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The electron density, ne, modulation is measured experimentally using a resonance hairpin probe in

a pulsed, dual-frequency (2/13.56 MHz), dual-antenna, inductively coupled plasma discharge pro-

duced in argon-C4F8 (90–10) gas mixtures. The 2 MHz power is pulsed at a frequency of 1 kHz,

whereas 13.56 MHz power is applied in continuous wave mode. The discharge is operated at a

range of conditions covering 3–50 mTorr, 100–600 W 13.56 MHz power level, 300–600 W 2 MHz

peak power level, and duty ratio of 10%–90%. The experimental results reveal that the quasisteady

state ne is greatly affected by the 2 MHz power levels and slightly affected by 13.56 MHz power

levels. It is observed that the electron density increases by a factor of 2–2.5 on increasing 2 MHz

power level from 300 to 600 W, whereas ne increases by only �20% for 13.56 MHz power levels

of 100–600 W. The rise time and decay time constant of ne monotonically decrease with an increase

in either 2 or 13.56 MHz power level. This effect is stronger at low values of 2 MHz power level.

For all the operating conditions, it is observed that the ne overshoots at the beginning of the on-

phase before relaxing to a quasisteady state value. The relative overshoot density (in percent)

depends on 2 and 13.56 MHz power levels. On increasing gas pressure, the ne at first increases,

reaching to a maximum value, and then decreases with a further increase in gas pressure. The decay

time constant of ne increases monotonically with pressure, increasing rapidly up to 10 mTorr gas

pressure and at a slower rate of rise to 50 mTorr. At a fixed 2/13.56 MHz power level and 10 mTorr

gas pressure, the quasisteady state ne shows maximum for 30%–40% duty ratio and decreases with

a further increase in duty ratio. VC 2016 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4959844]

I. INTRODUCTION

Low pressure nonequilibrium plasmas have found wide-

spread applications in semiconductor processing technology.

In particular, capacitive (CCPs) and inductively (ICPs) coupled

radio frequency plasma discharges are widely investigated and

used in the microelectronic industries for manufacturing inte-

grated circuits.1–6 Typically, CCPs operate in the pressure

range of 1 mTorr–1 Torr and produce excellent plasma unifor-

mity over the substrate, but are limited to the plasma density

up to the order of 1010 cm�3. Furthermore, the total indepen-

dent control of the ion flux and the ion energy is not possible

in a CCP even with the multiple frequency excitations.6–8

Very high frequency (VHF) CCP discharges are proposed to

achieve high plasma density (typically of the order of

1011 cm�3) at reduced ion bombardment energies,9–13 however

suffered major nonuniformity issues when the excitation wave-

length becomes comparable to the reactor diameter and/or the

skin-depth approaches the electrode gap.14,15 To suppress this

problem, VHF CCP discharges excited by segmented electrode

are proposed and researched.16–19 On the other hand, ICP dis-

charges can overcome these limitations to some extent, i.e.,

the higher plasma density (up to 1011–1012cm�3) is main-

tained at a very low pressure (<10 mTorr), and fully indepen-

dent control of the ion bombardment energy is possible using a

separate bias onto the substrate.20 However, controllability of

plasma uniformity over a large area remains the major

challenge.

Multiple antenna ICPs are proposed and designed in order

to scale up the conventional single frequency ICPs for large-

area device fabrication.21–23 The rationale of multiple-

antenna ICPs is to increase the coil area by keeping the coil

inductance low enough to enable efficient RF matching and

uniform plasma over the large-area substrate size. Based ona)Electronic mail: nishant.sirse@dcu.ie
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this concept, a dual-frequency (2/13.56 MHz), dual-antenna

