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The resonant absorption of a plasma surface wave is supposed to be an important and efficient mechanism of

power deposition for a surface wave plasma source. In this paper, by using the particle-in-cell method and Monte Carlo

simulation, the resonance absorption mechanism is investigated. Simulation results demonstrate the existence of surface

wave resonance and show the high efficiency of heating electrons. The positions of resonant points, the resonance width

and the spatio-temporal evolution of the resonant electric field are presented, which accord well with the theoretical

results. The paper also discusses the effect of pressure on the resonance electric field and the plasma density.
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1. Introduction

Surface wave plasma (SWP) sources have been
heavily investigated in recent decades because of their
potential industrial applications. SWP is sustained by
the fields of 2.45-GHz microwaves propagating along
a plasma-dielectric interface under the condition of
an electron density higher than the cutoff plasma
density.[1] One of the advantages of SWP sources is
that they can be easily enlarged to diameters larger
than 0.6 m or areas larger than 0.5 m2 (0.5 m×1 m)
and maintain good spatial uniformity and high den-
sity (ne ≈ 1011 cm−3 ∼ 1013 cm−3) of plasma at
a wide-range gas pressure of 0.1 mTorr∼1.6 Torr
(1 Torr=1.33322×102 Pa) without the use of external
electrodes (avoiding pollution) and magnets.

Although several SWP sources of different config-
urations have been successfully developed,[2−13] some
critical physical mechanisms are still not very clear,
e.g. the power deposition mechanism. There are two
possible mechanisms of power deposition in SWP that
have already discovered and studied by researchers.
One is through collision (i.e. Ohm heating) and the
other is microwave local resonant absorption. As an
effective heating mechanism of non-magnetic and non-
collision plasma, local resonant absorption has been
investigated for many years, but this phenomenon
has been observed in experiments only recently.[14]

Since the power deposition of microwaves is entirely

restricted in a very thin area below the dielectric win-
dow, the resonant point is very close to the plasma
boundary, at a distance shorter or of the same or-
der of magnitude as the available experimental space
resolution. So it is difficult to distinguish resonance
spatially by existing diagnostic tools. Ghanashev et
al. in their experiments have demonstrated that the
electron density at the resonant point is just equal to
the corresponding critical density. Although local res-
onance can be proved by those experiments, whether
or not there exists local resonant absorption in SWP
source still confuses researchers, because in those pe-
culiarly designed experiments the resonant point is far
from dielectric window, which is very different from
real discharge conditions.

Local resonant absorption is concerned with the
capability and efficiency of power deposition, espe-
cially when SWP sources are working at low gas pres-
sures (i.e. less than 10 Pa) and as a result a non-
collision mechanism dominates the heating of elec-
trons. The particle-in-cell (PIC) method[15] is widely
used by the plasma physics community to investigate
plasma nonlinear and kinetic problems. After em-
bedding the Monte Carlo method, PIC can simulate
plasma generation and vanishing due to collision, but
a single PIC cannot. Because of the difficulty of ex-
perimental diagnosis, in this paper, we adopt PIC plus
Monte Carlo simulation to study the local resonance
absorption of an SWP source.
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2. Physical model

Electron plasma resonance is a local enhance-
ment of the electric field in inhomogeneous microwave
plasma at positions where the local electron density ne

is equal to the cutoff density nc (or in other words, the
local electron plasma frequency ωp is equal to the wave
frequency ω).[14] The enhanced component is the one
parallel to the electron density gradient (the z direc-
tion below). Figure 1 shows the variations of electron
density, plasma permittivity and microwave intensity
near the resonance point. The resulting microwave
field is well described by the expression[16]

Ez (z, t) = Re
(

Ez0 e− i ωt

1 + i (z − zres)/∆

)
, (1)

where ∆ = (v/ω) nc (dne/dz)−1 is the resonance
width, v is the collision frequency between electrons
and neutral particles, and Ez is the microwave inten-
sity at the resonance point zres.

Fig. 1. The local electron plasma resonance layer with

profiles of (a) the local plasma density, (b) the local plasma

permittivity, and (c) the local electric field intensity.

The plasma surface wave (PSW) is electromag-
netic and the electric field plays a main role in heat-
ing electrons, because the force acting on electrons by
the magnetic field is too small as compared with the
electrical force and can be neglected. After building
up the propagation of the PSW, the electric field of

the PSW is evanescent on both sides of the plasma
and dielectric window. The electric field penetration
depth can be roughly described by

δ =
c

ω Im
(√

εp

) , (2)

where εp is the plasma permittivity

εp = 1 −
ω2

p

ω (ω + i v)
. (3)

For a low-pressure SWP source operated at f =
2.45 GHz, the plasma density is typically larger than
the cutoff density nc = 7.4×1010 cm−3 within several
centimeters distance from dielectric window. Hence
the plasma frequency ωp is much higher than both the
wave frequency ω and collision frequency v. Accord-
ingly Eq. (2) can be simplified to δ ∼ c/ωp, resulting
in a penetration depth shorter than 1 cm∼2 cm. For
example, when ne = 1012 m−3, δ is about 0.53 cm.

