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This paper shows that charge exchange events and dissociation reactions of ions may impact the purity of the ion beam in ion
implantation, leading to contamination of the implanted target. Physical relations are derived that explain why unwanted ions are
transported in the ion beam despite of a magnetic mass separation. Based on those relations, the simulation tool ENCOTION
(ENergetic COntamination simulaTION) has been developed. ENCOTION is a very powerful tool for the simulation of transport
mechanisms of ions through a magnet analyzer and for the simulation of mass spectra, as will be demonstrated in this paper.

1. Introduction

The modification of materials by ion implantation offers
major advantages, such as high dose accuracy, excellent re-
producibility, or low process temperatures. Due to its mass
separation, ion implantation is considered to be an extremely
clean process step. Many applications, such as CCDs or
bipolar devices, strongly depend on the purity of the ion
beam [1]. The coimplantation of other contaminating ion
species might lead to serious consequences:

(i) dose errors, especially when the amount of contami-
nating ions is significantly high;

(ii) differences in the defect formation, for example,
when the contaminating ion species is much heavier
than the desired ion species;

(iii) impairment or complete malfunction of the irradi-
ated device, for example, in bipolar devices when the
contaminating ion species forms deep recombination
centers;

(iv) unreproducible implantation results as the composi-
tion of the ion beam might change with source para-
meters (especially temperature) as well as with the
history of the ion source.

Basically, mass interferences occur when the masses of dif-
ferent ion species are so close that the analyzer magnet
cannot separate them. For example, As may be implanted
together with Ge, when As is directly implanted after a Ge
preamorphization implant [2]. A key parameter for mass
separation, therefore, is the mass resolution M/ΔM which
can have great impact on the ion beam composition [3]. The
higher the mass resolution is, the lower the risk for contam-
ination is. Modern ion implanters have mass resolutions in
the range of about 15 to 90, whereas for the purpose of a high
ion beam purity, a value of more than 100 is recommended
[3].

Since mass separation is accomplished by magnetic
fields, it is well known that the ions are not separated by
their mass, but rather by the mass to charge state ratio. A
prominent example for contamination from device manu-
facturing is the coimplantation of doubly charged Mo during
BF2 implantation where the mass to charge state ratio is 49
in both cases [4, 5]. The simultaneous implantation of un-
wanted ions with the same mass to charge ratio as the desired
ion species might appear to be a manageable contamination
risk, but it is only a special case. When ions undergo a charge
exchange or dissociate between the ion source and the anal-
yzer magnet, surprising contamination issues may arise [6–
8]. This paper illustrates by means of mass spectrum analysis
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(which is not only essential in order to check which elements
are present in the ion source) that charge exchange events
and dissociation processes between the ion source and the
analyzer magnet of an implanter are fairly common. In this
regard, an important result of this paper is that those re-
actions generally produce two peaks in a mass spectrum,
whereof one not only depends on the mass and charge states
of the considered ions, but also on the extraction and sup-
pression voltages of the implanter. Simulations with the pre-
sented tool ENCOTION reveal that those charge exchange
and dissociation processes basically allow for a large variety
of potential transport mechanisms for practically all ele-
ments.

2. Apparent Mass Concept

The derivation of the apparent mass models is based on the
equation of Lorentz force and centrifugal force:

Bqanev = manv2

r
, (1)

where B is the magnetic flux density, r the radius of the mag-
net, e the elementary charge, v the velocity of the analyzed

ion, and man and qan are mass and charge state of the ion in
the analyzer.

Three sections have to be distinguished in the beamline
from the ion source to the analyzer magnet (see Figure 1):

(1) [Src-Ex] section between ion source and extraction
electrode;

(2) [Ex-Gnd] section between extraction and ground
electrode;

(3) [Gnd-An] section between ground electrode and
analyzer.

When a mass or charge exchange event occurs within
section [Src-Ex] or section [Ex-Gnd], the final velocity of an
ion in the magnet depends on the exact position in those sec-
tions. Therefore, the variables zex and zsp describe the relative
position of the charge or mass changing event in section [Src-
Ex] and section [Ex-Gnd], respectively, and take values from
0 to 1 (see Figure 1). Under the assumptions that in any of the
three sections no more than one charge or mass changing
event takes place and that the impact of the event itself on the
velocity is negligible, the velocity of the ion in the magnet cal-
culates as follows:
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where msc and qsc are mass and charge state of an ion leaving
the ion source, mex and qex are mass and charge state at the
extraction electrode, and msp and qsp are mass and charge
state at the ground electrode. Inserting (2) in (1), a general
expression for the apparent mass can be derived:
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(3)

According to (3), the apparent mass depends not only
on the mass and charge states of the ions, but also on the
ratio of suppression and extraction voltage. Because of the
variables zex and zsp, the apparent mass is not limited to
discrete values but can take values from a continuous range.
Equation (3), therefore, is appropriate to describe tails of
peaks in a mass spectrum, such as the Al tail in Figure 4 in
the next section or to model contamination problems where
the charge exchange occurs in section [Src-Ex] [8].

