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Abstract

Plasma ignition delays were observed in a ‘main’ inductively coupled plasma (ICP), in tandem
with an ‘auxiliary’ ICP. The Faraday-shielded ICPs were separated by a grounded metal grid.
Power (13.56 MHz) to the main ICP was pulsed with a frequency of 1 kHz, while the auxiliary
ICP was operated in continuous wave (cw) mode. In chlorine plasmas, ignition delay was
observed for duty cycles greater than 60% and, in contrast to expectation, the delay was longer
with increasing duty cycle up to ~99.5%. The ignition delay could be varied by changing
the auxiliary and/or main ICP power. Langmuir probe measurements provided the temporal
evolution of electron temperature, and electron and positive ion densities. These measurements
revealed that the plasma was ignited shortly after the decaying positive ion density (n+), in the
afterglow of the main ICP, reached the density (n+ ,aux) prevailing when only the auxiliary ICP
was powered. At that time, production of electrons began to dominate their loss in the main
ICP, due to hot electron injection from the auxiliary ICP. As a result, n e increased from a value
below n e,aux, improving inductive power coupling efficiency, further increasing plasma density
leading to plasma ignition. Plasma ignition delay occurred when the afterglow of the pulsed
plasma was not long enough for the ion density to reach n+ ,aux during the afterglow. Besides
Cl2, plasma ignition delays were also observed in other electronegative gases (SF6, CF4/O2 and O2)
but not in an electropositive gas (Ar).
Keywords: inductively coupled plasma, pulsed plasma, plasma diagnostics
(Some figures may appear in colour only in the online journal)

1. Introduction

with less damage and more precise critical dimension control,
can be obtained in Si etching using pulsed chlorine-containing
plasmas. In addition, pulsed electronegative plasmas can reduce
or eliminate undesirable etching anomalies (such as notching
or bowing) caused by differential charging in features, by
injecting negative charges into the bottom of the features to
neutralize accumulated positive ion charge [15, 17].
More recently, pulsed plasmas have also been employed
to obtain nearly monoenergetic ion energy distributions
(IEDs) for improved control of ion-bombardment-stimulated processes, especially near the energy threshold [18].
Monoenergetic IEDs are critical for achieving very high selectivity of etching one material relative to another. In standard

Pulsed plasmas are increasingly being developed for etching
processes used to manufacture advanced semiconductor
devices [1–4]. Compared to traditional continuous wave (cw)
plasmas, pulsed plasmas offer added control of plasma parameters that affect etching characteristics such as selectivity,
uniformity, anisotropy, and charging damage [5–14]. For
example, Sugai et al [13] reported that by changing the duty
cycle of a pulsed CF4/H2 plasma, the number density ratio of
CFx/F (x  =  2,3) could be controlled, which enabled control of
selectivity of etching Si over SiO2, or vice versa. Samukawa
et al [15, 16] demonstrated that better anisotropy and selectivity,
0022-3727/15/485201+10$33.00
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radio frequency (RF) inductively coupled plasmas (ICPs),
the substantial voltage across the coil capacitively couples to
the plasma. This imposes an RF component on the dc plasma
potential, broadening the ion energy distribution (IED) on the
substrate during the power-on fraction of the cycle [1]. This
IED broadening can be eliminated with a Faraday shield to
block capacitive coupling. Especially with pulsed electronegative plasmas, however, it is very difficult to ignite the
plasma in the next pulse cycle, since the electron density rapidly decays in the temporal afterglow (when power is off) by
attachment and diffusion to the walls. Thus, ignition requires
large electric fields produced by high-voltage capacitive coupling, which is suppressed by the Faraday shield.
In this work, we explored the use of an auxiliary plasma
operating in tandem with a main plasma. Both sources were
Faraday shielded. The auxiliary source was added to provide a
flux of energetic electrons to the afterglow of the main source,
allowing ignition without capacitive coupling. Although the
auxiliary source enabled the prompt ignition of pulsed Ar
plasmas under all conditions, with electronegative plasmas,
a delay in ignition with respect to commencement of power
was observed in the main source, under certain operating
conditions.
Ignition delays in pulsed CF4/Ar ICPs in the absence of
a Faraday shield have been reported by Wang et al [19], and
attributed to a capacitive-to-inductive (E–H) mode transition.
Tuszewski [20] reported instabilities in low pressure electronegative discharges. Liebermann [21] and Chabert [22, 23] subsequently showed, using a global model, that these instabilities
were a result of E–H transitions. E–H transition instabilities
were attributed to differences in the production/loss rate of
electrons and negative ions, causing the plasma to oscillate
between inductive and capacitive discharge modes. Electron
density builds up rapidly due to ionization and a quasi-equilibrium ‘inductive’ state (high electron density) of discharge is
attained. Negative ion density continues to increase at a much
slower rate, disturbing the equilibrium. Electrons are then lost
rapidly due to attachment and the discharge reverts to a quasiequilibrium low electron density ‘capacitive’ mode. Negative
ions are lost at a much slower rate until the inductive mode is
re-established [21–23]. In the present study, the ignition delay
was not caused by an E–H mode transition since both plasma
sources were equipped with a Faraday shield that precluded
the E mode of the discharge. Systematic experiments were
carried out to uncover the origin of the plasma ignition delay
and its dependence on operating conditions.

