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Abstract
In this work, we present an experimental study focused on the hot electrons in low-pressure large-area microwave discharges. At gas

pressures below about 50 mTorr, a flux of hot-electrons directed away from the waveguiding plasma-dielectric interface has been observed.
Energies of these electrons attain values of some 60 eV and they are believed to be originating from the resonantly enhanced electric field

region localized near the dielectric. The hot-electron flux appears to play a significant role in the discharge heating mechanism, which is

demonstrated by plasma parameter profiles. In the profiles of slightly overdense discharges, a localized hot-electron region has been
observed near the dielectric in the place of critical plasma density. The existence of both presented phenomena, the hot-electron flux and the
localized hot electrons is explained on the basis of the transit-time heating in the resonantly enhanced electric field. The presented
experimental results provide an evidence that the plasma resonance region plays an active role in the maintenance of low-pressure microwave

discharges.

1.Introduction

Microwave discharges are widely used in industrial applications.
Recently, increasing attention has been paid to the so-called large-area
surface-wave (SW) plasma sources ">, These sources work without
the use of static magnetic fields and produce plasmas of high densities
(>10"" cm™) over large areas, which makes them attractive for the
industrial applications. The plasma is produced as a result of energy
absorption of an electromagnetic wave propagating along the plasma-
dielectric interface. At low gas pressures, where the electron-neutral
collision frequency is much lower than the applied field frequency, the
main mechanism of the energy absorption turns out to be collisionless
rather than the conventional Joule heating. For the SW-discharges
sustained in thin cylindrical dielectric tubes @, this phenomenon has
been theoretically described by Aliev e al.”*® as follows: In a
cylindrical SW-plasma column, due to the radial plasma
inhomogeneity, a region with enhanced radial electric field exists near
the plasma column boundary where the local plasma frequency equals
the applied frequency. By quasi-linear wave-particle interactions, this
enhanced field accelerates the electrons down the plasma density
gradient (to the wall), which results in the formation of a hot tail in the
electron energy distribution function. These hot electrons are reflected
back from the negatively charged wall and sustain the discharge.

Obviously, the region of the resonantly enhanced electric field near
the plasma-dielectric boundary is expected to exist also in the large-
area SW plasmas, which has already been discussed in a few works '*-

13), Taking into account the above-mentioned theory ™

, in our work,
we have focused on the experimental observation of hot electrons and
their role in discharge heating.

In this paper we present an overview of our recent results 14!, The
paper is organized as follows: Section 2 describes the experimental
apparatus. In section 3.1, the observation of a hot-electron flux directed

away from the waveguiding plasma-dielectric interface is presented.
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The presence of the hot-electron flux is supported also by the plasma
parameter profiles shown in section 3.2. Section 3.3 presents the
detection of hot electrons localized in the plasma resonance region near
the dielectric. The presented experimental results are supported by the
explanation based on the transit-time heating in section 4. Finally, a
summary with the impact of the observed phenomena on the

processing is given in section 5.

2. Description of the Plasma Source

The experiments were carried out in argon gas in a large-area
microwave planar plasma source >'® schematically shown in Fig. 1.
Vacuum part consists of a cylindrical chamber with 312-mm diameter
and 350-mm height. 2.45-GHz microwaves are coupled to the plasma
chamber through a 15-mm-thick quartz window by a fully azimuthally
symmetrical microwave applicator. The applicator is a tunable
cylindrical cavity designed for the TMo11-mode with an annular slot at
its bottom wall. The cavity is made of copper cylinder with the inner
diameter of 110 mm. The bottom wall of the cavity is a S-mm-thick and
90-mm-diameter disk, which together with the cylindrical body of the
cavity forms an annular slot with 10-mm width and 110-mm outer
diameter.

In the experiments, two Langmuir probes were used. The probe-1
was inserted into the chamber through a side-port in a 100-mm distance
under the quartz plate and the probe-2 through a bottom-port along the
side-wall as shown in Fig.1. Both probes were movable in the axial and

azimuthal directions.

