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Linear Anode-Layer Ion Sources with 340- and 1500-mm Beams
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Ion source Ion beam sputtering
Ion beam-assisted deposition Ion-assisted deposition
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ABSTRACT

Anode layer ion sources (ALS) with 340-mm and 1500-m
beam lengths have been developed and tested. These so
deliver intense, collimated ion beams for treatment of lar
area substrates, such as glass and flexible webs. Substrat
typically translated perpendicular to the major axis of the 
source in an in-line coating system. Typical applicatio
include cleaning of substrates prior to deposition and in
layer treatment between deposition layers. Data are prese
showing energy and current density of ion beams at 
substrate. Longitudinal beam current uniformity of ±5% has
been obtained over the active area of the beam. Etch rat
substrates translating in front of the source are presen
Treatment of glass samples with the ion source decrea
water contact angles substantially. Substrate contamina
was measured and found to be minimal.

INTRODUCTION

Anode layer ion sources are a variant of the Hall curren
closed drift ion source. Anode layer sources were first de
oped in the Soviet Union in the 1960s as spacecraft propul
devices [1,2], similar to the gridded thrusters developed
NASA in the United States. Like gridded thrusters, ALS a
also used for thin film processing and surface modificat
applications [3,4].

Anode layer sources used for space propulsion or for tr
ment of small substrates are typically round. However, 
industrial applications that involve treating substrates of la
areas, it is more typical to use a linear ion source and tran
the substrates in front of the beam. Examples include subs
cleaning of in-line web and industrial glass coating syste

DESCRIPTION OF ION SOURCE

A sectional view of a linear ALS is shown in Figure 
Conceptually, the ALS has three main components: (1) 
anode, (2) the inner and outer cathodes, and (3) the mag
The anode is the high voltage electrode of the system. 
biased to a large positive voltage, usually 1-3 kV. The ca
odes are electrically grounded. The cathodes also serve a
pole pieces of the magnetic circuit, and they are, con
quently, made of a magnetic material such as carbon steel
© 2003 Society of Vacuum Coaters 505/856-7188
46th Annual Technical Conference Proceedings (2003)  ISSN 0
m
urces
ge-
es are
ion
ns
ter-
nted
the

es of
ted.
sed
tion

t or
vel-
sion
 by
re

ion

eat-
for
rge
slate
trate
ms.

1.
the
nets.
It is
th-
s the
se-

. The

magnets are placed inside the source. Their function is
produce a large magnetic field in the small gap between 
inner and outer cathodes. The magnetic field vectors 
primarily parallel to the surface of the anode.

Figure 1:  Schematic cross section of an anode layer ion sou
(ALS).

The plasma dynamics of the ALS are similar to those o
planar magnetron. The magnetic field between the inner a
outer cathodes prevents electrons from traveling directly
the positively biased anode. Instead of moving towards 
anode, the electrons move along the cathode gap in a H
current that is perpendicular to both the magnetic field a
electric field vectors. The gap between the cathodes must fo
a closed loop or “racetrack” so that the Hall current can flo
continuously around the loop. The Hall current provides ve
efficient ionization of the working gas in the cathode ga
creating a dense plasma in that region. The electrons have 
low mobility towards the anode due to the impedance to th
movement perpendicular to the magnetic field lines. T
potential gradient in the plasma created by the electrons’ l
mobility accelerates the ions out of the source. The kine
energy of the individual ions leaving the source is som
fraction of the voltage applied to the anode and is determin
by the position in the potential field at which the ions a
created. Most of the ion production and acceleration tak
place in a thin layer adjacent to the anode called the “ano
layer” which gives the source its name. The ion beam emit
by the source is neutralized by secondary electrons from 
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cathodes and downstream surfaces. Typically, a neutraliz
not needed.

