
IN9800948

BARC/1997/E/025

7
n

AN EXPERIMENTAL FACILITY FOR MICROWAVE INDUCED
PLASMA PROCESSING OF MATERIALS

by
D. S. Patil, K. Ramachandran, A. L. Bhide and N. Venkatramani

Laser and Plasma Technology Division

1997

2 9 - 3 5



BARC/1997/E/025

5 GOVERNMENT OF INDIA
£ ATOMIC ENERGY COMMISSION

<
CD

AN EXPERIMENTAL FACILITY FOR MICROWAVE INDUCED

PLASMA PROCESSING OF MATERIALS

by

D.5. PatiJ, K. Ramachandran, A.L. Bhide and N. Venkatramani
Laser and Plasma Technology Division

BHABHA ATOMIC RESEARCH CENTRE
MUMBAI, INDIA

1997



BARC/1997/E/025

10

BIBLIOGRAPHIC DESCRIPTION SHEET FOR TECHNICAL REPORT

(as per IS : 9400 - 1980)

01

02

03

04

05

06

07

08

Security classification :

Distribution :

Report status :

Series i

Report type i

Report No. e

Part No. or Volume No. :

Contract No. :

Unclassified

External

New

BARC External

Technical Report

BARC/1997/E/025

Title and subtitle : An experimental facility for microwave
induced plasma processing of materials

11

13

20

21

22

23

24

30

31

Collation :

Project No. ;

Personal author (s) :

Affiliation of author (s) t

Corporate author(s) :

Originating unit i

Sponsor(s) Name :

Type :

Date of submission :

Pubiication/Issue date

47 p., 17 figs.

D.S. Patil; K. Ramachandran;
A.L. Bhide; N. Venkatramani

Laser and Plasma Technology Division,
Bhabha Atomic Research Centre, Mumbai

Bhabha Atomic Research Centre,
Mumbai-400 085

Laser and Plasma Technology Division/

BARC, Mumbai

Department of Atomic Energy

Government

September 1997

October 1997

contd...<lb)



40

42

50

51

52

53

Publisher/DistributDr :

Form of distribution :

Language of text :

Language of summary i

No. of reference* t

Given data on i

Head, Library
Bhabha Atomic

Hard Copy

English

English

8 refs.

and Information
Research Centre,

Division,
Mumbai

60 Abstract i Microwave induced plasma processing offers many advantages
over conventional processes. However this technology is in the
development stage. This report gives a detailed information about a
microwave plasma processing facility (2.45 GHz, 700 W) set up in the
Laser and Plasma Technology Division. The equipment details and the
results obtained on deposition of diamond like carbon (DLC) thin
films and surface modification of polymer PET (polyethylene
teraphthalate) using this facility are given in this report.

70 Keywords/Descriptors :MICROWAVE RADIATION; PLASMA; THIN FILMS;
SPECIFICATIONS; MAGNETIC FIELDS; MAGNETRONS; WAVEGUIDES; WAVE
PROPAGATION; FERRITES; CARBON; CHEMICAL VAPOUR DEPOSITION;
SUBSTRATES? STAINLESS STEELS; BERYLLIUM ALLOYS; COPPER ALLOYS

71 INIS Subject Category : B2210; G5150

99 Supplementary elements :



CONTENTS

1. Introduction

2. Experimental Set up

2.1 Layout of the facility

2.2 Microwave Components

Microwave Generator

Wave Guides

Coupling and matching of Transmission Systems

Bends and junctions in Wave Guide

Matched Loads

Short Circuit Plungers

Stub Tuners

Wave guide Couplers

Circulator

Applicator/Cavity

3. Materials processing Using Microwave Plasmas

3.1 Deposition of Diamond Like Carbon Coatings

3.2 Plasma Treatment of Polymers

4. Conclusions

5. Acknowledgements

6. References



1. INTRODUCTION

Microwaves are electromagnetic waves oscillating at frequency in the

range of - 1 GHz to several hundreds of Giga Hertz with corresponding

wavelength ranging from fraction of a meter to several millimeters. They are

coherent and polarized radiations. In the last decade, there is considerable

Merest in the microwave induced plasma processing of materials because of

certain advantages over dc and low frequency plasmas. Some of the advantages

of the microwave excited plasmas are summarized below :

1) It produces a much higher degree of ionization and dissociation that

commonly gives 10 times higher yield of active species than other types of

electrically excited plasma.

2) It is possible to sustain a microwave plasma over a very wide pressure

range, from 10~5 torr to several atmospheres. This makes it possible to have

more microwave plasma applications than with other forms of electrically

stimulated plasmas.

3) The electron to gas temperature ratio Tg/Tg is very high so the carrier gas

and substrate remains moderately cool in the presence of high electron

energy. Many reactions can take place in the process with relatively low ion

energy. The effects of sputtering or decomposing by the incident ions of the

treated surface can be decreased.

4) The absence of internal electrodes removes a source of contamination and

makes reaction vessels simpler,

5) The state of the art of microwave engineering at high power levels is

relatively far advanced.

The promising applications of the microwave plasmas have been appearing in the

fields of chemical processes and semiconductor manufacturing. Applications

include surface deposition of all types including diamond/diamond like carbon



coatings, etching of semiconductors, promotion of organic reactions, etching of

polymers to improve bonding of the other materials, use of microwave plasma as

a UV light source, pumping lasers and plasma generating torches etc.

By using the appropriate microwave applicators, microwave discharges

can be efficiently created and maintained from pressures above several

atmospheres to sub m torr pressure resulting in high pressure discharges with

high temperatures (>1000 K) for thermal plasma processing applications and low

temperature low pressure discharges for applications like thin film deposition and

etching.

2. EXPERIMENTAL SET UP

All microwave process systems must include a source of microwave power

and means to couple the power to the process load. Most systems used in the

industrial, scientific and medical applications also include means to protect the

power source from reflected power, to monitor the levels of the generated and the

reflected power and to tune the load to minimize the reflected power and

maximize power coupled to the load.

A major difficulty in the design of a. microwave plasma system is the

variable, nonlinear and often reactive discharge load. This load is dependent and

varies with many different experimental conditions such as gas type, mix, flow

rate, discharge pressure etc. Though this technology is still in the developing

stage the desirable features of the experimental system are as follows:

1) A well filtered, variable power but constant frequency microwave power

supply.