3. Experimental Results

3.1. Hot-electron Flux in Low-pressure Discharges

The existence of a directed electron flux in the discharges was
investigated firstly by rotating the probe-1 (Fig. 1) with an L-shape-
bent probe tip (Fig. 2) around the probe axis. By this technique, a probe
tip with length much larger than diameter, in different orientations,
exhibits different surfaces to the predicted electron flux. Consequently,

this should lead to the changes in probe characteristics. In the
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Fig.2 Details of the L-shape-bent and one-side-shielded probe tips of
the probe-1 used for the observation of the hot-electron flux
from the plasma-dielectric interface.
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Fig.3 Part of probe characteristics measured at two different

orientations of the L-shape-bent probe tip indicating the
presence of hot-electron flux from the region near the quartz
plate in a 10 mTorr argon discharge sustained by 1280 W.
Probe was placed on chamber axis 100 mm under the quartz
plate.

experiment, an 8-mm-long probe tip made of 0.4-mm-diameter
tungsten wire was used. Measurements for the tip in two orientations,
parallel and perpendicular to the quartz plate, placed on chamber axis
100 mm under the quartz in a 10 mTorr argon discharge are shown in
Fig. 3. As it can be seen from the figure, deep in the ion saturation
current region (V, = -50 V), both characteristics are identical with the
fits '7) implying ion density N; = 1.9X10'2 cm’3, However, a significant
difference is observed in the remaining part of characteristics. The
lower values of probe current -I, measured by the probe with tip
parallel to the quartz plate confirm the presence of axial flux of hot
electrons to the probe. The estimated flux current density is roughly 30
mA/cm?. The difference in currents at probe biases as high as about -50V
and the value of the space potential Vs = 12.6 V together suggest hot
electron energies attaining some 60 eV. We believe that these hot
electrons originate from the predicted resonantly enhanced electric
field region localized near the quartz. To confirm the electron flux
direction another probe was used. This probe had a straight, 4-mm-
long, one-side-shielded probe tip with the radial distance between the
shield and probe surface 0.8 mm (Fig. 2). As in the previous
measurement, the probe was rotated into two positions, with the shield
up and down, respectively. The presence of hot electrons in probe
characteristic was observed when the shield was under the probe tip
(Fig. 4). The effect of gas pressure, also seen in Fig.4, provides
additional support for the phenomenon. With increasing gas pressure
the presence of directed flux of hot electrons becomes weaker and
above some 30-50 mTorr, in a 100-mm-distance from the quartz, it is
no more detected. This occurs apparently due to the collisions with
neutrals: the mean free path of hot electrons can be estimated as A 5 =
Ve! ¥ en, Where V. =(2Ee me) 2 is the electron velocity and v g,=3%10° ,[Tor]
is the electron-neutral collision frequency. Assuming the electrons
with energies E. = 60 eV, the estimated mean free paths are 306 mm at
5 mTorr, 153 mm at 10 mTorr, 76 mm at 20 mTorr and 31 mm at 50
mTorr, which is in reasonably good agreement with the experimental

observations.

3.2. Axial Plasma Parameter Profiles

It is reasonable to expect that the interaction of the hot electron flux
with the neutral gas should affect the shapes of axial plasma parameter
profiles. The profiles were measured by the probe-2 (Fig 1) with a
conventional cylindrical probe tip. The probe was moved axially along
the chamber axis to a minimum distance 10 mm from the quartz plate.
First, the ion saturation current profiles (V, = -50 V) measured for
pressures ranging from 5 to 200 mTorr are presented in normalized
forms in Fig. 5. It should be noted that the ion saturation current
profiles, quantitatively, do not exactly correspond with the plasma
density distributions due to axial variations of the space potential and
the effective electron temperature, which will be shown below.
However, for illustrative purposes, they provide sufficient information
about the plasma density changes. At 200 mTorr, the profile exhibits
maximum at the nearest measured point to the quartz plate and a
relatively steep exponential-like decay away from it. At lower
pressure, 100 mTorr, this decay becomes less steep and, at 50 mTorr,
profile with a peak in the vicinity of the quartz is observed. With
further decrease of pressure, the peak becomes wider and moves away
from the quartz. Between 50 and 5 mTorr, the maximum values of ion
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Fig4 Part of probe characteristics measured at different gas
pressures with the shield positioned above and under the probe
tip. Probe was placed on chamber axis 100 mm under the
quartz plate.