ICP (12 turn inner coil powered by 2 MHz and three turn

outer coil powered by 13.56 MHz) has been designed. The

system has shown not only a more uniform plasma distribu-

tion over a large-area substrate (wafer size of 450 mm in

diameter)23 but also enhanced plasma density and reduction

in the electron temperature when compared to the single-

antenna, single-frequency plasma excitation.24 The role of

outer 13.56 MHz powered coil also serves to control the

radial boundaries of the plasma. It has been demonstrated

that the plasma parameters, including electron energy distri-

bution function, are significantly modulated by choosing dif-

ferent combination of 2 and 13.56 MHz power levels.25

Futhermore, the 2/13.56 MHz power combination has shown

tailoring of ion energy distribution function to better control

the etching and deposition profile.26

Pulsing a discharge system is an another efficient way of

modulating the plasma parameters and has been utilized in

the plasma etching applications.27,28 In contrast to continu-

ous wave (CW) plasmas, pulsed plasma produces a higher

plasma density for the same average power.29 In the pulsed

plasma system, the power is actively deposited for only a

fraction of time depending on the duty ratio/pulse repetition

frequency. This offers the possibility of working with low

ion energy regimes and less dissociated plasma. Both of

these features of pulsed plasma extenuate the plasma

induced damage to the substrate. Pulsing effectively controls

the composition of reactive species in the discharge system

and thus provides a highly selective etch profile when

applied to plasma etching.30 In the dual-frequency, dual-

antenna plasma system described above, both 2 and

13.56 MHz pulsing have been demonstrated.31–33 In Argon

discharge, pulsing 2 MHz and different combination of 2/

13.56 MHz power levels has shown significant modulation

in the plasma potential during the pulse-off phase.31 From an

estimate of electron temperature from plasma potential and

floating potential measured by floating emmisive probe, it

was found that the effect of increasing 2 MHz power level is

to lower the electron temperature; however, increasing

13.56 MHz power increases the electron temperature.31

Langmuir probe study under the same set-up and similar dis-

charge conditions has predicted a slow rise in the electron

density during the 2 MHz pulse-on phase in order to reach to

a quasisteady state value.32 The plasma potential has shown

a similar trend as measured by the emissive probe over a

course of one pulse period, whereas the electron temperature

confirmed the emissive probe measurements only when the

density reached to a quasisteady state value and in the early

afterglow. During the pulse-on phase and late afterglow, the

electron temperature predicted an opposite trend, i.e., an

increase in electron temperature with an increase in 2 MHz

power level and attributed to capacitive to inductive transi-

tion. More recently, the effect of pulsing 2 and 13.56 MHz

on SiO2 etching over amorphous carbon layer has been

investigated33 in the Ar-C4F8 gas mixture. The results

showed increased etch selectivity due to the decrease in the

average electron temperature and change in the gas decom-

position. The system has also shown improved plasma

uniformity at reduced duty ratio when compared to CW

plasma which is highly desirable for large-area processing.

In this paper, we present the effect of pulsing on the tem-

poral evolution of electron density in a pulsed, dual-

frequency (2/13.56 MHz), dual-antenna, inductively coupled

plasma discharge in Ar-C4F8 (90–10) gas mixture.

Measurements in Ar discharge was previously reported21,31

for inferring fundamental characteristics of this dual-

frequency, dual-antenna ICP system. Here, we extended our

study to the pulsed electronegative Ar-C4F8, which was

recently used33 in the same set-up to investigate the etch

characteristics of SiO2 over the amorphous carbon layer. The

effect of low and high frequency power levels, gas pressure,

and duty ratio is systemically investigated in this article.

II. EXPERIMENT

A. Description of the apparatus

A schematic of the two-frequency dual-antenna induc-

tively coupled plasma discharge is shown in Fig. 1. The dis-

charge is produced in a cylindrical, anodized-aluminum

chamber with an internal diameter of 630 mm and height

60 mm by using two planar concentric spiral coils with 12

and three turns, respectively. The coils are separated from

the plasma via a 35 mm thick dielectric (quartz) window.

The inner coil is powered at 2 MHz (NOVA-50A, ENI), and

the outer coil is powered at 13.56 MHz (CX-5000S,

COMDEL) with two separate matching networks. The out-

put of the 2 MHz power generator is pulsed using a pulsing

unit with an ability to change the pulsing frequency and duty

cycle. During pulsing, both 2 and 13.56 MHz power systems

are first tuned in the CW mode using their individual match-

ing networks, and thereafter, 2 MHz is pulsed for the fixed

capacitors values. The reflected power in the pulse mode

was less than 5% of the total input power. The discharge is

produced in the Ar-C4F8 (90–10) gas mixture. The individual

gas flow rate is controlled by using two separate mass flow

controllers (MFC1 and MFC2) as shown in Fig. 1. A multi-

hole shower ring is located inside the plasma chamber for a

distributed gas flow. The gas pressure inside the chamber is

regulated by a mass flow controller (2900 series, Tylan)

together with an adaptive pressure controller (PM-7, VAT)

for the gate valve control above a turbomolecular pump

backed by a dry pump.

