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In this paper, we show theoretically and experimentally that the large-area planar plasma with high density

and good uniformity can be sustained by a surface microwave when the electron density is over-dense. From the

experimental results we find that the nonuniformities in azimuthal plasma density and electron temperature have been

greatly improved and in particular the nonuniformity is less than 10% when the gas pressure is 30 Pa. By improving

the antenna shape, enhancing the microwave power and choosing the appropriate gas pressure, the large area planar

plasma with high density can be produced.
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1. Introduction

The research on plasma source has aroused great

interest in recent years due to its wide applications

in modern industry, such as film deposition, prepara-

tion of nanometre powder materials, materials surface

modification, etc. In the past decade the study of

plasma source has concentrated mostly on the long

plasma columns, of which the plasma diameter is

much less than the column length.[1−4] Such a kind of

plasma column is clean, quiescent and reproducible,

but does not meet the recent needs of large-diameter

plasma processing, such as the next generation of ul-

tra large scale integration and the production of solar

cells. Therefore a better plasma source to produce and

sustain large-area planar plasma attracts our atten-

tion to the method of surface wave.[5−8] In this paper,

we describe some important factors such as antenna

structure, microwave power and gas pressure to im-

prove the plasma performances in the surface wave

plasma.

2. Theoretical model and surface

wave modes

In order to identify the mechanism of sustaining a

plasma by microwave, we use a simple interface model.

In this model, the upper region of the interface is a

thick dielectric plate of thickness d and relative per-

mittivity εd. The plasma produced in the bottom re-

gion is assumed to be cold and homogeneous with elec-

tron density ne, electron-neutral collision frequency ν

and plasma relative permittivity

εp = 1 −
ω2

p

ω(ω + iν)
, (1)

where ωp = e(ne/ε0me)
1/2 is the plasma oscillation

frequency, me and (–e) are the electron mass and

charge, respectively. The plasma permittivity εp can

be simplified as follows when ν is neglected:

εp = 1 − ω2
p/ω2. (2)

For a fixed wave frequency ω, the cut-off plasma den-

sity nc is defined as

nc = ε0meω
2/e2. (3)

In the case of infinite plasma, electromagnetic (EM)

waves can propagate over longer distances with a rel-

atively low attenuation (|Re κ ≫ Im κ|) only under

under-dense conditions (ne ≪ nc and 0 < εp < 1).

In an over-dense (ne > nc, and εp < 0) plasma, EM

waves are evanescent (|Re κ| ≪ |Im κ|) and decay ex-

ponentially along the axial direction. The skin depth

is

δ = c/
√

ω2
p − ω2 , (4)
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which in a high density plasma is δ = c/ωp resulting

in a skin depth shorter than 1–2 cm. A real bounded

plasma is shown in Fig.1, where a train of electromag-

netic waves from point L in the dielectric with permit-

tivity εd, is incident into plasma region of permittivity

εp.

Fig.1. Geometry of electromagnetic wave propagation along plasma-dielectric interface.

Then let us make use of the boundary conditions

along the plasma-dielectric interface are expressed as

κdτ = κpτ = κτ , (5)

where κdτ and κpτ are the wave vector components

tangential to the interface of the dielectric and the

plasma respectively. The wave vector components

parallel to the surface of the plasma and the dielec-

tric, respectively, are

κpn =
√

εpω2/c2 − κ2
pτ , (6)

κdn =
√

εdω2/c2 − κ2
dτ . (7)

As is well known in geometrical optics there exists

κτ/
√

κ2
τ + κ2

dn

κτ/
√

κ2
τ + κ2

pn

= sin θi/ sin θr . (8)

From expressions (5)–(8), we can obtain the critical

incident angle for total reflection

θic = sin−1[(εp/εd)
1/2]. (9)

In this situation, there exist three kinds of wave

modes: volume waves, hybrid surface waves and pure

surface waves.[7−9] (i) Volume waves penetrate into

the plasma bulk when θi < θic ; (ii) Hybrid sur-

face waves are totally reflected at the interface when

θi > θc. In the case, the amplitudes of electromag-

netic waves decay exponentially from the interface to

the plasma region; (iii) Pure surface waves occur with

the amplitudes decaying exponentially from the inter-

faces both in the dielectric slab and the plasma bulk,

when θi < θic, if the plasma is over-dense, εp becomes

negative, thus the volume waves cannot penetrate into

the plasma.

In the dielectric-plasma interface boundary, if the

following condition is satisfied:[9−12]

κpn/εp = κdn/εd, (10)

from expressions (5)–(10) we obtain

κ2
τ c2/ω2 = εd[1 + ω2

p/(ω2 − 1 − εd)] (11)

and from the above equation, for a given wave fre-

quency, when

ωp/ω =
√

1 + εd , (12)

we find that κτ → ∞, and κpn < 0, κdn > 0, which

means that the amplitudes of electromagnetic waves

decay exponentially both from the interface to the
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plasma and from the interface to dielectric region and

the microwaves in the form of pure surface wave[7]

propagate tangentially along the interface.

