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Abstract

The development of a low-cost, accurate, non-intercepting continuous method for measuring the beam current in a high-current ion
implanter is described. The method, named a differential current monitor, is based on the electric charge conservation principle, applied
to the currents that flow in the implanter electrical system, due to the acceleration voltage applied to the ion beam and the leakage cur-
rents to ground. This method allows for continuous measurement of the ion beam current without intercepting it. Since its installation, it
is possible to accurate measure ion beam currents from tens of lA to mA, which is the normal range for this type of system.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The high-current ion implanter (HCII), shown in Fig. 1,
model 1090, manufactured by Danfysik [1], was installed at
the Nuclear and Technological Institute (ITN), Sacavém,
Portugal. This facility has been mainly used to implant
samples for research applications, where low beam current
isotopes are used [2–10]. The HCII system is equipped with
a cold hot reflex discharged ion source (CHORDIS), model
920, originally developed at GSI, Germany. The operating
flexibility of the ion source (sputter, gas and vapor version),
makes it possible to obtain ion beams of nearly all elements
of the periodic table [11,12]. However, for safety reasons,
radioactive or very hazardous elements are not handled.
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For the elements used, ion beams currents up to several
mA can be obtained.

The maximum ion beam acceleration voltage is 210 kV
(50 kV extraction plus 160 kV post-acceleration). Hence
for singly charged ions an energy of 210 keV can be
obtained. The beam can be focused on the target in a
2 cm2 rectangle and can sweep an area of approximately
900 cm2, depending on the mass-energy product. The
isotope purity of the beam is controlled by a double-
focusing 90� magnet with a mass resolution of
M/DM = 250 [1].

For implantation, the precise measurement of the ion
beam current on target is the key point in order to calculate
the implanted dose. Hence, the system shown in Fig. 1 was
originally equipped with a Faraday cup and a beam-stop
device to measure the current. However, their use resulted
in the ion beam being intercepted and subsequent distur-
bance of the experiment. In consideration of this, the
implanter manufacturer subsequently developed a non-
intercepting continuous measuring device based on a
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Fig. 1. Layout of the high-current ion implanter installed at the Nuclear and Technological Institute, Sacavém, Portugal. The PCT is not included.
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parametric current transformer (PCT), with a maximum
error in the current reading of 10 lA [13], allowing for pre-
cise implanted dose control.

Since this implanter runs mainly on research-oriented
projects, the ion beam currents normally implanted are of
the order of tens of lA. Hence, the PCT has not the
required accuracy, added to the fact that the device is very
expensive. Consequently, an alternative method called a
differential current monitor (DCM) was developed to mea-
sure the ion beam current. This low-cost and accurate
method allows for the continuous ion beam current mea-
surement without intercepting the beam before the target,
based on the principle of charge conservation in the
implanter system. Electric currents that flow in the implan-
ter electrical system, which depend on the acceleration volt-
age applied to the ion beam and the leakage currents to
ground are continuously integrated. Consequently, it is
possible to accurate measure ion currents from tens of
lA to mA. To determine the precision of the ion current
measurements the doses implanted in the samples are cal-
culated by RBS.
2. Ion beam current measurement

One of the most important parameters to be controlled
in ion implantation is the dose, D, which is the number of
atoms na implanted for unit area s in the surface of a sam-
ple (atoms/cm2), normally s represents the area scanned by
the beam. The dose can be defined as

D ¼ na

s
: ð1Þ

The number of atoms na implanted into the surface can be
calculated, measuring the current integral, as
na ¼
Q
qe
¼
R T

0
idt

qe
; ð2Þ

where Q is the total charge deposited, which can be related
to the current i of the beam and the total time T of the irra-
diation, q is the charge state of the implanted ion and e is
the electron charge. Considering Eq. (2), if during the
implantation period, the current i changes, the total
implantation time T has to change in order to provide
the intended charge Q. Consequently, it is important to
continuously measure the ion beam current to account
for any changes that will affect the dose implanted.

