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Space and phase resolved optical emission spectroscopic measurements reveal that in certain
parameter regimes, inductively coupled radio-frequency driven plasmas exhibit three distinct
operation modes. At low powers, the plasma operates as an alpha-mode capacitively coupled
plasma driven through the dynamics of the plasma boundary sheath potential in front of the
antenna. At high powers, the plasma operates in inductive mode sustained through induced electric
fields due to the time varying currents and associated magnetic fields from the antenna. At
intermediate powers, close to the often observed capacitive to inductive (E-H) transition regime,
energetic electron avalanches are identified to play a significant role in plasma sustainment, similar
to gamma-mode capacitively coupled plasmas. These energetic electrons traverse the whole
plasma gap, potentially influencing plasma surface interactions as exploited in technological

applications. © 2011 American Institute of Physics. [doi:10.1063/1.3612914]

Low pressure high density inductively coupled plasmas
(ICPs) are the core of many technological processes. It is
well known that ICPs can operate in two very distinct modes:
a capacitively coupled (E) mode, characterized with low
plasma densities and relatively high sheath voltages and an
inductively coupled (H) mode, with high densities and low
sheath voltages." The parameter space between both modes
is often exploited for technological applications.”

The particular characteristics in the transition regime
allow improved control over plasma parameters such as den-
sity and sheath potential, motivating applications from particle
growth® and plasma sterilization® to micro-electronics proc-
esses.”® However, despite the vast number of applications
operating in this regime, there is still a lack of fundamental
understanding. In particular, the E-H transition regime is very
susceptible to instabilities. Under certain conditions, instabil-
ities and pattern formation can occur and be detrimental to
process output. With increasing demands from plasma tech-
nology, there is an urgent need to understand the underlying
mechanisms of this regime and these formations.”

Vertical feature profiles are created through anisotropic
plasma etching supported by positive ions accelerated to the
substrate. During the etch process, electrons strike the side
wall due to their random thermal motion. This can result in
negative charging of the etch feature walls and positive
charging of the bottom, leading to increased side wall etch-
ing compared to the bottom, and thus, non-ideal etch pro-
files. It has been shown that damage caused through
charging could be highly reduced by a high-energy electron
beam for neutralization of the bottom of the etch trench.®’
Watanabe et al.® produced this additional electron beam
using a cold cathode beam source in a cylindrical ICP etcher.

Y Author to whom correspondence should be addressed. Electronic mail:
mzakaulislamOl@qub.ac.uk.

0003-6951/2011/99(4)/041501/3/$30.00

99, 041501-1

We illustrate that within a certain parameter regime such a
high-energy electron beam may be produced in a planar ICP
without the need for modification of the ICP design.

At comparatively low powers and low densities, the dis-
charge operates in E-mode, where the antenna acts as an
electrode. At increased powers, the electron density
increases and the discharge can operate in H-mode when the
density is high enough to sustain the induced currents. The
transition from capacitive mode to inductive mode is known
as the E-H transition. This can often be identified by noticea-
ble changes in luminosity, current, and charge particle den-
sities in the plasma.'® Different non-linear processes have
been studied during the transition such as discharge cur-
rent,10 metastable densities,'!! and influence of the external
matching network.'? Most studies have been carried out in
rare gases, of little technological relevance.'®'? In the pres-
ent study, we use oxygen, a gas widely used in technical
processes yet still a relatively simple electronegative molec-
ular gas. In a certain parameter regime, we found ICPs to op-
erate in three different operational modes, in terms of
excitation processes. At comparatively low powers, the
plasma is sustained through the sheath expansion dynamics.
At high powers (above 280 W) the discharge is sustained in
inductive mode. We see an additional excitation mechanism
at intermediate powers within E-mode which is typically not
considered. This shows a characteristic change of the
E-mode, from alpha-mode plasma sheath heating, to a so-
called gamma-like regime of capacitively coupled plasmas
(CCPs)"? where highly energetic electron avalanches tra-
verse the discharge gap. The y regime operates with much
higher electron densities as has been reported before in
CCPs."? This regime with high energy electrons has the
potential to influence plasma surface interactions, such as
avoiding charge buildup in microtrenches,®” leading to
improvement of the process. From a fundamental viewpoint,
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these high-energy electrons can also contribute to the transi-
tion from E-mode to H-mode through enhancing the plasma
density. Spatio-temporal structures of high-energy electrons
traversing the discharge gap were also observed in the
E-mode of an ICP operated in hydrogen at higher pressure of
60 Pa (Ref. 18). The role of these electrons in the E-H transi-
tion under those conditions is not discussed in Ref. 18, how-
ever it can be expected that they play a similar role as in our
experiments in oxygen at lower pressures.

