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I. INTRODUCTION

Ion beam machining is a technique that is widely used for material

processing. Broad-beam, electron-bombardment ion sources have been

used for these industrial applications because they are capable of

uniform, high density ion beams that are readily controlled. A wide

range of working gases, both inert and reactive, may also be used with

broad-beam ion sources in these applications.

In the past, cylindrical ion sources similar to those developed

1for the space electric propulsion program have been used for material

processing. However, because of the circular ion beam cross-section,

the batch method of material sputtering must normally be used for

processing with such a source. However, if a uniform rectangular ion

beam were used for material processing, this processing could be done

continuously. For example, by means of a conveyor belt passing through

the uniform ion beam at a constant speed (u), samples would receive a

constant ion dose. Also, rectangular beams could be overlapped to

effectively produce one ion beam larger than the beam that could be

generated by a single ion source. This concept is indicated in Fig. 1-1

where u is the material speed through the ion beam.

A 40 x 5 cm rectangular ion beam was selected to both fit in the

existing vacuum facility and to be long enough to demonstrate capability

for wide path processing. A uniform ion beam was of particular interest

for the 40 cm direction so that materials passing through the ion beam

in the short dimension would receive equal ion doses regardless of the

path location. A high beam current density was required to decrease

processing time and a well-collimated beam would tend to decrease the

contamination of both the substrate and the ion source.
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Fig. 1-1. Schematic of overlapping ion beam processing configurations.
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Both two and three-grid ion optics systems were considered. The

multipole type electron-bombardment ion source was selected for the

following reasons. First, the multipole discharge chamber shape is not

constrained by any need for a magnetic field throughout the discharge

chamber. That is, the multipole approach is essentially a discharge-

chamber wall design, as opposed to the discharge-chamber volume design

used in most other approaches. A multipole discharge chamber may

therefore be easily adapted to a rectangular shape with essentially no

magnetic circuit design changes. Second, the multipole chamber has

proven to be reliable,l requiring a minimum of maintenance for continued

operation. Third, this type of chamber design is relatively inexpensive

to construct and use. Fourth, the multipole ion chamber is capable of

producing very uniform, high density, well collimated ion beams for

. d . 1 2,31.n ustr1.a use.

Past experience with cylindrical multipole electron-bombardment ion

source fabricationl ,2,4 has produced a body of knowledge that has

largely supplanted the previous cut-and-try approach to ion source

1
design. This enhanced understanding of plasma processes was used,

I . h . 1 . . d 5-8 did fbia ong W1.t exper1.menta 1.on opt1.CS ata, to es gn an a r cate a

rectangular ion source capable of operating over a wide range of con-

9ditions suitable for various processing applications.

The performance of the ion source was measured for different

operating conditions. Two values of magnetic field integrals for

primary electron containment (as well as different power supply con-

figurations) were investigated and discharge losses compared. The

extracted ion beam was studied at various total voltages and pressures.

Ion beam profiles were taken and compared for uniformity.
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As a final section in this thesis, the use of multiple ion sources

for wide path processing was investigated by combining beam profiles

which were overlapped by different amounts. The overlap positions

were optimized and compared for different operating conditions.



II. ION OPTICS AND SOURCE DESIGN

Design Criteria

A uniform rectangular ion beam is desirable for continuous

processing of wide paths. Rectangular-beam sources may also be placed

side by side for processing areas even wider than possible using a

single ion source. A well-collimated ion beam is also desirable. In

this way large ion-source-to substrate distances might be maintained

that will tend to decrease the rate of contamination of both .the ion

source and the substrate material being sputtered. High current den­

sities are also advantageous for increasing the processing speeds of

materials.

A grid ion extraction area of 40 x 5 cm was selected as the largest

that could be conveniently used with the available 46 cm diameter vacuum

facility and existing power supplies. A 500 eV ion beam energy was

selected as a design criterion although energies as high as 1000 eV and

as low as 250 eV were experimentally investigated for ion source per­

formance. A 500 eV ion beam energy is a good compromise between

material removal and heating and/or damage to the substrate. The

sputter yields of materials such as PbTe, GaAs, Ge, Si and SiC increase

rapidly with ion energy up to about 300-500 eV. 4,lO,ll However, at

higher ion energies the sputter yields increase much more slowly. It is

generally easier to obtain a given current density at higher ion energies

than at lower ion energies. At the design value of 500 eV the source

was optimized to assure a high current density.
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Ion Optics Design

Space charge solutions fo~ an accelerator system have been found by

solving Poisson's equation,

-p /E ,
o

(2-1)

where V is the electrostatic potential between two grids and p is the

charge density of the charged particle flow. The solution is obtainable

for flow between two planar electrodes with zero electric field at the

plane of charged particle origin with no particle reflection and is

called Child's Law,

4EO (~m)j = -9- (2-2)

where j is the current density, q/m is the particle charge to mass

ratio, ~V is the potential difference between the planar electrodes,

and t is the separation of these same two planes. In most ion optics,

the ions are accelerated in discrete beamlets, with each beamlet passing

through a single circular aperture of the ion optics. This beamlet

current per hole (JB) may be approximated with the Child's Law current

density (j) by

where d is the diameter of the aperture. Substituting this expression

into Child's Law results in

(2-4)
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Experimental data from accelerator grid systems for comparison has

shown that the best approximation is obtained when d is the screen hole

diameter (ds)' V is the total voltage (Vt ) and 2 is the effective

acceleration distance (£). See Fig. 2-1 and 2-2 for definitions of
e

these parameters. Substituting these new variables and rearranging

terms in Eq. (2-4) result in

(2-5)

where the left hand side is the normalized perveance per hole and has a

-9 3/2maximum theoretical value of 6.79 x 10 A/V for Ar working gas. The

5
effective acceleration length (£ ) for circular apertures is defined as

e

£ 2
e

d 2
£ 2 + _s_

g 4 (2-6)

where £ is the grid separation distance (see Fig. 2-1). The normalized
g

perveance per hole is the measure of an accelerator system's ability to

extract the maximum ion current per hole for the minimum total accel-

6erating voltage. The normalized perveance is used herein to estimate

the performance a particular grid set can offer for ion beam extraction.

An accelerator hole diameter equal to the screen hole diameter will

result in substantial accelerator grid impingement being encountered at

a normalized perveance of about 6.79 x 10-9 A/v3/ 2 for a single aperture

utilizing Ar working gas (value from Eq. (2~5». Lower values of

normalized perveance are usually of interest in practical applications,

however. For example, higher beam collimation is usually obtained at
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Fig. 2-1. Ion optics configurations (from Ref. 22 and 23).
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lower normalized perveances. Also, the ratio of neutral loss to

extracted beam current is increased by using smaller accelerator holes,

but smaller accelerator holes also result in grid impingement limiting

the beamlet current to lower values.

Two and three-grid ion optics (Fig. 2-1) have been experimentally

6 7investigated by Aston.' The ion optics data of Aston are presented

graphically in Figs. 2-3 through 2-9, in terms of the ion beam diver-

gence angle a (see Fig. 2-1) and the normalized perveance (Eq. (2-5».

The design used herein was largely based on the experimental results

shown in Figs. 2-3 through 2-9.