2) The use of a device called circulator to allow the oscillator to work into

matched load independent of discharge variations (this circulator also

protects the oscillator from large reflected power conditions that may occur

from an unmatched discharge). The dummy loads are designed to absorb



microwave power without reflection and are connected at the end of a

transmission type applicator.

3) The ability to accurately measure incident and reflected power

4) A variable/automatic method of matching the applicator discharge for

numerous discharge conditions that may occur. This is usually done by

incorporating a device called tuner in the circuit and

5) Microwave system and applicator/discharge designed to facilitate easy

maintenance.

2.1 Layout of the facility

The layout of the microwave plasma processing system set up in our

laboratory is given in figure 1. It uses the magnetron source from the conventional

microwave oven powered by a dc power supply. The microwave energy is

launched into the wave guide WR284 from the magnetron source. The

predominant mode for transmission is TE-io- In the circuit are the other

components like three port circulator (Gerling Laboratories USA, GL 401 A) and a

water cooled dummy load (GL 402 A) , Cross coupler to extract the signals for

measurements of the forward and reflected power (M/S SAIREM France), a four

stub tuner for the matching the load (each stub is Ag/4 wavelength apart to be

able to generate an impedance of any value at any phase), a plasma cavity

designed to bring the leakage to the acceptable limit and a sliding short circuit for

providing the reflecting surface for the incident microwave radiations so that the

"Q" of the plasma cavity can be increased to get the gas breakdown by the

movement of the sliding short.

The plasma generation chamber is a quartz tube which is inserted in the

plasma cavity and from the top the processing gases are fed into the tube. The

bottom of the tube is connected to a vacuum system (Hind High vacuum

company model VS 114, diffusion pump {4 inch dia}-rotary pump combination



{300 Ipm capacity}). There is an arrangement for loading the substrate from the

bottom of the quartz tube.

2.2 Microwave Components

In this section a detailed description of the microwave system components is

given.

Microwave Generator

There are various devices like Klystyron, magnetron, Gyratrons and

Traveling wave tube used to generate the microwaves. Magnetron was the first

high power microwave oscillator to be developed. The magnetron is one of a

large class of microwave tubes in which the electrons interact with the

microwave fields over an extended region. The schematic of the device is shown

in figure 2. There is a large magnetic field acting perpendicular to the plane of

paper. The central electrode is cathode which emits electrons and the outer

electrode is the anode which include a number of coupled resonant cavities. The

electron stream flows radially outward from the cylindrical cathode to the anode.

In the absence of any disturbing fields, the electrons will leave the anode and

proceed under the influence of the magnetic field in circular paths either to reach

the anode or with a stronger field to return to the cathode. The electromagnetic

fields in the anode cathode region may be considered as inducing/generating a

traveling wave which moves round the inside surface of the anode. Each anode

cavity behaves as an individual cavity resonator with an aperture onto the anode

cathode space. Because the aperture lowers its Q, each cavity will oscillate in its

lowest or fundamental mode. The phase of the fields in the aperture will be such

as to excite a traveling wave in the anode cathode space and the traveling wave

will couple the fields in all the cavities together. An investigation of the possible

relative phase difference between the different anode cavities shows that there

are as many different modes of oscillations of the magnetron as there are cavities



in the anode. The anode mode in which magnetrons are usually operated is the n

mode when the phase angle between adjacent aperture is n. A device for

ensuring that the magnetron operates in the desired mode is strapping. Alternate

poles are strapped together by means of rings which causes a separation of

frequency of the n mode from other modes.

Consideration of the motion of the electron under the static magnetic field

and a static electric field shows that if the magnetic field is sufficiently strong, the

electron never reaches the anode and returns to the cathode. The magnetron

oscillator js usually operated under these conditions so that when there is no

microwave oscillation, there is very little anode current. If there are

electromagnteic fields in the anode cathode space, some of the electrons will be

retarded by the microwave electric field and will follow some path similar to that

shown in figure 2. Before reaching the anode, the electron will have given up

most of its energy to the electromagnetic fields, If the phase of the

electromagnetic fields is such that electron is accelerated soon after leaving the

cathode, it will quickly return to the cathode and will not interact appreciably with

the fields. This electron will bombard the cathode, and in a typical magnetron

about 1/20 of the power is used in this way to heat the cathode.

The frequency of the magnetron oscillators is sensitive to the changes in

the load impedance. This effect is called pulling and can be a source of trouble in

magnetron application. The power capability of the magnetron is limited by the

ability to remove heat from the cathode which is situated in the middle of an

evacuated space. This requirement means that magnetrons are usually operated

in pulse conditions when the peak power is high but mean power can be kept

quite low.

In choosing the power source for the research purpose, there are several

performance considerations that should be made before final selection is made.



The considerations are variable power, wave form of the power supply etc.. For

CW operation a low ripple power supply is recommended. A magnetron must be

protected from the effects of reflected power for several reasons. The most

important reason is that reflected power will shorten the life of the magnetron.

Reflected power depending on its phase and magnitute can cause increased

back heating on the filament of the magnetron. The resulting increase in the

filament temperature causes an increase evaporation rate of the work function

lowering emissive material (Thorium) impregnated in the tungsten thus reducing

filament life. If the reflected power is high enough, this can cause damage to the

anode by virtue of excessive strap currents which cause distortion of the straps

(frequency shift) or melting of the straps (magnetron destruction). A magnetron

operating in the proper environment (rated reflected power, anode operating

current, filament voltage and cooling) can give an expected operating life of

between 3000 to 8000 hours. If the magnetron is operated so that full power is

reflected back to the magnetron (100 % reflection) the life will be in the range of

10 to 30 seconds.

In addition, reflected power, depending on its phase and amplitude, can

shift the operating point of the magnetron causing the power output and the

operating frequency to be higher or lower than it would be if the magnetron were

operating into a matched load. Therefore it is strongly recommended that

magnetron power source should be protected from the effects of the reflected

power by the use of a device called a three port circulator. The circulator should

be capable of protecting the magnetron with 100 % of the power reflected back

and with the magnetron operating at full power and with the power coming back

at any phase. Such protection is effected by using a three port circulator in

combination with the dummy load.



