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A plasma-induced shift in the resonance frequency of a curling probe measured by using a network analyzer (NWA) yields the electron density.
This technique was applied here for measuring time-varying electron density in pulsed DC glow discharges. Using the NWA in an on-sweep
synchronization mode with the discharge pulse allows measuring at pulse frequencies below 0.5kHz. For higher pulse frequencies, an on-point
mode was introduced which enabled time-resolved measurements of electron density at pulse frequencies reaching 25 kHz, with the minimal time
interval of 2 s, typically for nitrogen discharge at 10 Pa. In the afterglow regime, the decay time constant of electron density was measured for
nitrogen and argon discharges at 40 Pa. In the case of argon, the electron density was observed to decrease in three steps. This characteristic
behavior was tentatively attributed to a bi-Maxwellian electron energy distribution and Ramsauer effect, supported by Langmuir probe

measurements. © 2016 The Japan Society of Applied Physics

1. Introduction

Among the different types of plasma diagnostic tools, the
Langmuir probe technique! enables local estimation of
plasma parameters such as electron density, electron tem-
perature, and plasma potential. This technique is among the
most commonly used ones; however, deposition of insulating
thin films when operated in reactive plasmas significantly
affects its performance. Moreover, the probe -electrode
may induce metal contamination, which should be avoided
in semiconductor processing. Plasma oscillation method?
enables accurate measurements of electron density based
on observations of electron plasma oscillations excited by
the beam instability. However, this method also suffers
from metal impurities that are released within a relatively
short lifetime of a tungsten filament that is used in this
method. Plasma absorption probe (also referred to as a
surface wave probe) can be used for measuring the plasma
electron density®™ and electron temperature®'? without
metal contaminations, even in the situation wherein the
plasma deposits a non-conducting layer on the probe.
However, this technique exhibits weak measurement accu-
racy for high pressure (>100Pa) and low electron density
(<5 x 10°cm™) plasmas.

On the other hand, a microwave resonator probe'>!¥ (also
referred to as a hairpin probe) is available for the local
electron density measurements. This probe utilizes a dipole
resonance along its U-shaped wire antenna: the resonance
frequency increases with increasing electron density. How-
ever, metal impurities are created when this probe is inserted
into plasma, and a long antenna arm can disturb the
measurements. To overcome these drawbacks, a planar
slot-type microwave resonator probe, also called the curling
probe (CP), has been developed,lS) in which the antenna
surface is covered by a thin dielectric plate. Owing to the
1/4-wavelength resonance, the CP resonates at the frequency
fo (GHz) in vacuum, before a discharge. After the discharge,
the resonance frequency increases to f (GHz) in plasma,
depending on the electron density n, (cm™). Based on the
measured two resonance frequencies, the electron density is
computed from the following simple equation:
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Ne =y%x 10'°. (1)
Here, the coefficient y depends on the antenna length, the
dielectric cover plate, and the probe geometry.!®!” In the
case of a 100-mm-long antenna and a 0.2-mm-thick quartz
cover, the value of y=5.1 was obtained. The simplified
analytical theory!'® that was used for deriving Eq. (1) is valid
for low pressure (<200 Pa).

CP is a compact robust monitoring tool with a minimal
diameter of ~6 mm, and is commercially available.'® In addi-
tion, an opto-curling probe (OCP)!*2D has been developed
that enables simultaneous measurements of electron density
and optical emissions. CP and OCP do not suffer from
the metal contamination problem, owing to its aluminum
or yttrium coating, and can withstand high temperatures of
~600 °C.

Apart from constant-power stationary plasmas, time-
modulated pulsed plasmas are also frequently used for
plasma processing of materials. Pulsed plasmas have been
reported to exhibit improved etching and deposition
rates,”” reduced formation of dust particles,>>2% and
uniformity of deposition.???”-? However, techniques for
time-resolved measurements of electron density are largely
lacking, particularly for deposition processes in which
diagnostics tools are also deposited. Recently, a CP has been
applied to pulsed DC discharges in nitrogen, using the on-
sweep network analyzer (NWA) mode.?® In pulsed plasma,
the resonance frequency varies with time owing to the
temporal variation in the electron density. It was demon-
strated that temporal density variations can be measured if
the synchronization condition is satisfied. However, in
these experiments the temporal resolution was poor and the
measurement was restricted to slow pulse discharges with
large duty cycle ratios.