For industrial ion source applications a highly collimated ion beam

is generally desired. Similar values of the ion beam divergence half-

angle a (defined herein as the angle enclosing 957. of the total inte­

6grated beam current ) were therefore selected when comparing the current

capabilities of different designs. A minimum half-angle of 10 degrees

is a moderate value for this design if 500 eV ions are assumed.

For any ion optics considered, a suitable grid material should be

used. The material chosen should have a low sputter yield, a low

thermal expansion coefficient to minimize misalignment during operation,

and the material should be easy to machine. Molybdenum and graphite

were both considered.

Many ion sources used as thrusters in electric space propulsion are

equipped with molybdenum dished grids. These grids are capable of

maintaining larger span-to-gap ratios than flat carbon grids, due to a

d d .. i hI· 4,12ecrease sensltlv ty to t erma expanSlon.

very strong and has a fairly low coefficient of thermal expansion, the

costs of fabrication for dished grids are quite high. Also, there is no
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established dishing technique for molybdenum grids in a rectangular

beam configuration.

It was felt that carbon was an adequate choice for the span-to-gap

requirements of the rectangular beam. Pyro1ytic graphite has a lower

coefficient of expansion across the plane and a higher thermal con-

ductivity across the thickness than does ordinary high density graphite,

but pyro1ytic graphite is considerably more expensive than ordinary

graphite and does not appear necessary for this application. Pyro1ytic

graphite also tends to warp in larger sizes due to stresses generated in

the deposition process. Therefore, high density conventional graphite

was the,grid material used.

Grids made from high density conventional graphite are substantially

weaker than molybdenum and cannot offer the superior span-to-gap ratio

that can be used with dished molybdenum. Graphite grids have been

successfully operated at aspan-to-gap ratio of about 100:1 for circular

4beams. A grid for a rectangular beam, however, is supported essentially

in only one direction. A span-to-gap ratio of 50:1 was therefore

selected for the 5 cm direction. This span-to-gap ratio and the 5 cm

width correspond to a 1 rom gap. This gap is felt to be sufficiently

small to permit high ion current densities to be generated.

In general, many small apertures in the ion optics screen grid will

result in more beam current extraction than will a few large apertures.

This need for many apertures can be understood from Eq. (2-5). The

screen hole diameter (d ) may be as small as possible as long as the
s

effective acceleration length (~ ) is also decreased to keep their ratioe

the same. If the ratio (~ /d ) remains unchanged the same current
e s

extraction is possible for smaller holes. From the viewpoint of
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Poisson's equation, then, a maximum current density results from

closely spaced grids with many small holes. However, experimentally a

lower limit on the screen hole diameter is found at about 2 rom. 8

Although it is not understood why, smaller holes result in less current

capacity. As shown in Fig. 2-3, 2.06 rom diameter holes show a maximum

-9 3/2normalized perveance of about 4.0 x 10 A/V ,compared to 0.97 rom

diameter holes which gave a maximum normalized perveance of about 2.2 x

10-9 A/v3/ 2• A screen hole diameter of 2 rom was therefore chosen as the

minimum practical size for large-beam ion optics.

The number of apertures in the screen grid can also be increased by

using a closer spacing between the apertures. The limiting condition

for reducing the spacing is that the remaining material between screen

apertures must be sufficient for mechanical strength. A screen open

area fraction of 0.58 was selected to provide the minimum required

strength. This open area fraction corresponds to a center-to-center

spacing of 2.5 rom for 2 mm diameter screen holes, with the holes arranged

in a hexagonal array.

Two and three-grid approaches have been considered for the rec-

tangular beam ion optics design. In summary, a two-grid approach

resulted in a design value ion current density of about 2 mA/cm2

whereas the three-grid approach resulted in about 6 mA/cm2 with a wider

range of net-to-tota1 voltage ratios possible. The three-grid approach

was therefore selected for this design. A more detailed comparison of

these two designs is given in the next two sections.

Two-grid approach. The screen hole diameter and center-to-center

hole spacing were 2 rom and 2.5 rom respectively, as mentioned previously.

The accelerator hole diameter should be large for high current
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extraction but small to reduce neutral gas flow from the source. Also,

it should be consistent with a moderate beam divergence, assumed to be

10 degrees or less in this analysis. Figure 2-4 shows the effect of

various accelerator hole diameter ratios (d /d ) on Ar ion beam diver­a s

gence and on maximum normalized perveance per hole. As will be shown in

connection with the discussion of the R effect a higher value of R can

be used to reduce the divergence to 10 degrees. For the range of

accelerator hole diameter ratios investigated, the change in ion beam

divergence is not significant. However, the maximum obtainable nor-

malized perveance does change considerably. The larger accelerator

hole diameter ratio (0.827) gives the larger normalized perveance

(~5.2 x 10-9 A/v3/ 2) and was chosen for this two-grid approach. Notice

that this diameter ratio can be used for minimum ion beam divergence at

a reduced normalized perveance. The value of 5.2 x 10-9 A/v3/ 2 is also

about 777. of the 6.79 x 10-9 A/v3/ 2 value expected for d ~ d. These
a ~ s

numbers are only of qualitative interest for the data shown, though,

because none of the operation (Figs. 2-4, 2-4 and 2-6) is at or below

the assumed maximum divergence of 10 degrees at a net-to-total voltage

ratio (R) of 0.7.

Equation (2-5) shows that more current may be extracted as the grid

separation is made smaller. The minimum grid spacing is determined by

the maximum permissible electric field and/or maximum span-to-gap ratio.

As discussed earlier a maximum span-to-gap ratio for the 5 cm dimension

was taken to be 50:1. The corresponding gap between grids is therefore

about 1 mm.

A conservative maximum electric field (obtained with H ) is about
g

2000 V/mm. 12 ,l3 Experience has shown that the maximum electric field
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4should be as ~igh, or higher with Ar. A conservative maximum total

voltage should thus be about 2000 V for the selected 1 mm gap.

Changes in grid thickness over a moderate range were not found to

significantly affect ion beam divergence, as shown in Figs. 2-5 and 2-6.

Figure 2-5 shows effects on ion beam divergence due to changes in screen

grid thickness while Fig. 2-6 shows effects due to changes in the accel-

erator grid thickness.

A reduced screen grid thickness, though, has been found to decrease

the discharge power requirements. 12 An explanation of this phenomenon

is offered in Ref. 8. The screen grid thickness was specified to be

0.5 mm as a compromise between the discharge power loss and mechanical

strength. Accelerator grids with thickness ratios (t /d ) of 0.617 anda s

•

less show lower beam divergence angles and higher maximum normalized

perveance values (Fig. 2-6). Therefore, a 1 mm thick accelerator grid

(t /d = 0.5) was chosen.
a s

For thruster applications the accelerator hole diameter and

thickness are much more important because the neutral loss is a more

critical parameter in electric space propulsion. For ground applica-

tions, the neutral loss is of interest but is usually not critical.

Smaller holes and a thicker grid tend to decrease the neutral loss from

the chamber. For those applications where the neutral loss is important,

the accelerator configuration can be further optimized. 6,13

For the two-grid approach, Fig. 2-7 shows that a high net-to-total

voltage ratio (R) is required for a divergence angle less than 10 degrees

using the 1 mm spacing selected in this design. Interpolation of data

at R = 0.7 and R = 0.9 result in a minimum net-to-total voltage ratio of

about 0.86 for a 10 degree divergence angle. The normalized perveance
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at this point is about 2.24 x 10-9 A/V3/ 2 for Ar working gas. If the

net-to-total voltage ratio (R) is increased to 0.9 a maximum normalized

perveance for the same 10 degree divergence is about 3.36 x 10-9 A/v3/ 2 •

Using Eq. (2-5) and the other parameters mentioned earlier, net-to­

total voltage ratios of 0.86 and 0.90 result in 1.1 and 1.6 mA/cm2 ion

beam current densities, respectively, for a maximum divergence angle of

10 degrees.