Wave Guides

Most microwave systems are used to transmit information from one point to

another. From main points of view free space or air is an ideal transmission

medium as the attenuation of electromagnetic waves at wavelengths greater than

a few centimeters is usually extremely small. Whenever high transmission

efficiency is required a guided wave system has to be used. The introduction of

guiding system introduces losses that are not normally present in the free space

transmission However these losses are more than offset by the fact that the

waves are no longer divergent, but confined to a path of constant cross section.

The idea of guiding electromagnetic waves by a metallic conductor is as old as

the science of electricity. It is well-known that the energy guided by such means

flows in the space between and around the conductor. The losses in the guided

wave system increase with the operating frequency and very high frequency

wave guides are usually restricted in length to a few hundred feet for this reason.

Co-axial cables are normally used for TEM modes only . In choosing a

coaxial cable to carry TEM mode care must be taken to see that at the frequency

of operation, none of the TE or TM modes can exist. This means that the cable

size has to decrease as the frequency of operation is increased and the power

handling capacity of co-axial cable is limited at high frequency by electrical

breakdown as well as dielectric loss problems.

In a parallel plate stripline using the TEM modes, it will tend to radiate

sideways and hence be lossy, and that its spacing and hence power handling

capacity for strips of reasonable width are rather limited. Both these

disadvantages can be overcome by closing in the sides of the line with metal. The

guide so formed obviously cannot support a TEM mode as the additional

boundary conditions imposed by the side walls precludes the sample field pattern

of the stripline.



By solving the Maxwell's equations with appropriate boundary conditions in

the rectangular wave guide sections it is seen that both TE and TM modes offers

a doubly infinite number of possible modes. In a practical system it is highly

desirable to arrange matters so that only one mode can exist at the operating

frequency. Cut off wavelength for both the modes are given by:

Xc = 2/[(m/a)2 + (n/b)2j1/2

Where a and b are the dimensions of the wave guide. It is apparent from the

above equation that only one value of m and one value of n can exist. By

choosing to use the TE modes it is possible to make m or n zero so that only one

mode can exist at certain frequencies. The TE-JQ mode is widely used. In this

mode the dimension b is made considerably smaller than X/2 over the working

range and the cut off wavelength is then determined by the dimension a.

Xc = 2a

In the range from cut off to that wavelength at which a second mode can exist

XQ = 2b, there is only one possible mode of propagation.

One obvious advantage of the waveguide is that the wave may be

propagated in an entirely air filled space so that only resistive losses can cause

attenuation. For any wave guide the attenuation is very large near the cut off and

drops to a minimum at about twice the cut off frequency. It then rises steadily as

the frequency increases. However in order to ensure that only dominant mode

exists it is necessary to make the dimensions of the waveguide small at high

frequencies, with consequently high attenuation. A further difficulty arises in that

the skin depth in walls of the wave guide become so small at very high

frequencies that the conducting walls can not longer be regarded as being

smooth. This fact makes the attenuation of guides for millimeter waves much

greater than the predicted theoretically.
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The power handling capacity of waveguide is simply determined by the

peak value of electric field and the presence of the air in the guide. The reduction

in the guide size necessary at high frequencies restricts the power handling

capacity. In case where CW powers are being carried, operation near the

breakdown point may result in considerable rise in the temperature of the wave

guide walls due to resistive losses but guide can always be cooled if necessary.

In case of pulsed systems the heating effects is generally negligible but

breakdown due to the high field strength can easily occur.

If the dimensions of the wave guide are such that several mode can exists

then the modes that propagate depend on the launching mechanism. It is

possible to make the launching devices such that only one mode exists.

Unfortunately any small variation in the size of the wave guide or any other

discontinuity will cause other modes to be excited as well. As the device that

receive the signal'are sensitive only for one particular mode some of the power

will not be received. For this reasons almost all wave guide systems are

designed so that only one mode can exist within the range of operating

frequencies required. The rectangular wave guide carrying the TE-|Q mode is

used more than any other hollow waveguide.

Wave guides are usually drawn out of copper or brass and their internal

dimensions are kept to a close tolerance. The wave guides for millimeter waves

are small and high tolerances are necessary to maintain a fairly uniform guide.

Furthermore the extremely small skin depth at these frequencies is comparable to

the surface roughness produced by normal drawing processes. This increases

the loss in the guide and special techniques such as electroforming and metal

spraying are used to produce better finish and so reduce the loss.
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Coupling and Matching of Transmission Systems

In any wave guide or coaxial line transmission system there are a number

of different components which must be connected one with another, there are

corners which must be turned and junctions to be made between the different

circuits. There are therefore a number of components which are necessary to

complete any system which correspond to the connecting wires and connectors in

low frequency systems. At microwave frequencies it is essential that the

connecting pieces should maintain the matched conditions through the system

over a broad band of frequencies.

Wave guide coupling used for connecting sections of plane rectangular or

cylindrical guide usually have to satisfy a number of design requirements. They

must first provide good electrical coupling over a range of frequencies for which

the guide is to be used. They must also give a good mechanical joint and may

include being water and vacuum or pressure tight. The electrical properties of the

coupling must be such that the match is preserved and that the coupling is

suitable at power levels upto the maximum that the guide will handle without

breakdown. If a rectangular guide supporting the TE<|n mode is considered, the

lines of current flow in the waveguide walls are cut by a joint between two

sections of waveguide. The coupling must therefore effectively join the two

sections electrically. This may be achieved by good butt joint between plane

matching surfaces. The wave guide flange is soldered to the wave guide and the

end faced plane. A similar flange is used on the second guide. The two flanges

are held together and in line by screwed rings. With such joints a good

mechanical fit is required but with precisions voltage standing wave ratio (v.s.w.r.)

of better than 1.002 may be achieved. Such joints are suitable for precision

measurements in the laboratory and plane flanges may be used for all sizes of

wave guide, larger sizes being bolted instead of screwed rings being used. If
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there is not a good electrical contact between the faces of the flanges the v.s.w.r.

of the joint is poor and with high power levels in the wave guide sparking may

occur between the faces. To overcome these difficulties one of the pair of plane

flanges may be replaced by a choke flange as shown in Figure 3.. If the section of

a joint between a choke and a flange is examined it may be seen that the channel

between the two flanges and into the choke flange forms a section of

transmission line X/2 in length with the end away from the waveguide terminated

by a short circuit. The short circuit at the end of this section of the line transforms

to a short circuit at the plane between the two ends of the waveguide giving an

electrical coupling between these joints without the faces touching mechanically.