In order to describe and simulate peaks of a mass spec-
trum, (3) can be simplified by applying the following assum-
ptions:

(i) on its way from the ion source to the analyzer magnet,
an ion undergoes no more than one change in mass
or charge state;

(ii) the charge or mass change events occur either at the
suppression or the ground electrode (zex = zsp = 1)
or between ground electrode and magnet.

According to those assumptions, two expressions for the
apparent mass can be derived:

(1) charge exchange or dissociation at extraction elec-
trode (man = msp, msc = mex, qan = qsp, and qsc =
qex):

mapp = m2
an

q2
an

[
qsc

msc
+
Vsp

Vex
·
(
qsc

msc
− qan

man

)]

, (4)

(2) charge exchange or dissociation at ground electrode
or beyond (msc = mex = msp and qsc = qex = qsp):

mapp = m2
an

q2
an

qsc

msc
. (5)

Both expressions for the apparent mass, (4) and (5), yield
discrete mass values. The particularity of (4) is the depen-
dence of the apparent mass on the ratio of the extraction and
suppression voltages, while the apparent mass according to
(5) only depends on masses and charge states of the consid-
ered ions. Equation (5) is well known and has been widely
used to explain contamination issues in ion implantation
[9, 10]. Both equations are the fundament for understanding
a variety of peaks in mass spectra.
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Figure 1: Layout of the beamline of an implanter from ion source to analyzer magnet. The beamline is divided into the three sections [Src-
Ex], [Ex-Gnd], and [Gnd-An]. The ion beam generates secondary electrons which are accelerated in the sections [Src-Ex] and [Ex-Gnd].
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Figure 2: Section of a PH3 mass spectrum.

3. Analysis of Mass Spectra

A set of mass spectra with different source feed materials,
such as AsH3, PH3, N2, BF3, and Al were recorded and anal-
yzed. The mass spectra were recorded on a Varian 350 D im-
planter with a mass resolution M/ΔM between 100 and 120.
The Freeman ion source consists of a molybdenum arc cham-
ber and a tungsten filament which is insulated by alumina
ceramics. The recording of the spectra and the control of the
analyzer magnet were accomplished by a self-programmed
LabView software. It is of great importance that the ion cur-
rent can be recorded over several orders of magnitude. In the
following, selected sections of the mass spectra are depicted
in order to demonstrate the occurrence of charge exchange
and dissociation reactions.

Figure 2 shows a mass spectrum from 85 u to 220 u for an
ion source being operated with PH3. Tungsten with its five
isotopes produces a very characteristic arrangement of W+
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Figure 3: Section of an AsH3 mass spectrum.

peaks between 180 u and 186 u. In Figure 2, this arrangement
of peaks also shows up at four other positions. The peaks
from 90 u to 93 u and from 199 u to 205 u represent the sig-
nals of W++ and WF+ ions, respectively. The remaining W
peaks are caused by charge exchange and dissociation re-
actions. The peaks from 135 u to 139 u and 150 u to 156 u, are
the results of the charge exchange reaction W+++ → W++

and the dissociation process WP+ → W+, respectively.
Figure 3 shows three mass spectra from 51 u to 63 u, each

recorded at a different extraction voltage, and the source feed
gas was AsH3. The signal at mass 56.2 u is attributed to As
and can be caused in agreement with (5) by two different
charge exchange mechanisms:

(i) As+++ → As++ (at or beyond ground electrode),

(ii) As3
+ → As3

++ (at or beyond ground electrode).
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Figure 4: Section of an aluminum mass spectrum.