Thus two-grid operation with less than a 10 degree divergence angle

is not practical for R < 0.86, while electron backstreaming can be

expected for an R much greater than 0.9. It is true that changing the

grid spacing would change the current density. But if operation is
I

possible at the desired divergence, going to larger spacings,usually

results in little or no gain in current density. Something under 2

2
rnA/cm should therefore be expected with two-grid ion optics regardless

of design details.

Three-grid approach. The screen hole diameter (d ), Fig. 2-1, and
s

center-to-center hole spacing were again assumed to be 2 mm and 2.5 mm

for the same reasons that were discussed previously.

The effects of the accelerator and decelerator hole diameters are

coupled. The major effect of a larger accelerator hole diameter in a

two-grid system is to increase the maximum extracted beam current (Fig.

2-4). For a three-grid system, an increase in the accelerator hole

diameter can also significantly increase ion beam divergence, particu-

larly at low R values. The decelerator hole diameter can limit the

maximum beam current if it is too small, or it can increase ion beam

divergence if it is too large (Fig. 2-8). A satisfactory design com-

promise was found to be an accelerator hole diameter ratio (d /d ) ofa s
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0.64 and a decelerator hole diameter ratio (d /d ) of 0.83. 7 Divergencea s

was also found to decrease as the accelerator-decelerator gap was

decreased (Fig. 2-9). But the span-to-gap limitation discussed pre-

viously limited this gap to the same 1 mm value as the screen-accelerator

gap.

The screen and accelerator grid thicknesses remained 0.5 rom and

1.0 rom for the same reasons as those given for the two-grid design. The

decelerator grid thickness was also found to have little effect on the

divergence characteristics of the three-grid system. 7 Therefore, a 1 rom

thick decelerator grid was selected for this three-grid design.

Figure 2-10 shows the advantage in minimum ion beam divergence that

a three-grid approach has over the two-grid approach. The three-grid

system exhibits a minimum divergence angle less than 10 degrees for net-

to-total voltage ratios (R) greater than about 0.3 (t /d = td/d =
g s s

0.494) whereas the two-grid system must be operated at net-to-total

voltage ratios (R) ~0.86 to attain a divergence angle of 10 degrees or

less.

For a 10 degree ion beam divergence and a net-to-total voltage

ratio of 0.32 (Fig. 2-10) a maximum normalized perveance of 2.6 x 10-9

A/V3/ 2 is found from Fig. 2-8. Using Eq. (2-5), this corresponds to a

beam current density of about 6 mA/cm2 at 500 eV (Ar) for this three-

grid design. This is more than a factor of 3 increase in current

density over the two-grid system. The three-grid design may also be

operated over a much larger range of net-to-total voltage ratios (R) as

seen in Fig. 2-10. Practical considerations such as any nonuniformity

of the ion beam profile or thermal distortion of large ion optics will

tend to reduce the current capacity from the calculated values
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given herein. The relative advantage of the three-grid design over the

two-grid design, however, should be about the same.

A three-grid design was therefore selected for rectangular ion beam

extraction. Flat high density conventional graphite was selected for

the grid material. For the final design, the screen grid was made

0.5 mm thick with 2 mm diameter holes on 2.5 mm centers in a hexagonal

array. The accelerator grid was made 1 mm thick with 1.3 mm diameter

holes. The decelerator grid was also made 1 mm thick with 1.6 mm

diameter holes. A spacing of 1 mm was used between each pair of grids.

The maximum total (screen-accelerator) voltage is about 2000 V with the

1 mm spacing. With a net voltage of 500 V, the minimum net-to-total

voltage ratio (R) should be at least as small as 0.3. Smaller values of

R could be used if larger divergence angles could be tolerated. For

example, if the R value is 0.25 for a net voltage of 500 V and a total

voltage of 2000 V a minimum half-angle divergence of 12 degrees is

possible. The gain in current density would be about 307. for this

lower R value at 500 eV.

In comparison with a two-grid system the third grid on a three­

grid system, usually held at ground potential, should eliminate most

substrate contamination due to sputtered grid material. Most sputtered

grid material in a two-grid system results from high energy charge­

exchange ions that impinge on the accelerator grid because this grid

is held at a negative potential. With the grid facing the substrates

at ground potential, most of this cause of contamination is eliminated.

Discharge Chamber Design

Discharge performance considerations. The discharge chamber

selected for use with the ion optics described above was a multipole
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configuration with permanent magnets. This type of chamber has the

demonstrated ability to operate reliably for long periods of time over a

wide range of operating conditions, while a high current density ion

14 15beam is being extracted.' In addition, the use of permanent magnets

results in no magnet power supply being required. Although discharge

losses are not a major concern for ground-based applications, the

15multipole ion source also provides comparatively low discharge losses.

Discharge chamber dimensions. The dimensions selected for the

discharge chamber were consistant with the 5 x 40 cm ion extraction

area. The dimensions were also chosen to permit operation of the ion

source in a vacuum facility of moderate size. Ion beam uniformity in

the 5 cm beam dimension was not a significant concern because motion of

the substrates in this direction would result in an integrated dose that

is independent of the specific beam profile. If the pole pieces were

too close to the edge of the beam, however, the current density might

falloff excessively, resulting in a poorly defined ion beam edge. A

2.5 cm recess of pole pieces from the beam edges (Fig. 2-14) was felt to

be adequate and perhaps somewhat over conservative in avoiding this

large current density decrease. A 2.5 cm pole piece recess in the 5 cm

beam direction dictated a 10 cm chamber width.

The long dimension of the discharge chamber was selected to be

45 cm with a 2.5 cm recess at both ends of the 40 cm beam length. It

was not clear if this recess was large enough to give adequate beam

uniformity in the 40 cm beam direction. Experimental results (see

Section V), however, showed that the 2.5 cm recess gave a high degree of

uniformity in the 40 cm direction.
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The depth of an ion source is generally a compromise between dis-

charge loss and the discharge chamber pressure required for operation.

This pressure is, of course, a major factor in gas flow and pumping

requirements. A shallow chamber tends to reduce discharge losses, but

the required chamber pressure is reduced as the chamber is made deeper.

The primary electron region must be defined for the following

analysis of ion chamber depth variation. The magnetic field strength in

a mu1tipo1e design decreases very rapidly (see Figs. 2-16 and 2-17) with

increasing distance from the pole pieces. As a result of this decrease

the magnetic field may be neglected in most of the discharge chamber

volume. The primary electrons thus have access to most of the discharge

chamber volume enclosed by the anodes and the ion optics. The primary

electron region is therefore assumed to be defined by the ion optics and

the dashed surface just inside the anodes and pole pieces indicated in

Fig. 2-11.