To overcome this limitation, an on-point mode was
introduced in the present work. As a result, the temporal
resolution was improved and temporal variations in the
electron density were successfully measured by using the
CP-based technique for discharges with pulse frequencies
reaching 25 kHz. The electron density decay in the afterglow

© 2016 The Japan Society of Applied Physics


http://doi.org/10.7567/JJAP.55.016101
http://crossmark.crossref.org/dialog/?doi=10.7567/JJAP.55.016101&domain=pdf&date_stamp=2015-012-018

Jpn. J. Appl. Phys. 55, 016101 (2016)

A. Pandey et al.

A

Curling
Y Probe

Plasma

—
C
A

Network
Analyzer
x Ext. Trigger

X

’Delay Signal Generator‘

ISynchronous Out

High-Voltage [T—A (anode)

Pulse Generator — ¢ (cathode)
f:=0.4 ~ 25 kHz, V,= -1 ~-2kV

Discharge Chamber

Fig. 1. (Color online) Experimental setup for pulsed plasma production
with CP diagnostics.

regime was measured in nitrogen and argon, and a three-step
decay for the argon discharge is discussed.

2. Experimental methods

The experiment was conducted in a 60-cm-diameter and
50-cm-long DC glow discharge device that is shown in
Fig. 1. This device was specifically designed for metal
nitridation, so that a pulsed plasma is mainly produced in the
nitrogen gas, although other gases such as argon, hydrogen,
and methane are also available. A negative high voltage
(-1 to —2kV) was applied, typically at 10Pa nitrogen, at
the pulse repetition frequency of fy (= 0.4-25kHz), to the
cathode C (diameter, 13cm), with five sets of grounded
anodes A (30 x 30cm?). The duty cycle ratio (DR =
discharge ON time/discharge pulse period) could be varied
in a wide range of 10-50%. The 1.6-cm-diameter CP was
positioned at the center (x =y = z = 0) of the chamber, 5 cm
above the cathode (y = —5 cm). The grounded anode centers
were located at x=-15cm, x=15cm, y=15cm, y=
—17cm, and z = —15cm.

Calibration of a cable connecting the NWA and the CP
head was always performed for canceling spurious signals
that were caused by the reflection at the connector and cable
loss. The CP was coated with alumina (Al,O3), making the
probe electrically insulated and resistant to corrosion and
arc ignition that can occur during discharge. A synchronous
output from a high-voltage pulse source was connected to an
external trigger port of the NWA. In the present study, we
used the NWA of Agilent ES071C, with two measurement
modes (on-sweep mode, on-point mode), as described in the
next section.

3. Reflectance measurements by using the on-sweep
and on-point modes

3.1 On-sweep mode

Electron density is derived from the CP resonance frequency
according to Eq. (1), while the resonance frequency is deter-
mined from a reflectance spectrum obtained by sweeping the
NWA frequency. In the case of pulse-modulated plasma, the
electron density changes in time, yielding temporal variations
in the reflectance spectrum and resonance frequency during
the frequency sweeping. To measure the frequency spectrum
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Fig. 2. (Color online) Schematic illustration of data acquisition by NWA
in (a) the on-sweep mode and (b) the on-point mode. Temporal variations of
discharge power, electron density, and reflectance.

of the reflectance I" (S|, parameter) at a constant phase
(electron density) of the modulated electron density, two data
sampling modes of the NWA were used: the on-sweep mode
and the on-point mode. In Fig. 2, we show the reflectance
spectra for these two modes. When the discharge power Py
was switched on and off, the electron density n. repeatedly
varied in time, as shown in Fig. 2. The NWA frequency fywa
was digitally swept, triggered by the synchronous output
of the high-voltage pulse generator with the discharge pulse
period Ty. Let the total number of the data points be N,
with the NWA frequency sweep period denoted by Tswp.
In the on-sweep mode, a single discharge yields N data points
at the frequency fywa, and the resultant reflectance I" during
the sweep period Tswp is shown in Fig. 2(a). Thus, the
m-th datum per single cycle of the discharge pulse is given
by

© 2016 The Japan Society of Applied Physics
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When m is not integer, different reflectance spectra are
observed for different sweeps, as reported previously.?”
To obtain a stable reflection spectrum, the parameters N,
Ty, and Tswp should be adjusted to obtain integer m. This is
the so-called synchronization condition?” associated with
on-sweep mode measurements. The reflectance spectrum that
is obtained under the above condition is complex, owing to
the mixing of I" with different phases (electron densities). A
well-defined data analysis algorithm is required for extracting
a time-resolved reflectance spectrum from a mixture of
frequency spectra. An example of such data analysis will be
described in Sect. 4.