Figure 1. Schematic of the experimental apparatus. The main
inductively coupled plasma (ICP) and the tandem auxiliary ICP
were Faraday-shielded. The main ICP 13.56 MHz power was
pulsed with a period of 1000 μs (1 kHz), while the auxiliary ICP
13.26 MHz power was applied continuously (cw mode). The
axisymmetric sources were separated by a grounded metal grid.
Optical emission was collected, through a periscope, from the main
ICP, 110 mm below the grid. Langmuir probe measurements were
performed on axis, also 110 mm below the grid.

pass through. An auxiliary ICP (upper plasma) was ignited
by a 11.5-turn coil in a 33 cm long, 7.94 cm inside diameter
water-cooled Al2O3 tube through a matching network. The
two plasmas were powered individually with slightly different
frequency (table 1), each using a separate radio frequency (RF)
power amplifier (ENI, model A500) driven by a function generator (Hewlett-Packard 3325A). Time averaged forward and
reflected powers (defined as peak power  ×  duty cycle) were
monitored by in-line power meters (Bird, model 43). Both
sources were equipped with a copper Faraday shield to minimize capacitive coupling between the coil and the plasma.
The voltage on the coil powering the plasma had measured
1/e rise and fall times of ~3 μs.
The plasma sources were separated by a 9.53 cm diameter
grounded grid. Three different grids were used (see table 1):
grid A was made of woven tungsten wire, and was 90% transparent with square holes 2.4 mm on a side. Grid B was also
made of woven tungsten wire, and was 81% transparent with
230 μm square holes. Grid C, used for SF6, CF4/O2 and O2
plasmas, was made of woven stainless steel wire (tungsten
would be etched in F-atom containing plasmas) and was 68.9%
transparent with 2.1 mm square holes. The grids were used to
study the role of grid opening size on plasma ignition delay.
A grid opening size larger than the sheath thickness would allow
cross-talk between the two plasmas. For a grid opening size
smaller than the sheath thickness, the two plasmas would be
more isolated from one another. The grid also served as part of
the grounded surface in contact with the plasma, to help minimize changes in the plasma potential during Langmuir probe
measurements, when large electron currents were drawn.
Process gas was injected through a hole in the boundary
electrode at the upper end of the auxiliary ICP and was pumped

2. Experimental
Figure 1 shows a schematic of the apparatus, consisting of two
co-axial (tandem) plasmas. The main ICP (lower plasma) was
an inductively coupled source powered by a 3-turn spiral coil
in a 17.8 cm long, 8.6 cm inside diameter Al2O3 tube. The discharge tube was connected to a cubical stainless steel chamber
through a water-cooled adaptor flange. The 5.08 cm diameter water-cooled stainless steel sample stage had a 2.64 cm
diameter hole in the centre, allowing a Langmuir probe to
2
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Table 1. Base case parameters and range investigated.

Parameter

Base case

RF frequency of main ICP
RF frequency of auxiliary ICP
Pulse frequency of main ICP
Gas flow rate
Pressure
Duty cycle of pulsed main ICP
Peak power of pulsed main ICP
CW power of auxiliary ICP
Metal grid

13.56 MHz
13.26 MHz
1 kHz
25 sccm Cl2
5 mTorr
99%
500 W
500 W
(A)

Range Investigated

25 sccm SF6 or 30 sccm O2, or 30 sccm 80%CF4/20%O2
2.5–20 mTorr
20 %–99.9 %
100–500 W
100–500 W
(A) 2.4 mm squares, 90% transparency
(B) 230 μm squares, 81% transparency
(C) 2.1 mm squares, 68.9% transparency