12 17 18A neutral loss theory developed by other workers ' , for the

discharge chamber was used to determine the relationship between dis-

charge chamber depth and internal chamber pressure. This neutral loss

theory predicts a neutral loss rate assuming zero pressure external to

the discharge chamber which can be expressed as the minimum neutral

pressure required for stable chamber operation. This neutral loss

theory is derived by equating the loss and production rates of ions

within the chamber. The production rate is proportional to the neutral

density so that the derivation gives the minimum neutral density

required for that ion production rate. The assumption is made that all

ionizations are caused by primary electrons emitted from the cathode.

The ion production rate is thus given by
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(2-7)

where ~ and vp are the number density and the velocity of the primary

electrons, n is the neutral atom density in the ion chamber (Ar in thiso

investigation), a is the ionization cross section, and np is the primary

electron region volume. The assumption that all ions are produced by

18only primary electrons was substantiated experimentally as a limiting

condition at high gas utilizations.

The ion loss rate is given by

.
N.
~

(2-8)

where ni is the ion number density, Vi is the directed ion velocity

toward the walls and A is the primary electron region surface areap

(surface defined by ion optics and dashed line in Fig. 2-11). The

directed ion velocity is that velocity which meets Bohm's criterion for

19a stable sheath,

!.:
vi(at sheath) > (kT 1m,) 2 ,m ~

(2-9)

where k is Boltzmann's constant, m
i

is the ionic mass and T
m

is the

Maxwellian electron temperature. In the neutral loss theory, the ion

loss and production rates are equated to find the neutral density

required for chamber operation at a maximum gas utilization condi-

t
, 17,18
~on,

n o
!.:

(m 12m
i

) 2la(n IA )
e p p

(2-10)
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As indicated above, the assumption of all ionizations resulting from

primary electrons is consistent with operation near the high gas utili-

zation limit. Therefore, the primary electron energy was substituted

for the product of Maxwellian temperature and Boltzmann's constant in

Eq. (2-9).

The Maxwellian electron population, however, does contribute sub-

stantially to the Bohm velocity. The modified Bohm criterion, derived

20by Masek, for primary and Maxwellian electron contributions can be

expressed as

v = v ~ me)~~Tm)~ ~ + ~)~i P 2mi E np m
(2-11)

where n is the Maxwellian number density and E is the primary electron
m p

energy. Both T and E are expressed in units of electron volts.m p This

modified Bohm criterion (Eq. (2-11» may replace Eq. (2-9) in the

neutral loss theory so that the following equation can be obtained in

place of Eq. (2_10),17

n
o

!.:
(m 12m.) 2

= _...:;e_....,..::;~'---

o(rl IA )
p P

(2-12)

It has been found13 that smaller ion sources characteristically have

higher Maxwellian electron temperatures (~10 eV for a 15 cm diameter14)

than do larger ion sources (~4 eV for 30 cm diameter4). Because this

rectangular ion source is about 10 cm in the short dimension a Maxwellian

electron temperature of 10 eV was assumed. The primary electron energy

has often been found to correspond closely to the discharge voltage.

Primary electrons are emitted from the thermionic cathode and must fall

through roughly the discharge potential in passing through the
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cathode sheath. In the absence of probe data, the monoenergetic primary

electrons are assumed to have an energy numerically equal to the dis-

charge potential in volts. A 40 V discharge potential is used because

13lower voltages often result in an unstable discharge and higher

voltages usually result in significant fractions of doubly charged

ions14 which erode cathodes more rapidly and increase the damage depth

for processing semiconductors. The primary to Maxwellian number density

ratio (n /n ) is less well known in the absence of probe data. Values
p m

range from about 0.03 for a 30 cm diameter cylindrical ion source2

14to about 0.1 for a 15 cm diameter source. This ratio (n /n ) may even
p m

be larger for smaller ion sources. Using the estimated values mentioned

above and assuming that the internal chamber pressure is only due to the

neutral gas contribution, the chamber pressure becomes (for Ar working

gas)

p (2-13)

The chamber wall temperature (T ) was assumed to be 5500 K and the
o

pressure is in Newtons/m2 . Using 45 and 10 cm for the length and width

of the rectangular chamber a simplified equation for the required internal

chamber pressure for a stable discharge results.

p(Torr)
(1 +

= [5.l0XlO-5 + i (4.24 XlO-4)]
n /n )3/2

p m
n /np m

(2-14)

The ion chamber depth (D) is expressed in cm.
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13A discharge loss parameter was found experimentally which may be

used to estimate a particular discharge loss associated with a certain

ion chamber depth and may be expressed

eV/ion 48.9 (A IA ) .
P s

(2-15)

A is defined as the effective open area for ion extraction and the
s

constant factor (48.9) was determined from previous mu1tipo1e chamber

data. 14 Using the 5 x 40 cm beam extraction area mentioned earlier (Ion

Optics Design section) with an open area fraction of 0.58, the discharge

loss may also be expressed in terms of the chamber depth as

eV/ion = 48.61 D + 404.1 • (2-16)

Again D is in units of cm. The discharge loss versus chamber depth

curve is shown in Fig. 2-12.

In order to determine a rough estimate or at least a range of ion

chamber depths for this design, Eq. (2-14) and Eq. (2-16) may be equated

for different chamber depths. The resulting equation is

2.06x10-2
eV I ion = -----:-..=.::....::.;:::........:=-------

n In
p p m _ 5.10X10-5

(1 + n In )3/2
p m

+ 404.1 , (2-17)

and may be used to determine a reasonable range of chamber depths. The

pressure is expressed in Torr and is plotted with discharge loss for

different values of n In in Fig. 2-13. It should be kept in mind thatp m
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the curves in Fig. 2-13 assume that the minimum permissible pressure is

used for each chamber depth.

The chamber depth selected represents a compromise between discharge

loss and the permissible chamber pressure. The inverse relation for

these two parameters is shown in Fig. 2-13 for several values of n In .p m

For each curve the discharge loss begins to increase rapidly as the

chamber depth is made larger than about 10 cm. The discharge loss is

not reduced much however, if the chamber depth is made smaller than

about 5 cm. A large chamber depth is desired for a low chamber pres-

sure, which, in turn, is desired for decreased sample and source con-

tamination. Low discharge losses are desired for reduced power supply

requirements and reduced facility heating problems. With no specific

value required for pressure the range of 5 to 10 cm appeared of most

interest for the chamber depth.

Multipole sources are essentially modular designs with a magnetic

pole and an associated anode constituting one module. These modules

were made 2.5 cm wide herein for ease of anode insulator feedthrough

placement and sputter shielding. More importantly, though, the per-

manent magnets available were magnetized to about 1 Tesla if the magnet

length-to-diameter ratio is no less than about 4. Because Alnico V

magnets 0.64 mm in diameter were readily available and because at least

a 1 Tesla field for each magnet was desired the gap chosen was 2.5 em.

Considering both the 2.5 em modular pole piece size and the 5 to 10 em

depth range of interest, a chamber depth of two to four modules was

decided upon.

The refractory cathode wire should be far enough into the ion

chamber to prevent primary electrons from escaping directly to
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the anodes. Since the fringe field is negligible several cm from the

pole piece edge (Fig. 2-16 and 2-17) it was decided that cathode place-

ment should be at least one module width (2.5 cm) from a pole piece.

The cathode should also be several cm from the ion optics to both reduce

local heating of the ion optics and to avoid a nonuniform ion production

profile. For these reasons a minimum depth of 7.5 cm (3 modules) was

selected although a 5 cm depth (2 modules) might have been acceptable.

