mm above the cathode and 0 mm [25], great care has to be taken with this
horizontal displacement. Please take into account method especially in plasmas where the

that for better clarity the x-axis for the first (dashed EED is not spherically symmetric, which is
line) and the second (dashed-dotted line) derivative obviously also not the case here.

(referring to the right y-axis) lies slightly above the R .
x-axis for the probe current (left y-axis). Druyvesteyn’s method has been critically

and comprehensively reviewed also in [26].
Therefore we concentrate on the first
derivative (dashed line) to get an idea about
the possible form of the EED. This shows
two maxima yielding evidence for two
clearly different electron populations: a
large one with the maximum at ®,,=2.85V
e and a small one with the maximum at ®, =
-21.05 V. Obviously the large peak of the
EED has to be interpreted as the bulk
S0 0 W0 00 w0 plasma, whereas the small peak signifies a
®=2035V  P[V] . .

v population of electrons which has the mean
Fig. 7. Semi logarithmic plot of electron current. Kinetic energy of E, = 23.9 eV. This
See the text for a detailed description of the figure. ~ corresponds to the difference between the
maxima of the two peaks in the EED: AV, =
(O - D) = E,. The latter population of the EED can be interpreted as a beam of electrons,
accelerated by a DL with an approximate height of 23.9 V. Consequently, @, is the
plasma potential determined by the bulk electrons. The beam electrons lead to additional
ionization and help thus to sustain the DL. For additional corroboration of our conclusions

we have logarithmized the 1,-V, characteristic of Fig. 6, which can be seen in Fig. 7.
However, since the common method to derive the electron density and temperature
utilises the electron current, first the ion current has to be defined and subtracted from the
total probe current. The definition of the ion current in case of a hollow cathode is slightly
difficult because of the presence of two ion species (argon ions and sputtered titanium
ions). A common iteration is to define a linear fit in the ion saturation region. In this case
the fit was performed in the range -90 V and -40 V and subtracted from the total probe
current in the interval -90 V up to the plasma potential ®,;. According to the basic probe

Estimated from second derivative:
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theory a semi-logarithmic plot of a current-voltage characteristic yields a linear relation
between In [, and V), in the electron retarding field region, provided the electrons possess a
Maxwellian velocity distribution. Usually the electron temperature can be determined
from the linear ascent of In (V). However, Fig. 7 shows two distinctly different parts, in
which we find linear ascents of the probe electron current with the probe voltage. Hence
the EED is clearly non-Maxwellian. Also this indicates the presence of two groups of
electrons with different energies and densities.

Nevertheless, we can gain more information on the two electron populations from the
semi-logarithmic plot, as sketched in Fig. 7. Like in the case of a purely Maxwellian ve-
locity distribution, the slopes of the two ascents yield a measure for the electron tempera-
tures of the two electron populations. By applying a tangent to the first linear ascent
(straight solid line) between approximately -25 and -20 V, we can derive the electron
temperature of beam electrons as 7, p..n = 3.2 eV, whereas the ascent of the main electron
population between approximately 0 and +5 V (shown by the straight dashed line) deliv-
ers at first an uncorrected temperature of 7", = 3.8 eV. But for a precise determination
of T, pu, the current carried by the beam electrons has to be taken into account and a
“beam-free” In I,-V), characteristic has to be derived, from which we can deduce the cor-
rected value of the bulk electron temperature T, = 1.6 eV.

By applying an analogous procedure, we can derive approximate values for the beam
and bulk electron densities as M, oo = 1.87x10° m™ and n,.p,; = 3.56x10" m‘3, respec-
tively. In this case we use the intersection points of the tangents (solid line and dashed
line) with the vertical lines at @, and @, respectively, as indications of the corresponding
values of In/,, from which we can deduce the electron densities. Also in this case the beam
density has to be subtracted from the uncorrected value of the bulk electron density to ar-
rive at the correct value of n,.,,. But due to the small value of 7,_pe., as compared to 1,
in this case the correction is very small.