B. Diagnostic technique

The time resolved electron density is measured using a

resonance hairpin probe. The hairpin probe employed in this

study is a fully floating resonance hairpin probe,7,34,35 i.e.,

the probe tip is electrically isolated from the coupling loop

so that it can follow the plasma potential oscillation. In this

type of probe design, the microwave power is coupled induc-

tively to the hairpin structure. To maximize the coupling

between the hairpin structure and the induction loop, a two

turn helical induction loop is constructed at the extreme end

of the high temperature 50 X coaxial cable. The high temper-

ature coaxial cable and the coupling loop are enclosed in a

one end closed ceramic tube having a groove at the extreme
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end to support the probe tip. The probe tip is made from a

0.25 mm diameter gold coated tungsten wire. The length and

width of the probe tip are 3 cm and 4 mm, respectively,

resulting in a measured vacuum resonance of 2.3 GHz. The

probe resonance frequency is obtained experimentally by

scanning the microwave frequency from 2 to 4 GHz in vac-

uum. At resonance, microwave power couples into the hair-

pin structure and the amplitude of the reflected signal drops

to zero which gives a sharp resonance peak (20–30 MHz

FWHM). The probe is positioned at the center of the dis-

charge (r¼ 0 cm) and �2 cm below from the dielectric

window.

The hairpin structure is excited by driving an AC to the

induction loop using a Hewlett Packard HP8350 microwave

generator with a sweep range from 10 MHz to 8 GHz. The

reflected signal from the coupling loop is measured using a

Schottky diode and recorded on the oscilloscope (Tektronix

TDS3034B 300 MHz). At resonance, microwave power cou-

ples into the hairpin structure and the magnitude of the

reflected signal drops sharply. This allows a precise mea-

surement of the resonance frequency. In a collision-less non-

magnetized plasma, the electron density is described by the

formula36

ne ¼
f 2
r � f 2

0

0:81
; (1)

where both fr and f0 are the plasma resonance and vacuum

resonance frequency, respectively, measured in GHz and ne

is in units of 1010 cm�3. In the above formula, the correction

due to sheath is neglected.

The technique for measuring time resolved electron den-

sity using a resonance hairpin probe is described previously

and applied in several pulse plasma systems.35,37–39 Briefly,

to obtain the resonance signal in the time resolved mode, a

single frequency output from the microwave generator is

generated and applied to the hairpin structure. The reflected

signal is recorded as a function of time within the pulse. If

the probe is in resonance at any point in time during the

pulse, the probe displays minimum in the reflected signal.

Assuming that the electron density dynamic is repeated at

each trigger pulse, then it is possible to tune the microwave

generator to a next higher frequency which will allow the

probe to resonate at a later time for different densities. The

process can be repeated to obtain a spectrum of probe reso-

nance frequencies as a function of time and hence the elec-

tron density versus time by using Eq. (1). In this experiment,

the frequency output of the microwave generator is con-

trolled by a LABVIEW program (developed at DCU, Ireland)

along with the synchronous recording of the reflected signal

from the oscilloscope. The output frequency is scanned from

2 to 5 GHz in the step size of 2 MHz which is defined by the

number of steps given by n ¼ ðff � fiÞ=Df , where fi and ff
are start and stop frequency, respectively, and Df is the step