3.2 On-point mode
In the on-point mode, each discharge trigger drives a single
frequency fywa (one datum) per discharge pulse, and the
reflectance is measured at the constant phase (constant
electron density) of the discharge pulse, as shown in Fig. 2(b).
In other words, the discharge pulse period Tj is equal to the
data sampling period Ar = Tswp/(N — 1), and substituting this
relation into Eq. (2) leads to m = 1. Thus, the on-point mode
automatically satisfies the synchronization condition. A single
frequency sweep of the NWA yields n different frequency
values at the same electron density [the middle panel of
Fig. 2(b)]. As a result, the reflectance spectrum at the
observing phase (electron density) is immediately obtained
[the bottom panel of Fig. 2(b)] without the post-analysis of
data that is required in the on-sweep mode. This is one of
the advantages of using the on-point mode, while another
advantage is the applicability of this method to higher pulse
repetition frequencies, with better temporal resolution.
Because the on-point mode yields only one datum of
electron density at the trigger time, the NWA triggering
should be delayed during the discharge pulse period, for
obtaining a full picture of temporal changes in the electron
density. The time delay pitch Afp should be as small as
possible for increasing the number of the measurement points
during one pulse cycle. For example, with Arp = 0.1 ps the
data can be acquired every 0.1us, making the apparent
temporal resolution is 0.1 us. However, the true temporal
resolution is determined by other factors, as discussed below.

3.3 Temporal resolution

NWA uses a super heterodyning detection system, i.e., the
incoming signal is mixed with a local oscillator signal to
obtain an intermediate frequency (IF), which is then passed
through a band pass filter (IFBF). The IFBF acts as a window
for detecting the signals; hence, the temporal resolution
is approximately given by a reciprocal relation with the
resonance bandwidth (RBW) of the IF filter. For instance,
for the RBW of 100kHz, the sampling time #; per datum is
~10ps. If the pulse discharge period Ty is shorter than the
sampling time #;, there will be instances in which IF meas-
urements will yield no pulses, leading to poor trace noise.
Therefore, measurements should be performed such that
t; < T4.3? In the present study, we chose an RBW of 70 kHz
in Agilent E5071C, which corresponds to #; ~14 us. On the
other hand, the pulse discharge frequency was in the 0.5-25
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kHz range, corresponding to the 7y in the 40-2000 us range.
Thus, all measurements were performed with the temporal
resolution of ~14 ps, in the on-point mode.

4. Temporally resolved measurements in the
on-sweep mode

Temporal variations in the electron density at the discharge
pulse frequency below 0.5 kHz were measured for N, gas at
10 Pa, in the on-sweep mode. Figure 3(a) shows the reflect-
ance spectra obtained for the 0.4 kHz discharge at 13% DR by
fulfilling the synchronization condition in Eq. (2). The sweep
time Tswp was 2500ps, and the number of data points
were N = 1601 and m = 10. Therefore, the complex spectra
correspond to 10 data points representing different pulse
phases, at intervals of Ty/m (250 ps). The 1601 data points
were divided into 10 groups (m = 1-10), such that the first
group (m = 1) contained the data points with the indices of
1,11,21,...,1601, the second group (:m = 2) contained the
data points with the indices of 2, 12,22, ...,1592, and so on.
The complex nature of the reflectance spectrum obtained in
the on-sweep mode has already been discussed elsewhere.?”
The ten groups form the reflectance I" spectrum, and differ
based on their phase, i.e., the time 7 after the discharge turn-
on. Three examples of time-resolved I spectra corresponding
to the discharge times of = 250, 500, and 750 ps, are shown
in Fig. 3(b). The resonance frequency obtained from these
spectra was substituted into Eq. (1) for obtaining the electron
density at the measured discharge time 7. Generally speaking,
however, the CP exhibits two types of resonances; volume
wave resonance and surface wave resonance.'” Both
frequencies fy and f in Eq. (1) denote the volume-wave
resonance frequency fyyw,, While the 7, (cm™) is calculated
from the surface-wave resonance frequency fq,, (GHz) as

_1+8d

2 10
= 1
Ne 0.806 foor X 1077, 3)