through the lower end of the main ICP by a 300 l s−1 turbomolecular pump backed by a dry pump. Pressure (set by a throttle
valve) was measured by a capacitance manometer (MKS 629,
100 mTorr full scale). Chlorine (25 sccm, Matheson 99.99%
purity) was the main working gas, although other gases
(25 sccm SF6, 30 sccm O2, or 30 sccm 80%CF4–20%O2) were
used for some experiments. The pressure drop between the
top of the upper source and the bottom of the lower source
was estimated to be ~1 mTorr. The power supplied to the
main ICP was pulsed at a frequency of 1 kHz (1000 μs pulse
period), with variable duty cycle. The auxiliary ICP was powered continuously with a given power. Base case conditions
(table 1) were: pressure  =  5 mTorr, peak power to the main
ICP  =  500 W (13.56 MHz), and continuous wave (cw) power
to the auxiliary ICP  =  500 W (13.26 MHz).
Optical emission spectroscopy was used as a plasma diagnostic. A periscope consisting of two prisms was used to
guide light from the plasma to the entrance slit of a monochromator with a 1200 grooves mm−1 grating. The entrance
slit opening was set to 1000 μm, which provided a resolution
of about 2 nm. Light dispersed by the grating was detected by
a GaAs photomultiplier tube (RCA C31034). The PMT current was measured by the voltage drop across a 3 kΩ load
resistor, using an oscilloscope. The time constant of the circuit
was ~0.3 μs, much smaller than the observed rise time of the
plasma emission signal (10 μs). Atomic emission lines of Cl
(837.5 nm; 4p 4Do  →  4s 4P), O (777.1 nm; 3p 5P  →  3s 5So),
and Ar (750.4 nm, 2p1 Paschen series) were used to monitor
the ignition and extinction of pulsed chlorine, oxygen, and
argon plasmas. F emission at 685.6 nm (3p 4Do  →  3s 4P) was
monitored in fluorine containing (SF6 and 80% CF4–20% O2)
plasmas.
A Langmuir probe (Scientific Systems Smartprobe, with
modifications to reduce the probe size, as discussed in [24])
was used to measure electron and positive ion densities (n e and
n+), electron temperature (Te), and the electron energy probability function (EEPF). The cylindrical tungsten probe tip
had a diameter of 0.18 mm and an exposed length of 6.5 mm.
A reference electrode and RF chokes minimized distortion of
the I–V characteristic due to any residual oscillations of the
plasma potential. Fast data acquisition electronics enabled
averaging of 100 s of I–V characteristics (at a given location
and for given plasma conditions) to reduce noise. Plasma

parameters (n e, n+, and Te) were obtained by different procedures depending on the plasma electronegativity (α = n− /n e),
where n− is the Cl− number density. For a highly electronegative plasma (α  ⩾  1000) that may form during the afterglow
period, the plasma parameters were obtained by fitting the I–V
curve and its second derivative using the procedure outlined
by Bredin et al [25].
For lower plasma electronegativity, n e and Te were extracted
from the EEPF. The EEPF is given by fp (ε) = ε−0.5 f (ε),
where f (ε) was obtained from the second derivative of the
probe electron current Ie [1].
2m 2ε 2
f (ε ) = 2 e
d Ie /dV 2.
(1)
e A me

In equation (1), m e is the electron mass, A is the probe exposed
area, and e is the elementary charge. Voltage V is the applied
probe voltage referenced to the plasma potential at the probe
location. For a Maxwellian distribution of electron energies,
a semi-log plot of fp (ε) versus ε yields a straight line. The
electron density (n e), and the average electron energy ε were
calculated by integrating the electron energy distribution
function f (ε) as follows:

∫0

∞

ne =
f (ε)dε
(2)
1 ∞
ε =
εf (ε)dε.
(3)
ne 0

∫

The effective electron temperature (Te) was computed as
2/3 ε . The ion density was obtained using Laframboise’s
orbital motion-limited (OML) theory for a collisionless
sheath [26]:
⎛ rp V − Vp ⎞ I +
2πMi
n+
,
,
⎟ i
(4)
i = ξ⎜
⎝ λd
kTe ⎠ eA kTe

where ξ is a correction factor that depends on a dimensionless potential and the ratio of cylindrical probe radius (rp) to
plasma Debye length (λd), I +
i is the ion saturation current, and
Mi is the ion mass. To obtain time-resolved plasma properties,
the probe was operated in ‘boxcar’ mode using an external
trigger. Plasma parameters were collected on the discharge
3
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Figure 2. Optical emission intensity of the 837.5 nm line (Cl atoms)
as a function of time during a pulse for different duty cycles. Other
conditions were at their base case values (table 1).

Figure 3. Plasma ignition delay versus duty cycle, for three
different pressures and two different grids. Other conditions were at
their base case values (table 1).

axis (r  =  0), in the main ICP, 110 mm below the grid separating the two sources (figure 1).

