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Applications of heavy-negative-ion sources for materials science „invited …

Junzo Ishikawaa)

Department of Electronic Science and Engineering, Kyoto University, Sakyo-ku, Kyoto 606-8501, Japan

~Presented on 8 September 1999!

Applications of heavy negative ions produced by sputter-type negative-ion sources for materials
science are reviewed. Submilliampere and milliampere heavy-negative-ion beams can be produced
by a neutral- and ionized-alkaline–metal-bombardment-type heavy-negative-ion source and rf
plasma sputter-type negative-ion sources, respectively. These negative-ion beams can be applied for
materials processing such as ion implantation, ion beam etching, and ion beam deposition. In
negative-ion implantation the charge-up of implanted material surfaces is greatly reduced, and thus
ion implantation without target charging is possible. The etching rate due to fluorine-negative ion is
mainly determined by its kinetic energy. Pure diamondlike carbon films with highsp3 structure
have been prepared by C2 and C2

2 ion beam deposition, and CN films by CN2 ion beam deposition.
Negative ions provide an excellent tool for materials processing applications. ©2000 American
Institute of Physics.@S0034-6748~00!51302-1#
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I. INTRODUCTION

Ion beam applications in materials science such as
implantation, ion beam etching, and ion beam deposition
currently performed by using positive ions. The reason
simple: it was believed that heavy negative ions could no
effectively produced and that there was no difference
tween negative and positive ions in ion–material inter
tions.

It has been clarified that heavy negative ions can be
fectively produced by surface effect processes, i.e., sputt
particle emission from a cesiated target surface. For optim
surface conditions, the negative-ion production efficiency
sputtered particles is relatively high, i.e., from a few perc
to more than 20%.1 This efficiency is much higher than th
ionization efficiency of sputtered particles in sputter-ty
positive-ion sources. Thus, submilliampere and milliamp
heavy-negative-ion beams have been produced by spu
type negative-ion sources,2–4 and high current dc mode io
beams have also been obtained from plasma-sputter-
negative-ion sources.5–7 A dc mode ion beam is essential fo
ion-beam materials processing.

Negative ions have different features from positive ion8

the charge polarities are opposite; as for the internal pote
energy, the absolute value of the electron affinity~about 1
eV! for negative ions is much smaller than the ionizati
potential~about 10 eV!. When an ion is neutralized, the ele
tron affinity energy is absorbed from the surroundings for
case of a negative ion, while the the ionization potential
ergy is ejected to the surroundings. The difference betw
these features leads to the difference between negative
and positive-ion-material interactions.

Although the surface charging of insulated materi
during positive-ion implantation can be quite large a
troublesome, surface charging during negative-ion implan
tion is extremely low and in fact negligible.7–10 This is

a!Electronic mail: ishikawa@kuee.kyoto-u.ac.jp
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caused by the difference of their charge polarities. Chargi
less ion implantation will be performed when negative io
are used for implantation. Negative-ion implantation in
large scale integrated~LSI! chips without damage to gat
insulator11 or into micron-sized particles without particl
scattering12 is possible. In the case of negative-ion implan
tion into polymers, the cell-adhesion properties of implan
surfaces can be controlled.13 The formation of micron-sized
metal particles by high dose metal-negative-ion implantat
into glass materials can enhance their nonlinear opt
properties.14

Ion beam etching is mainly caused by the ion kine
energy. Therefore, there is no large difference between
etching rates by negative and positive ions. It is expected
fluorine-negative ions will etch Si and SiO2 substrates in
proportion to the ion momentum.15

The kinetic energy of ions used for ion beam deposit
is usually as low as several tens to a few hundred eV. Th
fore, the internal potential energy of positive ions, i.e., t
ionization potential, is comparable with the kinetic energ
or at least is not negligible compared to the kinetic energy
positive-ion beam deposition, the ionization potent
strongly affects the film formation process and sometim
covers the effect of film formation due to the ion kinet
energy. When negative ions are used for ion beam dep
tion, atomic bonding processes due to the kinetic energy,
kinetic bonding, can be clearly examined because of
small internal potential energy, i.e., electron affinity. Di
mondlike carbon~DLC! films with high atomic density and
high sp3 structure concentration can prepared by carb
negative ion beam deposition~C2 and C2