saturation current are measured in the axial positions of about 20 to 50
mm from the quartz. Considering skin depth for the applied
electromagnetic field in these discharges being only a few millimeters
(A s =5.3 mm at N, = 10'2 cm™®), such profiles support the assumption
of plasma heating by the hot electron flux. To justify the profiles,
complete probe characteristics were measured and analyzed for
different probe positions. Figure 6 shows the actual variation of the ion
density along with the temperature of Maxwellian electrons
(determined from the linear part of Inl-V curves) for pressures 50 and
10 mTorr. The temperature exhibits decreasing profile with stabilized
values in distances larger than mean free path of hot electrons.

In view of the above observations, three distinctive space regions
can be recognized in the axial direction. Starting from the quartz plate,
there is the region of spatially localized enhanced electric ﬁeld,\ where
hot electrons are generated. Then the region follows, in which the hot
electrons lose their energy. This region exhibits enhanced plasma
density and decaying electron temperature. Finally, in a distance larger

than the hot electron mean free path, the region of thermalised
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Fig.5 Normalized axial profiles of ion saturation current measured

on the chamber axis in argon discharges sustained at different
gas pressures.

diffusive plasma exists.

3.3. Localized Region of Hot Electrons

The axial plasma parameter profiles at lower gas pressures, typically
under 3 mTorr, exhibit different behavior than the ones mentioned in
the preceding section. Figure 7 shows a probe current profile measured
at 2.7 mTorr on the chamber axis at the probe bias V, =-50 V. As it can
be seen in the figure, a trough of the probe current with about 0.5-cm-
width is observed near the quartz plate. The trough is observed always
at the same value of the probe current (measured at the same probe
bias) and it disappears when the plasma source operates in the
underdense-plasma conditions. Therefore, we believe that the trough is
related to the plasma resonance region. As expected, the phenomenon
can be observed also in the radial probe current profiles (Fig. 8). The
influence of the probe bias on the axial profile shown in Fig. 9 suggests
the explanation for the local decrease in the probe current. Under the
same discharge conditions, the depth of the trough increases with
decreasing negative probe bias and the current in the minimum can
even change the sign. Such a behavior indicates that the trough is
caused by the current of hot electrons to the probe collected in the
resonantly enhanced electric field region. Further decrease of the probe
current to negative values in the vicinity of the quartz is due to hot
electrons generated by the strong electric field at the interface. The

assumption of the trough formation is justified by axial probe current
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profile measured under the slot antenna (Fig.10). As mentioned above,
the hot electron generation is related to the perpendicular electric field
component Ez, which is not expected to exist under the slot antenna.
Indeed, the trough does not appear in the profile. Substantial
experimental confirmation is provided by the measurement and
complete evaluation of probe characteristics along the chamber axis.
Figure 11 shows the axial variation of the electron density Ne '® and
the probe current measured along the whole plasma chamber. As
expected, the density profile is consistent with the probe current profile
and the trough appears in the place where the density is close to the
critical plasma density (7.4x10'° cm™3). Figure 12 provides more
details on the spatial variations of plasma parameters over the plasma
resonance region. The density profile exhibits a slight depletion in the
plasma resonance region, which also contributes to the localized
decrease of the probe current. However, as mentioned above, the main
contribution to the formation of the probe current trough is due to hot
electrons localized in the plasma resonance region. This is indicated by
profiles of the floating potential Vyand the temperature of Maxwellian
electrons T.. The floating potential sharply decreases to less than -50 V
in the plasma resonance region, while being about +5 V in the bulk
plasma. This effect, along with the electron temperature profile,
confirms the presence of a localized hot-electron region. Considering
the value of the plasma potential V=20 V and the fact that the trough
is well observed up to about V, = -50 V, the energy of the hot electrons
is believed to be as high as 70 eV.
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Fig.12 Axial plasma parameter and probe current (V= -50V) profiles
measured on the chamber axis in argon discharge at 2.5 mTorr
and 1380 W.