In summary, the chamber depth (7.5 cm) was selected as a compromise

between discharge loss and pressure and refractory cathode heating. The

chamber width (10 cm) and length (45 cm) were selected to insure beam

uniformity for the 5 x 40 cm beam area. A cross-section of this final

design for the rectangular beam ion source is shown in Fig. 2-14.

Magnetic field configuration. The pole piece design selected used

soft iron lengths 1.5 rom thick, 2.5 cm wide and spaced 2.5 cm apart

(Fig. 2-14). The width and spacing are not felt to be important vari-

abIes. However, as mentioned earlier the spacing should be at least 2.5

cm in order to utilize 1 Tesla permanent magnets (length to diameter

ratio of at least 4) and to make room for available insulators and

sputter shields for anode supports between pole pieces. Also, if the

width and spacing were larger the outside dimensions of the ion source

would be larger for the same working volume.

A very important parameter for the magnetic field design is the

magnetic field integral needed to deflect primary electrons from the

discharge plasma. Robinson derived an expression for this required

15field integral.

Jed Bdx =
o

6.74 x 10-6 E 1/2
p (2-18)
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E is the primary electron energy in electron volts and the left-handp

side is in 81 units (Tesla-m). The integral limits are from the inner

chamber pole piece edges to some distance (d) into the discharge chamber

where the magnetic intensity becomes negligible. This derivation (Eq.

(2-18)) assumes a line of electron motion parallel to the dashed line in

Fig. 2-11, i.e., an angle of incidence of 90 degrees for electron travel

toward an anode from the discharge chamber. The assumptions that the

+ +magnetic induction (B) is normal to the anode and the magnitude of B

varies only with distance from the anode were used. The derivation of

Eq. (2-18) also assumes that the radius of curvature of the anode (in a

cylindrical ion source) is large compared to the depth of the fringe

field which clearly makes this derivation (Eq. (2-18)) applicable to a

linear type anode. Figure 2-15 is a plot of the magnetic field required

to deflect primary electrons which have various incident energies.

Using an upper limit of 50 V for the discharge voltage, a required

-5magnetic field integral of about 4.8 x 10 Tes1a-m should be used for

containment of primary electrons. However, a higher value was felt to

be useful to reduce discharge losses. Robinson used an integral 50?

higher than the calculated value for a 30 cm diameter ion source and

obtained low discharge losses. 4 Therefore, a higher magnetic integral

of 7.3 x 10-5 Tes1a-m was tested in an attempt to lower discharge

losses. Experimental magnetic measurements, together with trial-and-

error arrangements of 6.4 mm diameter, 2.5 cm long Alnico V magnets,

showed that five magnets per section (45 cm long) gave the flux necessary

-5to generate a magnetic field integral of about 5.6 x 10 Tes1a-m from

the inside edge of a pole piece section. However, six magnets per

section were used in the first version to increase the magnetic field
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-5integral to the desired 7.3 x 10 Tesla-m. Because initial testing

showed that the discharge plasma was not stable (discussed in Section

IV), the final magnetic field integral selected was 5.6 x 10-5 Tesla-m

which required only five magnets per section. Since the anode between a

pole piece module could easily be adjusted in the direction normal to

the magnetic field (x direction in Fig. 2-11), each anode was located

to give an effective magnetic field integral of about 5.6 x 10-5 Tesla-m

above that anode. A typical magnetic intensity variation with distance

from the pole piece is shown for a corner section (Fig. 2-16) and for an

end pole piece section next to the ion optics (Fig. 2-17). Most of the

differences between Figs. 2-16 and 2-17 are associated with the dif-

ference of a corner location from other locations. This difference in

magnetic field strength for corner pole pieces necessitates the recessed

location of corner anodes in order to obtain the same magnetic field

integral. Notice that in both cases (Figs. 2-16 and 2-17) the magnetic

intensity decreases very rapidly and is negligible a few cm from the

inner pole piece edge which is an important characteristic of the

mu1tipole design.

Cold rolled, low carbon steel, 1.5 rom thick, was selected as pole

piece material because of its low reluctance and strength properties.

A magnetic field above about 1 Tes1a can approach saturation in low

carbon steel. 2l Since standard Alnico V permanent magnets are magnetized

to about 1 Tesla there was no concern for saturation of the 1.5 rom thick

pole piece as long as magnets on opposite pole piece sides were offset

(Fig. 2-14).

The uniformity of the magnetic field between adjacent pole pieces

was assumed because the reluctance of steel is much lower than for the
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2.5 cm air gap. Offsetting the permanent magnets also tended to

minimize non-uniformity within the air gap. Robinson showed experi-

mentally that the magnetic field variation between a single pair of

adjacent pole pieces spaced 2.5 cm apart was uniform to within about

207.. 4

Anode area limitation. A minimum effective anode collection area

is required for stable ion source operation and for ease of initial

13discharge start-up. The effective area for current collection is that

area which makes the anode accessible to electrons from the discharge

chamber which travel along magnetic field lines. The dashed line in

Fig. 2-11 is assumed to represent the area of interest for a multipo1e

ion source. Assuming a zero electric field by the anode the minimum

anode area required for a stable discharge is approximately13

Aa f k:
13 K bA e Bdx/(kT m.) 2 ,

a s e ~
(2-19)

where Kab is the anode-to-beam current ratio (IB+ln/IB) and fBdx has the

value found previously (5.6 x 10-5 Tes1a-m).

Using the ion beam current density (6 mA/cm2) theoretically obtain-

able from the ion optics, a total beam current of 1.2 A is estimated

which can be maintained by about a 24 A discharge current. A discharge

loss of 800 eV/ion and a discharge potential of 40 V were used for the

discharge current estimation. For Ar working gas, a }laxwellian electron

temperature of 10 eV and a fringe-field integral of 5.6 x 10-5 Tesla-m,

the required anode area given by density-gradient diffusion (Eq. (2-19))

2
is 0.089 m. The actual anode area for the rectangular ion source with

dimensions of 45 x 10 x 7.5 cm is 0.101 m2 (with one possible anode

omitted to allow for cathode supports - see Fig. 2-14).
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Discharge chamber performance. Using Eq. 2-16, a discharge loss of

800 eV/ion is estimated. 13 ,14 Reduction of either the depth (7.5 cm) or

the width (10 cm) of the discharge chamber would decrease the discharge

loss, but could also cause other problems, as indicated previously.

The neutral loss at the "knee" was estimated13 to be about 340 rnA-

equiv. through a 1 rom thick accelerator grid with 1.3 rom diameter holes.

The corresponding utilization would thus be the beam current divided by

the sum of that beam current and 340 rnA.

..

Cathodes. 2The total beam current for 6 rnA/cm is about 1.2 A, so

that this value of neutralizer emission should be provided. Approxi-

mate1y a 10 cm length of 0.25 rom diameter tantalum should be adequate

12
for this emission. Two 5 cm lengths across the narrow beam dimension

should thus be a reasonable neutralizer design.

For 800 eV/ion and a 50 V discharge, the discharge current should

approach 24 A. It is clear that a refractory cathode should not have a

total length much less than the discharge chamber length. Running a

cathode the length of the discharge chamber would have the further

advantage of promoting beam uniformity in that direction. For the level

of emission required, a 40 cm total length should have a diameter

12(tungsten or tantalum) of 0.76-1.3 rom. Although hollow cathodes would

involve considerably more work (particularly to achieve beam uniformity

in the long dimension) they would have some obvious power advantages

over such a large refractory cathode. A refractory cathode, though, was

used for the initial investigation reported herein.



