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1. Introduction

High-energy ion implantation (at energies between 0.5 and 10 MeV) into
semiconducting materials is being used at an increasing rate for preparation
of active regions between buried layers and to provide isolation barriers in
devices. Increasingly higher energies are required because of device fabrica-
tion with deeper active layers. Attempts to use high-energy implantation in
practical applications dates back to the 1960s with emphasis on i ts usage in
material modifications, recoil damaging, amorphization, annealing, solid-state
epitaxy, particle detectors, and reduction of minority carrier lifetimes, etc.
Commercial markets for most of these techniques were very limited because of
readily available and less expensive alternatives. However, in recent years,
the revival of CMOS technology and the need for latch-up and single-event
immunity have created a need for deep layer isolation barriers beneath active
regions of a particular device. To date, one of the most promising approaches
to substrate isolation is separation by implantation of oxygen (SIMOX), which
also has the beneficial effects of lower leakage currents and faster switching
speeds for devices. High-energy implantation is also being used for the
creation of CMOS p-wells which ut i l ize much lower power and offer greater
latch-up immunity. The number of other applications for high-energy ion
implantation continues to grow, such as the programming of read-only memory
chips (ROMs), grid formation for charge collection in dynamic random access
memory chips (RAMS), junction f ield emission transistors (FETs), ion
lithography, mask replication, and wave guide formation. For additional
information on the subject of ion implantation applications, the reader is
referred to review articles such as [1] and to the proceedings of recent ion
implantation conferences [2 ] .

The dose levels required for many of these applications range from 1015 to
1018 atoms/cm2. Achievement of such high dcse levels in reasonable times
places a premium on the performance characteristics (emittance and brightness)
of the ion source uti l ized in the ion implantation process. While the future
trends may emphasize the uti l ization of high-current, linac-type accelerators
now under active development [3] and, consequently, the use of high-intensity
positive ion sources with several mA of ion current capabilities, considerable
efforts have been devoted by commercial firms in developing small, relatively
high-current MeV ion implantation systems based on the tandem electrostatic
accelerator principle [4,5] and the consequent use of negative ion sources for
the generation of ion beams for such applications. This paper provides the
description and beam properties of ion sources suitable for use with such
devices. Particular emphasis is placed on the emittance and brightness prop-
erties of state-of-the-art, high-intensity, negative ion sources based on the
cesium ion sputter principle. Because of the high efficiency of the charge
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exchange mechanism for negative ion generation, renewed efforts are under way
to utilize this technique for increasing the negative ion beam intensities
over ot^er available techniques [6].

2. Definitions

Perhaps the most important attr ibute of an ion beam is that i t have prop-
erties compatible with the beam transport system that i t must pass through.
The quality of an ion beam in this regard is usually expressed in terms of the
emitt<snce e and brightness B. Both are related through the ion current I and
are direct consequences of L iouv i l le 's theorem. The acceptance A for a beam
transport system is the complement of the emittance e and thus must be greater
than e to ensure beam transport through the system.

H.I. Liouville's Theorem

This fundamental theorem postulates that the motion of a group of par-
ticles under the action of conservative force fields i*. such that the local
number density in the six-dimensional phase space (x,y,z,Px,Py,Pz) (hyper-
volume) everywhere remains constant. An ion beam can be represented by a
group of points, all of which lie within the six-dimensional hypervolume. The
phase space volume of an ion beam may increase due to interactions with resid-
ual gas particles and/or gas and foil strippers, beam transport and accelera-
tion system aberrations, and space charge effects, but can never be less than
its value immediately following extraction from the source. Thus, the magni-
tude of the phase space volume or quantity proportional to the phase space
volume (emittance) measured .immediately following extraction is a unique
characteristic of the particular ion source.

2.2. Emittance

I f the transverse components of motion of a group of par t i c les are
mutually independent in conf igura t ion space ( i . e . , neglect ing space charge and
spin-dependent i n te rac t i ons ) , the motion of the p a r t i c l e s in the orthogonal
planes ( x .Px ) , (y .Py) , and (z.Pz) w i l l be uncoupled and, therefore , can be
t reated separately. For uncoupled motion in which a beam is moving along the
z d i r ec t i on under the act ion of conservative forces, the four-dimensional
hyperarea (x.Px.y.Py) or transverse phase space, is a conserved quant i ty
according to L io i : - / ' l i e ' s theorem.