Noticeable is the peak between 57 u and 58 u which obviously
changes its position with the extraction voltage. In Table 1,
the measured masses are compared to the apparent masses
of the two mechanisms according to (4) and (5). For the
mechanism As+++ → As++, there is an excellent agreement,
also the peaks between 57 u and 58 u are accurately described.
As regards the mechanism As3

+ → As3
++ (at or beyond

ground electrode), no explicit peaks related to a charge ex-
change at the extraction electrode were detected in the range
from 51.74 u to 53.20 u, suggesting that the mechanism
As+++ → As++ is much more pronounced.

Figure 4 shows the section of a mass spectrum of Al.
Besides Al, BF2 ions can be found from previous operation
with BF3 as well as a comparatively large peak of AlF+. The
peak at 54 u can be either built up by Al2

+ ions or by the
charge exchange mechanism Al++ → Al+. The peak at 55.3 u
is caused when this mechanism takes place at the extraction
electrode. It is striking that this signal shows a large tail to-
wards lower masses down to approximately 50.5 u. The
reason for this tail is that the charge exchange takes place not
only directly at the extraction electrode but also between the
ion source and the extraction electrode, with decreasing
frequency towards the ion source.

In Figures 5 and 6, the sections of a N2 and a BF3 spec-
trum, respectively, are depicted. For lower masses, mass
separation works quite effectively, and, therefore, a large
variety of peaks can be seen. In Figure 5, for example,
more than 20 peaks can be distinguished. With (4) and (5),
practically all of the peaks can be explained using only the
elements which are known to be present in the ion source.
Both spectra show that the charge state of the ions is not
always diminished as it was the case for W, As, and Al in the
previous spectra. For N (Figure 5) and for B (Figure 6), the
ionization reactions N+ → N++ and B+ → B++, respectively,
are observed.

The considered mass spectra show quite many peaks
caused by charge exchange or dissociation processes. Espe-
cially the charge exchange reactions A+ → A++, A++ → A+,
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11B++

11B++11B+
10B++

10B+

11BF++

11BF+

11

10BF++10

10BF+

11B+++

F++F+

F+++

H +
2

B+ B+

∗

∗

∗ ∗
∗

∗

∗

Source gas: BF3

2 2.5 3 3.5 4 4.5 5 5.5 6 6.5

Mass (u)

B
ea

m
cu

rr
en

t
(µ

A
)

100

101

10−1

10−2

10−3

∗: After extraction

C++

10B++

#

#

BF2
+

BF2
+

: At electrode# extraction

Figure 6: Section of a BF3 mass spectrum.

A++ → A+++, and A+++ → A++, with A representing any
element of the periodic table, can be found regularly. Those
mechanisms lead to two signals in the mass spectrum, one
of them being dependent on the ratio of the extraction and
suppression voltage. Those peaks might be accompanied by
large tails, increasing the risk of contamination significantly.

4. Simulation of Mass Spectra and
Mass Interferences

4.1. Software Tool ENCOTION. ENCOTION (ENergetic
COntamination simulaTION) is a simulation tool which



Advances in Materials Science and Engineering 5

Table 1: Comparison of As peaks from Figure 3 with calculated apparent masses. Spectrum (a) charge exchange after extraction, spectrum
and (b) charge exchange at the extraction electrode Vsp = 1.6 kV.

Mechanism Vex (kV)
mapp (u)

Spectrum (a) Equation (5) Spectrum (b) Equation (4)

As+++ → As++

20.2 56.21 56.19 57.79 57.68

25.1 56.20 56.19 57.41 57.39

30.1 56.20 56.19 57.17 57.19

As3
+ → As3

++
20.2 56.21 56.19 n. d. 51.74

25.1 56.20 56.19 n. d. 52.61

30.1 56.20 56.19 n. d. 53.20

was originally developed in order to check the potential of
any element of the periodic table to contaminate the target
during the ion implantation process [11]. It enables the user
to simulate expeditiously transport mechanisms of contam-
inants through the analyzer magnet, taking charge exchange
reactions and dissociation of molecular ions into account.
ENCOTION contains a database featuring the complete per-
iodic table of elements. Names and symbols of the elements
with atomic numbers greater than 100 were chosen according
to the recommendations of the International Union of Pure
and Applied Chemistry (IUPAC) [12]. The database contains
the masses and abundances of all natural isotopes, and the
values were taken from IUPAC tables [13].