The body of the anode layer ion source is electrically groun
and water-cooled. The anode is also water-cooled. The wo
ing gas is introduced into the body cavity behind the ano
such that gas is uniformly distributed along the length of t
source. The source components are compatible with arg
oxygen, nitrogen, hydrocarbons, and other reactive gase

A useful feature of anode layer sources is that the length of
racetrack can be easily scaled to practically any length p
vided the gaps between cathodes and anode remain cons
The cross-section shown in Figure 1 forms the basic design
the two sources shown in Figure 2. These sources have 
constructed so that the straight sections of their racetracks
1500-mm and 340-mm, respectively. Operating characte
tics from these two sources will be presented in the followi
section.

Figure 2:  1500-mm and 340-mm ALS.

OPERATING CHARACTERISTICS

An operator of an ion source using it to treat a substrate 
be mainly concerned with three characteristics of the 
source: (1) How much ion current can be applied to t
substrate? (2) What is the spatial distribution of the ion curr
at the substrate? (3) What is the energy of the ions when 
reach the substrate? This section will examine these opera
characteristics for the 340-mm and 1500-mm anode layer
sources.

Total Ion Current Produced
One tool useful for characterizing an ALS is the depende
of discharge current and ion current on the amount of 
supplied to the ion source. Discharge current is defined as
electrical current flowing between anode and cathode. T
current is measured at the power supply. Ion current is defi
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as the current of ions leaving the ion source and striking t
substrate. This current is measured by a probe at the locat
of a substrate. Figure 3 shows discharge current and 
current plotted against oxygen flow for the 340-mm ALS. Th
ion current that could be measured at a substrate locat
20 cm downstream from the source was 60-90% of th
discharge current. This ion current fraction will vary with the
operating condition of the source and the process conditio
in the vacuum chamber. For example, increased system pr
sure (caused in this case by higher ion source flow rate
causes some ions to be scattered and/or charge exchange
that they cannot be detected by the probe. An important met
illustrated by Figure 3 is that up to 15 mA of ion current ca
be developed per linear centimeter of ion source. The 150
mm source produces similar ion current per unit length due
the scalability of the sources.

Figure 3:  Discharge current and ion current vs. oxygen flo
for an ALS 340L operating at a discharge voltage of 3.0 kV

Ion Current Density Profiles
The spatial distribution of ion current emitted from an ion
source is an important measure of its performance. The i
current density profile (or beam profile) of a linear ion sourc
can be measured by sweeping a Faraday probe across
major or minor axis of the source and recording ion curre
density as a function of position. Figure 4 presents the bea
current density profile across the minor axis of the 340-m
ALS operating at a discharge voltage of 3 kV and dischar
currents of 250, 500, and 750 mA. The distance from th
source to the probe was 10 cm. The minor axis beam prof
of the 1500-mm ALS is characteristically similar due to th
common cross section used for construction of both sourc
Figure 5 presents the etch rate of glass as a function of posit
for the 340-mm ALS to demonstrate that the etch profil
closely matches the ion current density profile.
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Figure 4:  Ion current density profiles at various discha
currents across the minor axis of an ALS 340L operating
3.0 kV discharge voltage.

Figure 5:  Etch rate profile of glass across the minor axis o
ALS 340L operating at 3.0 kV discharge voltage, 500 m
discharge current, normal incidence.

The uniformity of the major-axis ion current density is a
important parameter of the ion source as it will direc
influence substrate uniformity in an in-line system. Figure
presents the beam current density profile along the major 
of the 1500-mm ALS operating at 3 kV discharge voltage 
1.5 A and 1.0 A discharge currents. The shape of the Fara
probe aperture was a narrow rectangle extending acros
full minor axis beam width that captured a slice of the be
at each position along the major axis of the beam. This typ
Faraday probe is necessary for measuring the major-
uniformity of a linear ion source, as it measures the rela
“dose” (i.e., current per centimeter of beam length) that wo
be delivered to the substrate as it moved across the major
of the beam. The uniformity of the beam current dens
“dose” for the two plots in Figure 6 is ±5% over the active
length of the beam. The active length is defined as the stra
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section of the racetrack. The increase in current density at 
ends of the source results from the curved portion of th
racetrack delivering more current per linear centimeter of io
source. The size of the ion source for a particular applicati
is selected so that the substrate fits inside the peaks at the ed
of the profile.