The increase in ignition delay with increasing duty cycle in
chlorine ICPs is counter-intuitive. One would expect that, as
the duty cycle increases, the shorter afterglow time (for constant pulse period) would cause the electron density at the end
of the afterglow to be higher, making it easier to ignite the
plasma, leading to a shorter delay time. For the same operating
conditions, no ignition delays are observed in Ar plasmas, as
shown by the time resolved optical emission measurements of
the Ar λ = 750.4 nm line in figure 4.
Langmuir probe measurements were performed as a function of time for the same conditions and axial location used to
collect optical emission. Figure 5 shows the electron density
(n e), positive ion density (n+), and effective electron temperature (Te) for a chlorine plasma, with peak main ICP power
of 500 W, duty cycle of 20%, and auxiliary ICP cw power
of 500 W. Under these conditions, little if any ignition delay
is found. The dashed horizontal lines represent the electron
density (n e,aux), positive ion density (n+ ,aux), and electron
temperature (Te,aux) in the main ICP, measured when only the
auxiliary ICP is powered. For this low duty cycle, upon power
turn-on of the main ICP at time t  =  0 μs, the electron density
and electron temperature rise quickly (no ignition delay) and
attain a quasi-steady value of ~1011 cm−3 and ~4 eV, respectively. At t  =  200 μs, when the main ICP power is switched
off, electrons are quickly lost due to dissociative attachment
to Cl2 molecules and diffusion to the walls, causing n e to
decrease rapidly, falling below n e,aux at t ~ 230 μs. Te initially
decays rapidly from its quasi steady-state value of ~4 to ~2 eV
in about 10 μs after power is turned off, but while n e keeps
decreasing, Te quickly turns around and reaches a relatively
high value (~10 eV). The turnaround of Te can be explained by
the power injected into the main ICP from the auxiliary ICP.
As n e keeps decreasing, this power is distributed to a smaller
number of electrons causing the temperature to heat up.
This in turn causes ionization and the electron density starts
increasing at t ~ 250 μs. The power injected from the auxiliary
ICP is now distributed to a larger number of electrons, causing
a decrease in the electron temperature. On the other hand, n+
decays smoothly from the start of the afterglow and, at t ~ 400

3. Results
3.1. Ignition delay versus duty cycle in chlorine plasmas

Plasma ignition and extinction as a function of time in chlorine plasmas were monitored using the Cl λ  =  837.5 nm line
emission intensity, as shown in figure 2. At the base case
conditions (table 1), the auxiliary ICP was powered continuously with 500 W and the main ICP was pulsed at 1 kHz
(period  =  1000 μs). The two plasmas were separated by a
tungsten grid with either 2.4 mm or 230 μm square holes
(Grids A and B in table 1). RF power was delivered to the coil
at t ~ 0 μs, and remained on for a percent of the pulse period
(duty cycle) that was varied from 20% to 99.9%. At 20%
duty cycle, emission from Cl atoms appears within a few
μs after the plasma is turned on (i.e. no significant plasma
ignition delay, beyond the 3 μs rise time of the voltage on
the coil). The emission intensity rises rather quickly at first,
and continues to increase at a slower rate until the power is
turned off at t  =  200 μs. At this time emission falls precipitously on the time scale of the decay of Te (several μs, see
[9]). Similar behaviour was observed for duty cycles up to
60% (figure 3).
For duty cycles greater than 60%, however, a delay in
plasma ignition was observed, i.e. the emission intensity was
at the baseline level for significant amount of time after the
power was switched on at t  =  0. After this induction period,
a rapid rise in emission signified plasma ignition (figure 2 for
duty cycles of 80% and 99%). The ignition delay was found to
increase almost linearly with duty cycle, for duty cycles larger
than 70% (figure 3). A maximum ignition delay of ~320 μs is
observed for 99% duty cycle (plasma on/off time  =  990/10 μs).
Further increase in duty cycle to 99.5% (plasma on/off
time  =  995/5 μs) resulted in a nearly continuous plasma with
no ignition delay. Generally, the ignition delay was found to
be nearly independent of pressure in the 2.5–20 mTorr range
investigated (figure 3).
4
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Figure 6. Positive ion density, electron density and electron
temperature as a function of time during a pulse. Conditions were
at base case (table 1), except that the duty cycle was 80%. Dashed
lines correspond to the positive ion density (n+ ,aux), electron density
(ne,aux) and electron temperature (Te,aux) when only the auxiliary ICP
is on (no power to the main ICP).

Figure 4. Optical emission intensity of the 750.4 nm line

(Ar atoms) as a function of time during a pulse, for different duty
cycles at otherwise base case conditions (table 1).

obtained by fitting the IV curves for highly electronegative
afterglows. The Langmuir probe tip was about 2 cm away from a
grounded stage (see figure 1). With the measured plasma potential ~20 V, the electric field near the probe tip was ~10 V cm−1.
Under such high electric fields it is reasonable to expect relatively high ion temperatures [27, 28].
Figure 6 shows n e, n+ and Te for otherwise the same conditions as in figure 5, but with a duty cycle of 80%. n e decays
rapidly immediately after the main ICP power is turned-off
at t  =  800 μs. In contrast to figure 5 and consistent with Cl
atomic emission intensity (figure 2), n+ continues to decay,
even after the power is turned back on at t  =  0 μs, to start the
next pulse cycle. Similar to the results in figure 5, as soon as
n e decreases below n e,aux, the rate of further n e decay slows
down. At t ~ 100 μs, when n+ reaches n+ ,aux, n e increases
rapidly, and the main ICP ignites at t  =  140 μs. An important difference between figure 5 (no plasma ignition delay)
and figure 6 (plasma ignition delay), is that in figure 6 the
afterglow is not long enough for the decaying ion density to
reach n+ ,aux. Similar behaviour was observed when the duty
cycle was increased to 99% (figure 7). Extinguishing power
at t  =  990 μs causes n e to decay rapidly. This decay continues
(even after power is turned on at t  =  0) until n+ reaches n+ ,aux
at t ~ 250 μs, whereupon n e increases sharply, and the plasma
ignites. For a duty cycle of 99.7% (not shown), when power to
the main ICP was turned on, n+ increased rapidly and reached
a quasi-steady value of 2.5  ×  1011 cm−3 while n e reached a
value of ~6  ×  1010 cm−3. During the ~3 μs afterglow (here the
afterglow is not clearly defined due to the ramp up and ramp
down of voltage on the coil), n+ decreased to 1.5  ×  1011 cm−3,
n e decreased to 2  ×  1010 cm−3, and the plasma ignited without
delay when the power was turned on to start the next pulse
cycle.