The mechanical joint occurs at a point XIA from the end of the short circuit section

and at this point there is minimum of current flow. There is therefore not the same

necessity for good mechanical fit at this point as there is if two plane flanges are

to be used.

Bends and Junctions in Wave Guide

In wave guide system the guide may be carried around corners either by a

curved section of wave guide or by some type of metered corner. Even a gentle

bend in a section of waveguide will introduce some mismatch into the system due

to the disturbance of the field pattern in the bend. For circular bend the mismatch

will depend on the radius of the bend and on the plane of the bend. The bends

are known as E plane or H plane bends and the two types are shown in figure 4..

There is an optimum radius for the bend and this occurs when the bend length is

multiple of half the guide wavelength. Bends of these type have v.s.w.r. of better

than 0.95.

Matched Loads

This is another important component in the microwave circuit. The

matched load absorbs the incident power and dissipates this power as heat. The
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design of the load depends on the incident power level and the type of guide

structure. At low power levels the dissipative element may consist of resistive

card or a plastic material loaded with dissipative material, typically an epoxy resin

loaded with carbonyl powder (Figure 5). This type of load is tapered across the

guide section to reduce reflection of power. The power handling capacity depends

on the rise in temperature in the load. For high power levels a water load may be

used. A simple pyrex tube as shown in Figure 6, mounted across the wave guide

usually along a tapered ridge in the guide can serve as a load. Water is circulated

through the tube to remove the heat.

The matched termination in any transmission line system is used to

terminate the line in its characteristic impedance. It absorbs the electromagnetic

energy incident on the line without causing any reflection of electromagnetic

power from the termination. Therefore the matched termination is made of the

material which will absorb electromagnetic power. The theory of reflection of a

plane wave from the plane conducting surface being similar to the theory of

blooming lenses, shows that a precise thickness of a bulk absorbing on the plane

conducting surface will act as a matched termination for a plane. Such sheet

absorbers are used to hide the obstacles on the ground near the radar equipment

which might otherwise render the radar sets partially useless. In wave guide ,

however the absorber is tapered with the point towards the generator so that all

the power is absorbed without reflection. The absorbers are made with different

materials depending on the applications. In past the simplest way was to use the

wood material, the absorption of the microwave energy depending on the

moisture content of the material. Any microwave absorbing material in a wedge

shape and mounted in the wave guide can be used to make the matched

termination. For low power applications the absorbing material can be epoxy

resins loaded with the iron powder. For high power applications the absorbing
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material must be a lossy ceramic or water which is a very good absorber of

microwave and which may be circulated through the wave guide in ceramic or

glass tubes. Whatever the material is used, its shape and position in the wave

guide must be designed so that there is a minimum power reflection from the

material.

Short Circuit Plungers

In a low frequency circuit there are two circuit conditions which are very

easy to reproduce. They are short circuit and the open circuit conditions.. The

open circuit condition can not be produced in any transmission line since open

ended transmission line will radiate some of the power in the forward direction

and will consequently behave as if it is terminated in some load resistance. The

short circuit however can be produced by placing a perfect conductor between

the wires of the transmission line or across the ends of a wave guide. Many

devices are terminated by a short circuit which is positioned so that power

reflected from the short circuit is of such a phase that it cancels the power

reflected from the device itself. For this purpose the short circuit consists of a

plug of metal which is soldered into the wave guide or a metal plate that is fixed

over the end of the wave guide.

For many purposes it is however desired that a short circuit is variable in

position. The variable short circuit usually consists of a plunger that is made to be

a slide fit inside the wave guide. There will be difficulties due to the possibilities of

intermittent contact between the plunger and the wave guide. The contact

difficulties are overcome by making the plunger noncontacting and by arranging

a chocking system so that there is further short circuit reflected into the gap

between the plunger and the wave guide. The system is shown in Figure 7. It is

found that if the narrow section (section A) is made a quarter of a wave length

long then the short circuit effect of a plunger is enhanced. If the first narrow
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section is followed by a another narrow section situated half a wave length behind

the front face of a first section A, any microwave power passing the first part of

the plunger will be reflected by the second part with such a phase that it appears

as a short circuit at the face of the plunger, further contributing to the efficiency of

the short circuit.

To provide an insulating surface between the plunger and the wave guide,

the plunger is made of anodized aluminum. Anodizing provides a good wear

resistant insulating surface. The plunger is attached to some positioning device

so that it can be accurately set and locked in the wave guide.

Stub Tuner

The effect of any mismatch in the wave guide system can be canceled at

any particular frequency by introducing another mismatch elsewhere in the

system whose reflection coefficient is in anti phase with that of the original

mismatch, hence canceling the reflected wave. The device used to introduce the

additional mismatch into the system is called a stub tuner or a matching section.

The stub tuner needs to produce a variable mismatch with a variable phase. The

variable mismatch is produced by variable insertion of a post into the center of

the broad face of the wave guide. The variable phase is produced by varying the

position of the post along the axis of the wave guide. The variable mismatch unit

provides this facility. The carriage moves along a wave guide having a

longitudinal slot in the center of its broad face and carries a post protruding into

the wave guide through the slot. A simpler system however is to use a number of

posts at fixed positions in the wave guide. Then a suitable combination of post

insertions will give the required mismatch in the correct phase, theory shows that

any mismatch can be canceled using three stubs, but some manufacturers use

four or five stubs to give greater versatility. In its simplest form, the stub tuner

consists of the required number of screws equally spaced along the center line of
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the broad face of the wave guide. As the screw is inserted it provides the

mismatch in the wave guide. It then only requires some provision of locking the

screws in position when they are set as required. The device is then some times

called the screw matching section and is shown in Figure 8.

Waveguide Couplers

Couplers are flanged , built in wave guide assemblies that tap off the

signal power or energy for measurement or monitoring microwave process

performance. They may measure transmitter power, VSWR, feed signal to a

receiver, detect reflected power or perform a number of other specialized

operations.

