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The operating characteristics of glow-discharge-created electron beams are discussed. Ten
different cathode materials are compared with regard to maximum electron beam current
achieved and the beam generation efficiencyas measured calorimetrically. Specific electron gun
designs are presented for a variety of applications that include: cw ion laser excitation; electron
beam assisted chemical vapor deposition of microelectronic films;and wide area annealing of ion
implantation damage to silicon substrates. The use of sintered metal-ceramic (e.g., Mo-A120 3)

cathodes to generate multikilowatt electron beams in a pure noble gas discharge is reported.
Cathode materials with high secondary electron emission coefficientsby ion bombardment allow
for electron beam production in glow discharges at 50%-80% generation efficiency values.

I. INTRODUCTION

The most common way of producing high voltage di
rect current electron beams involves thermionic electron
emission and subsequent acceleration at background pres
sures below to-4 Torr. Consequently, the use of complex
differential pumping systems is usually required in any at
tempt to inject this vacuum generated electron beam into an
experimental chamber containing gases at pressures in ex
cess of 1 Torr.

This paper summarizes our work in direct plasma gen
eration of kilovolt electron beams in a to-I to 3.0-Torr am
bient using a glow discharge and secondary electron emis
sion from a cold cathode. In the past, glow discharge
electron beams have been used in material processing, weld
ing, melting, and heat treatment. This previous work was
discussed by Dugdale! and Boring? as well as by Hurley. 3

More recently, new technologies such as the excitation':" of
cw ion lasers, the deposition of thin microelectronic films,"
and electron beam annealing of ion-implantation damage!"
have also required direct current electron beams operating in
ambient pressures of 1 Torr. In this paper we present glow
discharge electron guns designed especially for these three
new purposes as well as electron beam discharge 1-V charac
teristics as a function of pressure and electron beam genera
tion efficiency. Different cathode materials are compared
and the use of sintered refractory metal-ceramic oxide cath
ode materials is reported. Finally, we briefly discuss new
applications of glow discharge electron beams.

II. GLOW DISCHARGE ELECTRON GUNS AND THEIR
OPERATION

Glow discharge electron guns can be divided into two
groups: "hollow cathode" or internal plasma electron gener
ation types and "front face emission" or secondary electron
emission types. Figure l(a) shows a hollow cathode glow dis
charge electron gun which we have designed for the excita
tion of cw lasers. 11 In this type of electron gun, the plasma
that develops inside the hollow cathode acts as a source of
electrons for the electron beam. Electrons emitted by the

internal walls of the cathode (following bombardment by
ions, fast neutrals, and photons) are accelerated through an
internal voltage drop of several hundred volts. These elec
trons are electrostatically trapped inside the hollow cathode
and lose most of their energy in exciting and ionizing colli
sions that sustain the internal plasma. The majority of the
discharge voltage drop, however, occurs in the external cath
ode dark space region shown in Fig. l(a). This external dark
space presents a voltage drop of several kilovolts to the elec
trons which emerge from the hollow cathode plasma, there
by forming the electron beam. Hollow cathode electron guns
have two modes of operation. One mode is a high impedance
one in which the electron beam is produced, and the other is
a low impedance mode where no electron beam is produced.
Operation in the beam mode occurs over a limited range of
current and pressure.U'F When these two parameters are
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FIG. I. Schematic repesentation of glow discharge electron guns. (a) Hol
low cathode electron gun. (b) Front face secondary emission cold cathode
electron gun.
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not properly chosen the extenal dark space vanishes, pro
duction of the electron beam ceases, and the discharge then
operates in the low impedance mode. In this mode the cath
ode operates as a regular hollow cathode," where the vol
tage drop is a few hundred volts and a positive column occu
pies the distance between electrodes. This low impedance
mode of operation prevents electron beam production. In
stabilities in the discharge can switch the discharge from the
electron beam mode to the low impedance mode, and this is
undesirable for stable operation of the electron gun. We
briefly discuss below hollow cathode electron guns operating
in the 10-2_ to l-Torr pressure region.

