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A combined time-of-flight and electrostatic analyzer
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A new instrument for low-energy ion scattering~LEIS! is presented which employs a combination
of electrostatic and time-of-flight analysis. In this instrument, electrostatic analysis is used to
determine the kinetic energy of the ions, and flight-time analysis is used to select the mass of the
ions. The combination allows us to discriminate the signals resulting from particles with a different
mass than the primary ions, resulting in a very efficient suppression of signals caused by sputtered
particles. The suppression of signals from sputtered particles enables more accurate determination
of LEIS signals, especially for light elements. This technique is especially suited for the study of
polymers and oxides, but can also be valuable for determination of low concentration of heavier
elements. In this article the design of the instrument is presented and the method is demonstrated by
some examples of LEIS spectra. ©1999 American Institute of Physics.@S0034-6748~99!01010-2#
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I. INTRODUCTION

Low-energy ion scattering~LEIS! is a technique which
provides information on the composition of the outerm
atomic layer of a wide range of materials, including meta
semiconductors, oxides, and polymers. In LEIS, ions are
pinging on the surface with energies between 0.5 and
keV. Ions that backscatter from the sample are detected.
energy of the scattered particles is determined by the mas
the ion, the mass of the target atom, and the scattering an
The energy spectrum of scattered ions at a fixed scatte
angle thus corresponds to a mass spectrum of the targe
oms. This mass spectrum resembles the composition of
outermost atomic layer due to the extremely high surf
sensitivity of LEIS. The surface sensitivity results from t
high neutralization probability of the scattered noble gas i
in combination with the use of an electrostatic analyz
which detects only the ionized particles. Any ions whi
penetrate the outermost layer have a high probability to
neutralized and will thus not be detected by the electrost
analyzer. For an introduction on LEIS we refer to revie
articles in the literature.1,2

A complicating factor in the analysis of LEIS spectra
the intense signal which occurs at low energies~the origin of
this signal will be discussed in the next paragraph!. This
signal is effectively a background signal on which the LE
peaks from light elements are superposed. As an illustra
of this problem, we show in Fig. 1 a LEIS spectrum obtaine

a!Electronic mail: arnoud@surf.phys.tue.nl
3910034-6748/99/70(10)/3910/5/$15.00
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by scattering 2 keV4He1 ions from a low-density polyeth-
ylene film. The LEIS intensity at low energies increases r
idly with decreasing kinetic energy, and the peak from sc
tering from carbon is situated on this background,
indicated in Fig. 1. The background intensity is especia
inconvenient if one wants to study the presence of light e
ments at the surface, such as carbon or oxygen, since
scattered ion signal from these elements can be maske
the background on which the signals are superposed. In
dition, even for signals of heavier elements, the backgro
often determines the detection limit.

To eliminate the background, one has to consider
origin of the signal. In principle, two possible causes may
envisioned. First, the background can be caused by
which first penetrate the sample and neutralize, backsca
from deeper layers, and subsequently emerge from
sample with a lower energy due to inelastic interactio
along their trajectory. These scattered particles may reion
while leaving the surface and be detected in the LEIS sp
trum. It is not possible to suppress the signal from these io
since these particles have the same mass as the inciden
jectiles. The second contribution~and the dominant one, a
will be shown in this article! to the intensity at low energie
is caused by the sputtering of particles from the sample w
masses different from the primary ions. These sputtered
ticles may be ionized while leaving the surface and contr
ute to the LEIS spectrum. In this article we will show ho
the background signal due to sputtered ions can be s
pressed by combining an electrostatic analyzer with time
flight ~TOF! analysis.
0 © 1999 American Institute of Physics
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The principle of the method is as follows. Ions with th
same kinetic energy but a different mass exhibit a differ
flight time from the sample to the detector, which can
used to distinguish the scattered ions from the sputtered i
In the combined electrostatic and flight-time analysis we e
ploy the electrostatic analyzer for the analysis of the kine
energy of the ions, and the flight time is used to discrimin
against particles of different masses. In this article we
scribe the implementation of this method by employing o
energy and angle-resolved ion scattering spectrom
~EARISS!. However, the same principle may be applied
combination with other electrostatic analyzers that are co
monly used in LEIS experiments, such as a cylindrical m
ror analyzer~CMA! or hemispherical analyzer~HSA!. It
should be noted that a similar combined analysis, but fo
different application, has previously been used in medi
energy ion scattering instrumentation for suppressing
scattered ion signal in order to monitor recoiled particl
exactly the opposite of our objective here for the LE
analysis.3

II. METHOD

In Fig. 2 a schematic is shown for the instrument whi
is based on the EARISS analyzer and detector as desc

FIG. 1. LEIS spectrum obtained using 2 keV He1 ions on a low-density
polyethylene sample. The peak from scattering off C at the surface app
at 500 eV, and is positioned on a background at low energies, which
creases strongly with decreasing energy.

