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Abstract

Objective: This work focused on the effect of “linear-rise” amplitude modulated waveform on the time
evolution of some typical electrical and plasma parameters in a pulsed radio-frequency capacitively coupled
argon discharge.

Methods: The pulse-on phase of a square wave pulse is divided into two distinct stages, namely, the “linear
rise” phase (7 phase) and “constant amplitude” phase (7, phase). The study focused on exploring the impact
of varying 7, durations on the temporal evolutions of these parameters. In the experiment, the electron density
was measured time-resolved by a hairpin probe. Phase-resolved optical emission spectroscopy was employed
to determine the spatial-temporal distribution of the electron impact excitation dynamics. Additionally, we
determined the amplitudes and the relative phase of the discharge voltage and current, as well as the power
deposition by analyzing the waveforms obtained from a voltage and a current probe.

Results: It was found that with the increase of 7, the critical voltage value required for the plasma ignition
becomes lower, and the RF power and the light intensity overshoot less significantly. Upon the overshoot, the
plasma when the light intensity exhibits the maximum is dominated by the “overshoot” mode. After the pulse
is turned off, the electron density under different 7, durations first decreases with the same rate, and then the
decay rate is decreased with the increase of 7). This is because for a longer 77, the neutral gas temperature gets
lower, leading to a higher density of neutral gas, so the electron diffusion loss is suppressed.

Conclusion: Compared to the square pulse modulated radio frequency capacitively coupled plasmas, the “linear
rise” amplitude modulation approach introduces external control knobs to modulate the plasma parameters,
which benefits practical material processing. This paper is an experimental measurement implemented in
an electropositive gas Ar discharge, and is expected to be extended to the plasmas operated in complex
electronegative gases in the future.

Keywords: “linear-rise” amplitude modulation, capacitively coupled plasma, multi-fold experimental
diagnostics
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1 INTRODUCTION

Low-pressure radio frequency capacitively coupled
plasmas (RF-CCP) are widely used in the processing
of microelectronic materials, such as etching and thin
film deposition'™. With the transformation of semi-
conductor device structures from two-dimensional to
three-dimensional, etching with high depth-to-width ratio
has become one of the most significant goals in semi-
conductor fabrication. Achieving these goals sets a higher
requirement for plasma etching process, e.g., higher
selectivity!™”, anisotropic etching”'", and low dielectric
damage, etc'"”. Tons in a continuous wave (CW) excited
plasma continuously bombard the wafer surface, making
it difficult to achieve these goals due to possible plasma-
induced dielectric damage. It has been shown that a pulsed
plasma has the potential to achieve these goals given
above'”"!, due to the fact that pulsed modulated RF-
CCPs have additional tuning parameters that can be used
to improve the flexibility of the process by adjusting the
pulse repetition frequency, duty cycle, and pulse shape! "'
Therefore, the study on pulsed plasmas can improve the
basic understanding of the discharge mechanism and help
find more suitable tuning parameters for its application in
practical processes.

The complex properties exhibited by the plasma
throughout the pulse period have been a topic of interest.
Mishra et al.”” conducted time-resolved measurement
of plasma potential using an electron emission probe in
a pulse-modulated dual-frequency capacitively coupled
plasma discharge. Their findings revealed that the plasma
potential aligns with the source discharge pulse voltage,
maintaining positive values throughout the pulse cycle.
They also observed that the CW RF bias of the substrate
exerts a notable influence on the time evolution of the
plasma potential. Sirse et al.”"’ employed a floating hairpin
probe to measure the time-dependent evolution of electron
density throughout the pulse cycle in pulsed dual-frequency
Ar and Ar/O,/CF, mixed gas discharges. Their study
investigated the effects of low- and high-frequency power,
gas pressure, pulse repetition frequency, and duty cycle on
the electron density. Experimental results demonstrated that
the low-frequency power significantly affects the plasma
density decay time and its absolute value, especially at
lower high-frequency source power levels. Decreasing
gas pressure substantially shortens the density decay
time, while the choice of duty cycle and pulse repetition
frequency significantly alters the time when the plasma
density overshoots. Liu et al.”” examined the impact of
various discharge parameters on plasma properties in
pulse-modulated RF-CCP Ar discharges using a fluid
model. They observed that increasing applied voltage or
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electrode spacing leads to an increase in RF cycle-averaged
parameters such as particle density, electric field, and
electron temperature. Anjum and Rehman'” investigated
the effect of the gas pressure and the O, content on the
evolution of plasma parameters (electron density, electron
temperature, plasma potential, etc.) with time in a pulse-
modulated CCP in Ar/O, mixed gas using RF-compensated
Langmuir probes. At a gas pressure of 0.4 mbar, the
electron density is lower compared to the electron density
at 0.2 mbar. Furthermore, as the O, content increases, the
electron density shows a decreasing trend. Peterson et al."””
acquired time-resolved electron temperatures in pulse-
modulated RF-CCP discharges using a hairpin resonance
probe. They found that when the effective electron-neutral
collision frequency is of the order of GHz, time-resolved
measurement on the nanosecond scale becomes feasible.
Moreover, the effective collision frequency is linked to the
electron energy distribution via the effective conductivity.
Thus the electron temperature can be determined by solving
a set of equations that take into account these relationships.