4. Discussion

The explanation of the hot-electron flux and the localized hot-
electron region can be provided on the basis of the heating mechanism
mentioned above ™ as follows: the electrons entering the plasma

resonance region can gain energy from the enhanced high-frequency

field and the efficiency of the power transfer depends on their transit
time through the region. The energy gain is efficient only if the transit
time ( is short compared to the field period T (=1/f, where f=2.45GHz
is the frequency of microwaves) and it reaches its maximum value at
Top=0.7 TI(4 ') (Fig. 13) D, Under such a condition, the electrons are
resonant (from the viewpoint of wave-particle energy transfer) and are
accelerated out of the region resulting in hot-electron flux. However, if
the transit time is comparable to the field period, the electron energy
gain decreases since the electrons become non-resonant and are
accelerated and afterwards decelerated by the reversing field when
moving through the region of plasma resonance. Thus, the hot
electrons "remain" localized in the plasma resonance region.

The considerations above can be strengthened by the estimation of
the electron transit time through the plasma resonance region. The
distribution of the resonantly enhanced electric field component E; in

the region (Fig. 14) can be expressed by the formula '

E

= 0
tT (- z,4) L+ily, @)
Here Ej is the electric field amplitude and L is the density scale-length

at the resonance point zr.s, v ¢is the effective collision frequency and
w is the applied field frequency. The density scale-length is given as ¥
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and, assuming a linear density profile near the quartz, it corresponds to
the distance of the resonance region from the quartz. In the
collisionless case, v is determined by the field convection caused by
thermal electron motion effect given by the formula ?:
veg=w (Vrd wL)??
where vr. is the thermal velocity of electrons. The electron transit time
through the region can be calculated by the formula:
=A /vy
where vy, is the velocity of hot electrons and A is the width of the
region defined as ¥ vy
A=—=L
As mentioned in section 3.3, the efﬁgency of the energy transfer to the
electrons in the resonance region strongly depends on the electron
transit time through the region. This dependence is plotted in Fig.13 7.
In our experiments, the typical conditions for the strongest hot-electron
flux (the strongest light emission and power absorption) are: p= 20
mTorr, L=0.1 cm, T, = 2eV, v, = 4.6 X108 cm/s (corresponding to 60
eV), which gives v = 1.8X10 95 ! (determined by the field
convection) and A= 1.1X10  cm and, consequently, the electron
transit time is estimated to z | = 2.5X 10 "' s. This value corresponds
well to the optimum transit time Top=2.3X 10 ! s (see Fig.13). When
the localized hot-electron region is observed the typical experimental
conditions are as follows: p= 2.6 mTorr, L=2.1 cm, T, =4 eV and v, =
5X10 8 cmi/s (corresponding to 70 eV). Under these conditions, the
estimated parameters are: v .;=2.9X10%s "' and A=4X10 2 cm,
which gives the electron transit time 7 2 = 8 X 10 "!! 5. This value is
comparable to the field period 7= 4X 10" s and it is about 3.5 times
larger than the optimum time 7 ./, thus the condition for the effective
power transfer to the electrons is not fulfilled. Indeed, under these

experimental conditions, we do not observe the hot-electron flux.

5. Summary

An experimental study on hot electrons in low-pressure large-area
microwave discharges has been presented. At gas pressures below
about 50 mTorr, a flux of hot electrons directed away from the
waveguiding plasma-dielectric interface was observed. These
electrons are believed to be originating from the region of resonantly
enhanced electric field near the dielectric. They contribute
significantly to discharge heating, which was demonstrated by the
axial plasma parameter profiles. At pressures below 3 mTorr, a trough
in the probe current profiles was observed near the quartz plate. The
trough appears in the place of critical plasma density and we believe
that it is caused by the localized hot electrons generated in the
resonantly enhanced electric field. The formation of both, the hot-
electron flux and the localized hot-electron region is explained on the
basis of the transit-time heating. The presented experimental results
can be considered as an evidence that the plasma resonance region
plays an active role for the heating mechanism in the low-pressure
microwave discharges.

We believe that the phenomena may be an important factor in
processing plasmas affecting the discharge chemistry in the volume
plasma and on the processing surface as well. Particularly, the hot

electron flux depositing the energy and charge on the processing

surface may have a strong impact. This can be either positive or
negative depending on the required process. Moreover, the occurrence
of the hot-electron flux can also affect the discharge stability, which

appears to be an issue for the large-area microwave discharges.
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