size. In order to improve the signal to noise ratio, the back-

ground signal (i.e., without plasma) at each frequency is sub-

tracted from the plasma signal.7,34

III. RESULTS AND DISCUSSION

A. Effect of rf power levels

Figures 2(a)–2(d) show the temporal evolution of electron

density over one pulse period measured for different 2 and

13.56 MHz power levels at a fixed gas pressure of 10 mTorr

in Ar-C4F8 (90–10) gas mixture. Power of 2 MHz is pulsed

at a frequency of 1 kHz, 50% duty ratio, whereas 13.56 MHz

is applied in the CW mode. As shown in Fig. 2, the rf-on

pulse triggers the data collection at t¼ 0, and the electron

density modulates synchronously with the 2 MHz pulse. It is

observed that the electron density reaches a quasisteady state

value in the longer on-phase and falls during the off-phase of

the plasma. As displayed in Figs. 2(a)–2(d), the quasisteady

state electron density is greatly affected by the 2 MHz power

levels; however, it is slightly affected by 13.56 MHz power

levels. It is observed that the quasisteady state electron den-

sity increases by a factor of �2–2.5 on increasing the 2 MHz

power level from 300 to 600 W for different 13.56 MHz

power levels. However, for a fixed 2 MHz power level, i.e.,

FIG. 1. (Color online) Schematic of dual frequency ICP system along with the hairpin probe and its data acquisition system.
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from 300 to 600 W, an increase in the electron density with

an increase in 13.56 MHz power level (100–600 W) is less

than 20%. This is summarized in Fig. 3.

The increase in the quasisteady state electron density due

to the increase in rf power levels is mainly attributed to the

increase in power dissipation into the plasma volume. At a

fixed gas pressure, power absorbed by plasma electrons from

the driven antenna mostly dissipates into the electron colli-

sions with other species and therefore produces a higher

electron density by either single or multistep ionization pro-

cess. As displayed in Fig. 3, the effect of 2 MHz power lev-

els on the steady state electron density is higher when

compared to 13.56 MHz. One of the possible reason for this

discrepancy is the location of the probe where the measure-

ment is performed with respect to the plasma region heated

by mostly 13.56 MHz. Since the probe is located at the cen-

tre of the discharge, i.e., far from the coil excited at

13.56 MHz, therefore its effect would be smaller on the qua-

sisteady state electron density. As discussed before, the ratio-

nale of outer antenna excited at 13.56 MHz is to control the

radial boundaries. Another possible reason is the higher power

absorption at low (2 MHz) driving frequency. It is well known

that ohmic heating in the plasma volume is proportional to the

electric field strength which is inversely proportional to the

driving frequency;22 thus, a higher electric field is expected at

2 MHz driving frequency compared to 13.56 MHz, which

produces a higher plasma density. Previously, in Ar discharge

and in the same set-up, it was shown that a higher plasma den-

sity is produced by two antennae energized by 2 and

13.56 MHz when compared to a single coil energized by

13.56 MHz for the same total input power.24

For all the operating conditions studied here, it is noticed

that the plasma density overshoots in the beginning of

on-phase before relaxing to a quasisteady state value. These

FIG. 2. (Color online) Temporal evolution of electron density for different 13.56 MHz power levels at a fixed gas pressure of 10 mTorr. Power levels of 2 MHz

are (a) 300 W, (b) 400 W, (c) 500 W, and (d) 600 W. Two megahertz is pulsed at a frequency of 1 kHz, and 13.56 MHz is applied in the CW mode.

FIG. 3. (Color online) Quasisteady state electron density for different 2 and

13.56 MHz power levels at a fixed gas pressure of 10 mTorr. Two megahertz

is pulsed at a frequency of 1 kHz, and 13.56 MHz is applied in the CW

mode.
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results are in contradiction with the previously published

work in Ar plasma in the same setup.32 In Ar discharge, the

plasma density overshoots were observed at the beginning of

early afterglow, which was attributed to the thin to thick

sheath transition limiting the probe theory. In this case, the

hairpin probe is used to measure the electron density which is

a fully floating probe, i.e., not drawing any current from the

plasma and therefore independent of the above mentioned

effect. The relative overshoot [100� (nep� neb)/neb], where

nep and neb represents peak and background densities, respec-

tively, and the rise time of electron density are plotted in Figs.

4 and 5, respectively. The rise time of the electron density is

measured from the pulse on-phase (i.e., from 0 ls) to the time

at which the electron density reaches its peak value. It is

observed that both the electron density overshoot and the rise

time of the electron density are significantly affected by the

13.56 and 2 MHz power levels. As shown in Fig. 4, the elec-

tron density overshoot decreases (almost linearly) with an

increase in 2 and 13.56 MHz power levels. At 300 W 2 MHz

peak power, the overshoot in the electron density drops from

50% (at 100 W 13.56 MHz power level) to 25% (at 600 W

13.56 MHz power level). Similar to the density overshoot, the

rise time of the electron density decreases with an increase in

the 2 and 13.56 MHz power levels. However, the effect of the

13.56 MHz power level on the rise time of electron density is

higher at low values of 2 MHz peak power. At 300 W 2 MHz

peak power level, it is noticed that the rise time of the electron

density decreases by �73% on increasing 13.56 MHz power

level from 100 to 600 W, whereas at 600 W 2 MHz peak

power, the rise time decreases by �20%. One possible expla-

nation for the electron density overshoot is low plasma con-

ductivity at the beginning of plasma on-phase. This is due to

the low electron density at the end of the plasma off-phase.