FIG. 2. Schematic of the energy and angle-resolved electrostatic ana
~EARISS! and the new additions used for pulsing the ion beam and
time-of-flight discrimination of particles with different masses at the det
tor.
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previously.4–6 The novel addition to the instrumentation co
sists of two parts. The first part is used to create a pulsed
beam in a way similar to that used in other time-of-flight io
scattering experiments,7–9 instead of the continuous ion
beam as employed in conventional LEIS experiments us
an electrostatic analyzer. The pulsed beam is produced
set of deflection plates@area 10310 mm2, with a gap of 5
mm, and the center mounted 49 mm behind the ion sou
~type SPECS PU-IQE 12/38 with mass filter!, and a stopping
plate with an aperture#. Different apertures of 0.1, 0.3, 1, an
3 mm diam can be selected through a linear mot
feedthrough. One of the deflection plates is always ground
and on the opposite deflection plate a voltage is applied~150
V!, which deflects the ions. The ions are stopped by
stopping plate which is mounted 83 mm behind the cente
the deflection plates. By periodically grounding the defle
tion plate for a short time~typically, several hundred nano
seconds!, the ion beam is allowed to pass through the ap
ture in the stopping plate for a short period, and thus a pul
ion beam is created. To obtain sufficiently short ion puls
the leading and trailing edge of the voltage pulse on
deflection plates must be steep enough. Therefore, we m
mized the capacity of the deflection plate by mounting
directly on the feedthrough, which is welded into a minico
flat flange. The electronics which provides the 150 V for t
pulsing is mounted directly onto the outside of th
feedthrough. Thus, a leading edge of 5 ns and trailing e
of 7 ns is obtained, in which the pulse reaches 99% of
final value with an overshoot of less than 1%. This is fa
enough for our applications since the typical flight time
the ions between the deflection plates itself is about 20 n

The second part of the new setup consists of addition
the data-acquisition electronics. A time window is applied
the pulse-counting electronics of the detector, such that o
ions with the same mass as the primary ion beam will
detected. This is possible by positioning the time windo
such that it corresponds to the time needed for the ion
travel from the deflection plates to the target, and after s
tering, to travel through the analyzer to the detector. Sp
tered ions which have the same kinetic energy but a m
different from the primary ions will reach the detector at
time outside the time window, and will not be counted. F
ure 3 gives a schematic of the timing involved in the su
pression of sputtered ions. The top line gives the time of
pulse on the deflection plates. The second line shows
time when the pulse reaches the target. The third line ill
trates the arrival of ion pulses with a specific energy b
different masses at the detector. First, the ions with the lo
est mass~sputtered H1) reach the detector. A specific tim
interval later, the scattered primary ions~usually He1) reach
the detector. Sputtered ions with higher masses than the
mary ions will reach the detector at an even later time. T
fourth line in Fig. 3 shows the time window used to gate t
pulse-counting electronics. Only ions which reach the det
tor in this time window are registered, thereby discriminati
against ions with other masses. Obviously, by varying
position of the time window, the system may be used
either selectively analyze the energy spectrum of scatte
ions, or to measure the energy spectrum of sputtered ion
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a specific mass. In the present setup, the repetition frequ
of pulsing the ion beam can be adjusted between 1 and
kHz, the pulse duration between 0 and 300 ns, the delay
between 1 and 18ms, and the time window between 0.2 an
5 ms. In actual experiments, the position of the time wind
is set by viewing the screen of a modified oscillosco
which shows the arrival time of the detected particles w
respect to the pulsing of the deflection plates. Clear burst
counts at specific time intervals are observed, which can
assigned to ions of a specific mass reaching the detector
positioning the window over the time region of interest, t
mass of the analyzed particles is selected.