Couplers may be directional measuring only forward traveling power or bi-

directional measuring both forward and reflected power. The most common bi-

directional coupler for instance consists of a length of main wave guide with two

auxiliary sections of wave guide mounted on each of its opposite walls, one

section to tap off incident power and other to tap off or measure the reflected

power.

Three other features of the coupler construction are:

1) There must be coupling slots for passage of the energy from some auxiliary

source or equivalent device. These must pierce both the main and auxiliary

walls so that the holes are common to both the main and auxiliary section.

2) An internal probe to detect power for indication or for measurement, this

usually extend through the side of the auxiliary wave guide and terminates

forming an output terminal for externally located coaxial connectors.

3) An internal load within the auxiliary sections which absorbs the reflected

power from one of the coupling lead ins.

The simplest wave guide coupler uses one coupling hole. The interference

pattern in the coupled guide is produced because both magnetic and electric field
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coupling is effective in this arrangement. A more common arrangement is that

using two holes or two crosses (the Moreno cross coupler) as shown in figure 9.

Another possible arrangement is to use two slots coupling the side walls of the

wave guide. In all these simple arrangements the sigrial coupled into the

secondary wave guide can not be much less about 15-20 dB below that in the

main guide. If closer coupling is required then multi-hole couplers must be used

and only the configuration where the two guides run parallel; is possible. The

coupling can be made very large simply by using many holes. However as the

holes have to be spaced

XgJA apart, the band width of a device is reduced if number of holes are used.

Broad wall couplers, that is those in which the coupling slots are in the broad wall

of the wave guide, may be made with very tight coupling, 3dB couplers being

commercially available. They also have a high directivity (directivity being the

ratio of the signal coupled in one direction to that coupled in the other). In an ideal

coupler no signal would be coupled in one direction, typical directivity being 30-40

dB. However the power handling capacity of the broad wall coupler is very much

less than that of the guide itself.

The side wall coupler where the coupling holes are in the narrow wall of the

wave guide has a higher power handling capacity, in some cases almost to that of

the wave guide itself. However its directivity tends to be slightly inferior to that of

the broadwall coupler, usually being about 25-30 dB and the coupling of available

devices does not usually exceed 10 dB.

Circulator

Propagation of Elecromagnetic Waves Through the Magnetic Materials :

The development of ferrite materials that have sufficiently low loss to be

used in the microwave devices has resulted in a whole new range of

components. There are two classes of these devices, the non reciprocal
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components that may be used where it is required to distinguish between waves

traveling in different directions and various reciprocal devices such as phase

sifters and switches that may be electronically controlled at fairly high speeds

Electromagnetic wave propagation normally takes place through the media

which would commonly be termed as non magnetic. The common magnetic

materials are those metals of the iron family and their compounds which are

ferromagnetic and which have relative permeability of the order of thousand.

Because of their good conductivity there will be little interaction between these

magnetic materials and an electromagnetic wave. However, there are some

magnetic materials called ferrites, which have strong magnetic properties and

which are also insulators. These ferrite materials have enabled certain properties

of ferromagnetism to be used at microwave frequencies. In ferromagnetic

materials such as iron, the spin magnetic moments of all the atoms act together

giving the maximum possible magnetic effect. In ferrites however, the effect of the

coupling is to devide the magnetic atoms into two groups having oppositely

oriented spins. If the spin magnetic moments of each group are unequal there will

still be some external magnetic field but it will be smaller than the ferromagnetic

materials. These are called ferrimagnteic materials. It may be said that in

ferrimagnetic materials the coupling aligns the electron spins antiparallel in

unequal quantities and there is some external magnetic field. In some materials

the spin magnetic moments in each group cancel each other and there is no

external magnetic field. These are called anti ferromagnetic materials.

Ferrite materials are ferrimagnetic and they are also insulators. They

provide a medium in which there can be some interaction between microwave

electromagnetic fields and ferromagnetic electron spin. If a ferrite material is

initially saturated by a steady magnetic field, the electrons will come to equilibrium

with their magnetic moments parallel to the field H. If an additional alternating
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magnetic field at the correct frequency is applied perpendicular to the static

magnetic field H, the electrons will begin to precess in larger and larger circles

until they finally reach some equilibrium precession orbit under the influence of

the magnetic fields and the internal friction damping. There is transfer of power

from the alternating magnetic field to the processing electrons in the ferrites. The

processing electrons dissipates the power in internal friction which appears as a

heat in the material. Thus the ferrite absorbs power from the disturbing magnetic

field.

As the transfer of power from the alternating magnetic field to heat in

ferrite material only occurs if the frequency of alternating magnetic field coincides

with the precession frequency of the electrons in ferrites, the phenomenon is

called resonance absorption. If the disturbing magnetic field is provided by the

magnetic field from an electromagnetic wave, the ferrite absorbs power from the

electromagnetic wave. In the linearly polarized wave the disturbing magnetic field

will be in the form of a sine wave and the effect will be as described above. If the

disturbing magnetic field is circularly polarized, however, there will be even

greater interaction between the field and the processing electron. Instead the field

acting to increase the precession orbit just twice in each cycle, the circularly

polarized field will be acting to increase the orbit all the time, provided that the

direction of rotation of circularly polarized field is same as the direction of rotation

of precession orbit. Unless the frequency of the alternating magnetic field is the

same as the precession frequency of the electrons in the ferrite, and the direction

of the rotation of the field coincides with processing direction of the electrons,

there will be very little coupling between the electromagnetic wave and the ferrite.

As the precession frequency of the electrons depends on the strength of the

static magnetic field, the relation between power absorbed and variation of static
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magnetic field for a fixed frequency of alternating magnetic field is the same as

that between power absorbed and frequency for a fixed static magnetic field.

The propagation constant of the two hands of the circular polarization are

different for propagation through magnetized ferrite. One hand of circular

polarization will rotate further than the other in a fixed length of ferrite material.

Linear polarization can be considered as a sum of the two equal circularly

polarized waves of opposite hand. Because it appears that circular polarization is

the fundamental mode of propagation in ferrite, any linearly polarized wave will be

separated into its circularly polarized components while in the ferrite material. If at

any spot it is desired to detect the resultant linearly polarized wave, it will be

taken as the sum of the two circularly polarized waves. If the two hands of the

circular polarization are rotated through different angles being generated from an

incident linearly polarized wave, the plane of polarization of the detected linearly

polarized wave will be rotated compared with the incident wave. This effect is

called Faraday rotation.