In order to study the local resonance by using
PIC code, we make the following assumptions. (i)
The initial plasma is uniform spatially and the den-
sity is 2.0×1010 cm−3, which is far below the cutoff
density. (ii) The working gas is argon and collision in-
cludes elastic collision, excitation and ionization. (iii)
The electric field with the same profile as the surface
wave is expressed as

Ez (d, t) = A exp (−d/l) cos(2πft), (4)

where d is the distance to the plasma-dielectric inter-
face, l is the microwave penetration depth and A is the
electric field intensity. Since we consider the variations
of electric field and plasma parameters only in the per-
pendicular direction (i.e. z direction), the calculation
model is one-dimensional. Here, one should note that
the electric field is external but not self-consistently
generated by radiation of antenna and surface wave
excitation, otherwise the calculation model must be
two- or three-dimensional. However, the local reso-
nance absorption of the PSW can also be investigated
by adjusting the electric field and making the profile
approximately the same as the self-consistent surface
wave. In our calculations, the parameters that deter-
mine the electric field profile are fixed to l = 4 mm and
A = 32500 V/m. The intensity of the electric field is
as much as that of a surface wave excited by microwave
deposition power of 1200 W in a 44 cm×22 cm area.

Figure 2 shows the physical model of PIC simu-
lation. The total spatial length is 10 cm, the left and
right sides are both absorption boundary conditions
for particles. The time step is set to be 1.33×10−11 s,
the cell size is 0.05 mm, the initial ratio of particle to
cell number is 50 and the particles we adopted have
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true charge-mass ratios. The initial plasma is uniform
and the temperatures of the electrons and ions are
4 eV and 0.05 eV, respectively. Argon gas pressure is
set to be 0.6 Torr and the temperature is 0.03 eV.

In the Monte Carlo course, the following collision
processes are considered: elastic collision, excitation
collision, ionization collision, charge exchange collision
and scattering collision. For more details, see Ref. [15].
Thus under the excitation of exponential decay elec-
tric field, it is reasonable to expect that plasma den-
sity within excitation zone would increase rapidly and
exceed the cutoff density.

Fig. 2. Physical model.

3. Results and discussion

The direct method for the increase of ion number
is to raise the collision ionization rate, which intrinsi-
cally needs to heat electrons. In the SWP, Ohm heat-
ing and resonant heating coexist, but their significance
is different at different moments. Figure 3 shows the
temporal evolution curve of the electron super-particle
number. On the whole, the curve can be divided into
three parts. The first part lies in the range of 0 ns–
150 ns, in which the plasma density increases slowly
under the excitation of an external electric field. So
this is an Ohmic heating phase. The second part lies
in the range of 150 ns–280 ns, in which plasma density
increases rapidly. Obviously, in this phase two heating
mechanisms coexist, but the resonant heating achieves
complete dominance. Finally, the third part lies after
280 ns, in which the increasing rate of plasma density
slows down. In this phase, we think that two heating
mechanisms also coexist but Ohmic heating regains
dominance. Comparing the three phases, we can see
that Ohmic heating is much slower than resonant heat-
ing. Namely, the efficiency of electron heating through
electric field acceleration and then collision with neu-
tral particles to change directions is much lower than
through resonant heating.

Fig. 3. Temporal evolution of super-particle number.

In order to further reveal the dominant role of res-
onance on electron heating at the second phase men-
tioned above, figure 4 shows the distributions of elec-
tron temperatures at different moments. At 267 ns,
two peaks of electron temperature can be found in the
excitation zone and each peak is supposed to be a res-
onance point. The reason will be further discussed in
the following paragraph. Electron plasma resonance
always causes the electron temperature to rise at first
and then makes the plasma density rise through the
collision of electrons with neutral particles. The tem-
perature in the excitation zone locally reaches more
than 6 eV by resonance in a very short time, and de-
creases slowly to 4 eV after plasma density mostly
increasing to higher than the cutoff density in phase
three. The electron temperature far away from exci-
tation zone also decreases from the initial value due
to loss of energy by collisions.

Fig. 4. Spatial distributions of electron temperature at

different moments.

Distributions of electron density, electric field in
plasma and input electric field at 267 ns are shown
in Fig. 5. Plasma density within the excitation zone
mostly has exceeded the cutoff density. Only near
the left sheath boundary and right low electric field
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area is the plasma density lower than the cutoff den-
sity. Therefore, it can be found that there are two
resonant peaks of the electric field, corresponding to
two different resonant points. For an actual SWP
source, plasma of a density higher than the cutoff
density would be thicker than 2 cm, so the second
resonant point would not appear. However, the res-
onant point of the left side would exist at the times
as long as the nearby plasma density is higher than
the cutoff density. Due to the effect of the plasma
sheath, the plasma density near the dielectric bound-
ary is very low, hence the positive gradient of plasma
density needed for resonance (i.e. Fig. 1(a)) is always
satisfied.

Fig. 5. Distributions of (a) electron density, electric field

in plasma and (b) input electric field at 267 ns.