Also, precise dose determination is essential to obtain
reproducibility in ion implantation. Hence, since the dose
depends on the deposited charge, as shown in Eq. (2), it
is necessary to know precisely the beam current intensity.

The HCII is equipped with two devices for measuring
the ion beam current: a beam-stop and a Faraday cup.
They are positioned in such a way that can intercept the
ion beam, respectively, just after the post-acceleration
and just before the implantation chamber, as shown in
Fig. 1. The beam-stop, shown in Fig. 2, is a water-cooled
isolated copper plate connected to ground and in series
with an ammeter, which is used to control the implantation
process and to get a rough idea of the beam current, since it
has no electronic suppression.

If the beam-stop is hit by a positive beam (Ib) it becomes
positively charged and there is an electric current (It) from
it to earth to neutralize this charge, as shown in Fig. 2.
However, if this electric current is measured, by the amme-
ter in series, its value is not the real beam current

I t ¼ Ib þ Ie: ð3Þ

This measured current can be several times higher than the
beam current, depending on the energy and mass of the



Fig. 2. Schematic of the beam-stop device in the HCII showing the
interaction of the ion beam with copper plate: It, current measured by the
ammeter; Ib, ion beam current; Ie, secondary electron current.
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incoming ions and the target material. This is because,
when the beam strikes the target, secondary charged parti-
cles are emitted, mainly secondary electrons (Ie), which are
electrically equivalent to an incoming positive current [14].
Due to this the ammeter indicates an electric current larger
than the real beam current, as in Eq. (3).

To obtain an exact current measurement it is necessary
to use a more complex apparatus to avoid that these sec-
ondary electrons being counted. This can be done by polar-
izing the beam-stop with a positive direct voltage of about
200 V. Usually, the device used to measure the ion beam
current is the Faraday cup, specially assembled to avoid
the effects of beam interactions with the target. Electric
or magnetic fields are used to keep the secondary electrons
from exiting the system and being counted [14].

To measure the ion beam current in the high-current
implanter, there is a Faraday cup, shown in Fig. 3, with
magnetic suppression, placed at the entrance of the implan-
tation chamber. The use of electron suppression by mag-
netic fields instead of electric fields is mainly to prevent
additional complexity due to the use of high voltage. In
Fig. 3, the copper volume of the Faraday cup is water-
cooled and there is a mechanism that allows for vertical
displacement for beam interception.
Fig. 3. Schematic of the Faraday-cup device in the HCII.
For accurate beam measurement by the Faraday cup it
is necessary to focus the beam inside in a 1 · 1 cm2 aper-
ture. Normally, for mono-isotopic ion beams it is possible
to focus 90% in the Faraday-cup. However, for multi-iso-
tope beams, particularly for low mass elements, due to
the mass resolution of the analysing magnet the distance
between isotopes can be larger than this aperture. In this
case, two situations can occur: (i) each individual mass is
focused but separate from the adjacent one with a value
equal to the dispersion of the magnet; (ii) the beam is defo-
cused to include all the masses in one image, but of great
dimensions.

Even if the current measurement errors are not consid-
ered, the main disadvantage of the Faraday cup or beam-
stop methods is that any beam current fluctuations are
not reflected in the dose calculation, Eq. (2). So the implan-
ter operator should be always be present, since an increase
or decrease of the beam current can introduce errors in the
dose up to 20% or more.

To increase the accuracy in the beam current measure-
ments, the implanter manufacturer developed a non-inter-
cepting device based on a parametric current transformer
(PCT) [13]. This is a toroidal transformer designed for
non-intersecting beam current measurement. It is normally
used to measure the beam current in beam lines and accel-
erators. The current measurement is based on very precise
compensation of the magnetic field created by the beam
current. The assembly consists in a sensitive magnetometer
that determines the resolution and zero drift of the PCT
[15]. Hence, the modulator is sensitive to external magnetic
fields. Therefore these fields should be attenuated by exten-
sive magnetic shielding. The PCT is protected from exter-
nal magnetic fields by multiple multilayer composite
magnetic shields composed of amorphous and crystalline
alloys. This is important when small currents have to be
monitored [13].