The time difference between the slowest H1 ions arriv-
ing at the detector and the fastest scattered He1 ions is only
about 100 ns in a typical experiment, as can be easily ca
lated from the geometry of the detector and the kinetic
ergy of the ions. For detectors which do not use positi
sensitive detection this does not cause problems, becaus
pulse handling is usually fast enough~i.e., within 100 ns!.
However, for position-sensitive detectors the pulse hand
often takes much longer, and therefore, it is important to g
special attention to the pulse shaping and pileup detection
our instrument, the data acquisition consists of several p
First, from the connection to the backside of the last chan
plate of the detector a pulse~width of 6 ns! is created, which
is used for the timing and the pileup detection. Second,
signal from the same connection to the channel plate and
signals at the collector plate are amplified by charge am
fiers to obtain pulses for which the height corresponds to
total charge in the charge cloud and the charge arriving at
energy and angle strips at the collector plate, respectiv
The pulse shaping takes 70 ns to stabilize the pulse hei
on track and hold amplifiers. After 90 ns the charge am
fiers are emptied and ready to receive the next pulse whic
within the required limit of 100 ns. The output of the trac
and hold amplifiers is fed into an analogue divider, whi
produces the information necessary for the position dete
nation~the charge arriving at the energy and angle electro
divided by the total charge of the charge cloud!. These di-
vided signals are connected to a two-dimensional multich
nel analyzer~MCA! which stores the information. Only if a

FIG. 3. Schematic of the timing involved in the data acquisition. At the
is shown the timing of the pulsing of the deflection plate voltage. In
center is shown the arrival of the ion pulse at the sample. At the botto
illustrated the arrival of pulses at the counting electronics, here schem
cally separated in H1 ions, He1 ions, and heavier ions.
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pulse is accepted~i.e., within the time window, and no
pileup!, the MCA is activated and takes 1.6ms to store the
information. Therefore, only one count can be accepted
cycle, which limits the count rate that may be handled by
system. With a maximum repetition frequency of 110 kHz
the present setup this allows a count rate of about 10 k
without significant suppression of counts, which is not a
rious limitation since the typical count rates are in the ord
of 1 kHz. As the MCA is only activated in case a count
accepted, the 1.6ms is not a limitation for the 100 ns be
tween the H1 ions and the He1 ions.

The duty cycle for the pulsing of the ion beam is, typ
cally, 3% in an experiment~with a repetition frequency of
110 kHz and a pulse at the deflection plates of 300 n!.
Although at first sight the low-duty cycle might seem a d
advantage of the present method, this isnot the case. In
surface analysis by LEIS, an important parameter is the t
ion dose which is used for the analysis. Typically, ion dos
of about 1014 ions/cm2 are allowed before the surface is dam
aged and the LEIS spectrum does not reflect the surface c
position anymore. For convenient data-acquisition conditio
this is accomplished by using ion beam currents of abou
nA, a spot size of a few mm2, and data-accumulation time
of a few minutes. In pulsing the ion beam, the effective be
current is reduced by a factor 30, but all ions that are sc
tered will be detected because they fall within the selec
time window. Thus, all ions that reach the surface add to
LEIS spectrum, and—normalized to the applied i
dose—we still obtain the same signal in the pulsed exp
ment as in the continuous beam experiment. Conseque
by increasing the emission of the ion source, the prim
beam current can be increased to compensate for the
duty cycle, which yields the same net ion-beam current~after
pulsing!, ion dose, and data-accumulation time as in the c
ventional experiments. It should be emphasized that sim
applying a higher ion-beam current without pulsing the be
to obtain a better signal-to-noise ratio is not possible:
surface would be damaged during the experiment due to
increased ion dose, and any surface-sensitive informa
would be lost. Finally, one should realize that the bac
ground signals also depend strongly on the applied ion d
Therefore, accurate background signal determination w
higher ion doses for background subtraction purposes
useless, since the thus-determined background would d
from that in the LEIS spectra obtained with low ion dos
This is caused by the modification of the surface by the
beam, resulting in changes in the number of particles sp
tered from the surface and the ionization probability for the
particles.