Recently, Cho et al.” examined the etching character-
istics of silica in pulsed CCPs under different conditions
by experimental diagnostics. Their investigation revealed
that the etching rate of silica increases with rising RF
power and self-bias voltage. Furthermore, the presence of
power on / off neutralization of negative ions on the wafer
surface eradicates the occurrence of the micro-groove
phenomenon. While extensive research had been conducted
on pulse-modulated RF-CCP throughout the entire pulse
cycle, the pulse ignition phase has received relatively little
attention, particularly in terms of the pulse-modulated RF-
CCP, and its underlying physical mechanisms are not well
understood. Hernandez et al.”” utilized time-resolved
optical emission spectroscopy to investigate the pulsed Ar
plasma re-ignition process. Their study aimed to shed light
on the intrinsic physical mechanisms of ignition process
of a pulse-modulated RF-CCP. Liu and coworkers”**
examined the evolution of system impedance and electron
power absorption with time during plasma re-ignition in
a pulsed capacitively coupled Ar discharge, particularly
focusing on the effect of the pulse-off duration””. They
investigated the impact of different pulse-off durations on
the plasma ignition process and further studied the temporal
evolution of plasma and electrical parameters at various
radial positions during the plasma ignition process”™. Their
recent findings revealed that the entire system exhibits
diverse modes of electron power absorption during pulse
ignition”®. Shortly after the pulse is turned on, a spike
in light intensity typically occurs, which becomes more
prominent with the increase of the post-glow duration'”.
During the ignition phase, the most significant increases
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in light intensity, power density, and current density
are observed at the discharge. In contrast, the temporal
evolution of electron density exhibits relatively weak spatial

dependence™.

Despite of significant advantages of pulsed plasmas
compared to conventional CW plasmas, the evolving
demands of large-scale integrated circuits have surpassed
the capabilities of varying pulse repetition frequency and
duty cycle. As a result, there is an urgent need to identify
new external control parameters. Samara et al.”” conducted
a study on pulse-modulated RF-CCP to investigate the
impact of changing the pulse shape on the physical
processes. Their research revealed that by adjusting the
pulse modulation shape, it is possible to control the ignition
and afterglow decay processes in a pulse discharge. While
most studies on pulse modulated RF-CCPs have focused on
varying two variables, namely, pulse repetition frequency
and duty cycle, the influence of pulse shape has received
relatively little attention. By modulating the amplitude of
one pulse RF signal, the degree that a plasma parameter can
be modulated is increased.

In this paper, the effect of “linear-rise” amplitude
modulation on the time evolution of some typical electrical
and plasma parameters in a pulsed RF-CCP is investigated
by various experimental diagnostics. It was found that
by changing the duration of the “linear-rise” phase, it is
possible to control the ignition time, the critical voltage
required for the ignition, and the decay rate of electron
density during the afterglow period.

The structure of the paper is organized as follows: Part
II provides an introduction to the experimental chamber
and the experimental diagnostics. Part III presents a
comprehensive analysis and discussion of the experimental
findings. Finally, in Part IV the conclusions are drawn based
on the experimental results.