Figure 5. Positive ion density, electron density and electron
temperature as a function of time during a pulse. Base case
conditions (table 1), except duty cycle  =  20%. Dashed lines
correspond to the positive ion density (n+ ,aux), electron density
(n e,aux) and electron temperature (Te,aux) when only the auxiliary ICP
is on (no power to the main ICP).

μs, n+ reaches n+ ,aux. When n+ reaches n+ ,aux, n e increases to
its quasi-steady value of n e,aux, while Te tends towards Te,aux. It
should be noted that late in a long afterglow of the main ICP,
the plasma parameters are determined solely by the (cw powered) auxiliary ICP, injecting hot electrons into the main ICP.
Depending on conditions, an ion–ion plasma may form in
the afterglow of the main plasma source. This ion–ion plasma
is not ideal because of the presence of the auxiliary source. For
example, the plasma potential of the ion–ion plasma formed
in the afterglow was measured to be ~20 V for Paux  =  500 W.
Typically ion–ion plasmas have plasma potential close to zero
because: (i) the electron density is extremely low, (ii) positive and negative ions have similar masses, thus similar diffusivities, yielding a near-zero space charge, and (iii) the plasma
potential of an ion–ion plasma is determined by the ion temperature and not the electron temperature (as in conventional
plasmas). In our case, the high plasma potential is due to the
auxiliary plasma source operating continuously which may
be thought of as a biased DC boundary electrode. It must be
noted that relatively high ion temperatures (up to 2 eV) were

3.2. Ignition delay versus main and auxiliary ICP power

Figure 8 shows the plasma density and electron temperature
obtained in the main ICP with an auxiliary source power of
5
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Figure 7. Positive ion density, electron density and electron
temperature as a function of time during a pulse. Conditions were
at base case (table 1). Dashed lines correspond to the positive ion
density (n+ ,aux), electron density (n e,aux) and electron temperature
(Te,aux) when only the auxiliary ICP is on (no power to the main
ICP).

Figure 9. Black squares: ignition delay versus time-average
power of main ICP. Red circles: ignition delay versus cw power
of auxiliary ICP. Other conditions were at the base case values
(table 1). Solid and open symbols correspond to grid A and grid B,
respectively.

500 W. With 500 W cw power delivered to the auxiliary ICP,
the time delay increases from 210 μs to 300 μs when the timeaverage power to the pulsed main ICP increases from 250 W
to 500 W.
3.3. Effect of grid hole size

The size of the openings of the grid separating the two
plasmas affects the degree of communication between the two
plasmas. For a sheath thickness greater than the opening size,
the two plasmas will be more isolated from one another, while
for a sheath thickness less than the opening size, plasma will
spill through the openings [29], and the two plasmas will be
in ‘contact’ with each other. The Debye length of the main
plasma ranges from 75–170 μm when only the auxiliary
source is powered in the range 500–100 W, at a pressure of
5 mTorr [30]. Early in the afterglow when the plasma electronegativity is high, the Debye length was estimated to be
50 μm for a 500 W auxiliary ICP power. The sheath thickness is roughly 5  ×  larger than the Debye length. To explore
the effect of grid opening size on ignition delay, chlorine
plasma experiments were conducted using tungsten grids A
(2.4 mm square openings) and B (230 μm square openings).
Figure 10 shows that the ignition delay as a function of duty
cycle with 500 W auxiliary power is about the same for both
grids A and B. The ignition delay increases linearly with duty
cycle beyond a threshold value, which depends on the power
applied to the auxiliary ICP.
Figure 3 shows ignition delays as a function of duty cycle
at three pressures, for grids A and B. At 2.5 mTorr, there is
little, if any, dependence on grid opening size. At 5 mTorr,
slightly shorter delays are found for grid B. At 20 mTorr, grid
B produces substantially longer delays compared to grid A.
The difference in the delay times produced by the two grids at
20 mTorr is nearly constant (100 μs), for duty cycles  ⩾70%.
Ignition delays as a function of power to the auxiliary and main
ICP for grids A and B are compared in figure 9. Relatively

Figure 8. Positive ion density, electron density and electron
temperature as a function of time during a pulse. Conditions were
at base case (table 1), except that the duty cycle was 20% and the
auxiliary cw power was 200 W. Dashed lines correspond to the
positive ion density (n+ ,aux), electron density (n e,aux) and electron
temperature (Te,aux) when only the auxiliary ICP is on (no power to
the main ICP).