3. Experimental setup and

results

The experimental setup is shown in Fig.2. It is as-

sembled with three parts including a microwave power

supply with transmitting lines, a microwave launcher

and a plasma chamber. The microwave frequency is

at 2.45 GHz, and its power can be adjusted from 0 to

900 W. Argon plasma is maintained at pressures rang-

ing from 1.0 to 140 Pa in a Pyrex chamber. There is

a highly pure Terracotta plate (99%Al2 O3) on top of

the chamber with a coupling window and two slots in

the broad wall of the feeding rectangular waveguide as

shown in Fig.3. The Terracotta plate is 13 mm thick

and the Pyrex vacuum chamber are 500 mm high and

300 mm in diameter.

Fig.2. Schematic diagram of the experimental setup of surface wave plasma.

Fig.3. Slot geometry with the probe antenna trajectory.

Two moveable Langmuir probes are inserted into

the chamber. One probe serves for the diagnostics

of radial plasma parameters, the other for the diag-

nostics of axial and azimuthal plasma parameters and

also for the measurement of the azimuthal electric field

through the probe picking up the signal of the electri-

cal field strength in plasma.

By fixing the microwave power at 600W and ar-

gon gas pressure at 30 Pa, we measure the azimuthal

distribution of electron densities and electron temper-

atures in argon plasma with the movable probe in the

direction. And as shown in Fig.4, the plasma den-

sity and electron temperature both have good uni-

formities in the azimuthal direction, in particular,

the nonuniformity is less than 10% within the error

range. The electron density has a variation fluctuat-

ing at 1.1×1012 cm−3 while the electron temperature
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at about 2 eV. The good uniformity described above

can be explained as follows: the free path of electrons

in argon gas at a pressure of 30 Pa is long, so elec-

trons can diffuse easily from the electrical field site of

maximum power to that of minimum, and thus the

effect of the electrical field distribution on plasma can

be neglected.

Fig.4. Spatial distributions of the electron densities and the electron temperatures of argon plasma in the azimuthal

direction at 30 Pa, P = 0.6 kW, R = 15mm, and z = 75 mm.

Figure 5 shows the profiles of the electron density

and temperature distributions along the axial direc-

tion. The plasma thickness is about 80 mm. At z

from 16 mm to 30 mm, the electron density and elec-

tron temperature have a slight reduction fluctuating

at 1.0 × 1012 cm−3 and 2 eV, respectively. And at z

smaller than 16 mm, closer to the dielectric plate, the

stronger the electrical field strength, the higher the

electron temperature and the lower the electron den-

sity, because electromagnetic wave energy is strongly

absorbed and transmitted[13] to the area at z larger

than 16mm in the form of plasma wave including vol-

ume wave and hybrid wave. At z larger than 30 mm,

the curves of electron density and the electron tem-

perature sharply drop off and the plasma in this area

is sustained mainly by the electrostatic oscillation.

Fig.5. Spatial distributions of the electron densities and the electron temperatures of argon plasma in the axial

direction at 30 Pa, P = 0.6 kW, θ = 4◦, and R = 75 mm.
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We also measure the distributions of electron den-

sities and electron temperatures in the radial direction

using another movable probe. From Fig.6, we can see

the maxima of electron density and the electron tem-

perature and the strongest electrical field strength at a

slot position (r = 2 cm). Away from the slot, as elec-

tromagnetic waves are strongly absorbed by the elec-

trons and ions in the process of propagating around in

the radial direction, the electron density and electron

temperature decrease sharply. Specially, note that the

curves of the electron distribution change smoothly at

r closer to 15cm, which means that the electromag-

netic waves propagating near the inner wall of the vac-

uum chamber are reflected by the wall and absorbed

by plasma again.

Fig.6. Spatial distributions of the electron densities and the electron temperatures of argon plasma in radial

direction at 30 Pa, P = 0.6 kW, θ = 240◦, and Z = 15 mm.

4. Discussion and conclusions

The data given above are measured under the con-

dition of running the experiment equipment quite well

and under such a condition the critical matter is a bal-

anced combination of the density and the uniformity

of the plasma. In our experiment, when the gas pres-

sure is higher (> 80 Pa), it is found that when the

gas pressure is raised, the electron density initially

increases and then decreases, while the temperature

nonmonotonically decreases. At the same time, the

uniformities of the electron density and temperature

in azimuthal and radial directions turn worse with the

rising of the gas pressure, and the plasma thickness

along the axis direction decreases. Inversely, when the

gas pressure is lower (< 20 Pa), the uniformities of the

electron density and temperature in the azimuthal and

radial directions become better, but the electron den-

sity drops off and the electron temperature increases.

From the above discussion, we can conclude that

the large area, uniform and high density planar plasma

can be obtained by increasing the incident microwave

power, and choosing the appropriate gas pressure and

shape of the coupling antenna. Surface wave can easily

produce a large area and high density plasma without

any external magnetic field applied, unlike an ECR

plasma source. And it has some favourable advantages

including no contamination from electrodes, a broad

range of gas pressure for discharging and low tem-

perature of electron, etc. All these advantages make

surface wave plasma have future applications in indus-

tries especially in the high-technology field. But it has

some disadvantages in the industry application, such

as the nonuniformity in the radial direction.

On the basis of the present study, we will con-

tinue our work on how to optimize the coupling an-

tenna, how to improve the uniformity in the azimuthal

and radial directions, and how to extend the area and

increase the plasma density.
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