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Flux of positive ions to the substrate in the hollow cathode plasma jet system during deposition of
titanium thin films was studied. The substrate was negatively biased by applying 50 kHz pulsed DC, or
0.50-1.25 MHz and 13.56 MHz high-frequency voltage to it. The ion flux determined in the DC hollow
cathode discharge during the active high frequency bias was systematically higher than for the pulsed
DC bias or determined right after the high frequency bias was turned off. On the other hand in the
RF hollow cathode discharge, the ion fluxes determined for the active high frequency and 50 kHz low
frequency bias were comparable. Possible explanations of this phenomenon are discussed.
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1. Introduction

Bombardment of substrate with positive ions from
plasma is often used in plasma deposition systems to
modify the properties of deposited films. The films’
structure and surface morphology can be influenced by
the flux and energy of ions impinging on the substrate
during deposition [1, 2, 3]. Therefore, it is important
to measure these quantities to control and reproduce
the deposition processes. The ion flux to the sub-
strate can be obtained from relatively simple current
and voltage measurements. The advantages of these
measurements are that they can be done in situ during
deposition and that they don’t need any additional in-
strument added into the discharge. Additionally, the
ion flux measurements can be combined with a model
of the sheath around the substrate to obtain the en-
ergy distribution of ions impinging on the substrate
[4, 5].

2. Experimental Setup

A schematic view of the low-temperature and low-
pressure hollow cathode plasma jet deposition system
[6, 7] can be seen in Fig. 1.

The main part of the deposition system is a noz-
zle made of material to be sputtered. The nozzle is
connected to a power generator. A working gas flows
through the nozzle and an intensive hollow cathode
discharge is ignited at its outlet. The discharge is car-
ried out into a grounded continuously pumped UHV
reactor and a plasma jet is formed. Downstream from
the nozzle a substrate is placed, on which a thin film is
deposited. The discharge can be operated in a contin-
uous DC, a pulsed DC, an RF, or a pulse-modulated
RF mode [8]. Two discharge excitation modes were
used: DC mode with discharge current I, = 600 mA
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Fig. 1 The experimental setup of the hollow cathode
plasma jet deposition system.

corresponding to power Pp = 120 W absorbed in
the discharge, and 13.56 MHz RF excitation with ab-
sorbed power varied in the range Prr = 50-250 W. Ti-
tanium nozzle and argon as the working gas were used.
The flow rate of argon was set to Qa, = 120 sccm and
the pressure was held at p = 2.7 Pa during all reported
experiments.

A planar copper substrate of circular cross-section
with diameter dg = 8.1 mm was placed 30 mm down-
stream from the nozzle outlet, coaxially with the noz-
The substrate was connected to a pulsed DC
source through a resistor R, or through a blocking
capacitor C to a 0.50-1.25 MHz generator, or to a
pulse-modulated 13.56 MHz RF genecrator (see Fig. 1).
In case of pulsed DC bias, the substrate voltage was
square-modulated with repetition frequency 50 kHz.

zle.
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Fig. 2 Current Is(t) and voltage Us(t) waveforms on the
substrate measured in the DC discharge for bias
with frequency 1 MHz. Average bias voltage
Upc,s = —100 V.

The substrate was held on negative voltage Upc.s
in the active part of modulation cycle, and it was
grounded in the off-time. The pulsed DC voltage was
used instead of continuous DC bias because of possibil-
ity to measure the ion current also for thin dielectric
deposited layers. The current to the substrate was
determined from the voltage drop measured by two
oscilloscopic probes on the resistor R with resistivity
1235 Q. For the high frequency bias of the substrate,
proprietary Rogowski coil and voltage sensor were in-
stalled on the feed line to the substrate to measure
The Rogowski
coil and the voltage sensor were mounted on the feed

the current and voltage waveforms.

line between the substrate and the capacitor C, out-
side of the reactor as close as possible to a vacuum
feedthrough for the line. The sensors were calibrated
for the frequency range 0.5-80.0 MHz. The voltage
on the substrate was also measured by an oscilloscopic
probe placed on the feed line between the sensors and
the capacitor C with the capacitance C' = 11.8 nF.