200 W. Other conditions were as in figure 5. Immediately after
the main ICP power is switched off at t  =  200 μs, n e decays by
three orders of magnitude in about 30 μs. Further decay of n e
is much slower compared to the case of 500 W auxiliary ICP
power (figure 5). At about t  =  600 μs (400 μs into the afterglow), n e starts increasing and eventually attains a value close
to n e,aux. The electron temperature reaches a maximum when
n e is at a minimum. Beyond that point Te decreases until it is
equal to Te,aux. Meanwhile, n+ decays until reaching n+ ,aux.
At this low duty cycle there is no plasma ignition delay. The
plasma ignites promptly after power is turned on at t  =  0.
The plasma ignition delay as a function of power to the
auxiliary and main ICP is shown in figure 9. The duty cycle
of the main ICP (with a 1 kHz pulse frequency) was kept constant at 99%, which gave the maximum ignition delay. For a
peak power of 500 W delivered to the main ICP, the time delay
decreases from 600 μs to 330 μs (for the 2.4 mm square grid),
when the auxiliary ICP cw power is increased from 100 to
6
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Figure 12. Black symbols, left axis: ignition delay versus time-

Figure 10. Plasma ignition delay versus duty cycle, with different

average power of main ICP in SF6 plasmas. The main ICP power
was pulsed with at 1 kHz and 80% duty cycle. The auxiliary ICP
was supplied with 110 W cw power. Red symbols, right axis:
ignition delay versus cw power of auxiliary ICP. The main ICP
was pulsed with at 1 kHz, 80% duty cycle, and 320 W time-average
power. For all data points, grid C was used, and the pressure was 5
mTorr.

auxiliary ICP cw powers. Open symbols: grid B. Solid symbol: grid
A. Pressure, flow rates, and main ICP peak power were at base case
values (table 1).

Figure 11. Plasma ignition delay versus duty cycle in different

electronegative gases. The main ICP was pulsed with a pulse
repetition frequency of 1 kHz. Grid C was used and the pressure
was 5 mTorr. The main ICP peak power/auxiliary ICP cw power
was: SF6 (400 W/110 W or 400 W/250 W), O2 (300 W/100 W), and
80%CF4–20%O2 (450 W/110 W).

Figure 13. Black symbols, left axis: ignition delay versus time-

average power of main ICP in 80%CF4–20%O2 plasmas. The main
ICP was pulsed with at 1 kHz and 80% duty cycle. The auxiliary
ICP was supplied with 110 W cw power. Red symbols, right axis:
Ignition delay versus cw power of auxiliary ICP. The main ICP
was pulsed with a frequency of 1 kHz, 99% duty cycle, and 450 W
time-average power. For all data points, grid C was used, and the
pressure was 5 mTorr.

subtle differences are found with the exception of the lowest
auxiliary power (100 W) for which grid B produces ~300 μs
longer delays in plasma ignition. This may be a result of a
thicker sheath (~850 μm) at low power, increasing the isolation between the two plasmas.

to experimental constraints, it was not possible to operate at
the duty cycle and power levels used for Cl2 in figure 9, so a
direct comparison cannot be made. Nonetheless the trends are
similar, in that at constant average power to the main ICP, the
ignition delay decreases with increasing auxiliary ICP power,
while the delay increases with increasing main ICP power.
Note that the increase in delay with main ICP power in SF6 is
much stronger than that in Cl2.
The ignition delay was also found to decrease with
increasing auxiliary ICP power in CF4/O2 plasmas (figure 13)
and O2 plasmas (figure 14). Contrary to Cl2 and SF6, however,
the ignition delay decreases (slightly for CF4/O2 and drastically for O2) with increasing average power delivered to the