3.2. Results of Ti thin film sputtering

Fig. 8a-b show examples of Ti-films for two different times of 30 and 5 s direct exposure
to the plasma jet for distance d = 10 mm in front of the nozzle, for a discharge current of
20 mA and gas pressure of 0.2 mbar. The scanning area was always 500x500 nm. Finer
grains are found in the sample with the shorter exposure time (Fig. 8b). Fig. 8a shows a thin
white line along which a sectional scan of the height was made. This is shown in Fig. 8c.
From the approximate distance between two minima (one example is indicated by the two
downward arrowheads), the size of the grains was determined to be in the range between 8
and 12 nm. Hence also this result corroborates the presumption that the Ti is deposited in
form of rather large clusters since the atomic radius of Ti is about 0.18 nm.

However, the above mentioned exposure times cannot be taken as the accurate
deposition times of Ti-clusters, since we noticed that also in the waiting position, outside
the plasma jet, Ti-films were formed on the substrate. The underlying HOPG structures
(scratches and steps) are also visible in the deposited Ti films (Fig. 8a-b).

Fig. 9a shows the results of a nano-lithography carried out by means of the STM. In
this case, the tunnelling current is increased from the usual value of 20 pA to 3 nA. The
high current leads to evaporation of Ti-atoms and clusters from the surface so that the
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Fig. 8. Examples of thin Ti-films with area of 500x500 nm deposited on substrates of HOPG by the CHC
at the Ar-pressure of 0.2 mbar, the discharge current of 20 mA and at a distance of 10 mm between the
substrate and the cathode muzzle; (a) HOPG directly facing CHCSS for 30 s with scanning parameters
of 2.3 V and 10 pA (b) HOPG directly facing CHCSS for 5 s with scanning parameters of 2.3 V and
20 pA (c) Sectional scan along the white line in (b).
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Fig. 9. (a) Example of a thin Ti-film deposited with the same parameters as in Fig. 8, with HOPG directly
facing CHC for 15 s, after nano-lithography of the hole by means of the STM. Scanning parameters
were 2.3 V and 20 pA, with the hole of 100x100 nm being done by setting of the tunnelling current to
2 nAfor the first scan and 3 nA for the second and the third scan with the gap voltage of 2.3 V; (b) Corre-
sponding averaged sectional scan along the white line.

graphite substrate underneath could be seen. The middle white line in Fig. 9a shows the
sectional scan from which the depth of the hole could be determined as being ap-
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proximately 0.6 nm (again indicated by the two downward arrowheads). This is much less
than the diameter of the clusters of 8-12 nm in the horizontal plane so that we find a
discrepancy between the horizontal and vertical dimensions of the clusters.

Although this discrepancy is not fully understood yet, the reasons can be that either the
clusters have indeed an extremely oblate shape, or the higher state density of the HOPG
that is laid open in this region, compared to the untreated titanium film, compensates most
of the height change during the scan by the STM. Also the tip of the STM was not cali-
brated in the z direction.

4. Conclusion

By use of a cavity hollow cathode sputtering source (CHC), we have obtained
high-quality thin films of titanium on highly oriented pyrolytic graphite (HOPG). The
hollow-cathode regime of the discharge was investigated by a Langmuir probe and
evidence for the formation of a plasma double layer was found in the region above the
muzzle of the CHC, which produces an electron beam in addition to the bulk electrons.

The strong sputtering rate of the Ti-cathodes is provided by the hollow cathode
pendulum effect of the electrons in the cavity. The sputtered Ti-atoms gather in form of
clusters, which are negatively charged, in the plasma jet exiting from the CHC muzzle.
The thin films were investigated by means of a scanning tunnelling microscope (STM).
We have obtained from an STM scan the estimate of the cluster size as 8-12 nm. These
negatively charged clusters are accelerated together with the electrons towards the
grounded substrate, impinging there with a higher kinetic energy after being accelerated
through the DL. In addition the pressure gradient between the internal of the hollow
cathode and the space above also forces sputtered particles towards the substrate.

Thin Ti-films produced by CHC are also another possibility for nano-structuring or
nano-lithography.
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