The pressure P, at which a hollow cathode electron gun
will operate in the high impedance, electron beam mode, is
determined by the internal cathode diameterD. Consequent-

. ly, the scaling gas discharge law PD = C can be used to guide
the design of these electron guns,12 where C is a constant
dependent upon both the nature of the gas and the cathode
surface. Using a 4.7-mm cathode hole diameter, we were
able to operate hollow cathode electron guns in the beam
mode at pressures up to 1.4 Torr in helium and 0.4 Torr in
argon. We obtained electron beam generation at the l-kW
power level at beam currents up to 0.1 A. 11 We also obtained
"sheet electron beams" 20-cm long and several millimeters
wide by operating a transverse hollow cathode electron
gun. 12 Beam generation efficiencies of 50%-70% are typical
for solid wall hollow cathode guns. 11 It is noteworthy that
perforated wall hollow cathode guns have also been success
fully operated.r':" The cathode wall in this latter case is
constructed of metallic mesh. These mesh electron guns are
very simple; however, their operating efficiencyis consider
ably lower, typically 20% to 30%. We will emphasize in the
remainder of this paper "front face secondary emission"
electron guns. Such devices can operate at higher pressures
and provide larger electron beam currents with higher oper
ating efficiency. For a more complete discussion of hollow
cathode electron guns, see Refs. 2, 11, and 12.

Figure ltb) shows a "front face secondary emission"
type of electron gun. In this case, electron emission from the
cathode wall is produced following bombardment of the
cathode surface both by ions and by fast neutrals created by
resonant charge transfer in the cathode sheath. The secon
dary electrons produced at the cathode surface are acceler
ated along the electric field lines through the cathode dark
space to form a well-collimated electron beam. This is clear
ly shown in Fig. 2 where the electron-beam-created plasma is
visible.The cathode face was made concave to focus the elec
tron beam electrostatically. To confine the emission to the
cathode front face, all other cathode surfaces were shielded.
In contrast with hollow cathode electron guns, secondary
emission electron guns present only one mode of operation
and, hence, represent a considerable practical advantage for
stable electron beam production. Secondary emission elec
tron guns can operate at slightly higher pressures (0.1-3
Torr) than the hollow cathode guns. Operation at even high
er pressures is also possible, however, the electron beam be
comes poorly collimated as the gas density increases.

A cathode material with a high secondary electron
emission coefficient by ion bombardment y is required for

FIG. 2. Electron beam plasma formed by a front face secondary emission
electron gun.

efficientelectron production using cold cathodes. Cathodes
with a low sputtering yield are also required for prolonged
cathode lifetime. In the next section we compare the results
of beam generation using various cathode materials. The
best cathode materials possess both a high secondary emis
ion coefficientand a low sputtering yield.

III. EFFECT OF CATHODE MATERIALS ON BEAM
GENERATION

We constructed cathodes of 10 different materials.
Each cathode was 3.1 em in diameter with a 6-cm radius of
curvature concave front face. The cathodes were surrounded
by an insulating ceramic tube to confine the emission solely
to the cathode front face. The distance between the cathode
shield and the cathode was approximately 1 mm.

Table I lists the cathode materials tested, the maximum
electron beam discharge current obtained, and the relative
sputtering erosion of that cathode material. Cathode sput
tering was evaluated only qualitatively by comparing the
state of the cathode surface before and after a discharge and
by observing the spontaneous emission from cathode materi
al species in the glow discharge just in front of the cathode.
In the case of materials with a high sputtering yield, the
characteristic spectral lies of the cathode materials are
strong in the emission spectrum while low sputtering yield
cathode materials had weak spectra. The first fivematerials
listed in Table I are both good sources of secondary electrons
and at the same time have a low sputtering yield. Conse
quently, they are judged to be good cathode materials. Well
collimated multikilowatt de electron beams have been ob
tained with all fiveof these cathodes. Graphite has the lowest
sputtering yield but a low secondary electron emission coef
ficient, y, and can be used when small (0.1 A) electron beam
discharge currents are sufficient.The last fivematerials list
ed in Table I are considered poor glow discharge cathode
materials. For example, copper beryllium has a high secon
dary electron emission coefficient by ion bombardment
(y = 2 for 3-keVions),16 but unfortunately a high sputtering
rate of cathode materials is observed. Thus, while it is possi-
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TABLE l. Characteristics of glow discharge electron gun cathode materials.