3.4. Ignition delays in other electronegative gas plasmas

Plasma ignition delays, measured by optical emission, were
also observed in other electronegative gases (SF6, O2, or
80%CF4–20%O2). Figure 11 shows the ignition delay as a
function of duty cycle, for pulsed plasmas (1 kHz pulse frequency) in different electronegative gases. Similar to Cl2
plasmas, ignition delays increase as a function of duty cycle
above a threshold (with O2 being a possible exception between
50% and 80% duty cycle).
The ignition delay as a function of power to the auxiliary
and main ICP in SF6 is shown in figure 12. Unfortunately, due
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Meanwhile n e decayed to well below the electron density produced in the RIE mode (analogous to n e,aux here).
In the present work, the auxiliary ICP source plays the
role of the RF biased stage, in the sense that plasma injection
from the auxiliary to the main ICP can maintain a low density
plasma in the main ICP, when only the auxiliary ICP is powered. It is also seen that lowering the power of the auxiliary
source increases the time for electron density to build up later
in the afterglow (200 μs for 500 W auxiliary power compared
to 500 μs for 200 W auxiliary power), which is similar to what
M&D observed by varying the ICP source and stage RF bias
power.
The time-dependent behaviour of n+, n e and Te in the main
ICP, during the transition from the pulsed-power-sustained
mode to the auxiliary-plasma-sustained mode (APS-mode) in
the present work (as well as the transition to the RIE-mode
in the work of M&D), can be understood by considering the
behaviour of positive ions, combined with the partitioning of
a constant electron energy density flux (from the auxiliary
source) to a decaying electron density (in the main source).
After the power of the main ICP is switched off (in the afterglow), n e drops rapidly, due to loss of electrons by dissociative attachment and diffusion to the walls. On the other hand,
the influx of hot electrons from the auxiliary plasma to the
main ICP increases the temperature of the residual electrons
in the main ICP, since the electron energy is distributed among
a small number of electrons. The high Te promotes gas ionization and the electron density decay rate decreases, but n+ is still
large enough that the ion and electron losses to the walls by
diffusion are larger than the rate of electron–ion pair production. Thus, n e remains below n e,aux. When n+ reaches n+ ,aux,
the ionization rate exceeds the loss rate, and n e increases rapidly as the plasma switches to the APS mode. If the afterglow
is long enough for the decaying n+ to reach n+ ,aux during the
afterglow, then there is no plasma ignition delay (figure 5). If
the afterglow is too short for n+ to reach n+ ,aux then there is
plasma ignition delay (figures 6 and 7).
Under conditions for which a long delay time is observed
before plasma ignition, a similar effect appears to be occurring. The plasma cannot ignite until n+ reaches n+ ,aux, while
n e is free to decrease below n e,aux. Once the power is off for
more than a few μs, the drop in Te causes a rapid increase in
the electron attachment rate by Cl2 causing a swift drop in
n e. This leads to a reduced efficiency in inductive coupling
when the power is turned back on. In addition, the matching
network is tuned to deliver maximum net power at or near the
(quasi) steady maximum electron density reached close to the
end of the power-on (active glow) period. Hence, the power
transfer efficiency is further reduced due to poor impedancematching conditions. As a result, the plasma continues to
decay. When n+ reaches n+ ,aux, n e jumps to n e,aux. At this
point, the inductive power coupling, though still inefficient,
produces ionization that then improves the inductive power
coupling efficiency, quickly leading to increasing plasma density, as the ICP ignites.
The higher the duty cycle, the higher the positive ion
density at the end of the afterglow, the longer it takes for n+
to reach n+ ,aux, and the longer it takes for ignition to occur

Figure 14. Black symbols, left axis: ignition delay versus time-

average power of main ICP in O2 plasmas. The main ICP was
pulsed with at 1 kHz and 90% duty cycle. The auxiliary ICP was
supplied with 110 W cw power. Red symbols, right axis: Ignition
delay versus cw power of auxiliary ICP. The main ICP was pulsed
with a frequency of 1 kHz, 90% duty cycle, and 250 W time-average
power. For all data points, grid C was used, and the pressure was 5
mTorr.