For the case where Pz is constant , the transverse momenta Px.Py can be
replaced by corresponding angular components, since

£ j i = tan 9x a d*. = x1

P z dz (1)

and

£y. = tan 8y = ± = y>
pz dz U)

in the small-angle approximation. The respective transverse phase space areas
then are proportional to the areas (x.x1 ) and ( y , y ' ) .

To account for changes in the axial momentum Pz of an ion beam, the con-
cept of normalized emittance is often used. We define the orthogonal
normalized emittances as

(3)



and

c n y » «W " ' E . (4)

where E is the energy of the ion beam. The units of emittance are often given
in terms of n mm mrad ( ) l / 2

We define the two-dimensional normalized emittance as the square root of
the product of the normalized emittances associated with the (x.x1) and (y.y1)
areas, or en { ) V 2

2.3. Brightness

Another figure of merit often used for evaluating the quality of ion
beams is the brightness B. Brightness is defined in terms of the ion current
dl per unit area dS per unit solid angle dn or

B = J l L • <5'
dSdn

According to Walsh [7], brightness can be related to the normalized emittance
of the ion beam through the following expression:

(6)

3. Emittance Measurement Facility

Emittance measurements of the ion beams extracted from the sources u t i l -
ized in these investigations were determined by use of the equipment and pro-
cedures described in the following parts of this section. The sources were
mounted on a test stand equipped with capabilities for accelerating negative
ion beams up to energies of 30 keV with energies of 20 keV typical of all
measurements [8 ] . The fac i l i t y consists of a negative ion source, a conven-
tional three-cylinder einzel lens, a double-focusing magnet, the emittance
measuring device, beam line component valves, turbomolecular pumping stations,
and auxiliary power supplies required for system operation. Negative ion
beams are extracted from the source and focused by means of the einzel lens
onto the object plane of the magnet. Ions of the desired mass are then
deflected through 90° and focused at the image position of the system. The
intensity of the negative ion beam can be monitored prior to and following
momentum analysis by insertion of remotely actuatable Faraday cups; the
Faraday cups are located immediately behind variable slit-type apertures which
are positioned at the object and image planes of the momentum analysis system.
With the Faraday cups removed, the beam can be focused downstream onto the
s l i t detector unit of the emittance measurement device and determinations made
of the enrittances and brightnesses of dc or pulsed negative ion beams.
Emittance measurements can be effected automatically through the use of the
microcomputer CAMAC-based data acquisition and hardware control system
described previously [8,9] .

3.1. The Emittance Measuring Apparatus

The emittance measurement device consists of a vacuum housing, two iden-
t ical stepping motor-driven detector units for determining the eraittances of
an ion beam in either the x or y directions, and a control unit for driving
the detector hardware. The control unit consists of a microcomputer which is
interfaced to a CAMAC crate controller, an input/output register, a stepping
motor controller, and a 12-bit analog-to-digital converter (ADC). The CAMAC
crate control modules communicate with the emittance measurement hardware via



ar external electronics unit.

The ion beam dignostic unit, shown in Fig. 1, consists of an electrically
isolated s l i t aperture, positioned 0.4 m in front of a detector unit which is
made up of 32 electrically isolated plates. The current striking each of the
detectors is used to determine the differential angular divergence of the ion
beamlet which is allowed to pass through the s l i t aperture at a given x or y
position. An emittance measurement consists of stepping the s l i t detector
system through an ion beam in a chosen direction while monitoring the total
ion current striking the s l i t unit and the differential ion currents striking
each of the 32 detectors during a selectable integration time period. The
signals are integrated, digitized, and stored in memory of the microcomputer
for later data analysis.

Fig. 1. Schematic drawing of the emittance measurement detector unit.