The experimental setup is a standard inductively
coupled Gaseous Electronics Conference (GEC) reference
cell, driven at a radio-frequency of 13.56 MHz, with a planar
antenna coil configuration. The plasma power is measured
on the power supply as the difference between forward and
reflected power. All measurements were performed at 40 Pa.
Further details of the design can be found elsewhere.'* The
RF power is coupled into the plasma through a dielectric
quartz window such that the plasma is not in direct contact
with the antenna. The oscillating currents in the antenna gen-
erate a time dependent magnetic field inducing an electric
field in the plasma. In E-mode, the antenna can also induce
capacitive coupling through acting as an electrode.

The transition from the capacitive to inductive mode is
investigated using phase resolved optical emission spec-
troscopy (PROES). PROES provides a non-intrusive access
to the plasma power coupling mechanisms with excellent
spatial and temporal resolution on a nanosecond time scale.
This modern diagnostic technique allows investigation of
the electron dynamics within the RF cycle, important for
understanding the power coupling mechanisms in the dis-
charge. Emission from the oxygen 844 nm emission line (O
(3p°P ->3s°S)) with a lifetime of 35.1 ns, is detected using
a special, fast, gate-able, intensified CCD camera (PicoStar,
LaVision). An interference spectral filter is used to select
the wavelength; it combines relatively high transmission
and 2- dimensional spatial resolution. The bandwidth of the
filter is 10 nm at full width at half maximum (FWHM).
Light is collected from the region below the antenna with
the camera synchronized to the RF generator, and measure-
ments are performed with a 2 ns gate width. Phase resolved
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measurements over the entire RF cycle (74 ns) were
obtained using a variable delay between the camera gate
and the RF trigger that could be varied in increments of 2
ns. For each phase measurement, the emission was inte-
grated over several million RF cycles to obtain an adequate
signal to noise ratio. The extremely high repetition rate of
the camera accepts sequential RF-cycles for integration
allowing high signal-to-noise ratio. This high signal to
noise ratio is required to obtain the excitation function. The
high sensitivity allows changes of much less than a percent
to be distinguished, translating to a temporal resolution of
the order of 2 ns for the corresponding 35.1 ns lifetime of
the 844 nm emission line."> The temporal modulation
of the emission reflects the dynamics of electrons with ener-
gies greater than the excitation threshold of the observed
excited state (O (3p°P - > 3s°S)) of 10.98 eV.

Electron impact excitation out of the ground state can be
described by the excitation function E(f). The excitation
function E(¢) can be determined from the measured number
of photons per unit volume and unit time 71, ;(¢).

1 dl"lph,i(f)
Ajpny, dt

Ej(l) +Ai’;lph,i(t)>

where 71, ; (1) =Aund?) is given by the transition probability
Aj. of the observed emission and the population density of
the investigated state n,(f) and ng is the ground state den-
sity.'® The effective decay rate A; takes into account sponta-
neous emission, radiation trapping, and quenching.'

Ai = ZAikgik + qunq
k q

where g; is the so-called escape factor and k, the quenching
coefficient with the species g of density n, Under our
conditions, the observed 844 nm emission line is optically
thin (g;z=1) and collisional quenching is dominated by
molecular oxygen, with a quenching coefficient of
kor=94*0.5%x 10 em’s 1.V

It is possible to distinguish between E and H-mode from
the intensity'® and temporal behavior of the emission.'® In

FIG. 1. (Color online) Axial time resolved excitation
of the 844 nm line within one RF cycle at 40 Pa. (a)
50 W “(enhanced online, Video 1)” [URL: http:/
dx.doi.org/10.1063/1.3612914.1] (b) 150 W “(enhanced
online, Video 2)” [URL: http://dx.doi.org/10.1063/
1.3612914.2] (c) 250 W “(enhanced online, Video 3)”
[URL:  http://dx.doi.org/10.1063/1.3612914.3]  (d)
350 W “(enhanced online, Video 4)” [URL: http:/
dx.doi.org/10.1063/1.3612914.4]. The printed figures
show contours of temporal excitation functions in the
radial center with 1-d spatial resolution along the dis-
charge axis. 2-d spatially resolved temporal excitation
functions are available online as movies corresponding
to each figure.
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capacitive mode, the RF dynamics is characterized by one
dominant excitation per RF cycle due to sheath expansion'®
while in inductive mode, it is characterized by two excitation
maxima within one cycle. This is because in inductive mode,
the electron current moves clockwise in one half cycle and
anti-clockwise in the other half cycle, parallel to the antenna
coil.