SWr

where the dielectric constant &4 is 3.78 (quartz) for the
present CP. In a high density case (1, > 10''cm™), both
resonances are simultaneously observed with the frequencies
related through fou <fp, <fiwr for the electron plasma
frequency f,.' In low density plasma, however, only the
volume-wave resonance appears as the spectrum measured at
the specified discharge time in Fig. 3(b). In fact, the use of
Eq. (1) in the present experiment yields low electron density
(ne <3x10°cm™) in Fig. 3(c). A cross-check was per-
formed in a DC glow discharge at the nitrogen pressure of
40 Pa, for comparing the results with Langmuir probe meas-
urement. The electron density measured by using the CP
was 1.87 x 10” cm™ while the value determined by using the
Langmuir probe was 1.45 x 10°cm™. These values are quite
close, indicating a good agreement between the CP and
Langmuir probe-based measurements.

By sufficiently delaying the trigger time, we obtained
temporally resolved reflectance (S;) at various times 7 after
the discharge ignition. The volume-wave resonance frequen-
cies thus obtained can be used for measuring the temporal
evolution of the electron density, as shown in Fig. 3(c).

Experiments were also performed at a pulsed frequency
higher than 0.5kHz. However, the measured reflectance
spectrum was irregular, and the time-resolved electron
density was scattered, suggesting some measurement errors.

© 2016 The Japan Society of Applied Physics
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Fig. 3. (a) Reflectance spectra obtained in the on-sweep mode for the
0.4kHz discharge with 13% DR at 10 Pa nitrogen. (b) Reflectance spectra
for the discharge times of 7 =250, 500, and 750 ps, for the data in (a).

(c) Electron density as a function of the discharge time, for the data in (a).

This scattering increased with increasing the pulse frequency
and duty cycle ratio. With low-frequency pulses, the NWA
sweeps the frequency in the full span per the received trigger.
However, as the pulse frequency increases, the NWA cannot
make a full span sweep but requires intermission among the
divided ranges of the frequency sweep, yielding timing errors
for data acquisition in the on-sweep mode. In such high-
frequency pulsed discharge, the on-point mode is available,
as described below.

5. Temporally resolved measurements in the on-point
mode

Temporal variations in the electron density were measured in
the on-point mode of NWA E5071C, at the discharge pulse
frequency above 1 kHz. Figure 4 shows example results for a
1kHz discharge with 30% DR, for which the discharge
voltage and current are shown in Figs. 4(b) and 4(c), respec-
tively. Note that the glow discharge was conducted in the
abnormal glow regime. Three sample reflectance spectra, for
discharge times 7 = 0, 10, and 20 ps, obtained in the on-point
mode, are shown in Fig. 4(a). Here, the arrow for each spec-
trum indicates the location of the resonance frequency, which
in turn yields the electron density, as shown in Fig. 4(c).
The DR was increased to observe the temporal dependence
of the electron density for the 1kHz discharge. Figure 5
shows the results measured in the on-point mode, for the DR
values of 10, 20, 40, and 50%. The electron density increases
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times in the on-point mode. (b) Discharge voltage as a function of the
discharge time. (c¢) Temporal evolution of electron density and discharge
current for the 1kHz discharge with 30% DR at 10 Pa nitrogen.

and then saturates, following the discharge current trend
until 7 = Ton. After the discharge is terminated (7 > Toy), the
current rapidly decreases to zero, but the electron density
decreases much slower, on the time scale of 100us, in
the afterglow regime. The maximal density in the active
glow regime decreases with increasing the DR as the peak
discharge current decreases with increasing the Ton.

The on-point technique was successfully extended to
discharge pulse frequencies of up to 5kHz with 50% DR.
The minimal trigger delay time in the presently used NWA
E5071C was 10ups. For instance, at the pulse frequency of
10kHz with 20% DR, the discharge on time Ton was only
20 us, allowing the acquisition of only two data points for
7 < Ton. To overcome this data deficit, an external signal
delay device (Hewlett-Packard 8116A) was used for delaying
the trigger signal, which enabled delaying the trigger signal
to a minimum of 2 ps. It should be noted here that the data
was acquired every 2 us; however, it does not mean that the
temporal resolution was 2 us. As described in Sect. 3.3, the
temporal resolution was ~14 s, as determined by the RBW
of NWA. Thus, the measured electron density was regarded
as the value averaged over the time window of ~14 ps.