4. Negative Ion Source Descriptions

The technology for producing high intensity negative ion beams with
improved beam qualities from sources based on the sputter principle [10] has
advanced significantly during the past few years. A number of single-aperture
sputter-type sources have been reported in the l iterature [11-17]. In such
sources, the sample material is mounted on a negatively biased probe which is
maintained at a potential difference with respect to the housing of 1-5 kV
negative in a controlled flux of a neutral Group IA element, usually cesium,
which effects a lowering of the work function [18] and enhances the probabil-
i ty for negative ion formation during the sputter ejection process [19].
Sputtering of the sample material is effected by bombardment with positive
Group IA element ions which are formed by direct surface ionization during
collisions with a hot, high work function ionizer [13-17] or by electron
impact ionization [11,12], The sources described in the present report al l
u t i l i ze surface ionization for the production of cesium ion beams which are
used to sputter the sample material. Negative ion sources, based on the
sputter principle, thus al l share in common the influences of the intr insic
energy and angular distribution characteristics of the sputter process [20] on
the emittances of extracted ion beams.

State-of-the-art negative ion sources based on the sputter principle,
uti l ized in the present studies, are described below. The sources dif fer only
in the geometry of the ionizer, its spacing in relation to the negatively
biased sample, the spacing of the sample in relation to the ion exit aperture,
and the aperture size. The spherical [17], ellipsoidal [8 ] , and cylindrical



geometry [16] sources were designed and developed at the Oak Ridge National
Laboratory, while the General tonex Corporation Model 860 negative source [5]
was developed by the University of Pennsylvania [15]. This source is marketed
as an integral part of a small tandem accelerator by General lonex Corporation
for use in high-energy ion implantation application?. A source almost iden-
tical in design to that of the Model 860 (SNICS II) is used by the National
Electrostatics Corporation [4] in similar applications. Because of the simi-
lar electrode spacing and construction of this source, the emittance is
expected to be very close to that of the Model 860 source.

4.1. The Source Equipped with a Spherical Geometry Ionizer

The source equipped with a spherical geometry ionizer is shown in Fig. 2.
The emittance of the source has also been reported previously [9]. The posi-
tive cesium ion beam current density distribution at impact with the sample
surface is ~ 0.75 mm full diameter whenever the sample is positioned at the
focal point of the system. This particular ionizer geometry does not exhibit
a halo beam surrounding the high-density distribution. Therefore, the high-
density central region of the negatively based sample serves as the sole
region from which negative ion beams are generated within the source.

HEAT1NQ IL1HINT

Fig. 2. Schematic drawing of the ion formation and extraction region of
the negative ion source equipped with a solid tungsten

spherical geometry cesium ionizer.

4.2. The Source Equipped with an Ellipsoidal Geometry Cesium
Ionizer

A detailed description of this source (Fig. 3) has not been given pre-
viously. However, the emittances and brightnesses of this source have been
reported [8]. Computational simulation techniques were utilized in designing
the ionizer/sputter probe regions of this source. The observed sample wear
pattern which defines the negative ion generation region of the source agrees
almost in detail with those computationally predicted. For standard geometry
operation, the sample is placed at the focal point of the positive cesium ion
beam; the positive ion current density distribution on the sample surface
determines the region of negative ion generation, which, in conjunction with
the aperture size, the aperture position from the sample surface, and charac-
teristics of the sputter process, essentially determines the emittance of
extracted ion beams.

The size and shape of the observed wear patterns for these sources, as
well as those computationally predicted, are very sensitive to sample position
because of the strongly convergent nature of the extracted cesium ion beam.
The wear pattern at the focal point of the electrode system has a diameter of
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Fig. 3. Schematic drawing of the ion formation and extraction region of the
negative ion source equipped with a solid tungsten

ellipsoidal geometry cesium ionizer.

0 a 1.25 mm. The source is routinely placed at the focal position during nor-
mal source operation. This source configuration, as well as that of the
spherical geometry source just described, does not exhibit a halo beam
surrounding the central high-density region.

4.3. The Source Equipped with a Cylindrical Geometry Ionizer

The cylindrical geometry ionizer source configuration is shown in Fig. 4.
The computed cesium ion current density distribution and observed sample wear
patterns agree remarkably well. The observed wear pattern from this source is
composed of two parts: a region of concentrated wear with full diameter of
~ 0.75 mm, and a low-density, uniform-wear region with a diameter of ~ 4.5 mm.
Thus, the negative ion beam extracted from the source is composed of beams of
two distinctly different characters: (1) a very small source located on axis,
and (2) a uniformly distributed halo beam surrounding the central high-density
region. Thus, both beams are expected to contribute to the emittance and
perhaps increase its value over the previously described sources equipped with
spherical and ellipsoidal geometry ionizers.
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Fig. 4. Schematic drawing of the ion formation and extraction region of the
negative ion source equipped with a solid tungsten

cylindrical geometry cesium ionizer.