Rotation may be understood simply by reference to the model of the

processing electrons. One hand of circularly polarized wave will couple slightly

with the processing electrons and will be accelerated, while the other will be

rotating contrary to the precessing electron and will be retarded. It is seen that the

direction of precession of the electrons will be determined by the direction of the

static magnetic field and not by the direction of propagation of the

electromagnetic wave. This property leads to one of the most important

properties of ferrite materials which is non reciprocity. A non reciprocal device is a

device where a wave traveling in the forward direction is affected differently from

the wave traveling in the reverse direction so that forward and the reverse waves

can be separated.
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The non reciprocal property of the faraday rotation may be used to make

a non reciprocal wave guide device called a circulator. The general properties of

a circulator are given in figure 10. If the power is incident in port 1 it will come out

of port 2 and there will be no power coupled to the other ports. Similarly power

coupled to the port 2 will come out of port 3, etc. The diagram shown is for four

port circulator but there is no restriction in principle to the number of ports in a

circulator. Circulators can be made using a number of different ferrite devices

suitably interconnected.

In a typical Y junction type circulator as shown in figure 11. A particular

shape of ferrite in the wave guide is placed together with some reduction of wave

guide height in the center of the junction, but there are many other shapes of

ferrites that can also make satisfactory Y junction circulator. The action of the Y

junction circulator is explained by reference to the reciprocal ferrite phase

changer. If the effect of the ferrite on the left hand side is to increase the wave

length of the wave and that of the ferrite on the right hand side to reduce the

wave length, the wave front will turn to the right. In the Y junction the wave will

tend to travel up one arm of the junction and not up the other. It is found that at

one value of the biasing magnetic field, all the microwave power is coupled

between two of the ports of the circulator and the other is isolated. In the reverse

direction of the power flow, coupling is to the other port and circulator action

occurs.

If the matched termination is attached to the third port of a three port

circulator, the assembly acts as an isolator. That is power is transmitted without

loss in the forward direction but is absorbed in the reverse direction. The isolator

is a very useful device as it can be used to decouple one part of the wave guide

system from events further along the wave guide.
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Applicator/Cavity

"Applicator" is the word which is used to define the part of the microwave

system that causes the material or the product being processed to interact with

the microwave energy. Design of the applicator is associated with the

characteristics of the material which is being processed using the microwave

energy. While designing the applicator a fact must be kept in mind such as

material transport (moving product in and out of the applicator), microwave

leakage control, atmospheric factors such as pressure, vacuum, solvent

evaporation which needs to be removed from the applicator, hot air environment,

inert gas environment etc.. Also important is viewing the interior and most

importantly, microwave field configurations and intensities required to uniformly

heat the product with a sufficiently fast heating rate and with good efficiency.

Applicators can be of any size and can be designed to process the product

with any desired power level. Applicators include multimode cavities which can be

boxes a few inches on a side to cavities measuring several feet or more on a side

with hydraulically operated doors. In such a large cavity power levels can go from

low, usually not less than 3 KW upto 100 or more KW. Cavities can be

pressurized with power fed into the cavity through pressure window. Multimode

cavities can be vacuum chamber where the material is processed in a vacuum or

where a plasma state is created and processing is done by components of the

plasma. Applicators can be a single mode cavities which are usually based on

standard wave guide configurations or on TErji or TMQI cylindrical cavities. The

applicators can also be designed around helical coupling structures, fringing field

slow wave transmission lines or other more complex microwave circuit.

However, a simple applicator involving the wave guide structures have

proven useful and popular. If the applicator is made resonant then the field
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strength within the applicator can be increased by Q of the applicator. In this case

the following equation applies: Q = 2 7i{power stored/power dissipated}

By having the applicator become resonant , energy can be stored within

the applicator. The stored energy causes the field strength within the material

being heated/in the cavity to be higher than it would otherwise have seen. The

general method by which the wave guide and single mode cavity devices are

made resonant by placing a tuner or iris between the device and the power

source and adjusting the tuner or iris so that the applicator is resonant at the

power source frequency. Under these conditions, the only loss which the

resonant system has is the loss associated with the power absorbed by the

material and the losses associated with the microwave current flow on the walls

of the structure. With low loss materials, the resulting Q can be quite high,

resulting in serious performance problems when the system utilizes magnetron

type power sources. Wave guide applicators can have Q's of the order of 1000

or more, depending on the construction techniques involved and the loss factors

of the materials being heated. With such high Q values and narrow band width of

the applicator, the energy stored in the applicator becomes very high. This narrow

band width and high stored power level create a problems for the power source

and the tuners in the circuit.

With narrow band width of the applicator, some of the power generated by

the power source will be rejected. Also the center frequency of the applicator and

the power source can drift apart, reducing the power available to the load. If the

stored energy is too high, arcing and overheating can occur in the tuner or the

applicator or in both items. Practical experience shows that maximum Q that an

applicator with a load can have and give stable system performance is in the

range of 100 to 200..
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The variable Q applicator is therefore desired. This variable Q applicator

provide a method by which the short circuit type applicator can perform reliably

with real world components, such as magnetron power sources and stub tuners,

with highest Q possible consistent with stable system operation. The variable Q

applicator work on the principle that the Q of the applicator is reduced by

increasing the power absorbed in the resonant chamber. Reducing the Q reduces

the tendency to arc and increases the operating band width making the

interaction between the applicator, tuner and the power source easier to manage.