Figure 6:  Ion current density profiles along the major axis o
an ALS 1500L.

Ion Energy Distribution
Unlike with gridded ion sources, the energy of the beam io
produced by an ALS cannot be determined from dischar
parameters and must be measured experimentally. A retard
potential analyzer (RPA) was used to measure the ene
distribution of beam ions produced by the 340-mm ALS
Figure 7 shows the energy distribution function of argon ion
produced by the source operating at a 3.0 kV dischar
voltage. The mean energy of this distribution is 730 V. Figu
8 shows a plot of the mean ion energy as a function 
discharge voltage. The mean ion energy ranges between 2
and 45% of the discharge voltage.

Figure 7:  Argon ion energy distribution of an ALS 340L
operating at 3 kV discharge voltage.
265
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Figure 8:  Mean ion energy vs. discharge voltage for an A
340L operating on argon.

PROCESS RESULTS

A 340-mm ALS was positioned in front of a rotating substra
holder so that substrates could be swept perpendicular to
major axis of the beam to simulate a substrate translating
front of the source in an in-line coater. Three different expe
ments were performed with this experimental arrangeme
First, silica etch rates were measured at varying source co
tions and source-to-substrate angles. Second, the ability o
ion beam to change water contact angles of glass substr
was examined. Finally, a measurement of residual contami
tion deposited on a moving substrate by the ion source w
measured. In all tests, the speed of the substrate moving 
the ion source was 10 m/min, which is a typical line speed
industrial glass coaters. The source-to-substrate distance
11.5 cm.

Etch Rate of Silica
Silica (SiO

2
) substrates were passed in front of the beam a

speed of 10 m/min. Repeated passes were made to produ
large etch for measurement accuracy. The amount of mate
removed was then measured optically with an ellipsomet
The source was operated on a gas mixture of 80% argon
20% oxygen. The discharge current was controlled to 500 m
This discharge current equates to an ion current of 10 mA 
linear centimeter of substrate. The discharge voltage w
varied between 1.0 kV and 3.0 kV. The source-to-substr
angle of incidence was varied from 0° (normal incidence) to
60° incidence. The tests were conducted at a constant pres
of 2.0 mTorr. The results of the etch experiments are plot
in Figure 9. The amount of silica etched per pass is plotted
266
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Figure 9:  Etch depth per pass vs. ALS discharge voltage
SiO

2
 substrate moving at 10 m/min perpendicular to AL

major axis at different source-to-substrate incidence ang

Contact Angle Modification
Experiments were also performed to measure the ability of
ALS to modify contact angles of water droplets on a gla
substrate. The contact angle is the angle between the tan
of a droplet surface and the tangent of the solid surface a
point of contact. The contact angle gives an indication of 
surface energy of the substrate. Smaller contact angles 
cate higher surface energy and, therefore, better adhesio
applied coatings. Determining a surface’s precise surf
energy is a complicated process and is not attempted in
paper. However, the relative difference in contact angle 
tween different samples does provide a useful relative c
parison in the surface energies of the samples.