Figures 1(a)-1(c) show the spatio-temporal plots of the
excitation within one RF-cycle, at 50 W, 150 W, and 250 W,
respectively, in capacitive mode. The horizontal axis shows
the time of one RF cycle. The vertical axis shows the opti-
cally accessible axial distance, where the quartz plate is 0.5
cm above the y =0 cm position in the plots.

Figure 1(a) shows the spatio-temporal excitation at a rel-
atively low power of 50 W. The excitation clearly exhibits
one excitation structure starting at ~15 ns. This excitation
mechanism illustrates sheath expansion and is responsible
for plasma sustainment at low powers.'” This is since at low
powers, the antenna acts as an electrode and electrons are
accelerated perpendicularly away from the electrode once
during each RF cycle. I denotes this excitation structure
caused by sheath expansion in Figures 1(a)—1(c).

Figure 1(d) shows excitation in inductive mode at 350
W. In inductive mode, we see two similar excitations in one
cycle denoted by IV. The inductive coupling IV in Figure
1(d) is attributed in the following manor. The temporal mod-
ulation of the optical emission is caused by a relative change
of the electron energy. This change around the mean electron
energy is determined by the induced electric field. The
observed maxima in the optical emission correspond to the
extrema of the induced current in the discharge. In pure in-
ductive mode in Figure 1(d), the discharge current is sinusoi-
dal and, therefore, the excitation maxima are exactly half a
period apart.

Figure 1(b) shows a spatio-temporal plot of the emission
at a power of 150 W. The dynamics is quite different to that
of Figure 1(a). First, we observe similar sheath expansion as
in Figure 1(a) denoted by I. At 150 W, another excitation
mechanism appears at similar axial position after the sheath
expansion, denoted by II. This excitation clearly traverses
the entire plasma gap. Electrons generated within the sheath
cause this excitation. These electrons generated within the
sheath may be either secondary electrons emitted from the
surface or detached electrons from negative ions.”’ These
electrons are accelerated during the phase of high sheath
potentials, after the sheath expansion. The decrease in the ex-
citation in structure II with penetration depth shows that
electrons have multiple energies. Only the electrons with
comparatively higher energies are able to reach the other
electrode. They cause an avalanche of excitation and ioniza-
tion throughout the discharge gap (II), which illustrates their
high energies. Their role in excitation increases with power
and becomes comparable to excitation gernerated through
sheath expansion near tranansition. Considering the higher
energy threshold for electron impact ionization compared to
excitation, the influence of energetic electron avalanches on
plasma ionization and sustainment can be expected to be
even more significant. Structure III shows excitation at the
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lower electrode apearing about half an RF cycle after the
sheath expansion at the antenna (powered electrode).

Figure 1(c) shows the spatio-temporally resolved excita-
tion at 250 W, also in capacitive mode, but very close to the
transition to inductive mode. Here, the excitation structure II,
due to fast electrons, is further enhanced compared to the corre-
sponding excitation at 150 W. Also, we see a similar excitation
structure due to sheath excitation at the antenna (powered elec-
trode) I and at the ground electrode III. An interesting feature
is that the transition to inductive mode seems to be supported
by the increased density due to highly energetic electron ava-
lanche across the discharge gap. This plays an important role in
plasma sustainment, before the plasma turns into H-mode.

A GEC reference cell planer ICP has been investigated
with space and phase resolved optical emission spectros-
copy. Results show three distinct operation modes based on
excitation mechanisms i.e., sheath expansion (¢ mode) at
low powers, inductive coupling at high power, and fast elec-
trons (y mode) at intermediate powers. The superposition of
o and y mode is found before the discharge turns into induc-
tive mode. These fast electrons cross the whole discharge
gap, possibly influencing plasma surface interaction
exploited for technological applications.
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