2 EXPERIMENTAL SET-UP AND DIAGNOSTIC
TECHNIQUES

Figure 1 schematically showed the setup of the pulsed
CCP source and various time-resolved diagnostic systems.
The plasma was generated between two circular stainless-
steel parallel plate electrodes, with a diameter of 10cm, and a
separation of 2.5cm. To minimize the DC self-bias voltage of
the discharge, a Teflon liner surrounding the inter-electrode
plasma region was adopted. Argon gas was introduced into
the chamber at a controlled flow rate of 6 Standard cubic
centimeters per minute and was subsequently evacuated
through the gap between the lower electrode and the Teflon
liner. The gas pressure within the chamber was regulated by a
throttle valve located above the mechanical pump, ensuring a
constant pressure of 450mTorr.

A 12.5MHz RF voltage waveform generated by an
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arbitrary function generator and modulated by a customized
pulse amplitude is amplified by a power amplifier and
applied to the lower electrode through an “L-type”
matching box to drive the discharge. The upper electrode
and the side wall of the chamber were grounded. A “linear
rise” pulse waveform (Figure 2) was set up by a function
generator. The pulse-on phase (7, phase) with the duration
of 100us was divided into two intervals, 7, interval with a
linear-rise voltage amplitude and 7, phase with a constant
voltage amplitude. The pulse off phase (7; phase) duration
is set to be as long as 400us. The steady-state voltage during
T, phase was set to be 150V in this work. The matching
network here was tuned to achieve optimal matching in CW
mode under the same discharge conditions, and in this case
the reflected power was 0.

The ICCD camera (Andor iStar) equipped with an
objective lens and an interference filter is used to probe
the spatial-temporally distribution of light emission
intensity (at 750.4nm) of Ar-1, corresponding to the
transition Ar2p,—Arls, based on a collision radiation
model®”. To achieve time-resolved measurements, a
square wave signal synchronized with the RF signal is
used to trigger a pulse delay generator, whose signal
further triggers the ICCD camera. The gate width is
fixed to be one RF period, #=80ns, to acquire the time-
resolved optical emission intensity (OEI).

A voltage probe (Tektronix, model P6015A) and a
current probe (Pearson, model 6585) were employed to
monitor the waveforms of the RF voltage and current at
the power feeding point. These waveforms were recorded
using an oscilloscope. It should be noted that the measured
RF current comprises both the interelectrode current and the
stray current resulting from parallel stray capacitance. To
determine the actual interelectrode (plasma) current, the stray
current is subtracted with a calibration procedure described
in reference”". By fitting the measured waveforms with fast
Fourier transform"”, the voltage amplitude (V,,), the current
amplitude (), and the relative phase (¢,;) between them
are obtained as a function of time. Furthermore, the power
deposition (P,,) into the parallel-plate system is calculated
using the equation P,,=0.5 x VX [ ;X cos ¢,;.

A time-resolved hairpin probe”*"” is used to measure
the electron density, 7., at the center of the discharge (note
that the lower detection limit of the hairpin probe used in
this experiment is approximately 1x10"*m™). To achieve
time-resolved measurements of the electron density, a
microwave signal generated by a microwave source is fed
to the coupling ring through a coaxial line and a power
divider, the reflected signal is rectified by a Schottky
diode and recorded using a multichannel oscilloscope.
The time-resolved electron density is calculated by the
formula n (t)=(f"(¢)-£;’)/0.81°". Here, f(f) is the time-
varying resonant frequency in the plasma and f; is the
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Figure 1. Schematic of pulsed CCP reactor and diagnostic methods.
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Figure 2. “Linear rise + constant” amplitude-modulated waveform. Notes: The blue line is the absolute value of the amplitude
after pulse modulation, and the red line is the schematic diagram of the RF signal.

resonance frequency in vacuum, independent of time.
During the measurement, the microwave source and
the oscilloscope are synergistically controlled using a
Labview program to ensure precise frequency scanning
and data acquisition.

3 RESULTS AND DISCUSSION

This work presents an investigation about the effect
of “linear-rise” amplitude modulation on the temporal
evolution of various electrical parameters (the voltage
amplitude, V; the current amplitude, /; the phase difference
of the voltage and the current, ¢,;; and the power deposition,
P,,) and plasma parameters (the electron density, n.; OEI)
in a pulsed RF CCP operated under the conditions: the RF
frequency, f,=12.5MHz, the gas pressure, p=450mTorr,
the inter-electrode gap, L=2.5cm, and the steady-state
voltage amplitude, V,4,=150V. The time evolution of the
electrical and plasma parameters is measured and analyzed
for various values of 7 durations, i.e., 7,=5us, 10us, 20s,
40us, 60ps, and 80ps.