The low ne causes the electric field strength to increase at the

beginning of on-phase and therefore produces a higher electric

field and high plasma ionization rate. As shown in Fig. 4, the

overshoot electron density decreases with an increase in the

13.56 MHz power, which is mainly attributed to the rise in the

plasma conductivity at the beginning of the on-phase with

greater 13.56 MHz power. During the pulse off-phase, the

plasma is sustained by 13.56 MHz power level. With

13.56 MHz turned-on, the plasma electrons remain heated in

the 2 MHz pulse off-phase, albeit with lower ionization effi-

ciency. The ionization rate depends on the applied rf power

level, i.e., the plasma maintains a higher electron density at

high 13.56 MHz power in comparison to its low power

[shown in Fig. 2(a)]. Also, in a previous experimental study, it

was shown that the electron temperature in the 2 MHz pulsed

off phase increases with an increase in 13.56 MHz power

level.31 Similar results were obtained by Malyshev and

Donnelly40 in a pulsed inductively coupled chlorine plasma

with a continuous substrate bias. In this study, it was shown

that the electrons are significantly heated in the long off-phase

with the substrate bias on in comparison to no substrate bias.

Thus, a decrease in the overshoot density is mainly attributed

to the increased plasma conductivity at the beginning of the

on-phase due to the increase in the electron density/thermal

velocity. On increasing 2 MHz power level, the electron den-

sity is higher at the beginning of the decay phase, and there-

fore, it has a relatively higher value at the end of the pulse

off-phase with a constant 13.56 MHz power level, which in

turn increases the plasma conductivity. Similar to the over-

shoot densities, the decreasing rise time of the electron density

is mainly attributed to the plasma conductivity at the begin-

ning of the on-phase. As 13.56 MHz power level increases,

the 2 MHz pulse power sees higher plasma conductivity, and

therefore, in a shorter time, the electron avalanche is achieved

followed by the steady state plasma in longer on-time.

As shown in Fig. 2, in the afterglow plasma, the electron

density decays as a function of time and reaches to its lowest

values depending on the 13.56 MHz power level. The charac-

teristic decay of electron density in the afterglow plasma can

be described by the global model of pulsed plasma.41

According to the global model of the pulsed plasma, the tem-

poral evolution of the electron density in the afterglow plasma

can be described by the equation ð1=neÞðdne=dtÞ � �iz � �loss,

where �iz and �loss are the time dependent ionization rate and

the characteristic particle loss rate, respectively. Assuming

�iz � �loss and the weak dependence of �loss (�loss / Te
1=2) on

FIG. 4. (Color online) Electron density overshoot for different 2 and

13.56 MHz power levels at a fixed gas pressure of 10 mTorr. Two megahertz

is pulsed at a frequency of 1 kHz, and 13.56 MHz is applied in the CW

mode.

FIG. 5. (Color online) Electron density rise time vs 2 and 13.56 MHz power

levels at a fixed gas pressure of 10 mTorr. Two megahertz is pulsed at a fre-

quency of 1 kHz, and 13.56 MHz is applied in the CW mode.
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electron temperature, i.e., �loss¼ constant, the above equation

shows simple exponential decay of the electron density,

neðtÞ ¼ n0e�t=s, where n0 is the initial steady state value and s
is the characteristic decay time of the electron density. Our