3. Results and Discussion

Average ion fluxes were determined as the ion cur-
rents to the substrate divided by the area of substrate.
For the pulsed DC bias, the ion current was deter-
mined as the current flowing to the substrate when
the DC bias was on. This is valid for bias voltages
sufficiently negative to repel most of the plasma elec-
trons from the substrate.

For the high frequency substrate bias, the ion cur-
rent was determined from the measured current and
voltage waveforms according to [9]. In this case, the
ion current is determined from the current waveform
on the substrate Is(t) as the current Is(ty) at time #g
when the simultaneously measured substrate voltage
Us(t) reaches its minimal value. We will further refer
to it as to the “ty method’. An example of the mea-
sured current and voltage waveforms for the 1 MHz
high frequency bias is depicted in Fig. 2.
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Fig. 3 Time evolution of voltage on the substrate Us
for pulse-modulated RF bias with frequency
13.56 MHz. Average bias voltage Upc,s = —100 V.

Time ¢y, when the substrate voltage is minimal, is
marked. A peak of the substrate current Is(t) caused
by the electron part of the current can be seen at the
times of maxima of substrate voltage Us(t) in Fig. 2.

The method [10] was used to measure the ion cur-
rent for substrate bias with frequency 13.56 MHz. In
this method, the RF bias is periodically turned off
and the ion current is determined from the discharg-
ing of the capacitor C after the turn off as: I; = Cdd%.
An example of measured voltage waveform of pulse-
modulated 13.56 MHz bias can be seen in Fig. 3.

The dependence of ion flux j; on the value of sub-
strate bias Upc,s measured in the DC discharge is
depicted in Fig. 4. The values of ion flux measured
for 50 kHz and pulsed 13.56 MHz bias were similar
or the same within the experimental error while the
ion flux determined by the tg method for 1 MHz bias
frequency was systematically higher. The higher val-
ues of ion flux determined by the ¢, method have been
measured in the DC hollow cathode plasma jet be-
fore for 500 kHz [11] and also for 13.56 MHz bias [12].
Possible explanations were given as the relatively high
error of measurements in the ¢y method (especially for
the 13.56 MHz bias), the failure to fulfill the assump-
tions of the ty method, or the influence of the high
frequency bias on the plasma around the substrate by
heating the electrons and increasing the ionization. To
shed light on this effect, measurements of ion flux in
the 13.56 MHz RF hollow cathode plasma jet were
performed, with results depicted in Fig. 5.

A dependence of ion flux on the power Prr ab-
sorbed in the discharge was measured. The substrate
bias voltage Upc,s = —50 V was used for 50 kHz
and 1 MHz bias. For 50 kHz, substrate bias of
Upc,s = —100 V was also used. The 13.56 MHz bias
could not be used because of interference with the RF
source for the discharge excitation using the same fre-
quency. In the RF discharge, the difference between
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Fig. 4 Ton flux j; to the substrate in the DC discharge
for different substrate bias values Upc,s. 50 kHz
— for pulsed DC bias of substrate, 1 MHz — ion
flux determined by the ¢y method for bias frequency
1 MHz, 13.56 MHz (pulsed) — ion flux determined
from discharging of blocking capacitor for bias fre-
quency 13.56 MHz.
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Fig. 5 Ion flux j; to the substrate in the RF discharge for
different power absorbed in the discharge. 50 kHz,
—50 V — for pulsed DC bias with Upc,s = —50 V;
50 kHz, —100 V — for pulsed DC bias with Upc,s =
—100 V; 1 MHz, —50 V — for 1 MHz bias with
Upbc,s = —50 V.