4.4. The Source Equipped with a Spiral-Wound Tantalum Ionizer
(General Ionex Corporation Model 860 Negative Ion Source)

The sample wear patterns from the Model 860 source (Fig. 5) were found
to be considerably more complex than tiiose of the other sources. Typically,
the central region of the sample was found to be strongly worn with a wear
diameter of 0 = 1 nm surrounded by a large-diameter (0 * 8 mm) asymmetrically
worn halo beam. The asymmetrical wear pattern within the halo region is
attributable to the spiral character of the tantalum ionizer. The presence of
the rather large halo beam, as was the case with the source equipped with a
cylindrical geometry, w i l l , no doubt, contribute appreciably to the emittance
of the source.

Fig. 5. Schematic drawing of the ion formation and extraction region of the
Model 860 negative ion source.

4.5. Negative Ion Source Geometrical Data

Table 1 l is ts the spatial positions of sputter samples in relation to the
ion extraction aperture, aperture size, and emittance estimates based on
simple geometric arguments for the Oak Ridge sources with continuous tungsten
spherical, ellipsoidal, and cylindrical geometry cesium ionizers and two com-
mercially available sources equipped with spiral-wound tantalum ionizers.

4.6. Negative Ion Source Intensity Data

The negative ion beam intensities which can be extracted from the sources
previously described depend on a number of factors. According to the surface
icnization model, the efficiency of negative ion formation depends on the
electron efficiency Ê  of the species in question, the intrinsic work function
0O of the material from which i t was sputter ejected, and the electron af f in-
ity E/\ and f i r s t ionization potential I of the adsorbate utilized to enhance
negative ion formation and the adsorbate surface coverage [18,19]. In the
sources described in this report, the adsorbate most often utilized is cesium.
The rate of negative ion generation depends on the magnitude of the cesium ion
current used to sputter the sample material, which, in turn, depends on the
source operational parameters, e.g., the cesium oven temperature and sputter
probe voltage. The space charge limited cesium current I + which can be accel-
erated at a given sputter probe voltage V and subsequently used for sput-
tering the sample depends on the perveance k of the electrode configuration
according to

I + = k V3/Z.



Table 1. Estimated Emittances of Negative Ion Sources Equipped with
Spherical, Ellipsoidal, Cylindrical Tungsten, and Spiral-Wound

Tantalum Cesium Surface Ionizers. Energy: 20 keV.

Sample Ion Exit Assumed Ton Estimated
Distance to Aperture Sample Emission Emittance

Source Aperture Diameter Wear Pattern Half Angle
Diameter

1 (mm) 0 (mm) s (mm) a(mrad) mrad

(V) 1

Spherical
geometry
tungsten 33.3 4.76 1.0 86 6.1

Ellipsoidal
geometry
tungsten 29.7 4.76 1.25 101 9.0

Cylindrical
geometry
tungsten 23.0 4.76 1.0 124 8.7

Spiral-wound
t am: alum
(Model 860) 14.3 6.36 1.0 257 17.8

Spiral-wound
tantalum
(SNICS II) 15.88 6.36 1.0 232 16.4

The negative ion current which can be extracted from the total current
generated in the sputter process depends on the size of the negative ion
generation region on the sample surface, the angular distribution of the nega-
tive ion current at the ion extraction aperture, the spacing of the sample in
relation to the aperture, and the aperture size. Because of operational
variables and the differences in the ionizer/sample electrode configuration,
the negative ion currents will, in general, differ from source to source, and
for a particular source vary from operational period to operational period.
Negative ion yields for a particular species will depend on the chemical com-
position of the sample, as well. Table 2 presents the ranges of maximum nega-
tive ion intensities which have been realized by a number of investigators
through the use of the sources described in this report.