2!.8,16,17 CN films
can be formed by CN-negative-ion beam deposition.18,19

Thus, new negative-ion beam applications such as ne
tive ion implantation, negative ion etching, and negative
beam deposition are promising in materials science proc
ing.
6 © 2000 American Institute of Physics

P license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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II. SPUTTER-TYPE NEGATIVE-ION SOURCES

We have developed two kinds of sputter-type negati
ion sources: a neutral- and ionized-alkaline–me
bombardment-type heavy-negative-ion source~NIABNIS!,2

and a rf plasma-sputter-type heavy negative-ion source5–7 for
materials science applications. In the NIABNIS, as shown
Fig. 1, cesium ions and neutral particles are extracted f
an electron-bombardment-type ion source, and are irradi
onto a cone-shaped sputter target. If the cesium flux is
ficiently supplied to the sputter target surface, then its w
function becomes minimum. Thus, the sputtered particles
effectively changed to negative ions. In this ion source,
same extraction voltage as used for cesium positive ion
also used for the extraction of produced negative ions, wh
is usually 10–20 kV. From this type of ion source no g
particles are emitted; therefore, it is suited for ion be
deposition application where high vacuum conditions are
ten required. When nitrogen gas is introduced into a ces
ion source with a graphite sputter target, CN negative i
can be produced.19 Another version of NIABNIS which has a
microwave ion source as a cesium ion and neutral part
source has also been developed to obtain relatively high
rent negative ions.17

In order to obtain milliampere heavy negative ions, an
plasma sputter-type heavy-negative-ion source as show
Fig. 2 was developed.5–7 In this ion source, xenon or argo

FIG. 1. Neutral- and ionized-alkaline–metal-bombardment-type hea
negative-ion source~NIABNIS!.

FIG. 2. rf plasma sputter-type heavy-negative-ion source.
Downloaded 04 Jun 2007 to 130.54.110.22. Redistribution subject to AI
-
l-

n
m
ed
f-
k
re
e
is
h

s

f-
m
s

le
r-

f
in

gas was effectively ionized by an rf~13.56 MHz! discharge
at a relatively low gas pressure. A sputter target was ne
tively biased by several hundred volts, then plenty of xen
or argon ions bombarded on the sputter target surface. W
a sufficient neutral cesium flux was supplied to the spu
target surface to make the work function minimum, an e
cient negative-ion-production process took place, a
milliampere-class negative-ion beams were generated. In
der to prevent the negative ions from being destroyed du
transport in the plasma region due to electron detachm
collisions, a very low gas pressure of 1024– 1025 Torr in the
plasma generation region was essential. A crossed mag
field was used to suppress electron emission from the
source. Under normal operation, a target which consiste
the material to be ionized was used: copper target for C2

ions, graphite target for C2 and C2
2 ions, polysilicon target

for Si2 ions, sintered LaB6 target for B2
2 ions, poly-GaP

target for P2 ions, etc. When gas was fed into the plasm
region, negative ions of the gas were produced: O2 gas feed
for O2 ions, and SF6 gas feed for F2 ions.20,21 In special
cases, negative ions of compound materials which consi
of target and fed gas materials could be produced: a grap
target and N2 gas feed for CN2 ions.19 Extracted currents
from the rf plasma sputter-type negative-ion source are in
cated in Table I. A small version of rf plasma sputter-ty
negative-ion source was also developed for a negative
implanter as shown in Fig. 3.7

-

TABLE I. Negative ion currents obtained from rf plasma sputter-ty
heavy-negative-ion source.

Negative
ion Cu2 C2 C2

2 Si2 B2
2 P2 O2 F2 CN2

Maximum
current
~mA!

12.1 1.6 2.3 3.8 1.0 0.92 4.7 4.5 0.88

Material
to be
ionized OFHC graphite poly-Si

sintered
LaBa8

poly-
GaAs

O2

gas
SF6

gas
graphite
1N2 gas

FIG. 3. Negative-ion implanter.
P license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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III. NEGATIVE-ION IMPLANTATION

A negative ion has an electron which is easily relea
during a collision. Therefore, the secondary electron em
sion yield due to the bombardment of negative ions is lar
by about 1 than that due to the bombardment of posi
ions.22,23 This means that the charging voltage of an ins
lated material due to negative-ion irradiation is greatly
duced, because the incoming negative charge of the neg
ion is easily balanced by the outgoing negative charge of
secondary electron with relatively high energy,7–11 as shown
in Fig. 4. The charging voltageVc is determined by the fol-
lowing equation:

gE
eVc

Emax
N~E!dE51, ~1!