Cathode material

I. Aluminum

2. Magnesium

3. Lanthanum hexaborate

4. Sintered
Molybdenum-Al20 J

S. Sintered
Molybdenum-MgO

6. Graphite

7. Copper

8. Copper-beryllium

9. Stainless steel

10. Molybdenum

Composition

coated with a
thin oxide layer

coated with a
thin oxide layer

50-50% by weight

50-50% by weight

98-2%

Maximum
current (A)

(3.1-em-diam cathode) Sputtering

1.2 low

1.2 low

0.8 acceptable

1.0 acceptable

0.6 acceptable

0.1 low

0.05 very high

0.05 very high

0.05 high

0.05 high

ble to increase the current of the glow discharge, the rapid
destruction ofthe cathode is enhanced by sputtering. Even at
small discharge currents, a green cloud is visually observed
in the vicinity of the cathode. Current values below 0.05 A
for the maximum discharge current in Table I have little
significance because a well-defined electron beam is not ob
served. Similar behavior is observed when stainless steel and
molybdenum are used as cathode materials. These materials
are also poor electron emitters following ion bombardment.
Again, in both cases it is possible to observe with the eye a
distinctive colored emission characteristic of the sputtered
cathode material.

Next, we will discuss in more detail the characteristics
ofelectron beam production with the five cathode materials
considered practical. These will be discussed in three groups:
aluminum and magnesium; lanthanum hexaborate; and sin
tered ceramic-metal composites.

A.Aluminum and magnesium cathodes withoxide
coatings

Both aluminum and magnesium have strongly adher
ent native oxide layers. When covered by a thin oxide layer
these cathode materials are excellent emitters of secondary
electrons by ion bombardment, possessing a secondary emis
sion coefficient nearly 10 times greater than that of the pure
metals. These oxide coatings are also highly resistant to sput
tering. However, when operated in a pure noble gas atmo
sphere at high current densities (I00 mAlcrrr'), energetic
ions and neutral atoms which impinge on the cathode sur
face soon sputter off the native oxide layer. When this coat
ing is removed, the secondary electron emissivity of the cath
ode drops nearly an order of magnitude and the material of
the cathode itself starts to rapidly sputter into the discharge.
This transition can be seen by the eye as a change of color in
the light emitted from the discharge region close to the cath
ode. It is possible, however, to maintain a stable oxide layer
by adding a few millitorr of O2 into the discharge. In this

way, the cathode oxide layer is continuously restored via
plasma-induced oxidation and we observed no change in the
emission characteristics after 10 h of operation at high (100
mA/cm2

) current densities . The I-V characteristics of the
electron beam glow discharge with an aluminum cathode 3.1
ern in diameter covered by a thin Al203 film are shown in
Fig. 3(a)with He pressure as a parameter. This figure shows
generation of electron beam discharge currents over 1 A
(cathode current density> 0.15 Az'crrr'] and that discharge
powers up to 5 kW have been obtained. This figure also
shows that the impedance of the electron beam glow dis
charge is significantly reduced when an axial magnetic field
(1-4 kG) is applied in the electron beam drift region . The
magnetic field increases the plasma density, and subsequent
ly, the ion flux to the cathode, thereby enhancing secondary
electron emission from the cathode and lowering the dis
charge impedance.

We performed calorimetric measurements to determine
the efficiency at which the electron beam is generated. A
copper calorimeter was situated 13 em from the cathode
emitting surface. The calorimeter was supported only by a
thin wall stainless-steel tube of poor heat conductance to
ensure good thermal insulation. The temperature of the ca
lorimeter was continuously measured with a thermocouple
and its variation with time plotted with an x-t chart recorder.
The discharge current I and voltage V of the glow discharge
were also monitored and recorded. The efficiency EF , with
which beam electrons are generated by the electron gun was
then calculated as

dT Me(T)
E __d_t _
F- IV

where Mis the mass of the calorimeter and C (T) is the specif
ic heat of copper. The results of these measurements for an
electron gun with an aluminum cathode in a He ambient
(with 20 mTorr of 02) are shown in Fig. 3(b). The electron
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FIG. 3. (al V-I characteristics of the aluminum cathode electron-beam dis
charge in helium with 20 m'Torr of oxygen added to the discharge chamber.
Solid line: without magnetic field. Dashed line: operating the electron gun
13 em from a solenoid producing a magnetic field of 3.2 kG. Fringing field
at the cathode front face 40 G. (b)Electron-beam generation efficiencyas a
function of discharge current for an aluminum cathode. The He pressure in
Torr is shown. 20 m'Torr of oxygen was also added to the discharge
chamber.