III. RESULTS AND DISCUSSION

To illustrate the method, we present here some exp
mental results on polymers and oxides. The open circle
Fig. 4 show a conventional LEIS spectrum for a 0.8 nA,
keV 4He1 beam impinging on a low-density polyethylen
target, obtained without the TOF mass selection option. T
high background signal for low energies is obvious, and
signal from He1 ions scattered off C atoms around 500 eV
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3913Rev. Sci. Instrum., Vol. 70, No. 10, October 1999 Low-energy ion scattering
superposed on the background. The filled squares in Fi
show the result of a spectrum measured using the TOF m
selection option. We used a pulsed ion beam with a puls
the deflection plates of 300 ns and a repetition frequenc
110 kHz. Since the duty cycle of about 3% results in
strongly reduced beam current, we compensated by incr
ing emission of the ion source until the effective ion curre
at the sample was 0.8 nA after pulsing. This allows a dir
comparison between the two measurements. The width o
time window was set at 0.84ms, and the delay with respec
to the pulsing of the deflection plates was 3.3ms. The setting
of the delay time is not very sensitive, and one setting can
used to obtain the complete energy spectrum shown in
4. It is obvious that the background at the low energies
greatly reduced by the TOF application, and the peak cau
by He1 ions scattered from C atoms in the outermost la
of the target is clearly distinguished and can easily be qu
tified. To determine the nature of the background at l
energies, the open triangles in Fig. 4 show the energy s
trum obtained by positioning the time window such th
sputtered H1 ions will be detected. It is clear that the H1

signal completely dominates the background in the LE
spectrum at low energies, which is not surprising consider
the amount of hydrogen present in the polymer. We did
detect any signal from sputtered C1 ions, most likely be-
cause C leaves the surface as negatively charged
complexes or neutral particles.

To show that the new instrument is not only useful f
polymers but also for oxides and oxide based samples,
next present some results obtained on a Mo/g-Al2O3 catalyst
with a loading of 10 wt. % Mo. This catalyst has previous
been extensively studied by several techniques, includ
low-energy ion scattering.10 The sample studied here wa
pretreated in 0.5 bar O2 at 300 °C for 90 min. The sampl
preparation method used was the same as descr
previously.10 The open circles in Fig. 5 show a convention
LEIS spectrum, obtained with a continuous 2 keV4He1 ion-
beam current of 0.8 nA. The tail at the low-energy side of
spectrum is again very pronounced. The filled squares s
the spectrum obtained using the TOF option with a pu
duration of 300 ns and a repetition frequency of 110 kH
The emission of the ion source was again adjusted to de

FIG. 4. LEIS spectra obtained with a 2 keV He1 ion beam of 0.8 nA on a
low-density polyethylene target. The spectrum obtained in the TOF m
clearly has a much lower background signal, due to the suppression o
signal from sputtered ions.
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an effective beam current after pulsing of 0.8 nA. The de
time was set at 3.3ms and the time window at 0.84ms.
Again, the tail at low energies is strongly reduced, althou
not as much as on the polymers. To determine the origin
the suppressed background, the open triangles show
spectrum obtained with the time window positioned to a
cept only sputtered H1 ions, and the open squares show t
spectrum obtained with the time window set to accept o
the sputtered Al1 ions. ~In principle, double-charged par
ticles such as Al11 may also be present, but their intensity
very low compared to the single-charged ions, and theref
they do not play a significant role in these spectra.! We find
that at the higher energies the sputtered H1 ions dominate
the background, but at lower energies the contribution fr
sputtered Al1 becomes the dominant part of the backgroun
The solid curve in Fig. 5 shows the spectrum obtained a
summing the signals from the He1, H1, and Al1 ions. This
summed spectrum is virtually identical to the convention
LEIS spectrum, demonstrating that there are no other sig
cant contributions to the LEIS spectrum. The presence of
remaining background in the He1 spectrum at low energie
shows that on the oxides there is also a contribution at
energies due to He1 ions that have scattered from deep
layers in the sample, and are reionized at the surface.
cause this background should vanish at the cutoff energy
reionization, it is likely there is still a contribution from spu
tered particles and that an optimization of the settings of
time window may result in a further reduction of the bac
ground. The observation that sputtered oxygen ions do
contribute to the background is, of course, due to the fact
oxygen tends to form negatively charged ions, which do
pass through the electrostatic analyzer.

We believe that even though the suppression of
background is not as complete on the oxides as on the p
mers, the use of the TOF option is a significant improvem
over the conventional LEIS technique because the remain
background can be more easily modeled once the contr
tions of sputtered ions with different masses have been el
nated. This will result in more accurate peak-area determ

e
he

FIG. 5. LEIS spectra obtained on a 10 wt. % Mo/g-Al2O3 catalyst using a 2
keV 4He1 ion beam with a current of 0.8 nA. The contribution of th
sputtered particles consists in this case of both H1 ions and Al1 ions.
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tions certainly when using fitting procedures which ha
incorporated models for the background shape. In addit
there is a low-energy threshold for reionization where
signal due to reionized particles disappears, and in this
gime the background reduction will be as complete as in
polymer case. For a discussion of reionization thresholds
refer to the literature and references therein.2,11
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