data support a single exponential decay (see Fig. 2) with the

decay time constant plotted in Fig. 6 for different values of 2

and 13.56 MHz power levels. Note that the decay phase is

actually a transition between two self-consistent plasma density

values; a high ne when 2 MHz is on and a low ne with 2 MHz

off. Because 13.56 MHz power level is always on, the electron

temperature does not collapse but is kept somewhat high due

to heat flow from 13.56 MHz heated regions to the central vol-

ume. It is observed that the decay time constant decreases with

an increase in both 2 and 13.56 MHz power levels. Similar to

the density rise time, the effect of the 13.56 MHz power level

on the decay time constant is higher at low values of 2 MHz

peak power. At 300 W of 2 MHz peak power, the decay time

constant decreases by �12% when 13.56 MHz power level is

increased from 100 to 600 W, whereas at 600 W, 2 MHz peak

power, the same decreases by �5%. This effect may be attrib-

uted to the dependence of the loss rate on the electron tempera-

ture. In the absence of 13.56 and 2 MHz, the electrons quickly

cool down and the loss rate decreases.42 However, with

13.56 MHz powers remaining on during the 2 MHz off-cycle

electrons are heated significantly, and therefore, the loss rate of

the electrons remains high during the off-phase. In the previous

experimental studies done under the same setup and similar

operating conditions in Ar discharge, it was shown that the

electron temperature in the afterglow plasma is affected by

both 2 and 13.56 MHz power levels.31 At a constant 2 MHz

power level on increasing 13.56 MHz power level, the electron

temperature increases, and therefore, the electron loss rate

increases. Similar results have been observed in a pulsed two-

frequency capacitively coupled plasma discharge.39

B. Effect of gas pressure

Figure 7 shows the measured plasma density evolution

over a course of one pulse period for different gas pressures.

During these measurements, 13.56 MHz is applied in the

CW mode at a fixed power level of 600 W, and 2 MHz power

is pulsed at a frequency of 1 kHz with 50% duty cycle and

600 W peak power. Figure 8 plots the quasisteady state ne

(from the end of the on-cycle) versus pressure, which exhib-

its a moderate increase with pressure in the 3–10 mTorr

range, then falling with a further increase in pressure. This

behavior was seen previously in both steady/pulsed capaci-

tive,39,43 inductively coupled44 radio frequency electronega-

tive discharges and also predicted by the global model.45

The dependence of the quasisteady state electron density on

gas pressure could be explained on the basis of production

and loss mechanism of electrons in the discharge. The main

production mechanism is the ionization of neutral gas mole-

cules. At a low gas pressure, the electrons are mainly lost

through diffusion toward the chamber walls. Apart from the

wall losses, electrons are also lost through volumetric pro-

cesses, recombination of thermalized electron with molecu-

lar ions, and nondissociative attachment of thermalized

electrons to molecules and radicals, for example. These play

a significant role at high gas pressures. Furthermore, C4F8 is

an electronegative gas and has a strong tendency to form

negative ions.46–48 These negative ions are predominately

formed by the dissociative attachment process and thus pro-

duce an additional electron loss channel. The electron den-

sity dependence on the gas pressure is balanced by various

production and loss mechanism. In the low pressure regime,

i.e., up to 10 mTorr, the mean free path of electrons is greater

than the discharge gap, and therefore, a high electron tem-

perature is required to give sufficient ionization to maintain

steady state condition of the plasma. As the gas pressure fur-

ther increases, the mean free path of electrons decreases, the

electron temperature decreases, and in turn this decreases the

wall losses. The energy loss per electron–ion pair continues

to increase with gas pressure due to enhanced collision rates.

A competition between the wall losses and the energy loss

per electron-ion pair might be responsible for the observed

trend in the quasisteady state electron density at a high gas

pressure. In addition to the wall losses, the volumetric losses

continue to decrease the electron density at a high gas pres-

sure; however, its contribution to the observed trend is vague

FIG. 6. (Color online) Decay time constant vs 2 and 13.56 MHz power levels

at a fixed gas pressure of 10 mTorr. Two megahertz is pulsed at a frequency

of 1 kHz, and 13.56 MHz is applied in the CW mode.

FIG. 7. (Color online) Temporal evolution of electron density as a function

of gas pressure. Peak power level of 2 MHz is 600 W and pulsed at a fre-

quency of 1 kHz with 50% duty ratio. Power level of 13.56 MHz is 600 W

and applied in the CW mode.
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and beyond the scope of this work. Another possible reason

for the low electron density at a high gas pressure is that the

plasma density localization is away from the center of the

discharge in the inductively coupled plasma.49 This effect is

mainly due to localized gas heating in the vicinity of the

coils caused by the electric field of the antenna. At a high

gas pressure, the mean free path of the electron is small;

thus, the high energy electrons are less distributed and there-

fore produce a high plasma density locally.