main ICP. If the plasma becomes less electronegative with
increasing power, then the delay will be shortened (note again
that Ar plasmas exhibit no ignition delay). On the other hand,
if the electronegativity increases with power because a more
attaching product is formed, then the ignition delay would be
lengthened (see below).
4. Discussion
With the main pulsed ICP operating in tandem with a continuously powered auxiliary ICP, it is possible to ignite a 1 kHz
pulsed plasma at the end of an 800 μs afterglow period (20%
duty cycle), with little or no ignition delay. This is due to a
background electron density, n e,aux, in the main ICP, established by a plasma flux injected from the auxiliary ICP, balancing plasma loss during the afterglow (power  =  0) in the
main chamber. In this case, a sudden jump in n e is observed at
t  =  400 μs (figure 5) before the plasma density and electron
temperature settle at their values (n e,aux and Te,aux) measured
with only the auxiliary power on. This situation is reminiscent of the findings of Malyshev and Donnelly (M&D) [31].
They studied the dynamics of a 10 mTorr chlorine pulsed
ICP (300 W average power, pulse frequency of 333.33 Hz
to 10 kHz, 50% duty cycle, no Faraday shield), with and
without RF bias power applied on a substrate stage. Without
bias power on the stage, plasma ignition always occurred
without delay and Te exhibited the expected overshoot when
power was turned on, before reaching a (quasi)steady-value
of 2.5 eV for the remainder of the active glow. Since there was
no Faraday shield in the M&D experiment, plasma ignition
was facilitated by capacitive coupling from the RF coil. When
the afterglow was made sufficiently long (i.e. 500 to 3000 μs),
however, and RF bias was applied continuously to the stage,
n+ decayed until reaching the constant value sustained by bias
power alone (referred to as the ion density in the ‘reactive ion
etching (RIE) mode’, analogous to n+ ,aux of the present work).
8
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ICP decayed to the value n+ ,aux, obtained when only the auxiliary ICP was powered, was of critical importance. When n+
reached n+ ,aux, the electron production rate exceeded the electron loss rate due predominantly to gas ionization promoted
by hot electron injection from the auxiliary plasma to the main
ICP, and to a much smaller extent by very inefficient inductive coupling. At this point, n e increased, which improved the
inductive power coupling efficiency, further increasing the
rate of production of electron–ion pairs, igniting the plasma.
If the afterglow was long enough for the decaying n+ to reach
n+ ,aux during the afterglow, then there was no plasma ignition delay. If the afterglow was too short for this to occur,
then plasma ignition was delayed. These findings parallel the
observations of Malyshev and Donnelly ([31]). The auxiliary
ICP in the present experiment plays the role of an RF biased
stage in M&D’s separately powered ICP.
The plasma ignition delay could be varied by changing the
power of the auxiliary source and the main source. At higher
auxiliary powers (i.e. higher n+ ,aux), the ignition delay was
found to be smaller due to the shorter time required for n+ to
decay to n+ ,aux. At higher main ICP powers (i.e. higher n+),
the ignition delay was found to increase due to the longer time
required for n+ to decay to n+ ,aux.
Besides chlorine, ignition delays were also observed in
other electronegative gases such as SF6, 80% CF4–20% O2,
and O2. The ignition delay trends as a function of duty cycle,
auxiliary and main power, were similar to those in chlorine.
In 80% CF4–20% O2 and O2 plasmas, however, the ignition delay was found to decrease with increasing main ICP
power. This may be due to the role of O2 (1Δg) in making the
plasma less electronegative, by providing additional pathways
(associative detachment of O– and electron detachment from
O−
2 ) for negative ion loss which cause the ignition delay to
decrease with increasing main ICP power. No ignition delays
were observed in electropositive (e.g. Ar) plasmas.

(figure 3). Also, the higher the power to the auxiliary ICP, the
larger the value of n+ ,aux, and the shorter the time for n+ to
decay to n+ ,aux (figure 9). Raising the power to the main ICP
results in higher plasma density at the end of the active glow,
resulting in longer delays before n+ decays to the value of
n+ ,aux (figure 9).
The flux of electrons from the auxiliary ICP to the main
ICP may be altered by using different grid openings as discussed earlier (section 3.3). At a pressure of 5 mTorr and for
the grid with small openings (grid B, table 1) longer ignition
delays are observed especially at lower auxiliary ICP powers
(100–200 W) (figure 10). This may be due to the larger sheath
thickness at lower auxiliary powers, increasing the isolation
between the two plasmas (by preventing plasma leakage
through the grid holes) and reducing the flux of electrons from
the auxiliary ICP into the main ICP.
The delay times measured as a function of main ICP and
auxiliary ICP power in SF6 plasmas follow a similar trend as
in Cl2 plasmas. However, the effect of lowering the main ICP
power or increasing the auxiliary power is more dramatic in
the SF6 plasmas. In the case of O2 plasmas it was noted that
delay times decreased with increasing main ICP power. This
may be attributed to decreased plasma electronegativity of the
oxygen discharge with increasing power. Increasing power
results in higher densities of O2 (1Δg) which reacts with O− to
form ozone, and also detaches O−
2 [32]. Destruction of negative ions reduces the plasma electronegativity and, therefore,
the delay time decreases with increasing main ICP power.
5. Summary
Faraday shielded pulsed electronegative plasmas are often
difficult to ignite because electrons can be rapidly lost in
the afterglow by attachment to gas molecules and diffusion
to the plasma containing walls, requiring large capacitive
fields to ignite the plasma, which the Faraday shield prevents.
A dual plasma source, consisting of a main inductively coupled
plasma (ICP), in tandem with an auxiliary ICP, was developed to overcome this difficulty. The Faraday shielded sources
were separated by a grounded metal grid. The main ICP power
was pulsed with a frequency of 1 kHz, while the auxiliary ICP
operated in continuous wave (cw) mode, injecting hot electrons through the grid to ignite the main ICP. Interestingly,
for a certain set of conditions, the plasma ignited with a time
delay after the RF power to the main ICP was turned on to
start the next cycle. In pulsed chlorine plasmas, ignition delay
appeared after a threshold value of the duty cycle (60% for
the base case experimental conditions used) and, contrary to
expectation, the ignition delay was longer with increasing duty
cycle up to ~99.5% with no delay at a duty cycle of ~99.7%.
Langmuir probe diagnostics were employed to measure the
time evolution of electron and positive ion densities as well as
electron temperature. During the afterglow (main power off )
of a pulsed chlorine plasma, it was observed that the electron
density decayed rapidly. At the same time, the positive ion
density decayed at a substantially slower rate. The time during
the afterglow when the positive ion density (n+) in the main
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