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Elastic recoil detection analysis (ERDA) is a tech-
nique specially suited for depth profiling of light
elements, which overcomes the limitations of Ruther-
ford backscattering (RBS). The developments in the
technique enabled depth profiling of elements from
hydrogen up to very heavy elements with single ele-
ment resolution in the light mass region. The use of
large area position sensitive telescope detectors made
it a highly sensitive technique with which ion beam
induced modifications such as interface mixing, elec-
tronic sputtering and radiation damage studies can
be performed during irradiation itself.

1. Introduction

THE first nuclear particle accelerator was built in early
1930s with the aim to probe into the nucleus by nuclear
reactions. With the passage of time, it was realized that
accelerators can play an important role in other
branches of science. Materials science gained a lot by
accelerators. Ion implanters, which are basically low
energy (typically 400 keV) accelerators are today essen-
tial tools in semiconductor technology. Alpha particles
of energy of a few MeV have been playing a major role
in materials characterization by Rutherford backscat-
tering (RBS)' and channeling®. RBS provides depth pro-
filing of elements in the surface region up to a few
microns. RBS channeling measurements allow” the
quantification of crystallization, dopant atom location,
determination of strain in superlattices, etc. RBS, how-
ever, has poor sensitivity for the detection of light ele-
ments (C, N, O, etc.) especially in the presence of a
substrate of higher mass (such as Si, which is often the
case). This is because of low Rutherford scattering
cross section which is proportional to the product of the
atomic numbers of the projectile and the scatterer. An-
other limitation of RBS is its inability to detect hydro-
gen because no projectile can get scattered back from
this lightest element. The disadvantages of RBS are
overcome by another technique called elastic recoil
detection analysis (ERDA)* first demonstrated by
L’Ecuyer et al. in 1976. The breakthrough of the ERDA
technique came when heavy ion accelerators became
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available for materials research. Basically ERDA is a
technique quite similar to RBS, but instead of scattered
projectile detection at the back angle, the recoils are
detected (resulting from elastic collision of the incident
particle and the atoms in the sample) in forward direc-
tion. Its use for hydrogen depth profiling was demon-
strated’ by Doyle and Peercey. ERDA technique further
got strengthened in terms of its capabilities by the use
of particle identifying techniques, which were com-
monly used by experimental nuclear physicists. Salient
features of ERDA with high energy heavy ions are:

@) Large recoil cross sections with heavy ions and
hence good sensitivity.

(i1)  Almost same recoil cross section for a wide mass
range of target atoms.

(iii) Element depth profiling of a wide range of ele-
ments from hydrogen to rare earth elements using
particle identifying techniques.

2. Principles of ERDA

In an elastic collision of the incident particle of mass m,
(in atomic mass units) and energy £,, with the atom of
mass m, (in atomic mass units) present in the sample,
the atom in the sample which is at rest, recoils in for-
ward direction after the collision. The energy of the
recoiling atom can be derived from the basic principle
of conservation of energy and momentum. The recoil
energy E, of atom with mass m, at an angle ¢ with re-
spect to the beam direction is given by

E. = kE,, (D
where £ is kinematic factor given by
k = 4mym,cos’0/(m, + m;)’. )

The projectile mass, its energy and recoil angle remains
fixed under a given experimental condition, therefore
atoms of different masses in the sample come out with
different recoil energies as governed by eq. (1). If
my, > m,, projectiles can only be scattered in a limited
angular range with a maximum angle 6 defined by
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© = arcsin (m,/m,). This fact can be used to avoid scat-
tered projectiles by placing the detector for the recoils
beyond this angle. Normally the heavier scattered pro-
jectiles or recoils of the sample are stopped in a stopper
foil of appropriate thickness in front of the detector.
Light element recoils are not stopped in the stopper foil
due to smaller energy loss during traversal. Figure 1
shows the schematic of an ERDA set up and explains
the principle of ERDA.

2.1 Quantification

The concentration of sample atoms N, (in atoms/cm?)
can be determined by the following relation

N, = Y sino/(N,Qdo/dQ), 3)

where Y is the number of recoils detected in the detector
subtending a solid angle of Q, N, is the number of inci-
dent ions, o is the sample tilt angle as seen in Figure
1, do/dQ is the Rutherford recoil cross section given by

do/dQ = [Z,Z.e*(m, + m)/(AE,"m,” cos’0), (4)

where Z;, and Z, are the atomic numbers of the projectile
ion and the recoiling ion from the sample respectively.
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Figure 1. Schematic diagram indicating the principle of ERDA.
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2.2 Depth profiling

The energy of recoils as detected by the detector de-
pends on (i) the kinematics as per eq. (1), (ii) the energy
loss of the incoming ion in the sample material up to a
certain depth d, (iii) the energy loss of the recoil within
the sample from depth d, where it originates, and (iv)
the energy loss of the recoil atom in the stopper foil as
depicted in Figure 1. If the recoil originates from the
surface, the energy of the recoil atom is determined
only by the kinematics according to eq. (1). This is the
maximum energy of a recoil of particular mass originat-
ing from the sample’s surface. The energy of a recoil
ion generated at depth d is given by

Eq = KE, — (d/sina))(dE/dx);,], (5)

where (dE/dx);, is the energy loss of incoming ion in the
sample material.