B. Lathanum hexaborate

LaB6 has been used in the past as a thermionic emit
ter. 20 We have used LaB6 as a cold cathode in glow discharge
electron guns. We observed that after exposure to the am
bient atmosphere lathanum hexaborate is a good electron
emitter by ion bombardment alone. However, after oper
ation in a pure noble gas atmophere, an increasing voltage
was needed to maintain a constant current. When a small
amount of O2 (20 mTorr) was introduced into the discharge
the cathode rapidly recovered its electron emission. A thin
oxide coating is, as in the case of Al and Mg cathodes pre
viously discussed, apparently of fundamental importance in
providing a high secondary electron emission coefficient, r.
The 1-V characteristics of a 3.l-cm-diam LaB6 cathode oper
ating in a helium atmosphere with 20 mTorr of'O, are shown
in Fig. 4(a). Well-collimated electron beam glow discharges
with discharge currents up to 0.8 A have been obtained. Ca
lorimetric measurements of the electron beam production
efficiencyare shown in Fig. 4(b). They indicate that electron
beam generation efficienciesup to 70% are obtainable with
LaB6 cathodes in a helium atmosphere with a 20-mTorr par
tial pressure of oxygen.

C. Sintered ceramic-metal cathodes

The need for O2 in the plasma to achieve prolonged
operation of AI, Mg, and LaB6 cathodes can be undesirable
in some applications. For example, ifthe electron guns are to
be used for laser excitation, the presence of oxygen in the
laser active medium can in some cases interfere with the laser
excitation mechanisms. We have therefore developed cath
ode materials which can operate in a pure noble gas atmo
sphere without the need of a partial pressure ofoxygen.

The materials are obtained by hot press sinterization of
molybdenum and aluminum oxide or molybdenum and
magnesium oxide particles 10J.Lm in diameter. This ceramic
metal composite has unique cathode properties. The oxide
particles have a high secondary electron emission coefficient
while the molybdenum particles make the material a good
conductor of electricity enabling de operation ofthe electron
beam. We experimented with several different ratios by
weight ofMo to oxide particles to find the optimum propor
tions for beam generation. We found that in the case of Mo
MgO, equal portions by weight worked well. This is equiva-

measured at pressures between 0.15 and 0.8 Torr, currents
between 60 and 700 rnA, and discharge voltages between 1
and 2.5 kV. The glow-discharge-generated electron beams
have an energy width at half-maximum of 100--300 eV.19

The energy width was observed to decrease for all pressures
as the current was incremented. Also, at certain pressure
current conditions the electron beam energy profile was ob
served to degrade abruptly into a broad distribution. This
change was coincident with the sudden appearance ofa plas
ma region with a very intense luminosity and with the emis
sion of intense microwave radiation. This phenomena was
attributed to the generation of plasma oscillations driven by
the electron beam and is treated in more detail elsewhere. 19

6

• • .....0.5TORR

~I.O
o 1.5

o

400 500 600 700

DISCHARGE CURRENT (rnA)

I 234 5

DISCHARGE VOLTAGE (kV)

~ 1.5
I I

I I
I I

I I
I I

I I
I I

I I
I I

I I
1/

I I
1/
II

(a)
<l:
~ 1.2
~

Z 1.0
UJ
a::
a:: 0.8
::l
(J 0.6
UJ
c>0.4
a::

~0.2
(J(/) OL-_--l__----L.__-.L__-L...__...l-__-'-

is 0

beam generation efficiency is observed to increase as the to
tal pressure decreases and as the cathode current increases.
This is attributed to the increase of the secondary emission
coefficient as a function of the energy of the impinging
ions. 17 The energy of these ions and associated fast neutrals,
created by charge transfer, increases with the discharge vol
tage." A maximum electron beam generation efficiency of
80% was measured at 0.5 Torr ofhelium and a beam current
of0.65 A.

Magnesium covered with a thin oxide layer is also an
excellent emitter of secondary electrons following ion bom
bardment. As in the case of aluminum, the oxide has a low
sputtering yield. Again, if the cathode is to be continuously
operated in pure noble gas environments at a high current
density (0.1 A/cm2

), then a few millitorr of O2 is needed to
compensate for erosion of the cathode oxide layer. We dis
covered that electron guns with magnesium cathodes create
glow discharges with lower impedance than the ones ob
tained with aluminum cathodes of the same geometry. We
have obtained electron beam discharge currents of 1.2 A at
an energy of 1.5 keY by operating a Mg electron gun with a
3.1-cm-diam cathode in 1 Torr of helium with 10 mTorr of
oxygen.