whereg is the secondary electron emission yield,N(E) is
the energy distribution function of secondary electrons, a
Emax is the maximum energy of secondary electrons. T
charging voltage of insulated conductive materials due
negative-ion irradiation is usually positive by several vol
and is 2–4 orders of magnitude lower than that due
positive-ion irradiation. The charging voltage of insulato
due to negative-ion irradiation is also very low, i.e., negat
by several volts, because an electric double layer is gener
on the surface.24,25 Since the charging voltage of insulate
materials due to negative-ion irradiation is between plu
minus several volts, essentially charging-free negative-
implantation is possible.

A. Implantation into LSI chips with thin gate oxide

For the case of positive-ion implantation, an electr
shower or a plasma neutralizer is used to reduce the char
voltage of the gate electrode during implantation. Howev
the breakdown voltage of the gate oxide for ultralarge sc
integrated~ULSI! circuits will become lower and lower yea
by year. Thus, utilization of a charge neutralizer will fa
difficulty. When the negative-ion implantation technique
adapted for LSI fabrication processing, the charging volta
of the gate electrode during implantation is much less t

FIG. 4. Schematic diagram illustrating the charge equilibrium of an isola
electrode during negative-ion implantation.
Downloaded 04 Jun 2007 to 130.54.110.22. Redistribution subject to AI
d
-
r
e
-
-
ive
e

d
e
o
,
o

e
ted

–
n

ng
r,
le

e
n

the breakdown voltage without charge neutralizer, and so
implanter with a very simple end station would be possib

For the estimation of ULSI yield rates due to negativ
ion implantation, yield rates of a test element group~TEG!
device with negative-ion implantation were measured.10 The
TEG device consisted of 130 metal–oxide–semiconduc
~MOS! capacitor elements, each of which had a char
collecting antenna electrode of polysilicon~232 mm! and a
gate oxide film with a thickness of 20 nm~capacitor region!.
Three MOS capacitor areas@535mm ~antenna ratio: 1.6
3105!, 10310mm ~antenna ratio: 43104! and 50350mm
~antenna ratio: 1.63103!# were used. A copper negative-io
beam with an energy of 15 keV and a current of 25mA was
implanted with a dose of 1015 ions/cm2. For the case of the
devices with an antenna ratio of 1.63105, the total charge
implanted into the antenna was calculated to be 9.6 C/cm2.

Figure 5 shows the results of breakdown voltage m
surements for the TEG device. All devices with antenna
tios of 1.63103 and 43104 indicated no damage below a
applied voltage of 18 V, and 97.7% of the devices with
antenna ratio of 1.63105 showed no damage. These resu
show almost no damage would be expected in ULSI fabri
tion processes with negative-ion implantation, although m
MOS devices with a gate oxide film thickness of 20 n
suffer serious damage under positive-ion implantation w
an implanted charge of 10 C/cm2.

d

FIG. 5. Breakdown voltage measurement of TEG devices.
P license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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B. Implantation into powder particles

Ion implantation into micron-sized powders such as
ramic and polymer particles is greatly needed for appli
tions in the medical and catalytic fields. When these pow
particles are implanted with positive ions, they are scatte
by the Coulomb repulsion force due to their strong surfa
charging, and then implantation to sufficient dose is v
difficult.

The critical surface charging voltage of powder partic
for scattering depends on the particle diameter, and the m
mum value has been measured to be 1 kV.11,12,26 During
negative-ion implantation the surface charging voltage
only several volts, and so is always below the critical val
Therefore, it is expected that no powder particle scatter
takes place during negative-ion implantation. When carb
and copper negative-ion beams with energies of 20–40
were irradiated with doses of 1015– 1016/cm2 into various
powders ~silica and glass beads!, no scattering was
observed.12 Therefore, negative-ion beam processing
suited for implantation into powder particles.

C. Implantation into polymers for cell adhesion

The contact angle of polymers strongly affects ce
adhesion properties. The contact angle of polymers can
controlled by ion implantation, and thus the cell-adhes
properties can be improved within a selectively implan
area.13,27,28Since polymers are insulating and a precise i
plantation energy is essential to cell-adhesion cont
charging-less negative-ion implantation is preferable.