This is accomplished by putting a coupling iris in the wall of the applicator, usually

the short circuited end of the wave guide and placing a dummy load on the other

side of the iris to absorb the power coupled out of the resonant chamber. The

power so coupled causes the Q of the resonant chamber to be decreased

Variable Q applicators are distinguished by the fact that they have two

wave guide flanges. One wave guide flange is connected to the power source

through a tuner and power instrumentation and the other flange is connected to

the terminating dummy load with an iris plate having the selected hole size or a

sliding short circuit. These applicators are always multiples of the one half of a

guide wave length with the center line of the product being odd multiple of one

quarter of a guide wave length from the either flange, this makes the applicator

symmetrical and permits either flange to be connected to either the load or the

power source. These applicators are designed so that the material being

processed passes through the wave guide perpendicular to and in the middle of

the broad wall. This position gives the position of the maximum field strength

assuming no phase change due to dielectric loading by the material being

processed. In the case of the plasma applicators, the product tube (which control

the microwave leakage) is at the center of the broad face of the wave guide.
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Applicators/cavities are solid, completely closed chambers which can be

considered to be resonant circuits of wave guide technology. At microwaves they

probably enjoy a wider usage than in low frequency regime because, besides

operating fundamentally at their resonance, they can act as simple devices for

transmission, coupling, filtering and mixing. Indeed a cavity is considered to be an

integral section of a wave guide, this analogy is quite vivid when we consider that

a cavity is merely a chamber constructed by crosswise slicing a wave guide at the

minimum voltage points and closing the ends by soldering two plates across the

open ends. A hole put in the center of the broad face of a rectangular wave guide

when in circuit can be called as a cavity.

3. Materials Processing Using Microwave Plasmas

The microwave plasma processing facility set up in our laboratory has

been used for depositing Diamond like carbon coating (DLC) and processing of

polymers.

3.1 Deposition of Diamond Like Carbon Coatings

Diamond like carbon possesses a unique combination of useful properties.

These properties includes excellent hardness, optical transparency over a wide

range of wavelength, high thermal conductivity, high electrical resistivity and good

wear resistance, resistance against chemical attack (both acids and alkalis), lack

of magnetic response. Diamond like carbon consists of an amorphous form of the

carbon containing both graphitic type bonding (sp2) and diamond type tetragonal

bonding (sp3). This material has a hardness approaching that of diamond.

Because of its hardness it has been used as a protective layer for delicate IR

windows where it can act as a chemical and abrasion resistant coating while also

providing an anti reflection layer. Because of their useful properties these

coatings are finding applications as corrosion resistant coating, anti reflection and

scratch proof coating on germanium and silicon optics." Another important
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application of these coatings is for bearing because of their low sliding friction on

the metal! These properties are due to their unique structure. DLC which is also

designated as a-C:H contains predominantly carbon and varying amount of

hydrogen which depends on the preparation conditions. There are various

techniques for the characterization of these films but Raman and Fourier

Transform Infra Red (FTIR) spectroscopic techniques are used extensively for

this purpose.

Chemical vapor deposition (CVD) is a general term for a process where

solid material is deposited from a gaseous material as a result of some chemical

reaction occurring in the gas phase (homogeneous deposition) or at the surface

of another material (heterogeneous deposition). Many forms of carbon may be

deposited by CVD. The microwave plasma create conditions where both sp2 and

sp3 bonding is favorable and with the proper bias conditions on the substrate

these species are attracted onto the substrates with high energy resulting the

amorphous diamond like carbon coating.

In the a-C:H films, the favored chemical bonds for the carbon atoms are

sp2 (trigonal prismatic) as in graphite and sp3 (tetrahedral) as in diamond. The

ration of sp3/sp2 bonds is sometimes used to gauge the similarity of the films to

diamond or graphite. For 100 % sp3 bonding, assuming no hydrogen bonds, the

film is true diamond. Similar for 100 % sp2 bonds the material is graphite. Thus

as the number of tetrahedral bonds increase relative to the number of trigonal

prismatic bonds, the more closely the properties of the coating will approach

those to natural diamond.

For a carbon atom to condense at the substrate and link to another carbon

atom in a tetrahedral coordination it must possess a characteristics energy such

that sp3 bonding is favored over sp2 bonding (and sp bonding). The energy

spread at which the carbon ions and neutral atoms exist at the moment of the
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impact with the substrate is sufficiently wide that the coating grow with a mixture

of diamond and graphite bonds. Although carbon is bonded tetrahedrally, it is not

necessarily bound to four other carbon atoms. In fact it is found that nearly all

sp3 bonded carbon atoms are bound to one or more hydrogen atoms.

Analysis of the chemical bonds can be performed using FTIR. In the

spectral region 2700-3100 cm"1 wave numbers. FTIR will show C-H stretch

bands. 3100 cm"1 to 2970 cm"1 represents sp2 bonded carbon and 2970 to 2800

cm"1 arises from sp3 carbon bonds

We have deposited diamond like carbon coatings on the substrates like

stainless steel, Cu-Be, Cu as per the experimental parameters shown in Table 1.

Table 1. Experimental Parameters for Deposition of DLC

Microwave power (forward) 150 W

Microwave power (reflected) nil

Plasma gas (Argon) 100 ccs/min

Precursors gas (Methane) 10-15 ccs/min

Deposition Time 2 Hours

Substrate bias -150 V

Operating Pressure 5 x 10"2 torr

First the quartz tube is evacuated to a pressure of 10"5 torrs. Argon gas is slowly

fed into the tube to bring the pressure near to 1x10~2 torr. Now the microwave

generator is put on and the magnetron power is slowly increased. By properly

adjusting the sliding short circuit the stub tuners the microwave plasma is

generated. Once the plasma is generated the tuners are further adjusted till the

reflected power is brought to a minimum. After this the methane gas is introduced

in the plasma along Argon gas and the substrate fixed on the substrate holder is

raised till the substrate is brought into the high density region of the plasma. The
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substrate is also given a d.c. bias of -150 V. For this purpose plasma is

electrically connected by grounding the gas feed terminal.

Actual parts like mild stainless steel ball bearings and other components

supplied by several divisions are coated and supplied to the respective divisions

for further evaluations. The coatings are characterized by Raman and FTIR

spectroscopy. The typical FTIR spectrum is shown in figure 12-13. The

deconvoluted peaks are also shown in the figure. The assigned peaks position for

various C-H stretching modes are shown in Table 2.

Table 2. C-H Stretch Absorption Bands

Sample Configuration

s.s. sp3CH3(sys.)

sp3 CH

sp3CH2(asym.)

sp3 CH3(asym.)

Cu sp3 CH3 (sys.)

sp3CH

sp3 CH2(asym.)

sp3 CH3(asym.)