We have previously measured the energy spectrum of
the transmitted electron beam, created by a magnesium
cathode coated with a thin oxide layer, using an electrostatic
energy analyzer. 19 Electron beam energy distributions were
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FIG. 4. (a) V-I characteristics of the
helium glow discharge obtained using
a 3.I-cm-diam, 6-cm-radius-of-curva
ture lanthanum hexaborate cathode.
20 mTorr of oxygen was added to the
discharge chamber. (b)Electron-beam
generation efficiency as a function of
discharge current for the lanthanum
hexaborate electron gun. The He pres
sure is in Torr. 20 mTorr of oxygen
was added to the discharge.

lent to approximately 74% MgO and 26% Mo by volume.
Consequently, the ions bombarding the cathode surface
mostly impinge on the oxide particles, allowing for efficienct
electron beam production. Increasing the amount of MgO
results in an undesirable decrease of the electrical conductiv
ity of the cathode preventing dc operation. In the Mo-A1 20 3

sintered mixtures, equal portions by weight of lO-llm-diam
particles give good results as cathode material. Figures 5(a)
and 5(b) show the V-I characteristics and electron beam pro
duction efficiency of a glow discharge using a 3.1-cm-diam
Mo-MgO cathode operating in helium. These figures show
that electron beam discharge powers of 3 kWand discharge
currents up to 0.6 A have been obtained with these electron
guns at efficiencies up to 75%. Figure 6(a) shows the V-I
characteristics of a discharge using Mo-A120 3 cathode, also
3.1 em in diameter. In this case the maximum discharge cur
rent obtained was 1 A. The electron beam generation effi
ciencies as a function of current with helium pressure as pa
rameter are shown in Fig. 6(b). Beam generation efficiencies
up to 75% were demonstrated.

In summary, both sintered ceramic-metal mixtures
constitute good cathode materials, producing multikilowatt
elecron beams in a pure helium atmosphere at efficienciesup
to 75%. The Mg0-Mo cathode fractured after a 0.6-A dis
charge, probably due to a poor thermal shock resistance.

This prohibited tests at higher currents and explains why the
maximum current obtained with the Mg0-Mo cathode was
smaller than with the A120 rMo cathode.

IV. GLOW DISCHARGE ELECTRON GUN GEOMETRIES

Electron beams of tailored geometries can be realized
with front face secondary emission glow discharge electron
guns. The geometry of the cathode face largely determines
the shape of the resulting electron beam. However, as dis
cussed previously, the cathode material needs to have a high
secondary electron emission coefficient by ion bombard
ment for efficient electron beam generation and a low sput
tering yield for prolonged lifetime. Ifa multikilowatt de elec
tron beam is desired on a continuous basis, the cathode must
be water cooled. Usually we make the water-cooled body of
the cathode out of copper, and press fit the selected cathode
material into this cooled section. This two-piece construc
tion allows for efficientcooling of the porous cathodes made
of sintered materials. The entire cathode is completely sur
rounded by an insulating shield that confines the secondary
emission to the unshielded cathode surface. The distance
between the insulating shield and the cathode is approxi
mately 1 mm and is always less than an electron collision
mean free path. A grounded metallic shield has also been
used. .

FIG. 5. (a) V-I characteristics of the
helium glow discharge obtained using
a sintered MgO (50% by weight)-Mo
concave cathode 3.1 ern in diameter
and with a 6-cm radius of curvature.
(b) Electron beam generation effi
ciency as a function of discharge cur
rent for the sintered Mg0-Mo elec
tron gun.
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The primary application of glow discharge electron
guns in our work has been in the excitation of cw ion lasers.
Figure 7 shows the structure of an electron gun developed
for this purpose. The electron gun geometry (doughnut-like)
provides a clear 0.5-cm-diam optical path throughout the
axis. This permits one to easily match the electron-beam
created plasma volume with the volume of an optical resona
tor. To confine the emission to the cathode front face only,
the rest ofthe cathode walls are shielded. Specifically, a ce
ramic tube (99.8% AI20 J ) covers the external cathode walls
and a quartz tube shields the inner cathode walls. The cath
ode was made of aluminum 3.1 em in diameter and was oper
ated in a helium atmosphere which contained approximately
20 mTorr of 02 ' The rest of the cathode was made of copper
and was water cooled for adequate heat dissipation at multi
kilowatt de operating conditions. The cathode front face was
made concave to focus the electron beam as shown in Fig.
I(b). We have used both 6 and 9 em as a radius of curvature.
Similar electron guns with cathodes made of sintered metal
ceramic materials described in Sec. III were also successfully
used to excite cw ion lasers. The position of the anode is not
important so we usually use the stainless-steel vacuum
chamber in which the electron gun operates as the anode.
The use of this electron gun design in exciting cw lasers is
discussed further in Sec. V of this paper.