5. Emittance and Brightness Determinations

The previously described equipment and procedures were used in determining
the emittances of dc ion beams extracted from sources equipped with spherical,
ellipsoidal, and cylindrical solid tungsten cesium surface ionizers and from
the Model 860 negative ion source. Emittance measurements were made for nega-
tive ion beams of a variety of species (12C", 28Si-, 58Ni", 107Ag-, and
197Au~) over a range of iorc beam intensities (4 < I < 60 uA). During these
measurements, a search was made for such effects as the dependence of emit-
tance on ion beam intensity, mass, and species. Due to the large amount of
data accumulated, it will not be possible to show all of the results of these
studies. Therefore, only a selected number of examples will be presented in
this report.



Table 2. A Partial List of Negative Ion Currents Observed from High-Intensity
Negative Ion Sources Based on the Cesium Sputter Principle.

Ion Species Cathode Material Current (uA)

10

2

4

100

150

1

50

50

10

50

10

10

20

25

sn

+ 200

-• 60

+ 80

* 250

- 500

• 4

+ 800

+ 200

* 120

+ 150

+ 80

+ 150

+ 100

+ 66

+ 200

12C-

160-

32S-

32p-

63 C u-

7 SAs-

58 N l-

aoSe-

Titanium hydride,
Vanadium hydride

Enriched I0B and Al
powder, sintered

Enriched 10B and Al
powder, sintered

High-density graphite

Metal oxides

Aluminum metal

Silicon crystal

Metal sulfides

Metal phosphides

Copper metal

Gallium arsenide and
Al powder

Nickel metal

Cadmium sellenide

Platinum metal

Gold metal

5.1. Emittance Data

5.1.1. Spherical Geometry Ionizer'Source. The results derive! from
measurements of the emittances versus percentage total negative ion current
extracted from an Ag sample in the spherical geometry ionizer source for total
beam currents of 4, 6, 8, 10, and 12 uA are displayed in Fig. 6. Over the
range of negative ion currents investigated, there is no evidence of the
rather strong dependence of emittance on negative ion current as found by
Doucas, Hyder, and Knox [21] for ion beams extracted from the cone geometry
negative sputter ion source. Such increases are most probably attributable to
changes in emission area due to changes in the positive ion beam size at
impact induced by positive ion beam space charge effects.

5.1.2. The Ellipsoidal Geometry Ionizer Source. Emittance versus percent-
age negative ion beam intensity data for various negative ion beams of 1 2C"
extracted from the ellipsoidal geometry ionizer source are displayed in
Fig. 7. These data suggest a moderate increase in the emittance for the 80%
contour level with increasing ion beam intensity of perhaps 20% over an inten-
sity range of 20 < I < 50 MA. These findings are also in contrast to the
rather large increases in emittance with ion beam intensity found by Doucas,
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Fig. 7. Emittance, e, versus percentage of negative ion beam for various
negative ion beam intensities of *2C" extracted from the source

equipped with an ellipsoidal geometry ionizer.

Hyder, and Knox [21] for ion beams extracted from the cone geometry negative
ion source. However, for other data sets not shown, the effect, if it exists,
is obscured by statistical fluctuations. No evidence of a monotonic depend-
ence of emittance on ion mass was found. These findings, thus, support those
made earlier by Ooucas, Hyder, and Knox.

5.1.3. Cylindrical Geometry"Ionizer'Source. Emittance data for 2 8Si" ion
beams extracted from the source equipped with a cylindrical geometry cesium
ionizer are displayed in Fig. 8. These data also show the presence of a
moderate increase in emittance with increasing ion beam intensity over the
range of intensities investigated. For example, the effect is seen to be ~ 9%
for 2 8Si" at the 80S contour level over an intensity range of 16 < I < 20 uA.
Similar increases were also noted for 12C", 58Ni", and J"7Au" data (not shown)
over an intensity range 5 < I < 60 uA. However, the increases observed in
the above data may, in fact, be attributable to changes in the size of the
cesium beam at impact with acceleration voltage V, ii. which case, the overall
effect would be independent of negative ion species, but would change with
cesium ion energy.
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Fig. 8. Emittance, e, versus percentage negative ion beam for various beam
intensities of Z 8Si" extracted from the source equipped with a

cylindrical geometry cesium ionizer.