The location of the PCT in the 1090 model implanter is
shown in Fig. 1. To allow for the larger square conical
cross-section of the beam tube, a specially designed,
large-aperture (340 mm in diameter) was developed. The
PCT needs to be mounted around the beam scanning
chamber, 1.5 m away from the target position. The zero
offset of the PCT is 1 AT�1 and its magnetic shielding is
not sufficient to shield it from the stray fields of the beam
scanning magnets. A key development was the introduc-
tion of additional magnetic shielding between the magnets
and the PCT. This limits the magnetic field at the PCT to
10�5 T, corresponding to a maximum error in the current
reading of 10 lA [13]. The PCT was developed mainly
for ion beam currents greater than 1 mA, which is normally
the case for service implantation facility, for improving tri-
bological and corrosive behaviour of materials [13,16]. Our
machine is mainly used for research projects where currents
are normally less than 0.1 mA, so the 10 lA error in the
current measurement described above is far greater than
what is tolerable [2–10]. Also, the cost of the PCT is a
big disadvantage.
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Hence, a new method had to be developed for precise
ion beam current measurements in the range between tens
of lA to mA. The answer was the DCM method described
below.

3. Differential current monitor method

Fig. 4 shows the simplified equivalent electric circuit of
the implanter, Fig. 1. The ion source is represented by a
current source. The extraction power supply has a serial
resistance, RS1, for protection, and a parallel resistance,
RP1, for stabilization. The post-acceleration power supply
has a serial resistance, RS2, for protection. The two parallel
resistances, RL1 (150 MX) and RL2 (137.5 MX), represent,
respectively, the set of stabilization resistances placed along
the cooling oil tube for terminal cooling and the net resis-
tances placed along the accelerating tube for distributing
the potential. These parallel resistances are currently
named stabilization resistances or leakage resistances.

Considering the equivalent electric circuit of Fig. 4, the
ion beam current, IB, can be determined as

IB ¼ IPA � ðIL1 þ IL2Þ; ð4Þ
where IPA is the post-acceleration power supply current, IL1

and IL2 represent, respectively, the currents in the leakage
resistors RL1 and RL2.

In Fig. 4, junction M represents the point where the
total beam current, IEX, extracted from the ion source is
divided, due to the mass analysis. A part is retained in
the analyzing magnet and beam collimators, IM, and the
remaining part is the ion beam that goes all the way
through the line to the target, IB. The connection between
points M and H represents the beam current that passes
from the terminal potential to ground through the beam
line vacuum system. Two situations can happen:

• The post-acceleration voltage is zero. In this case
IL1 = IL2 = 0, as no voltage is applied to the leakage
resistors. In this case current IPA is equal to the beam
current, IB, as shown in Eq. (4), in order to compensate
the lost charge by the terminal.

• The post-acceleration is not zero. In this case IL1 and IL2

are different from zero and proportional to the voltage
applied by the post-acceleration power supply. The cur-
Fig. 4. Simplified equivalent electric circuit for the electrical currents
circulation in the HCII.
rent IPA, across the post-acceleration power supply (i.e.
the current supplied by the power supply) is equal to the
currents across the stabilization resistances, IL1 + IL2,
plus the beam current, IB, as in Eq. (4).

Therefore, to measure the beam current, an electronic
circuit was assembled that subtracts from the total current
supplied by the post-acceleration power supply the current
that crosses the stabilization resistors, RL1 and RL2. Cur-
rents IL1 and IL2 are directly monitored in the system.
Additionally, current IPA is taken directly from the post-
acceleration power supply.

4. Results and discussion

With the DCM, it becomes possible to continuously
integrate the beam current without intercepting it. This
device has operated for many years with good results, with
errors less than 10%, in the dose for beam currents from
tens of lA to mA. The results are checked on a regular
basis by RBS on the implanted samples, and by comparing
the beam current measurements between the Faraday cup
and the DCM device for a mono-isotopic, well-focused
Ar+ ion beam.