the ion flux for the 1 MHz bias and the ion flux for
the 50 kHz bias was smaller than in the DC discharge.
Since the ion plasma frequency for Ar™ ions calculated
from Langmuir probe measurements [11] is compara-
ble to the angular frequency of the 1 MHz bias, the
ions respond to the instantaneous electric field around
the substrate, rather than to an average DC bias.
And since the ion flux by the ty method is determined
at the instantaneous voltage Us(tg) = —100 V for
1 MHz bias in Fig. 5 (for average bias Upc,s = —50 V
the peak-to-peak voltage is 100 V — compare with
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Fig. 2 for Upc,s = —100 V and peak-to-peak volt-
age 200 V) the values of ion flux determined for DC
bias Upc,s = —100 V for 50 kHz are more appropriate
to compare with values of ion flux determined for DC
bias Upc,s = —50 V for 1 MHz. Ion fluxes for these
two cases are the same within the error of measure-
ments for the RF discharge (Fig. 5), while they are
different for the DC discharge (compare the points for
50 kHz and Upc,s = —100 V and for 1 MHz and
Upc,s = —50 V in Fig. 4. This agreement of values of
ion flux in the RF discharge means that the error in
measurements is probably not the main source of the
disagreement in the DC discharge.

By using the tg method one assumes the displace-
ment current flowing through the sheath around the
substrate is zero at time ¢y [9]. This is not true
for ion plasma frequency comparable to the angu-
lar frequency of the bias as was discussed by [13]
and what is mostly the case of experiments reported
here. According to [13] the non-zero displacement
current at time to can lead to higher determined ion
currents in the tg method, but the differences be-
tween the high frequency bias and pulsed DC bias for
similar low-temperature plasma reported there were
smaller than in Fig. 4; this effect could be possibly
attributed only to the difference of ion flux for 1 MHz
(UDC,S =—-50 V) and 50 kHz (UDC,S = —100 V) bias
in Fig. 5.

Another method-related explanation of the differ-
ence of ion flux in the DC discharge is that the time ¢
is determined for minimum of voltage on the sheath,
but the voltage Us(t) is measured on the substrate
with respect to the ground and not to the plasma.
The measured voltage Us(t) is the substrate sheath
voltage plus the voltage on the plasma and on the
If the voltage
drop on the plasma and on the ground sheath are sig-

sheath around the grounded surfaces.

nificantly time-varying with the bias on the substrate,
the minimum of measured voltage Us(¢) will occur at
different time than the minimum of voltage on the
sheath around the substrate and this could lead to in-
correct ion flux determination by the tq method. The
effect of time-varying voltage drop on the plasma is
more likely to be present in the DC hollow cathode
plasma jet than in the RF hollow cathode plasma jet,
because in the DC discharge the plasma is visually
more localized near the central axis than in the RF
discharge where a spread RF glow discharge can be
seen in the whole volume of the chamber. For a more
localized plasma, the impedance between the plasma
and farther grounded surfaces could have a more re-
sistive character, resulting in a high-frequency volt-
age on the plasma with different phase than voltage
on the substrate sheath, which has more capacitive
impedance.

To study this effect, we performed measurements
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of voltage between the plasma and the grounded
chamber with a copper belt with planar surface of
dimensions approximately 10 x 100 mm encircling
the substrate in a distance of approximately 10 mm.
A low-capacitance high-impedance oscilloscopic probe
was mounted on the vacuum electrical feedthrough
to which the belt probe was connected. The high-
impedance probe in combination with large probe sur-
face area were used to minimize the voltage drop on
the sheath around the belt probe. The principle of
the belt probe measurement was the same as the loop
probe measurement described in [14]. The voltage be-
tween the plasma and the grounded reactor measured
with the belt probe consisted of a DC drop with only a
negligible time-varying component both in the DC and
in the RF hollow cathode discharge with 1 MHz bias
on the substrate. When this voltage was subtracted
from the measured voltage of substrate with respect
to ground Us(t), only the value of the minimum volt-
age was changed, but the minimum occurred at the
same time to as the minimum of the Us(t) waveform
for both the DC and the RF discharge. The same be-
havior was also observed by [9]. This means that the
effect of shift of time ¢y when the substrate voltage is
measured between the substrate and ground instead
of between the substrate and plasma is not the source
of the discussed difference of ion flux in the DC dis-
charge.