5.1.4. The'Model 860 Source. Emittance data similar to those shown pre-
viously for the ellipsoidal and cylindrical geometry ionizer sources are
displayed in Fig. 9 for S 8Ni" ion beams extracted from the Model 860 source.
These data, as well as data for 1 2C~, "Si", and 1 9 7Au" (not shown), exhibit
no evidence of significant intensity, species, or mass dependence.

i
E
E
E

-

14

13

to

a

i

A

2

0

SOURCE: MODEL 180*
SPCCIES:

• 15 | i *

• 12 #i*

* 42 M *

• SO a *

•

••HI*

•
*

•

•

•

*

s

*
:

•

-

PERCENT OF NEGATIVE ION SEAM INTENSITY

-A HOBUCT Of a a M M i KJMIK emmiuitaM

Fig. 9. Emittance, c, versus percentage negative ion beam for various beam
intensities of S 8Ni" extracted from the Model 860 ion source.

5.2. Comparative Average Emittance and Brightness Data

If we ignore the presence of intensity, species, or mass-dependent effects
and perform an average of all emittance contour data, we obtain the average
emittance versus percentage negative ion beam intensity data shown in Fig. 10.
The emittance for a given contour of a beam extracted from the Model 860
source is observed to be considerably higher than those for the same contour
associated with beams extracted from the spherical, ellipsoidal, and cylindri-
cal ionizer geometry negative ion sources.

Fig. 11 displays average brightness B versus percentage average negative
ion beam intensity for the four subject sources. The average emittance data
(discussed above) was used in conjunction with the average ion beam intensity
to compute the brightness B.
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5.3. Source Compatibility with Accelerator Acceptance

In order to determine the compatibility of a particular ion implantation
system, the acceptance A of the accelerator must be known or calculable. For
small tandem accelerators suitable for use in ion implantation applications,
the gas stripping canal acts as the limiting element in the accelerator; the
acceptance A of the accelerator then may be approximated by the acceptance of
the stripper and of length L bounded by two apertures of full diameters 0] =
Zrj and 02 = Zr2 is given by [22]

The normalized acceptance for the General Ionex Corporation 1.7-MV
Tandetron accelerator [5 ] (r , = 3.5 mm, r2 = 3.5 mm, L = 711 mm) is

An = 23.2 n.mm.mrad(HeV)1/2,



while the acceptance of the 3-HV tandem accelerator marketed by the National
Electrostatics Corporation [4] (ri = 5 mm, r2 = 5 ram, I = 660 mm) is

An = 65.6 n.mm.mrad(MeV)
1/2.

Thus, the acceptance of these two commercially available, high-energy, ion
implantation accelerators are each large with respect to the emittances of all
of the sources described in this report. Of course, some allowance should be
made for multiple scattering degradation of the ion beam emittances during the
stripping process.

6. Summary and Conclusions

The emittances for the 80% contour level of the Model 860 source are fac-
tors of 2.4, 1.8, and 1.7 higher, respectively, than those for the same con-
tour from sources equipped with spherical, ellipsoidal. and cylindrical
geometry cesium ionizers. These average data are representative and typical
of all values derived from measurements associated with a particular ion spe-
cies and ion beam intensity.

It is interesting to note that the emittance values for the 80% contours
for the four sources agree closely with the estimations based on simple
geometrical arguments made in Table 1; i.e., the product of the full width of
the high-density portion of the cesium ion beam at impact with the probe sur-
face and the angular divergence limitation imposed by the exit aperture of the
particular ion snijrce.

At the 10% contour level the spherical geometry source has a brightness
of ~ 2.2 times, and at the 80% level, an average brightness of 4.9 times that
of the Model 860 source, while the ellipsoidal geometry source has an average
brightness of ~ 5.4 times at the 10% level, and at the 80% level, an average
brightness of ~ 3.5 times that of the Model 860 source. On the other hand,
the cylindrical geometry ionizer source has a brightness at the 10% contour
level of ~ 4.3 times and at the 80% level ~ 3 times that of the Model 860
source.

All sources evaluated have emittances compatible with commercially
available tandem accelerators suitable for use in high-energy ion implantation
applications.
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