This method was applied to a pulse discharge frequency of
10kHz with 50% DR. The synchronous output from the high-
voltage pulse generator was delayed by 2 us before it was fed
into the NWA. Figure 6 shows the temporal changes in the
electron density along with the discharge voltage for the
10kHz pulse. It should be noted here that the electron density
at =0 was not zero and the plasma continued over the
discharge on and off. Namely, the plasma slowly decayed and
survived during the afterglow. Such plasma continuation was

© 2016 The Japan Society of Applied Physics
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the 10 kHz discharge with 50% DR at 10 Pa nitrogen, together with (b) the
electron density measured in the on-point mode.

more clearly observed at the pulse frequency of 25kHz at
50% DR, as shown in Fig. 7.

6. Electron density decay in the afterglow region

To investigate the nature of the electron density decay in the
afterglow, nitrogen and argon discharge characteristics were
compared for the same pulse frequency of 1 kHz with 30% DR
at the pressure of 40 Pa. A reduction in the electron density
in the afterglow region was measured as shown in Figs. 8(a)
and 8(b) for the nitrogen and argon discharges, respectively.
In the case of the nitrogen discharge, an exponential density
reduction was observed [Fig. 8(a)], which could be simply
expressed as exp(—t/7p) with the time constant z7p ~ 60 us. On
the other hand, the argon afterglow data [Fig. 8(b)] exhibited
a three-step decay: 7p ~ 50us during step (i), zp ~ 400 us
during step (ii), and 7p ~ 100 us during step (iii).

To understand the difference between the afterglow density
decay behaviors of the nitrogen and argon discharges, we
performed Langmuir probe measurements in a simplified
condition of DC discharge, at the pressure of 40 Pa, where the
discharge voltage and current were Vq=-700V and I; =
150 mA for the nitrogen discharge, and V4= —-600V and
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electron density measured in the on-point mode.

I3 =150 mA for the argon discharge. Figure 9 shows semi-
logarithmic plots of the measured probe currents, as a
function of the probe voltage. The slope of the straight line
fitted to the measured points yielded the electron temperature
T.~03eV for the nitrogen discharge, while the argon
plasma exhibited a bi-Maxwellian type of electron energy
distribution function, with bulk temperature T, ~ 0.9 eV and
hot tail temperature T, ~ 2eV. Thus, the argon plasma has
abundant high-energy electrons, which are attributed to the
secondary electrons that are emitted from the cathode. In the
afterglow, the high-energy electrons are immediately lost
during step (i), because they can escape through a potential
barrier around the cathode and anode. As the time goes on,
the bulk electron temperature gradually decreases during
step (ii). When the temperature drops to ~0.2¢eV, the rate
of electron-neutral collisions decreases, owing to Ramsauer
effect.3” Thus, the electron diffusion loss is enhanced,
leading to a smaller value of rp during step (iii).

On the other hand, because N, is a molecular gas, the
high-energy electrons in plasma are easily lost through many
loss channels of inelastic collisions that excite the gas to

© 2016 The Japan Society of Applied Physics
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vibrational and rotational energy levels, along with dissoci-
ation processes.*? This explains why only a very weak high-
energy tail was observed in the nitrogen DC discharge
[Fig. 8(a)]. In the afterglow region of a pulsed discharge, a
monotonic exponential decay of the electron density was
observed, probably owing to a weak Ramsauer effect in the
case of nitrogen.

7. Conclusions

Curling probe (CP) technique was applied to time-resolved
measurements of electron density in pulsed DC glow plasmas.
Because the CP resonance frequency is time-dependent, the
NWA yielded complex reflectance spectra when operated in
the on-sweep mode. The complex spectra obtained in the
on-sweep mode were applicable for time-resolved electron
density measurements at low pulse frequencies (below
0.5kHz). For higher pulse discharge frequencies (up to
25kHz), the on-point NWA mode was introduced, wherein
each discharge trigger yielded one datum of reflectance at a
single frequency. A proper delay of the discharge trigger
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provided a minimal time interval of 2 ps in the time-resolved
measurements. The decay time constant of electron density
in afterglow was investigated for a discharge in nitrogen and
was compared with that for a pulsed discharge in argon.
A three-step decay was observed in the case of argon. This
phenomenon was tentatively attributed to a bi-Maxwellian
type of electron energy distribution and to Ramsauer effect
with Langmuir probe data taken into account.

In conclusion, we demonstrated that curling probes can be
used for time-resolved measurements of electron density in
plasma processing. The temporal resolution is limited by the
NWA that is used: modern pulse NWAs, such as Keysight
PNA series, can provide temporal resolution of ~20ns.
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