The last possible explanation of higher ion flux
for high-frequency bias in the DC discharge is the
influence of the high frequency bias on the plasma.
This hypothesis is supported by the dependence of the
1 MHz bias in Fig. 4 on the bias voltage. According to
the theory of a planar Langmuir probe, the ion satura-
tion current has to be independent on the probe volt-
age as is the case of ion flux for low frequency 50 kHz
bias and pulse-modulated 13.56 MHz bias determined
by discharging of the blocking capacitor. On the other
hand, the rise of the ion flux determined in the active
1 MHz bias with the amplitude of bias voltage is ex-
pected when the influence of the plasma depends on
the magnitude of the high frequency substrate voltage.
This influence can be stochastic heating and ohmic
heating of plasma around the substrate, which both
depend on the amplitude of high frequency voltage as
well as on the bias frequency according to [15]. The
dependence of ion flux to the substrate on the bias fre-
quency f measured in the DC and in the RF hollow
cathode discharge is depicted in Fig. 6.

The ion flux was determined by the tg method for
all frequencies except for the 50 kHz bias. To obtain
the ion flux for 13.56 MHz bias for the DC discharge,
the parasitic impedance between the substrate and the
measuring point was accounted for according to [12].
The frequency dependence is bigger in the DC dis-
charge than in the RF discharge as is also visible in
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Fig. 6 Ion flux to the substrate j; for different frequen-
cies f of substrate bias. The DC hollow cathode
plasma jet with discharge current /p = 600 mA cor-
responding to power Pp = 120 W and the RF hol-
low cathode plasma jet with three different power
Prr absorbed in the discharge are compared.

Figs. 4, 5.

According to the preceding discussion, we can ex-
pect that the plasma around the substrate is heated
when there is a high frequency bias present on the
substrate. The electron temperature measured in the
DC hollow cathode discharge (without any substrate
bias) is according to [11] T, ~ 0.2 €V, while the elec-
tron temperature determined in the 13.56 RF hollow
cathode discharge is higher T, ~ 4-5 eV. The differ-
ence in the electron temperature between the DC and
the RF hollow cathode plasma jet can explain the big-
ger influence of high frequency bias on the ion flux in
the DC discharge than in the RF discharge, since the
electrons in the DC discharge with the significantly
lower temperature can be more easily heated up. The
rise of the electron temperature caused by the high
frequency bias leads to the rise of ion flux because
the ion velocity end hence the ion flux is determined
by the Bohm criterion, which includes the dependence
on the electron temperature: j; = njev; =~ nie4/ kBTT‘“‘,
where n; is the ion density, e is the elementary charge,
0; is the mean ion velocity, kg is the Boltzmann con-
stant, and M; is the ion mass. Thus, the rising of
electron temperature around the substrate by the high
frequency bias can explain the observed phenomena.
However, the electron temperature was not measured
during the reported experiments and the hypothesis
should be confirmed by further measurements.

The heating of plasma around the high frequency
biased substrate can also lead to higher electron (and
ion) density as was studied in [16]. This could also be
a cause of higher ion flux for high frequency substrate
bias. However, the ion flux is not higher in a short
time of the order of microseconds after the 13.56 MHz
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bias is turned off, as observed by the method using the
discharging of capacitor. Since the electron density
decay on longer time scales, of the order of tens to
hundreds of microseconds according to [8], also the
ion flux determined from the discharging of capacitor
should have been higher if the ion density around the
substrate would be increased by the high frequency

bias.

4. Conclusion

Ton flux to the deposition substrate in the DC and
13.56 MHz-driven RF hollow cathode plasma jet sys-
tem during deposition of titanium thin films was stud-
ied. Different frequencies of time-varying voltage were
used to obtain the negative DC bias of substrate. Sys-
tematically higher values of ion flux were determined
in the DC discharge by the ty method when a high
frequency (0.50-1.25 MHz, 13.56 MHz) substrate bias
was on. According to the presented results and dis-
cussion, this is not predominantly caused by an error
in measurements of current and voltage waveforms on
the substrate, as well as not by a failure to fulfill the
assumptions of the ¢ty method. The increase of electron
temperature in the vicinity of substrate is the most
probable cause for the higher ion flux to the substrate
with the high frequency bias in the DC discharge. This
effect can be used to control the flux of ions to the de-
position substrate by changing the frequency of the
bias, while keeping the ion energy, determined pre-
dominantly by the bias voltage, constant.
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