Figure 8 shows a broad area (7.5 em in diameter) elec
tron gun constructed for the purpose of electron beam an
nealing of ion-implanted silicon wafers. The cathode was
made of a sintered Mo-MgO mixture of equal portions by
weight. The cathode was supported by an aluminum piece
which was not water cooled in this case as only short electron

CERAMIC TUBE

WATER
COOLING

beam operating times (60sec) were required for this applica
tion . The broad area cathode was surrounded by a quartz
shield which confined the emission to the front face. Dis
charge currents up to 700 mA and discharge powers of 3 kW
(70 W/cm2

) were easily obtained. The I-V characteristics of
this electron gun operating in helium are shown in Ref. 10.

Figure 9 shows the structure of an electron gun de
signed to produce a line source 5-cm long and approximately
2-mm wide at the focal plane. This electron gun has been
used for both annealing silicon wafers as well as recrystalliz
ing polysilicon films. The geometry of this electron gun is
similar to the transverse hollow cathode electron gun for
plasma excitation described in Ref. 12; the main difference
being that the cathode shown in Fig. 9 is slotless. Notice that
the operation of this electron gun is similar to the electron
guns previously described, except for the geometry , and con
sequently does not need further discussion .

V. APPLICATIONS OF GLOW DISCHARGE ELECTRON
GUNS

A. Excitation of cw Ion lasers

We have used the electron guns described in Sec. II and
IV to excite helium-metal-vapor gas mixtures and obtain cw

ELECTRON
BEAM

CATHODE

FIG. 7. Structure of the glow discharge electron gun for longitudinal laser
excitation.

FIG. 8. Experimental setup used to anneal n-type silicon wafers implanted
with 30-keV boron ions to a total dose of 5 X 10" ions/em".
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FOCUSED ELECTRON
BEAM SHEET

Fig. 9. Structure of an electron gun designed to produce an electr~n sheath
5-em long and approximately 2-mm wide at the focal plane. This sheath
geometry is used for annealing silicon wafers and recrystallizing polysilicon
wafers.

laser action in seven different singly ionized metallic spe
cies.":" We successfully used both, oxide-coated aluminum
cathodes" and sintered metal-ceramic cathodes. In the first
case we introduced 10-20 mTorr of oxygen into the gas mix
ture, to allow stable electron emission over prolonged per
iods of time. In all seven laser media, the presence of the
oxygen impurity did not affect the laser output power in a
measurable way. The axial path of the electron guns allows
for an easy overlap of the electron-beam-created plasma with
the volume of the optical resonator as show in Fig. 10. The
excitation scheme shown in this figure uses two electron
guns that produce two counter propagating electron beams.
The electron beams are kept collimated along the 1-m-long
plasma tube by use of an axial magnetic field of 1--4 kG.
Using this electron beam excitation scheme we have ob-

• • ., • 22
tained cw laser radiation on more than 40 ion transitions.
A cw laser power output of 1.2W, for example, was obtained
on the 4911.6 and 4924.0-A transitions of Zn II. This repe
sents an order of magnitude increase in the laser output pow
er and efficiency previously obtained for these metal vapor
transitions using hollow cathode discharges."

In summary, electron beam pumping is a new way to
excite ion lasers that has the potential of increasing both the
operating efficiency of these devices as well as the output
power.23

B. Large area glow discharge electron beam annealing
of Ion-Implantation damage

We have thermally annealed ion-implant damage in sil
icon wafers using a broad area (7.5 em in diameter) glow

discharge electron gun. This allowed for irradiation of an
entire 3-in. (7.5-cm) wafer without beamor wafer scanning
as did previous investigators." An electron beam power of
up to 3 kW at a current of0.7 A was created using a magne
sium oxide-molybdenum cathode. The electron beam was
produced in helium at a pressure between 0.1 and 2 Torr.
The experimental setup shown in Fig. 8 was used to anneal n
type silicon wafers implanted with 30-keV boron ions to a
total dose of 5X 1015 ions/em". Samples were isochronally
annealed for 15 sec at different electron beam power densi
ties and the change in sheet resistivity was measured. The
reduction of sheet resistivity exhibited a threshold of 160 I/
em?and reached 10% of the initial value at a total energy of
725 I/ern", Annealing ofdoped polysilicon and silicide films
was also achieved .