Figure 9 shows the decay time constant of the electron

density as a function of gas pressure, which increases from

�47 ls at a 3 mTorr gas pressure to �78 ls at 50 mTorr gas

pressure. The growth of decay time constant is fast up to

10 mTorr gas pressure and then slows at higher gas pres-

sures. An increase in the decay time constant with the rise in

gas pressure can be attributed to a decrease in the electron

temperature.42 The electron temperature can be estimated by

the decay time constant based on electron loss mechanism.

In a low pressure plasma, the surface loss is by-far dominant

loss mechanism, and the decay rate is described by the

Bohm flux (uB ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kTe=M

p
, where k is Boltzmann constant,

Te is electron temperature, and M is the mass of positive

ions) to the surface. At a gas pressure of 3 mTorr, the mea-

sured ne shows (Fig. 7) an approximately linear slope in the

log-linear plot in the first 100 ls in the afterglow plasma

with a decay time-constant of �47 ls. Assuming a negligible

electron loss in the radial direction compared to the axial

direction due to the much longer distance involved, an

approximate 3 cm (half of the discharge gap) characteristic

decay length corresponds to an electron temperature of

1.7 eV. The dominant positive ion species considered in the

calculation are fluorocarbon ions with an atomic mass of 100

amu.50 In contrast, at 50 mTorr gas pressure, the characteris-

tic decay time constant of �78 ls equates to an electron tem-

perature of �0.6 eV. These values are within a factor of 2

predicted by a simple global-model power-balance argu-

ment.51 Therefore, in the pressure range of 3–50 mTorr, the

electron temperature estimated by the decay time constant

based on the surface losses as dominant loss mechanism is

decreased by �65%. Note that the volumetric electron losses

at high gas pressure possibly play an important role in esti-

mating the electron temperature from the decay time con-

stant; however, it is beyond the scope of this work. Further

possible reason for the slow increase in the density decay

time constant at higher gas pressure is an electron generation

process in the afterglow plasma. Due to electron generation,

the electron loss rate decreases, and therefore, the electron

density decay slows down. This is apparent from the electron

density decay shown in Fig. 7 at 50 mTorr gas pressure. One

of the possibilities of the electron generation in C4F8 plasma

is the destruction of negative ions. In C4F8 plasma, the domi-

nant negative ion is F�,46,48 and C4F�8 is also present, which

can easily autodetach due to large rate constant.52 Thus, the

electron generation by the associative collisional detachment

of F� according to the reaction F� þ CFx ! CFxþ1 þ e

(where x¼ 1–3) possibly slows down the electron density

decay in the late afterglow.

Furthermore, at low pressures, i.e., from 3 to 10 mTorr, an

overshoot in the electron density overshoot at the beginning

of on-phase is seen. This overshoot is diminished with a fur-

ther increase in the gas pressure. This effect is mainly due to

the high electron density at the beginning of the on-phase and

therefore higher conductivity of the plasma. As shown in Fig.

7 and discussed earlier, the electron density wall loss

decreases with an increase in the gas pressure, and therefore,

the discharge contains more electrons at the end of 2 MHz

pulse off-phase, which reduces the electric field in the plasma.

C. Effect of duty ratio

Figure 10 shows the effect of the duty ratio on the elec-

tron density evolution. The duty ratio is varied from 10% to

90% at a fixed gas pressure of 10 mTorr. The 2 MHz is

pulsed at a frequency of 1 KHz with a power level of 600 W,

and 13.56 MHz is applied in the CW mode with a power

level of 600 W. As shown in Fig. 10, the ne reaches a quasis-

teady state value for all the duty ratios above 20%. However,

at 10% and 20% duty ratio, the on-time is not sufficient for

FIG. 8. Quasisteady state electron density as a function of gas pressures. Peak

power level of 2 MHz is 600 W and pulsed at a frequency of 1 kHz with 50%

duty ratio. Power level of 13.56 MHz is 600 W and applied in the CW mode.