III. FABRICATION

Grids

A drilling template for multiaperture electrodes was designed and

fabricated to give the capability of making grids with different hole

sizes and 2.5 mm center-to-center hole spacing. The template was made

of hardened steel with 7199 locator holes 0.18 cm in diameter. A small

locator pin in the drill-press bed, together with the locator holes,

gave the proper hole spacing for the grids. With the grid holes located

from beneath, 2.0, 1.6, and 1.3 mm drills could all be used with the

same template. Tungsten-carbide drills and end mills were used for

carbon drilling to minimize the dulling that often occurs with inert

impurities in commercial carbon.

Six alignment holes were drilled through all three grids. Mica

spacers were used between the grids to give the desired separation.

(The use of mica is adequate for an experimental installation, but a

production device should use more permanent aluminum-oxide insulators.)

Two holes were drilled on the end of the screen grid so the three-grid

system could be mounted directly to the ion source.

Discharge Chamber

The discharge chamber pole pieces were made of rectangular pieces

of low carbon cold-rolled steel. All nine side pole pieces were 45 cm x

2.5 cm x 1.6 mm thick. The two corner pole pieces were made 45 cm x

5 cm x 1.6 mm thick and bent in the long dimension by 90 degrees. Holes

for permanent magnet installation were milled 0.8 mm into the pole

pieces, 6.4 mm from the outside edge. Magnet holes in opposite sides of

the pole pieces were offset to avoid pole piece saturation. Five evenly
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spaced 1.6 cm diameter holes were drilled in both corner pole pieces for

working gas inlets into the discharge chamber. Figures 2-14 and 3-1

show most of these fabrication details.

Magnets were Alnico V, magnetized after cutting to length. Magnet

dimensions were 6.4 mm diameter and 2.5 cm long. The magnets were

placed between the pole pieces in such a manner that magnetic polarities

of adjacent pole pieces were opposite. The three groups of pole pieces

and magnets (back and two sides) were held together with two stainless

steel threaded rods and nuts placed through each group. A box made from

1.6 mm thick stainless steel was fabricated to fit around the outside

edge of the pole pieces for neutral gas and plasma containment.

The anodes, 42 cm long, were made from 0.5 mm thick stainless steel

sheet, which was bent into channel form for rigidity and ease of attach­

ment to supports. Each of the nine anodes was held in the center of the

two adjacent pole pieces by two anode supports equally spaced from the

anode ends. Each support consisted of ceramic insulators, sputter

shields and a bolt with spacer nuts which facilitated anode position

inside the discharge chamber. This configuration is depicted in Fig. 2-14.

Three supports with insulators and sputter shields were mounted on the

back plate for the 40 cm long cathode heater wire.

Two small bolts were spot welded into the downstream pole pieces to

hold the grids in place when the chamber was set on its end. This means

of screen grid attachment gave both direct electrical connection of the

screen grid to the ion source and a tight mechanical fit to minimize

neutral gas loss.
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Fig. 3-1. Photograph of completed rectangular ion source
without ion optics.
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Final Assembly

Three ceramic insulators were used to support the ion source and

grids vertically. A ground screen of 1.4 mm stainless-steel screen,

square mesh, was built around the source and grids to keep the charge­

exchange plasma electrons from the ion source positive potential. A

sheet of formed stainless steel was placed around the decelerator grid

for ease of source disassembly. The completed ion source, with ion

optics and ground screen assembly is shown in Fig. 3-2.
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Fig. 3-2. Photograph of completed rectangular ion source with
ion optics and ground screen.



IV. RECTANGULAR ION SOURCE PERFORMANCE

The rectangular ion source was operated with two different effective

magnetic field integrals, 7.3 and 5.6 x 10-5 Tesla-m as discussed in

Section II. These integrals were calculated from the pole piece inner

edges to the discharge chamber center. Three graphite grids spaced

1.0 mm apart with 1.0 mm thick accelerator and decelerator grids were

fixtured to the ion source. The screen grid used was originally 1 mm

thick, then milled to about 0.5 mm thick. The screen and accelerator

potentials were varied from 250 to 1000 and -120 to -1000 V, respectively.

The decelerator grid was held at ground potential unless decelerator

grid impingement was measured. Then the decelerator grid potential was

held at -12 V for low energy (~5 eV) neutralizer electron reflection.

Ar working gas flow rates ranged from 360 to 1200 mA-equiv. for discharge

loss calculations which resulted in background pressures of 2 to 9 x

10-4 Torr. The magnitude of resulting beam currents was usually limited

by both high background pressure in the bell-jar facility used which

caused arcing between the grids and by power supply limitations. The

ion beam was probed with a Faraday probe assembly consisting of 20 Ta

elements shielded with a screen mesh for electron reflection.

Large Magnetic Integral

For these tests the grid potentials were 500, -250 and 0 V for the

screen, accelerator and decelerator. The magnetic integral of 7.3 x

-510 Tesla-m appeared to be sufficient when a 1.0 mm thick screen grid

was used. Discharge losses were reduced considerably when the screen

was reduced to 0.5 mm as shown in Fig. 4-1. However, at the same time,

severe problems developed in maintaining the discharge while high

voltage was applied to the ion optics. These problems were most
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noticeable at lower pressures, i.e., 2-5 x 10-4 Torr bell jar pressure.

-4The ion source would not run stably at pressures below 2 x 10 Torr.

Another feature of these problems was that the discharge would become

stable if the accelerator grid was in a high impingement regime.

At 3 x 10-4 Torr the ion source operated at a discharge current,

I D, of 2 A and less, and a discharge voltage, VD, of 59 V. But when

sufficiently warmed (about 1/2 hour of operation before testing), higher

I D resulted in an oscillation mode in which the I
D

was on about 16 sec.,

off about 10 sec. and then on again. As the I
D

was increased, the

oscillation period became shorter. However, when the accelerator grid

was in the high impingement region, greater than 50 rnA, the oscillation

would cease and the discharge would stabilize. Stabilization also

occurred when the high voltage was turned off. When data could be

taken, the discharge losses with a 0.5 mm screen grid were calculated

for 2 and 3 x 10-4 Torr as seen in Figs. 4-2 and 4-3. At higher pres­

sures, 5-10 x 10-4 Torr, and higher, I
D

became more stable, but frequent

arcs occurred between the grids. Grid spacings were increased (1.5 mm)

and decreased (0.56 mm) but oscillation was still evident.

Small Magnetic Integral

The magnetic field integral was then effectively decreased to

5.6 x 10-5 Tesla-m by extending the linear anodes into the discharge

chamber another 2.5 mm from their original positions. After initial

-5outgassing, the source operated stably from pressures of 6 x 10 to 1 x

-310 Torr. The discharge was stable up to discharge currents developed

by maximum cathode power available from the heater power supply.

Pressures tested extensively were 1 x 10-4 Torr and higher. Figures 4-2

and 4-3 also show the discharge loss at two different pressures,
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-4 -52 and 3 x 10 Torr, for the magnetic integral of 5.6 x 10 Tesla-m

with a 0.5 mm thick screen grid. Although the small magnetic integral

gives a higher loss, the curves for the two magnetic integrals are very

close to each other. As mentioned earlier, the stability of the plasma

-5inside the chamber was a serious concern for an integral of 7.3 x 10

Tesla-m.