Fig. 5 shows the percentage error between the current
measured in the Faraday-cup (IFC) and the current mea-
sured in the DCM (IDCM), ((IFC/IDCM) � 1) · 100. It is a
function of the beam current measured in the DCM
(IDCM), for an Ar+ beam with energies higher than
100 keV (these data points were collected for a period of
several years). The current measured by the DCM is always
higher than the Faraday cup, as expected since the DCM
device measures all the current that goes to ground poten-
tial and, also because for the Faraday cup it is necessary to
focus the beam in a 1 cm2 square hole. In addition, the pre-
cision of the DCM is higher for high intensity beam cur-
rents, with the limitation that all the current must be
focused in the Faraday cup.

The main limitation of this method occurs when the
beam strikes the beam line walls. Since all the ion current
that leaves the high voltage potential and comes to ground
is measured as beam current that hits the target, this
method measures a current higher than the real one, result-
ing in dose shortage in the implanted sample.

Another problem, common to most implantation sys-
tems, happens if the focussing and beam sweeping area def-
inition are not well set, due to a low intensity and low
energy of the ion beam. This results in dose non-uniformity
in the implanted sample, due to the fact that this beam cur-
rent measuring system measures all the current that hits the
ground potential and not a certain area. These errors can
be as high as 20% in the implanted dose.

In addition, with this method, since the leakage currents
in the implanter are being continuously observed, as well as
the post-acceleration power supply current, it is possible to
check their performance. Considering this, variations in the
leakage currents in the order of more than 10% were



Fig. 5. Error in percentage between the Faraday-cup and the DCM beam current measurement.
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observed, mainly, depending on the implanter humidity
conditions.

5. Conclusions

The operation of a low-cost, accurate DCM device, for
measuring the ion beam current in an implanter has been
discussed. With this it is possible to continuously measure
the ion beam current without intercepting it. This method
has significant advantages compared to existing intercept-
ing devices (i.e. beam-stop and Faraday cup). Due to its
simplicity it is a low-cost device with great accuracy, being
a good alternative for the existing methods and the PCT
device.

This device operates with good results with errors less
than 10% in the dose for beam currents from tens of lA
to mA. In addition, the way the current measuring system
is implemented makes it possible to check the performance
of the high voltage power supplies and the leakage resistors
that control the applied voltages in the implanter.

Acknowledgments

The authors would like to thank Professor António Al-
meida Melo for the fruitful discussions that lead to the
understanding of the high-current ion implanter operation,
and to the previous and today’s director of the Ion Beam
Laboratory, at ITN, respectively, Doctor Maria Fernanda
da Silva and Doctor Eduardo da Costa Alves, for support-
ing the development and research of the implantation
infrastructure.
References

[1] B.R. Nielsen, P. Abrahamsen, S. Eriksen, Mater. Sci. Eng. A 116
(1989) 193.

[2] A. Kling, J.G. Marques, J.C. Soares, M.F. da Silva, E. Dieguez, F.
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Rev. Sci. Instr. 61 (1990) 595.

[13] B. Torp, P. Abrahamsen, S. Eriksen, P.L. Hoeg, B.R. Nielsen, Surf.
Coat. Technol. 66 (1994) 361.

[14] J.F. Ziegler, in: J.F. Ziegler (Ed.), Ion implantation science and
technology, second ed., Academic Press, Inc., Harcourt Brace
Jovanovich, Publishers, San Diego, California, 1988, ISBN 0-12-
780621-0,, Cloth bound.

[15] K. Unser, IEEE Trans. Nucl. Sci. NS-16 (1969) 934.
[16] B. Torp, P. Abrahamsen, S. Eriksen, B.R. Nielsen, Surf. Coat.

Technol. 51 (1992) 556.


	A low-cost, accurate and non-intercepting continuous method for beam current measurements in a high-current ion implanter
	Introduction
	Ion beam current measurement
	Differential current monitor method
	Results and discussion
	Conclusions
	Acknowledgments
	References