Nineteen samples of commercially available float glass w
measured in this study. The contact angles of de-ionized w
droplets were measured using a goniometer before treatm
with the ALS. All measurements were made on the side of
glass that is not exposed to tin during the float process. 
untreated contact angles of the 19 samples are displaye
squares in Figure 10. The untreated contact angles ran
from 18° to 38°. Significant variation also occurred at differ
ent measuring locations on a single sample.

a function of the discharge voltage. The etch rates of 1-1
per pass represent a removal rate of 1 to 2 atomic layers
pass at a line speed of 10 m/min. It can be seen that increa
the angle of incidence from normal to a 60° glancing angle
increases the removal rate by approximately a factor of
four.



h the
ple
 to
ge
ere
nt

0%
d in
les
the
oss
 19

ting

rce,
 be
ary
etic
red

ble
ial

the
ode
ow
ests
sign

, a
te of
ting
e

ron
en-
ere
the
g

line
mic
t.
Figure 10:  Water contact angle of float glass substrates be
and after treatment by ALS. Treatment conditions listed 
Table 1.

Table 1:  Ion source operating conditions for contact ang
modification.

Sample % O
2

Discharge Discharge
    # (balance Ar) voltage (kV) current (mA)

1 50 2.5 300

2 80 2.5 300

3 80 2.5 300

4 80 2.0 300

5 80 3.0 300

6 80 2.5 390

7 80 2.5 200

8 20 2.5 300

9 80 2.5 300

10 80 2.5 300

11 0 2.5 310

12 100 2.5 240

13 80 1.0 180

14 80 1.5 133

15 0 1.5 133

16 100 1.5 133

17 20 3.0 200

18 80 3.0 200

19 80 3.0 200
fore
in

le

The 19 samples were then treated by a single pass throug
340-mm ALS beam at a line speed of 10 m/min. Each sam
was treated with a different ion source operating condition
find an optimum process for surface modification. Dischar
voltage, discharge current, and working gas composition w
varied. The working gas compositions consisted of differe
percentages of oxygen in argon from 100% oxygen to 10
argon. The operating conditions used in the study are liste
Table 1. After treatment with the ion beam, the contact ang
of the samples were significantly reduced as shown by 
diamonds in Figure 10. The variation in contact angle acr
the sample set was also significantly reduced with 18 of the
post-treatment contact angles reduced to less than 5°. No
correlation between contact angle and ion source opera
condition was evident, indicating a robust process.

Substrate Contamination
As discussed in the description of the anode layer ion sou
the basic design of an ALS requires that the cathodes
positioned close to the ion beam to allow for some second
electron emission. Since the cathodes function as magn
pole pieces, it is also necessary that they be manufactu
from carbon steel or some other magnetically permea
alloy. Thus, there exists the possibility for cathode mater
(mainly iron) to be sputtered from the cathodes onto 
substrate by beam ions. The design of the cathode/an
geometry and magnetic field strength plays a large role in h
much material is sputtered. The sources used for the t
described above were based on a carefully optimized de
that minimized cathode sputtering.

To test the level of contamination produced by these ALS
silicon witness piece was passed through the beam at a ra
10 m/min. The source was operating at a standard opera
condition of 3 kV discharge voltage, 400 mA discharg
current and working gas of 80%/20% Ar/O

2
. The surface of

the witness piece was then analyzed with X-ray photoelect
spectroscopy (XPS) to determine surface elemental conc
trations. The XPS survey scan is displayed in Figure 11. Th
was no evidence of iron in the survey scan. The arrow in 
plot indicates where the iron line would be if it were stron
enough to be detected. A high resolution scan of the iron 
showed that iron concentration at the surface was 0.1 ato
percent, which is near the detection limit of the instrumen
267
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Figure 11:  XPS survey scan of a silicon substrate treate
ALS at 10 m/min line speed.

CONCLUSIONS

Linear anode layer sources of 340-mm and 1500-mm len
have been built and tested. Longitudinal beam uniformity
±5% has been obtained over the active area of the ion so
Silica etch rates of 1-2 atomic layers (1-10 Å) per pass h
268
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been demonstrated at line speeds of 10 m/min. It was sho
that ALS treatment of glass reduced water contact ang
indicating an increase in surface energy. Contact angles w
reduced to <5° over a wide range of ion source operatin
conditions. Finally, XPS measurements of witness piec
showed substrate iron concentrations of only 0.1 atom
percent.
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