Figure 6 depicts the temporal evolution of the
electric field at the resonant point, which comes from
Eq. (1). It can be easily shown that an electric field
with time/space dependence can change the veloc-
ity (and eventually accelerated) of only those elec-
trons running down the density gradient (i.e. towards
the plasma sheath boundary). This is due to the
traveling-wave character (Fig. 6) of the local plasma
resonance from Eq. (1), which, after Fourier transfor-
mation, turns out to be a superposition only of the
plane waves travelling to the plasma boundary. Such
waves can accelerate an electron flying synchronously

with them in a Landau damping-like interaction, while
electrons running the opposite way (to the plasma) re-
main unaffected. For the accelerated electrons, only
those with relatively low energies could eventually be
reflected back to the plasma from the barrier of the
sheath potential. High-energy electrons directed to
the plasma are similar to the secondary electrons gen-
erated when the electrons accelerated to high energies
in the resonance region reflect back from the sheath
boundary.

Equation (1) (or Fig. 6) is merely a theoretical
result, as far as we know, it has not been validated
by any experiments up to now. Figure 7 is our PIC
simulation result, showing the spatial and temporal
evolution of electric field in the excitation region. Pri-
marily, we are concerned with the left resonant point,
but it is very close to the left sheath boundary and dif-
ficult to distinguish. So we turn our attention to the
right resonant point for a while. Comparing the curves
at different moments (i.e. different phases) in Figs. 6
and 7, one can see that the simulated evolution of the
electric field at the resonant point perfectly matches
the theoretical result, just the directions are opposite.
The reason for the different directions of wave travel-
ling is due to the opposite density gradients of plasma,
which are shown in Fig. 5(a) and Fig. 1.

Fig. 6. Spatial and temporal evolution of the electric

field in the local electron plasma resonance, from Eq. (1)

demonstrating travelling-wave behavior directed towards

the wall.

The density gradient of plasma at right resonant
point (i.e. z ≈ 0.9 cm) can be measured from Fig. 5(a)
and is about 2.0 × 1017 m−3/0.009 m. Substituting
gas pressure p = 0.6 Torr and electron temperature
Te = 4 eV into formula νen = 1.52×107p [Pa]

√
Te[eV],

the electron collision frequency νen is 2.43 × 109 s−1.
Finally, the resonance width can be calculated and is
about ∆ = 0.53 mm. This result agrees quite well
with that shown in Fig. 7. Now we turn our attention
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to the left resonant point again. One should note that
at the same moment, the phase of the resonant electric
field of the left resonant point is opposite to that of the
right one, hence the electric field in the local resonance
would be covered by the sheath electric field. That is
the reason why we cannot observe the left resonant
electric field from Fig. 7. However, the left resonance
width can be estimated from both Fig. 5 and the cal-
culated resonance width of the right one. Through
comparison of the two peaks of the resonant electric
field in Fig. 5, we obtain the left resonance width being
about 1/5 of the right resonance width, i.e. 0.1 mm.
Considering that the average plasma density near the
dielectric flat in an actual SWP source working at 0.6
Torr could be more than 3.0×1017 m−3, it is reason-
able to believe that the resonance width would be less
than 0.1 mm.

Fig. 7. Spatial and temporal evolutions of electric field

from PIC simulation.

Aforementioned simulation results have demon-
strated the possibility of maintaining discharge
through resonance absorption of PSW. However we
found that it does not always occur for a wide range
of pressures. Figure 8 gives the variations of spatial
distributions of electron density and electric field at
different pressures. Here, in order to speed up the cal-
culations, the initial uniform plasma density is set to
7.0 × 1016 m−3, slightly smaller than the cutoff den-
sity. One can see that for a relatively high pressure
(e.g. 0.05 Torr), the surface wave can easily generate
plasma, the density of which is higher than the cutoff
density through resonance absorption. However, when
the pressure decreases, the plasma density gradient
gets smaller and the resonant point moves backwards.
Although a small density gradient can broaden the res-
onance width and as a result enhance the absorption
of PSW, because the resonant point is far from the di-
electric boundary and the input electric field decreases
with distance, the amplitude of the excited resonance

electric field would become very small, leading to a
weak capability of plasma generation. One can fur-
ther deduce that for a low enough pressure (e.g. below
0.1 mTorr), the resonant absorption of PSW cannot
maintain discharging.

Fig. 8. Spatial distributions of electron density (a) and

electric field (b) for different gas pressures (at 2660 ns).

4. Conclusion

In this paper, we have simulated the resonant ab-
sorption of a plasma surface wave using particle-in-
cell plus Monte Carlo algorithm. The spatio-temporal
variations of plasma parameters under the excitation
of an exponentially decayed electric field have been
presented. The simulation results show the structure
of resonant electric field and the width of resonance,
which accord well with the theoretical results. We also
found that plasma surface wave resonance is a very ef-
fect mechanism for power deposition, but the resonant
point in the surface plasma source is quite close to
the dielectric boundary and leads to a relatively low
deposition efficiency when the plasma density is too
high. Since surface wave resonance is relevant to the
gradient of plasma density, at low pressure, resonance
absorption may be a dominant mechanism in power
deposition.
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