In summary, broad area glow discharge electron guns
provide enough power density to allow processing of large
area wafers in a few seconds without requiring focusing and!
or scanning of the electron beam.

C. Electron-beam-assisted chemical vapor deposition

We have used glow discharge electron beams to deposit
SiD2 and Si3N4 films on silicon wafers at low substrate tem
peratures (200° to 400°C). The need for low temperautre se
miconductor processing becomes increasingly important as
semiconductor device structures move to submicron dimen
sions. Low temperature processes reduce dopant redistribu
tion, wafer warpage, and crystalline defect generation each
of which are induced by high temperature processing. We
used electron beam dissociation of the reactants as a new
CVD technique compared to conventional rf plasma assisted
CVD . In contrast with radio frequency CVD, where the re
action volume fills almost all of the chamber, in the electron
beam scheme the reaction is confined to the volume deter
mined by the electron-beam-created plasma. In this way, the
amount of reactants lost to the walls is largely reduced as is
the undesired sputtering from chamber walls. We used both
aluminum and sintered cathodes to produce rectangular
electron beam sheets (2X 30 mm) located parallel to the wa
fer surface. The beam electrons collide with the reactant gas
molecules dissociating and creating free radial species that
include excited atoms and molecules, as well as positive and
negative ions. These species diffuse across a boundary layer
to the heated substrate. Nucleation and film growth occurs
at absorption sites leading to the formation of islands. The
process continues with coalescence of these islands to form.a
continuous film. The experimental setup we used to obtain
electron beam induced CVD of SiD2 and Si3N4 is shown in
Fig. II . We expect the electron beam CVD technique to be

FIG. 10.Setup used for electron beam pump
ing of cw ion lasers utilizing two electron guns
that produce two counter propagating elec
tron beams. Electromagnet keeps the two
beams well collimated .
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FlO. 11. Experimental setup for electron beam CVD ofSi02and Si3N4.The
wafer is located on the substrate heater.
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away by the bombardment ofthe cathode surface by ions and
fast neutrals. A similar need for an oxide layer was observed
for LaB6 cathodes. The use of sintered refractory metal-ce
ramic cathode materials such as M<r-Al203 allowed us to
produce multikilowatt electron beams at an efficiency of up
to 75% in a pure noble gas atmosphere without the need for a
partial pressure of oxygen. Glow discharge electron guns
have been successfully used in the excitation of cw ion lasers,
chemical vapor deposition ofthin microelectronic films, and
for the rapid thermal annealing of ion-implanted damage in
silicon wafers. Other applications are suggested .

CERAMIC

HEATER

TARGET

ELECTRON
BEAM ~

::~::~::::::;:::::::::::::::::::::::::::::::::::::::::::::::~:::=::-:-

useful as a means to deposit a large variety of insulating,
metallic, as well as semiconducting, films over large areas .

D. Other suggested applications of glow-dlscharge
created electron beams

Glow discharge electron guns can find other applica
tions in experimental situations in which an electron beam is
needed at pressures between 10-2and 3Torr; since, they can
operate at these pressures without differential pumping.
Glow discharge electron beams of 1keY, for example, can be
used to simulate heavier particles which ionize and excite the
laser medium as in the case of a nuclear-pumped laser plas
ma,25 Another application is the generation of x rays for
preionizing gas laser discharges or for x-ray photolithog
raphy. Glow discharge electron guns could also be used as
the ionization source in broad area ion sources. Unique ad
vantages would be both the broad area of the source as well
as the abundance of multiple ionized species. Finally, elec
tron-beam-assisted unidirectional etching of microelectron
ic thin films and substrates is possible using the electron
beam to enhance surface etching rates without the surface
texturing or crystal damage that ion beams cause.

VII. SUMMARY

Ten different electron gun cathode materials have been
compared for the production of glow discharge electron
beams in helium at pressures between 0.1 and 3 Torr. Alumi
num and magnesium, when covered by a thin oxide layer can
produce electron beams with discharge currents up to 1.2A
at measured beam generation efficiencies of up to 80%.
However, a small amount of oxygen (5 to 20 mTorr) must be
present in the discharge to allow for the regrowth and main
tenance of the oxide layer which is continually sputtered
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