Figure 6 shows the contact angle for polystyrene s
faces which were implanted by silver negative ions with
dose of 3.031015 ions cm22, as a function of the ion
energy.13 The contact angle significantly decreased from 8
to 73° with the increase in ion energy from 5 to 20 ke
Figure 7 shows the number of human umbilical vascular
dothelial cells~HUVEC! that attached to the polystyrene su
face after culture periods of 1,2, and 3 d as afunction of the
contact angle. The threshold contact angle was found to
around 85°, below which the surface exhibited good c
adhesion properties.13 Thus, the HUVEC adhesion area ca
be limited to the negative-ion implantation region.

FIG. 6. Contact angle of Ag negative-ion-implanted polystyrene as a fu
tion of ion energy, for a constant ion dose of 331015 ions cm22.
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D. Implantation into glass for nonlinear optical
characteristics

When a metal ion such as copper was implanted i
glass with a high dose of around 1017 ions/cm22, ultrafine
grains of metals were formed, enhancing the nonlinear o
cal characteristics of third order.14 For such a high dose im
plantation into insulators, charging-less negative-ion impl
tation is preferable.

IV. NEGATIVE-ION BEAM ETCHING

Recently much attention has been paid to negative-
beam etching because of the possibility of charging-l
etching, or a combination of positive- and negative-ion-be
etching for charge neutrality. However, no experiment
etching rate due to negative ions has been reported. From
rf plasma sputter-type negative-ion source, milliamperes
fluorine negative ions can be extracted,20,21 and then mea-
surement of the etching rate due to fluorine negative ion
possible.

Figure 8 shows the etching rate of Si and SiO2 due to
fluorine-negative ions as a function of the square root of
ion energy.15 The etching rate was normalized assuming
radiation with a current density of 1 mA/cm2. The etching
rate was proportional to the square root of the ion ener
which means that the sputtering was mainly due to ene
transfer by kinetic collisions. Therefore, it is expected th
the etching rate due to negative ions would not be mu

c-FIG. 7. Change of the number of HUVEC attached to Ag negative i
implanted polystyrene surfaces with various doses after culture for 1, 2
3 d as a function of the contact angle.

FIG. 8. Etching rate of Si and SiO2 due to fluorine negative ions as
function of square root of the ion energy.
P license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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different from that due to positive ions, and the differen
appears in their charge polarity and charging properties.

V. NEGATIVE-ION BEAM DEPOSITION

For negative-ion beam deposition a depositor as sho
in Fig. 9 was developed.29 Since pure films were desired, th
NIABNIS, which emitted no gas particles, was used in t
depositor. The background gas pressure of the depos
chamber was 231029 Torr. The negative current was 20–3
mA for C2 deposition, 10–15mA for C2

2 deposition, and
5–10 mA for CN2 deposition. The energy range of the io
beam used for the deposition was between 20 and 1000
The energy spread of the negative ion beams was abou
eV; for example, 6.8 eV for a Ag2 ion beam and 13.5 eV fo
a C2 ion beam.30 The initial energy of negative ions whe
sputtered was as low as a few eV; for example, 1.6 eV
Ag2 ions and 5.0 eV for C2 ions. Thus, by using negativ
ions, ion beam deposition with an exact deposition ene
can be performed.

A. DLC films

Figure 10 shows thesp3 fraction as a function of the
incident ion energy for films formed by C2 and C2

2 ion-beam
deposition on silicon substrates. The incident ion ene

FIG. 9. Negative-ion-beam depositor.

FIG. 10. Thesp3 fraction as a function of incident ion energy for film
formed by C2 and C2

2 ion beam deposition.
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means kinetic energy per atom in this Fig. 10. Thesp3 frac-
tion strongly depended on the negative-ion kinetic ener
having a peak at an energy of around 50–100 eV. T
means that thesp3 bonding due to kinetic energy, i.e., k
netic bonding which enhances metastable crystal struct
would proceed at a kinetic energy of 50–100 eV atom.

B. CN films

Figure 11 shows the N/C ratio as a function of the in
dent energy of CN2 ions for films formed by CN2 ion-beam
deposition on silicon substrates. The N/C ratio was evalua
from XPS measurements of the film surface. The film with
high N/C ratio was prepared at a kinetic energy of arou
100 eV, at which energy metastable structures would be
lectively formed by kinetic bonding.
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