Since the first version of ENCOTION was released [14],
numerous improvements were made and extensions were
added. ENCOTION now considers changes in mass and
charge state at the extraction electrode according to (4).
Figure 7 shows the parameter dialog where the main sett-
ings for a simulation are made. Essential for a simulation are
the definition of the apparent mass (which is preferably done
by specifying the implanted ion species in order to consider
decimals of the apparent mass) and the definition of the con-
taminating element. Additionally, assisting elements can be
specified which might form a molecule with the contaminat-
ing elements but which are not necessarily implanted. For
simulating changes in mass or charge state at the extraction
electrode, the extraction and suppression voltage have to be
provided. The extraction and a postacceleration voltage are
needed to calculate the effective energy of the coimplanted
contaminating element. Other parameters, such as mass re-
solution, maximum charge state, or maximum number of
contaminants in a molecule, may be used to limit or to ex-
tend the solution space. In Figure 8, a result window with
simulated transport mechanisms is depicted. For each trans-
port mechanism, the extracted ion with charge state as well
as the analyzed ion with charge state are listed. In addition,
the effective energies of the contaminating element with and
without an acceleration after mass separation are provided.
Finally, the apparent mass and the difference to the implan-
ted mass are listed. All columns of the result window can be
sorted in descending or ascending order.

A major extension is the implementation of two graph-
ical modules for simulating mass spectra. The first module
simulates the spectrum peaks of two interfering ion species
either by Gaussian curves or by consideration of geometric

parameters, such as the magnet radius, the width of the beam
slit, and the standard deviation of the ion beam. The latter is
especially useful when the width of the mass resolving slit is
larger than the deviation of the ion beam. The peaks can be
plotted both linearly and logarithmically. Figure 9 shows an
example of a mass spectrum of Ge interfering with W.

The second module simulates mass spectra with up to
five elements, taking into account multiply charged ions and
the formation of molecular ions. In Figure 10, a window with
simulated mass spectra from 0 to 200 u is shown. The peaks
are formed only by the elements B, O, F, Mo, and W under
consideration of multiply charged ions and the formation of
molecular ions. ENCOTION allows for the comparison of
two spectra. The total of the (red and blue) peaks describes
the spectrum spanned by all five elements. The red peaks
were simulated with Mo being removed, that is, the remain-
ing blue peaks are caused by ions containing Mo. The com-
bination of the simulation of transport mechanisms together
with the graphical simulation of mass spectra makes ENCO-
TION an optimum tool for identifying peaks in measured
mass spectra.

4.2. Simulation of Mass Spectra. To identify unknown peaks
in mass spectra, the simulation of transport mechanisms can
be complemented by the simulation of graphical mass spec-
tra. This is especially promising when elements with more
than one isotope are involved. In Figure 11, a BF3 mass
spectrum from 108 u to 120 u is shown. None of the peaks
features tails or shoulders which might indicate that they are
built by superpositions of different peaks. In fact, the sim-
ulation with ENCOTION reveals that the peaks are caused
by a superposition of 41.7% MoO+ and 58.3% MoF+ ions. In
case that the magnet analyzer would be set to mass 114 u, the
ion beam would consist of 26% 98Mo, 24% 95Mo, 26% 16O,
and 24% 19F.

Another spectrum simulation is shown in Figure 12. The
ion source was initially operated with AsH3 for As implanta-
tion, when subsequently the source feed gas was switched to
N2. At mass 75 u, the As+ peak is visible. In the mass region
between 69 u and 74 u, the measurement indicates a few
more peaks. It is striking that the distance of the peaks bet-
ween 70 u and 72 u is not 1 u but 0.75 u. The mass spectrum
simulation with ENCOTION identifies those peaks to be
caused by the charge exchange reaction Mo+++ → Mo++. In
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Figure 7: Parameter dialog of ENCOTION. In this dialog, the main parameters, such as the implanted ion species and the contaminating
elements, are specified.

Figure 8: Result window of ENCOTION. The simulated transport mechanisms are organized in nine sortable columns, containing the ex-
tracted and analyzed ions, the effective energies of the contaminating element with and without postacceleration, the simulated apparent
mass, and the mass difference to the apparent mass of the implanted ion. In this example, the simulated transport mechanisms of Al during
11B+ implantation are listed, sorted by effective energy in ascending order.

this case, the peak caused by 100Mo overlaps exactly with the
peak of As, that is, the As beam is contaminated with 100Mo.