FIG. 9. Decay time constant of electron density as a function of gas pres-

sures. Peak power level of 2 MHz is 600 W and pulsed at a frequency of 1

kHz with 50% duty ratio. Power level of 13.56 MHz is 600 W and applied in

the CW mode.
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ne to reach to a quasisteady state value. Figure 11 shows the

corresponding peak ne in the pulse on-phase. It is observed

that the peak ne first increases with an increase in the duty

ratio, reaching to a maximum value, between 30% and 40%,

and then decreases with a further increase in the duty ratio.

Furthermore, the ne overshoot at the beginning of on-phase

is observed at 50% and 75% duty ratio and disappeared at

90% duty ratio.

An initial increase in the peak ne with increasing duty

ratio suggests that the plasma on-time is not sufficient to

achieve quasisteady state. However, with a further increase

in the duty ratio, the peak ne is decreasing. This may be

attributed to the decrease in neutrals/metastables species

densities that generates electrons by ionization process or an

increase in the loss rates of electrons. The decrease in the

neutral gas density is possible due to significant gas heat-

ing.53,54 As the duty ratio increases, the neutral gas mole-

cules are heated for longer time periods which decreases the

local gas density due to the depletion of gas molecules. A

further possible reason for the electron density peak between

30% and 40% duty ratio is gas dissociation and recombina-

tion, which is responsible for losses and production mecha-

nism for several other atomic/molecular species with

different ionization potentials. Increasing plasma off time

increases the recombination probability of the dissociated

gases and also controls the dissociation of C4F8 gas mole-

cules. The previous experimental study under the same setup

and similar operating conditions has shown a maximum in

the CF2/F density ratio at 30% and 40% duty ratio.33 Thus,

the increasing electron density with the decreasing duty ratio

may be attributed to lower gas dissociation plasma which

produces fewer F atoms since the ionization potential of

atomic F (17 eV) is higher in comparison to the CF2 and

C4F8 (�11 eV) gas molecules. The low fractional dissocia-

tion gas-mixture at a low duty ratio results in higher electron

(and ion) density. These results are similar to the one

reported by Hebner and Fleddermann,55 in chlorine pulse-

modulated inductively coupled plasma where the low duty

ratio resulted in a high molecular chlorine (Cl2, 11.48 eV)

and high ne, whereas the high duty ratio resulted in high

atomic chlorine (Cl, 12.97 eV) and low ne. However, these

results are in contrast with the work published by Agarwal

et al.56 in Ar-Cl2 based ICP discharge where both the source

and bias power is pulsed in full synchronization with no

phase lag. They attributed this to the enhanced dissociation

of the feedstock gases due to the longer plasma on-time.

IV. SUMMARY AND CONCLUSION

In summary, we have investigated the electron density

modulation in a pulsed dual-frequency (2/13.56 MHz) dual-

antenna ICP discharge produced in Ar-C4F8 gas mixture

using the resonance hairpin probe. It is observed that the

quasisteady state electron density is significantly affected by

the 2 MHz power levels; however, it is slightly affected by

the 13.56 MHz power levels. An overshoot in the electron

density is observed at the beginning of the on-phase. The rel-

ative electron density overshoot decreases monotonically

with an increase in the 2 and 13.56 MHz power levels. Both

the rise time and decay time constant of the electron density

decreases with an increase in the 2 and 13.56 MHz power

levels. On increasing the gas pressure, the quasisteady elec-

tron density at first increases up to 10 mTorr and thereafter

decreases, whereas the decay time constant continues to

increase with the gas pressure. The peak electron density in

the on-phase is maximum for a duty ratio between 30% and

40%, which is attributed to the less dissociated plasma and

decreases with a further increase in the duty ratio.
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FIG. 10. (Color online) Electron density evolution vs duty ratio at 10 mTorr

gas pressure. Peak power level of 2 MHz is 600 W and pulsed at a frequency

of 1 kHz. Power level of 13.56 MHz is 600 W and applied in the CW mode.

Operating gas pressure is 10 mTorr.

FIG. 11. Maximum plasma density in the pulse on-phase vs various duty

ratios at 10 mTorr gas pressure. Peak power level of 2 MHz is 600 W and

pulsed at a frequency of 1 kHz. Power level of 13.56 MHz is 600 W and

applied in the CW mode.
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