Predicted

frequency

(Cm"1)

2870

2915

2925

2960

2870

2915

2925

2960

Observed

frequency

(Cm"1)

2866.4

2912.1

2933

2961

2863.7

2905.4

2925.5

2961

% Area

10

45.6

23.4

9.4

8.2

50.8

19.1

21.8
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The analysis of the spectrum shows that we have achieved depositing nearly 95

% sp3 bonded carbon in the films. The Raman spectra taken on the s.s/Cu film

is shown in Figure 14-15. and shows amorphous nature of the DLC film. The

films are uniform with golden yellow color. The films are found to be excellent

insulator. The thickness (~2 ^m) , hardness (2500 Kg/mm2) of the films was

measured. Corrosion resistance by putting the coated parts in water for 15 days

was found to be excellent.

3.2 Plasma Treatment of Polymers

Many industrial applications requiring the printing or coating of polymers

use some surface pretreatment. It is well known that polymers, and particularly

polyolefins, do not have good adhesive properties, namely low surface energy, a

weak interaction with coverage material and sometimes a good weakly bound

interface layer. This may result in a low sticking coefficient and a non

homogeneous growth of the overlayer. However because of their mechanical and

electrical properties and their low cost , polymers are increasingly used in

applications such as microelectronics, packaging, grafting and different coatings.

In order to improve the adhesion of the polymers, it is often necessary to pretreat

the surface. Various methods are commonly used, including chemical treatment,

flame treatment, ion bombardment and plasma treatment. Each of these methods

have its own application field and its particularities, but the detailed mechanisms

improving the adhesion is not understood. Low pressure plasma surface

treatment is a technique which has recently received increased interest. The

advantage of the plasma are a thin depth of the substrate involved in the

treatment and low heat load to the substrate, so that bulk properties of the

material are not modified. More ever plasma are ecologically more favorable than

chemical treatments.
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Plasmas are composed of electrons and of a variety of ions, neutral and

excited species and are characterized by ultraviolet radiation (UV and UHV).

They act through several parameters such as chemical composition of the gas,

the electrons and ion density, on flow and energy, the UV and UHV radiation;

finally a dynamic equilibrium is reached between all discharge parameters. The

efficiency of the plasma treatment is also due to the simultaneous action of the

various species. The plasma treatment itself presents various qualities depending

on the ignition mode.

In plasma processing of polymers, one of the main goal is the

improvement of the surface energy which controls the adhesion properties of

polymers which are very useful in many applications such as textile treatment,

biocompatibility, painting etc. While plasma is a very efficient means to create

new functions, this process is limited by surface degradation i.e. the bond

breaking under the active species, which includes the loss of polymer fragments

in the gas. The degradation rate is particulary high when the substrate is directly

in the plasma because of the ion and electron bombardments. Therefore,

whenever possible, the substrate is set in the flowing after glow of the discharge

in order to benefit from the functionalization while decreasing the degradation.

Plasma eching has proved to be a versatile technique in modifying the

hydrophobic surface of commodity polymers into hydrophilic surface. Using the

microwave system set up in our laboratory, plasma etching of the polymer

polyethylene terephthalate (PET) was done in oxygen plasma. The change in

wettability characteristics has been studied using contact angle measurement. An

increase in the hydrophilic nature of PET surface has been observed with plasma

treatment.

For the case of interaction of liquids with polymers, an important

phenomenon is that of wetting and spreading of liquids on the surface. Wettability
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of a surface can be gauged by the degree of spread of liquid on that surface.

Changes in wettability of a polymer are produced by adding oxygen and non

oxygen containing functional groups to the polymer surface, oxygen containing

functional groups produce large wettability changes than produced by non oxygen

containing functional groups. Oxidation reaction produce oxygen containing

functional groups i.e. carbonyl C=O, hydroperoxide -OOH, hydroxyl -OH etc.,

which are attached to the polymer surface. Since polar groups are always

incorporated onto the surface of the polymer even with inert gas plasma,

wettabilities are always improved. The degree of wettability enhancement

depends on the plasma composition, pressure, treatment time and temperature,

incident microwave power etc.

For doing the plasma etching of the PET films, the plasma cavity i.e.

quartz tube was evacuated to a pressure of 10"5 mbars with the combinations of

rotary-diffusion pump assembly. Oxygen was leaked into the system after this

and a working pressure of 5 x 10"2 mbar was obtained. The incident microwave

power was 125 W. The reflected power was minimized with the help of stub

tuners and sliding short and was around 100 W. Plasma exposure time of the

polymer substrates/films was varied from 5 to 20 minutes so as to study the effect

of the exposure time on the wettability.

Though there is a improvement in the wettability of polymers on plasma

treatment, it has been found that reversal of the plasma etched surface to its

original hydrophobic state i.e state of lower surface energy, occurs with time. This

may result because of the migration of mobile species to the polymer surface

which cover up the plasma treated surface, structural rearrangement of molecular

chains to bury plasma treated active sites or the chemical reaction of the surface

with its environment, this is called aging effect. Aging with respect to PET surface
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is shown in figure 16-17. Figures 16-17 shows the plot of contact angle vs time

elapsed for plasma treated PET.

Plasma etching results in removal of the surface layers and roughens the

surface. Thus in general there is an improvement in the wettability characteristics

with surface roughening. But if the surface roughening is the only cause then the

effect of etching on wettability should have been long lasting. But it has been

found from the results shown in figures 16-17 that aging effects does exist and

that the wettability characteristics reach its original status with time. As per the

trend shown in the graphs between contact angle vs time, the contact angle

reaches the saturation value by approximately 30 hours. The value of the contact

angle decreases with exposure time. This may be due to the fact that greater the

exposure to the plasma, more will be the surface roughening and chemical

modification of the surface. This results in improved wetting characteristics. But it

is also observed that all the samples reach similar contact angle values towards

saturation point. This suggest that the surface composition of all the samples

after saturation are similar.

4. CONCLUSIONS

This report describes the experimental facility set up at Laser and Plasma

Technplogy Division to generate microwave induced plasma and the results of

some materials processing studies carried out with this facility. The details of

microwave hardware are also given in this report.

Microwave plasma processing of materials is a developing technology.

During past 10 years there has been a significant increase in the number of

research and development programs concerned with this technology. Many

problems still need to be solved, ranging from basic scientific studies on

microwave plasma-material interactions to engineering applications involving both

process and equipment design.
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FIG-17 CONTACT ANGLE VS TIME ELAPSED

(PLASMA TREATED PET )

(a) 15 MIN (b) 20 MIN EXPOSURE
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