4.3. Identification of Contamination Mechanisms. In many
cases, simulations with ENCOTION show surprisingly large
numbers of possibilities of how a peak in a mass spectrum
might be caused or how an unwanted element might con-

tribute to contamination of the implanted target. This makes
it sometimes difficult to unambiguously assign the cause of a
peak in a mass spectrum, especially when only elements with
one isotope come into consideration. For ion implantation,
the peak of the desired ion species is aimed to be tuned as
large as possible, making it in most cases impossible to rate
whether this peak conceals peaks of other ion species or
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Figure 9: Mass spectrum module 1 of ENCOTION. The simulated spectra show an interference between Ge and W ions.

Figure 10: Mass spectrum module 2 of ENCOTION. The simulated mass spectra from 0 to 200 u show peaks simulated by multiply charged
and molecular ions of the elements B, O, F, Mo, and W. All peaks that are caused by ions containing Mo are plotted in blue.

not. In those cases, the simulations should be supported by
SIMS measurements. SIMS profiles not only describe the im-
planted amount of considered elements, they also allow to
conclude on the effective implantation energy. With the lat-
ter, the simulated transport mechanisms can be rated.

Figure 13 shows SIMS profiles of Al which were measured
on two silicon wafers that were implanted with 11B+, one
wafer with 70 keV, the other with 140 keV. The 70 keV im-
plant was realized with an extraction voltage of 70 kV, and the
140 keV implant had an additional acceleration after mass
separation at a voltage of 70 kV. Profile simulations with the
Monte Carlo software SRIM [15] indicate that the Al was im-
planted at energies of 18 keV and 74 keV, respectively.
In Table 2, the two potential transport mechanisms with
the lowest effective energies are listed (cp. simulations
in Figure 8). The energy of the mechanism Al2O3

+ →
Al2O3

+++ agrees very well with the energies extracted by the

Table 2: Simulated transport mechanisms for Al to be coimplanted
during a 11B+-implantation. The energy E1 results from an extrac-
tion voltage of 70 kV + 70 kV, and the energy E2 from an extraction
voltage and an additional acceleration voltage after mass separation
of 70 kV each (cf. Figure 8).

Mechanism mapp (u) E1 (keV) E2 (keV)

Al2O3
+ → Al2O3

+++ 11.329 18.5 74.1

AlF2
+ → Al+ 11.204 29.1 99.1

SRIM profiles. Since alumina ceramics are present in the
ion source, this mechanism appears feasible. The tails of the
SIMS profiles, however, suggest that also other mechanisms
such as the dissociation process AlF2

+ → Al+ might
contribute to the contamination.
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Figure 11: Peaks in a section of a BF3 mass spectrum. By simulation
with ENCOTION, the peaks could be identified to result from a
superposition of 58.3% MoF+ and 41.7% MoO+ ions.
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5. Conclusion

Mass spectra of an ion source being operated with AsH3,
PH3, N2, BF3, and Al showed a large number of charge ex-
change and dissociation reactions. Some of the resulting
peaks depend on the ratio of the extraction to suppression
voltage which can be very accurately described with the deri-
ved model of the apparent mass. This model has been im-
plemented in the simulation tool ENCOTION which sim-
ulates, on the one side, potential transport mechanisms of
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Figure 13: Al contamination profiles resulting from a B implanta-
tion. For comparison, with SRIM [15] simulated profiles are shown.

any ions through the magnet analyzer and, on the other side,
mass spectra. The power of ENCOTION was demonstrated,
firstly, by the identification of mass spectrum peaks resulting
from a superposition of Mo compounds, secondly, by the
detection of Mo contamination during As implantation, and
thirdly, by the simulation of transport mechanism for Al dur-
ing B implantation.
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[14] V. Häublein, L. Frey, and H. Ryssel, “ENCOTION—a new
contamination analysis software,” in Proceedings of the 14th
International Conference on Ion Implantation Technology Pro-
ceedings (IIT ’03), B. Brown, T. L. Alford, M. Nastasi, and M.
C. Vella, Eds., pp. 101–104, IEEE, Piscataway, NJ, USA, 2003.

[15] J. F. Ziegler, SRIM—The stopping and range of ions in matter,
2011, http://www.srim.org/.



Submit your manuscripts at
http://www.hindawi.com

Scientifica
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Corrosion
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Polymer Science
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Ceramics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Composites
Journal of

Nanoparticles
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Biomaterials

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Nanoscience
Journal of

Textiles
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Journal of

Nanotechnology
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Crystallography
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Coatings
Journal of

Advances in 

Materials Science and Engineering
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Smart Materials 
Research

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Metallurgy
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Materials
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

N
a
no

m
a
te
ri
a
ls

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal ofNanomaterials