Figure 4-4 shows a series of performance curves taken with a

-5magnetic integral of 5.6 x 10 Tesla-m and a screen grid thickness of

0.5 mm. Ar flow rates varied from 360 mA-equiv. for 2 x 10-4 Torr to

-4about 1200 mA-equiv. for 9 x 10 Torr. All data shown in Fig. 4-4

corresponded to stable operation.

Discharge-Loss Calculations

The ion source was connected to the supporting power supplies in

two different manners in order to establish the correct discharge

voltage for discharge loss calculations. The alternative connections

were possible because a DC cathode heater was used. The two configura-

tions studied are shown in Fig. 4-5 with a connection from the (-)DC Arc

supply to the (-)DC Cath supply for configuration A and a connection

from the (-)DC Arc supply to the (+)DC Cath supply for configuration B.

This procedure changes the DC Arc reference of the (-)DC Cath in A to

the (+)DC Cath in B. Configuration A has an effective dis:harge voltage

less than 50 V if the DC Arc supply is set at 50 V, and B has an effec-

tive discharge voltage greater than 50 V for the same condition. Data

were taken at both configurations with the following corrections:

Configuration A:

Configuration B:

Vpanel

Vpanel
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Both configurations resulted in about the same discharge losses, as

indicated in Fig. 4-6. All discharge voltages reported in preceding

figures are adjusted according to the power supply configuration used.

High Perveance Grid Operation

For these tests Ar flow rates were 360 and 800 mA-equiv. The three-

grid accelerator system was aligned and held together with mica. For

initial testing small mica washers were used with each alignment screw

with the screws only finger tight. However, this method of grid posi­

tioning proved inadequate. Data were not repeatable probably because of

grid misalignment which resulted from thermal stresses. The grid

alignment screws were then tightened with tools and spaced with 1 rom

thick mica cut the length of the grids. Discharge losses are shown in

Fig. 4-7 to 4-14 for various screen and accelerator grid potentials.

The decelerator grid was held at -12 V to reflect neutralizer electrons.

This made possible the accurate measurement of ion impingement on the

decelerator grid for discharge correction.

Discharge loss trends for different total voltages are shown in

Figs. 4-7 and 4-11. The discharge loss tends to increase as the total

potential between the screen and accelerator grids is decreased. Limits

on maximum attainable beam current are due to power supply limitations.

Discharge loss trends for different screen and accelerator poten­

tials while the total voltage between these two grids was held constant

are shown in Figs. 4-8 through 4-10 for an Ar flow of 360 mA-equiv. and

in Fig. 4-12 through 4-14 for an 800 mA-equiv. flow. To the first

approximation, ion extraction from a discharge plasma is determined' by

total voltage (Eq. (2-5». A closer examination, though, will usually

show some adverse effect of large decelerations (low R values). Data at
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a flow rate of 800 rnA-equiv. (Figs. 4-12 through 4-14) show that

discharge losses tend to increase slightly as the screen voltage is

decreased. Data for a 360 rnA-equiv. flow rate (Fig. 4-8 through Fig.

4-10) are more ambiguous.

Maximum perveance calculations (Eq. (2-5» for the data shown in

Figs. 4-7 through 4-14 are presented in Tables 4-1 and 4-2. The three-

. -9 3/2grids opt~cs system appears to be capable of about 2.2 x 10 A/Vat

an R value of about 0.67. The maximum expected normalized perveance per

-9 3/2hole was about 2.6 x 10 A/V from Fig. 2-10 for an R value of 0.32.

Accelerator and decelerator grid impingement currents were subtracted

from the total beam currents for perveance calculations. Thermal expan-

sion appeared to be a major reason for the lower experimental perveance.

Grid disassembly after prolonged operation showed translation misalign-

ment as much as 20~ of the accelerator hole diameter. When misaligned,

accelerator grid impingement currents as high as 100 rnA and decelerator

currents up to 50 rnA were observed. After grid realignment these

impingement currents decreased for a short time and then increased,

showing a clear need for a better grid mounting in a production appli-

cation. The few mounts used for the ion optics probably also resulted

in warping that caused increased grid spacings between the mounts, also

indicating a need for more mounts.

Ion Beam Profile

The Ar+ ion beam was probed at various positions in the 40 cm

direction with a Faraday probe consisting of 20 elements lined up at

equal intervals in the 5 cm direction. Each of the 20 Ta elements

biased to 18 V had an area of 0.32 cm2 exposed to the ion beam. The

elements were surrounded by a wire mesh screen with a -24 V potential



69

Table 4-1. Maximum Normalized Perveance per Hole for Various Grid
Potentials for a Flow Rate of 360 mA-equiv.

Normalized Perveance per Hole (A/V 3/2) V (V) V (V) IB(mA)t s a

1.03 x 10-9 250 -120 53

2.11 250 -250 170

1.52 250 -510 230

2.18 500 -250 323

2.02 500 -500 459

1.26 500 -1000 527

1.86 750 -370 501

1.22 750 -750 511

1.28 1000 -500 534

0.77 1000 -1000 497
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Table 4-2. Maximum Normalized Perveance per Hole for Various Grid
Potentials for a Flow Rate of 800 rnA-equiv.

Normalized Perveance per Hole (A/V 3/2) V (V) V (V) I B(rnA)t s a

0.72 x 10-9 250 -120 37

1.37 250 -250 110

1.28 250 -510 193

1.84 500 -250 272

1.71 500 -500 390

1.51 500 -1000 630

1. 76 750 -370 475

1.52 750 -750 635

1.66 1000 -500 693

0.93 1000 -1000 610
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. for electron deflection. The beam was fairly uniform in the 40 cm

direction as seen in the profile in Fig. 4-15. Figures 4-16 and 4-17

show typical profiles in the 5 cm direction for various beam currents.

Charge-exchange corrections used in these beam profiles were found by

integrating both profiles (5 and 40 cm directions) with distance and

comparing to the measured beam current. The charge-exchange fractions

(that is, the fractions of I B which have undergone charge-exchange) for

pressures of 0.6, 1.0 and 6.0 x 10-4 Torr were found to be 0.15, 0.22

and 0.57.
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V. USE OF MULTIPLE SOURCES FOR WIDE PROCESSING PATHS

As discussed in the Introduction (see Fig. 1-1 in that section),

multiple sources can be used to process wider paths than would be pos-

sible with a single source. A crucial parameter in the use of multiple

sources is the amount of overlap required for uniform coverage. This

overlap should be chosen to minimize departures from uniformity across

the path width. The means of evaluating this uniformity and the exper-

imental evaluation for various operating conditions and amounts of

overlap are the subject of this section.

The ion source used for the data of this section was the final

configuration of the preceding section (small magnetic field integral).

This configuration was operated at a discharge potential difference of

50 V and discharge currents of 1-4 A. Bell-jar pressures during opera­

-4tion were 0.6, 1.0, 1.9, and 6.0 x 10 Torr. The ion energy was held

constant at 500 eV. The accelerator was operated at -55, -250, and

-500 V, which corresponded to net-to-total voltage ratios (R) of 0.90,

0.67, and 0.50. The decelerator grid was held constant at 0 V for all

tests.