Figure 3 presented the time evolution of the amplitudes
of V; and I within the range of Opus<¢<110us for different
T, durations using the “linear rise + constant” amplitude
modulation approach. One sees that V;and I increase
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linearly, shown in Figure 3A, and then followed by a
dip, indicating that the plasma ignition occurs”**”. By
increasing 7, duration, the growth rate of V,; slowed down,
and the plasma ignition was delayed. After going through
the dip, V,;continued to increase linearly until a steady-state
value of 150V is reached. On the other hand, /; initially
experienced a linear increase, followed by a more drastic
growth when V. showed a dip. Afterwards, the growth of 7
slowed down until it reached a steady-state value of 0.24A.
It was noteworthy that the ignition onset was delayed as the
T, duration increased, and the critical voltage required for
the ignition gradually decreased. This trend persisted until
T, exceeded 40us, where the breakdown voltages became
nearly independent of 7. During the power-off phase, it
took 10us for Vand I, to decrease to zero after the pulse is
turned off, due to the energy exchange of the inductor and
capacitor in the matching network.

Figure 3C depicted the evolution of ¢,; within the time
window of Ous<¢<110ps at different 7; durations and the
time evolution of V,, I, and ¢,; during the first 15us of the
pulse-on period at 7,=0us (square pulse), Sus and 10us
under the same conditions were comparably shown in
Figure 3D. It could be concluded that ¢, increased from a
smaller value towards 90° and then dropped to maximum
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Figure 3. The diagrams of the detection parameters with time for different T, durations. A: The time evolution of voltage
amplitude (Vj;); B: The time evolution of current amplitude (/;); C: The time evolution of relative phase ¢, between voltage and
current; D: Time evolution of V;, I;, and ¢, for the first 15us for T,=0us, 5us and 10us; E: The evolution of electron density (n,) with
time in the whole pulse period under different T, durations; F: Evolution of power deposition (P,) and light emission intensity (OEI)
with time within the time range of Ous<t<110 ps for different T, durations.

after the power turning on, which suggested the occurrence
of the ignition. During the post-ignition phase, ¢,; increased
and all converging to the same steady-state value of 84°
during the remaining part of the 7, phase. After the pulse
was turned off, there were significant noises exhibiting in
@,; because the values of V; and I, were so small that the
calculated ¢,; became unreliable at this time. In addition, it
was found from Figure 3C that ¢,; stayed near 90° prior to
the plasma ignition, which indicated that the impedance of
the system was purely capacitive at this stage”™*””.

Upon the plasma ignition, 7, exhibited its highest growth
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rate when V,; experienced a dip, which was accompanied
by a rapid decrease in ¢,;. Furthermore, the duration of the
1 surge phase gradually became shorter as 7 increased at
the time of V; showing a dip, suggesting that the ignition
became less significant.

For a short linear-rise time of 7,=5us, the plasma was
not yet ignited at the end of the linear rise time that ¢,
remained approximately at 90°. The electron energy loss
mainly occurred on the electrodes when 7,=10us, and ¢,
dropped to the lowest value then gradually rised during the
breakdown stage. During this period, the electron energy
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Figure 4. The spatiotemporal distribution of the electron excitation rate in one RF cycle at the time when the light
intensity overshoots for different T, durations: square(A), 10us(B), 20us(C), 40us(D), 60us(E), 80us(F). As the excitation
image at T,=5ps is nearly identical to the square pulse excitation, it is not shown.

loss was related to the electron avalanche process.

For a longer linear-rise time (e.g., 7,>20us), the plasma
at the end of the linear-rise stage had already been ignited,
¢,; kept rising and gradually tended to stabilize. During this
time, the sheath has already formed, and the electron energy
loss was caused mainly by the collision of electrons with
neutral particles in the central region.

The time evolution of the electron density, #,, during
the whole pulse period at different 7, is shown in semi-
logarithmic coordinates in Figure 3E. For each T, duration
also started to increase rapidly at the time when the power
deposition and OEI exhibited the maxima (as Figure
3F) and reached steady-state value of 2x10"cm™ for
T,<80us, while n, cannot reach the steady-state value for
the 7,=80us case. Subsequently, after the pulse was turned
off, n, initially experienced a rapid decay with the same
rate for different 7| durations. This initial decay might be
caused either by the fast loss of high-energy electrons or
by the calibration error of n, related to the rapidly changing
electron temperature™. After T,=125ps, n, decayed with
different rates, corresponding to the loss of medium and
low energy electrons. Notably, the decay rate of n, became
lower at a larger 7 value, and finally reached the lower
limit of probe detection. The different decay rates of n,
can be attributed to the fact that longer 7, duration led to a
lower gas temperature and higher neutral gas concentration,
therefore the diffusion loss of electrons reduced”*””.

Figure 3F illustrated the evolution of P, and the OEI
under the same conditions as in Figure 3E. Ptot and the
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OEI exhibited similar evolution during the plasma ignition
process and deviated from each other afterwards. The
applied electric field can enter the central region as n, was
very low at the very beginning of each pulse and sheath
was not yet established. As a result, the potential primarily
dropped across the inter-electrode region, and the power
was primarily coupled to the electrons. It can be seen
that the overshoot of Ptot and OEI was more significant
by reducing the value of 7}, which is consistent with the
results that /; showed faster growth during the ignition with
decreasing T, duration in Figure 3. For the square wave
pulse and 7,=5us conditions, P,, and the OEI started to
decrease after going through their overshoot and gradually
reached respective stable values. While 7, was 10us or
longer, both P, and the OEI increased and eventually
decline to the steady-state values after going through their
maxima following the increasing V. P,,and the OEI
decayed rapidly to zero after the pulse was turned off, while
n, decreased slowly, which was due to the initial rapid loss
of high-energy electrons and followed by a relatively slower

loss of low-energy electrons™.

To further understand the high-energy electron excitation
dynamics when the OEI overshot, the spatial-temporal
evolution of the electron excitation rate within one RF cycle
at different 7} durations were shown in Figure 4. As shown
in Figures 4A-C, respectively corresponding to the square-
wave pulse, 7,=10us and 7,=20us cases, the electron power
absorption when the OEI exhibited the maximum was
dominated by the “overshoot mode***’), At this moment,
sheath had been not formed and the externally applied
electric field can penetrate into the central region and most
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of the potential dropped across the central region. In the
presence of the high electric field, a region of high positive
space charge was gradually formed near the electrode, and
the locally enhanced electric field leads to an excitation
maximum at the edge of this region of positive space
charge. It was worth noting that this excitation maximum
diminished with increasing 7, duration, as indicated by the
dashed ellipse in Figure 4E. In contrast, as 7, increased
above 40us and the excitation at the maximum of the OEI
reduced, the “drift” mode™”*” took over the “overshoot
mode” (as Figures 4D-F). Additionally, the similarity of
the excitation images for these three conditions further
confirmed the findings presented in Figure 3.

4 CONCLUSION

This work presented an investigation about the time
evolution of typical electrical parameters and plasma
parameters in a RF CCP under a “linear-rise” pulse
amplitude modulation. The pulse-on phase of the square
pulse was divided into two distinct phases, namely, the
“linear rise” (7, phase) and “constant” (7, phase). The
study focused on exploring the impact of varying T
duration on the temporal evolution of these parameters.

It was found that at the beginning of each pulse, both
V.. and I, showed a linear increase. Upon the ignition,
V¢ showed a dip, accompanied by a decrease in ¢,; and
drastical increase in /.. Meanwhile, the power deposition
and the OEI showed significant overshoot with rapid
increase of electron density. The power deposition and
the OEI overshoot less significantly as 7, increased.
Except for T, = 80us case, the electron density can reach
steady-state after a rapid initial increase. When the
power was turned off, the power deposition and the OEI
rapidly decay to zero, while the electron density initially
decreases with a similar rate for different 7' durations,
which was corresponding to the collisional loss of high-
energy electrons. Subsequently, the electron density
starts to decay with different rates, primarily attributed to
the diffusive loss of medium- and low-energy electrons.
The decay rate of the electron density is reduced with
increasing 7, duration, due to lower gas temperature
and higher neutral gas density, which suppresses the
diffusion loss of electrons.

Compared to the conventional square pulse modulated
RF-CCP, the “linear-rise”” amplitude modulation approach
adds external control knobs to modulate parameters of
plasma used for practical material processing. This work
presents an experimental investigation in an electropositive
gas, and this study is expected to be extended to complex
electronegative gases in the future.
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