Beam profiles were taken with a Faraday probe consisting of 20

elements (biased +18 V) encased within a screen (biased -24 V) to

exclude beam-plasma electrons. This probe was located 10 cm from the

ion-source grids.

The Faraday probe survey positions and probe element placements

are indicated in Fig. 5-1. The "x" direction in this figure is assumed

to be the direction of substrate motion. The concern for uniformity,

then, is in the "y" direction. In moving through the ion beam in the

x direction, an object being processed will see an ion beam profile
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(as indicated in Fig. 4-7 of the preceding section), obtained from the

probe oriented as indicated in Fig. 5-1. What is of interest in this

profile is the integrated dose of bombardment that would be received in

passing through in the x direction. For the purposes of this study,

the integral of current density over distance will be used, with units

of rnA/cm. This integral must be divided by velocity to obtain the ion­

beam dose in the usual units of rnA-min/cm2 or rnA-hr/cm
2

•

The y locations for determining the beam profiles are also shown

in Fig. 5-1. These locations are spaced closer near the end of the ion

beam, where the variation with distance is more pronounced. A typical

plot of integrated profiles is shown in Fig. 5-2. The abcissa in this

figure represents the y direction. while the ordinate is the integrated

value of a profile in the x direction. With the beam 40 cm long in the

y direction, the location 20 cm from the center of the grids in Fig. 5-2

corresponds to 0 em in Fig. 5-1.

Beam profiles were superimposed to determine the effect of dif­

ferent amounts of overlap. Because the data were obtained in 1 cm

intervals in the y direction, overlaps were investigated in steps of

1 cm, as shown in Figs. 5-3 through 5-6 for the overlap regions. For

the operating conditions used for Figs. 5-2 through 5-6, the most uniform

processing would be expected with 0 cm of overlap. The overall integral

profile for two ion sources is shown for this amount of overlap in Fig.

5-7.

Note that the ion sources are symmetrical in the y direction. The

investigation of overlap therefore only needs to be carried out with

two similar sources to be applicable to any number of sources.

Overall integral profiles for optimum overlap, similar to Fig. 5-7,

were also found for other operating conditions. These profiles are
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shown in Figs. 5-8 through 5-15. The maximum deviations from uniformity,

together with the optimum overlaps (± 1/2 cm) used, are shown in Table

5-1 for the same operating conditions. Data were also obtained at 1.9 x

-410 Torr, as indicated at the beginning of this section, but were

similar to those obtained at 1.0 x 10-4 Torr.

Table 5-l. Maximum Deviation in Integrated Beam Current
for Overlapped Rectangular Ion Sources.

Pressure (Torr): 6 x 10-5 1 x 10-4 6 x 10-4

R (V /V )net total

0.90 +4? O? +15?

-14? -7? -7?

(1 cm) (0 cm) (1 cm) ..

0.67 +3? +8? oro
-11? -9? -9?

(2 cm) (2 cm) (1 cm)

0.50 O? +6? +9?

-15? -15? -7?

(2 cm) (2 cm) (2 cm)

A general comparison can be made of the results obtained with what

might be expected from a theoretical viewpoint. Assume that the ion

current density is completely uniform at the plane of the ion optics.

Also assume that the angular distribution of ion trajectories is exactly

the same for all ion-optics apertures. For these assumptions, a com-

pletely uniform integrated profile would, at all times, be obtained at

o cm overlap.

...
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Returning to Table 5-1, the optimum overlap ranges from 0-2 cm.

This small amount of overlap suggests that the beam has a high degree

of uniformity at the ion optics. Lengthening the discharge chamber

beyond the 45 cm used herein would move the discharge-chamber end walls

farther from the ends of the ion beam. This lengthening would be

expected to improve uniformity at the ion optics, hence reduce the

optimum overlap distance. But, as indicated, the nonuniformity obtained

with the design tested was not felt to be a serious problem.

The data presented in this section were not corrected for charge

exchange. The integrated beam current at the survey plane (10 cm from

ion source) was less than the ion beam current measured at the ion

source by the factors 0.855, 0.778, and 0.434 for 0.6, 1.0, and 6.0 x

-410 Torr. For inert gas sputtering, for example, the energetic

neutrals are about as effective as ions. The integrated values in Figs.

5-7 through 5-15 should therefore be divided by the above factors to

obtain a measure of the sputtering capability.



IV. CONCLUSION

A rectangular-beam ion source was designed and fabricated. A

multipole magnetic field configuration was used to facilitate design of

the modular rectangular chamber, while a three-grid ion optics system

was used for increased ion current densities.

-5For the multipole chamber, a magnetic integral of 5.6 x 10

Tesla-m was used to contain the primary electrons. This integral value

was reduced from the initial design value, with the reduction found

necessary for discharge stability. The final value of magnetic integral

resulted in discharge losses at typical operating conditions which

ranged from 600 to 1000 eV/ion, in good agreement with the design value

of 800 eV/ion.

The beam current density at the ion optics was limited to about

3.2 mA/cm2 at 500 eV and to about 3.5 mA/cm2 at 1000 eV. The design

value of 6 mA/cm
2

at 500 eV was not achieved. Some reduction from

optimum is usually expected for large ion optics, due to both nonuniform

ion current and tolerance effects over the large beam dimensions. The

large reduction from 6 to 3.2-3.5 mA/cm2 probably indicates additional

effects due to grid thermal warping which tended to increase accelerator

and decelerator grid impingment currents and grid arcing. The current

2densities of 3.2 and 3.5 mA/cm were obtained at net-to-total voltage

ratios of 0.33 and 0.67. The larger current density at 1000 eV and

R = 0.67 was close to an impingement limit, but was actually limited by

the accelerator power supply capability.

The use of multiple rectangular-beam ion sources to process wider

areas than would be possible with a single source was also studied.

Beam profiles were surveyed at a variety of operating conditions and
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the results of various amounts of beam overlap calculated. In all

cases investigated a very uniform ion beam resulted with the most

uniform coverage being obtained using a 0-2 cm overlap. The maximum

departure from uniform processing at optimum overlap was found to be

±15%. This small departure was felt to be very good for a chamber

length of 45 cm. If a higher degree of uniformity is required in the

long dimension the chamber could be made longer to decrease end affects.



APPENDIX

The discharge chamber plasma was probed using a moveable

electrostatic (Langmuir) probe to determine plasma properties as a

function of operating conditions. The probe was moved parallel to the

ion optics along the center of the chamber at a distance of 2.4 cm from

the screen grid. Plasma potential, Maxwellian electron density and

temperature and primary electron density and temperature were determined

at 2 cm intervals from the center of the chamber to one end. The plasma

potential averaged 6.6 V positive to the anode potential for an electron

temperature of 8.5 eVe The primary electron density averaged about

5.3 percent of the plasma density with an average energy of 42 eVe The

plasma density as a function of position is shown in Fig. A-l. The

density is quite uniform as expected for the field-free region a mutli­

pole ion source with some tendency toward diminished density as a

cathode potential wall is approached. The beam current density extracted

through the accelerator system will reflect the variations in plasma

density along the accelerator system. Extracted beam current density

was measured using a moveable Faraday cup. The beam current density

profile shown in Fig. 4-15 exhibits the same qualitative trends as the

plasma density measured inside the chamber.
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