The energy of recoil Ey,, originating at depth d, com-
ing out at the surface is

Eqs = Eq — {d/sin(0—ct)} (dE/dx)ou, (6)

where (dE/dx),, is the energy loss of recoil in the sam-
ple. The recoil energy as detected by the detector is
given by

Edet = Eds - AEfoil (Eds)a (7)

where AFEg,; is the energy loss of recoil in the foil,
which is dependent on energy.

The recoil energy is converted to depth scale using
the eqs (5) to (7) given above.

2.3 Mass identification

Recoil energy provides the information about the mass
of the elements in the sample as per eq. (1) at fixed 0.
The identification of the elements from the recoil en-
ergy is possible as long as the recoil energy difference
of the elements is larger than the energy resolution of
the set up. Higher mass recoils have higher energy as
per eq. (1), if m, > m, and appear as separate groups as
shown in Figure 1.

2.4 Sensitivity

Sensitivity is defined as the minimum quantity of an
element, which can be detected for a moderate charge of
incident ions (say 10 pnC). It is dependent on the recoil
cross section and the detector solid angle. The latter is
kept normally in such a way that the opening of detector
has an acceptance angle, which is comparable or
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smaller than the kinematic broadening. Typically, the
minimum detection limit is about 0.1 atomic per cent.

2.5 Depth resolution

Depth resolution depends on the energy resolution dF,
which is governed by various factors such as (i) inci-
dent ion beam energy spread, (ii) straggling in the stop-
per foil and the detector system, (iii) inhomogeneities in
the stopper foil and the entrance window of the detec-
tor, (iv) detection system resolution, which is composed
of the electronics noise and the detector resolution, (v)
kinematic broadening, and (vi) angular and lateral
spread due to multiple scattering, which adds to the ki-
nematic broadening. Incident beam resolution is typi-
cally 50 keV. Detection system resolution is typically
1% and is therefore about 200 keV for 20 MeV heavy
ion recoils. One has to choose the experimental parame-
ters in such a way that the recoil energy spread due to
various factors is minimized.

3.0 ERDA in different geometries

3.1 ERDA in transmission geometry without
stopper foil

ERDA can be employed in transmission geometry as
shown at the top left inset in Figure 2. It is suited only
for the self-supporting thin film samples. There have
been a few such studies®®, where the impurities in self-
supporting thin foils used in nuclear physics experi-
ments, were determined by ERDA technique.
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Figure 2. Recoil spectrum of a C foil irradiated with 100 MeV 1

ions. (Reprinted from Nucl. Instrum. Methods, Volume number
A334, Jaipal ef al., Characterization of targets, p. 196, Copyright
(1993), with permission from Elsevier Science.)
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A self-supporting thin C foil (100 ug/cm?) was bom-
barded by 100 MeV I ions and the recoils were detected
in a surface barrier detector placed at 30 degrees. The
maximum scattering angle for '*’I projectile on C atom
is 5.4 degree. Therefore the scattered ions do not reach
the detector kept at 30°. The recoils of N, O, Na and Cl
apart from C were seen as shown in Figure 2 and their
concentrations were determined®.

In another experiment, effectiveness of an in-vacuum
transfer system was examined by studying a thin Ca
target kept in vacuum during transfer and later exposed
to air for a short duration. The recoils from Ca thin foil
(transferred from evaporator to ERDA chamber under
vacuum) were recorded in a surface barrier detector at
an angle of 42° using 100 MeV Ag ions. The maximum
scattering angle of Ag ions on Ca is 21.9 degree. The
experiment was repeated when such a Ca film was ex-
posed to air for a small duration (about a minute). The
recoil spectra’ in the two cases are shown in Figure 3,
which clearly indicates low contamination of oxygen in
the case of in-vacuum target transfer system. It helped
to check an indigenously designed load lock system.
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Figure 3. Recoil spectra of a Ca target for (a) in-vacuum transfer

conditions and (b) after exposure to air. (Reprinted from Nucl. In-
strum. Methods, Volume number A362, Kabiraj, D. ef al., In vacuum
target transfer facility, p. 205, Copyright (1995), with permission
from Elsevier Science.)
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Most of the cases of materials science interest, how-
ever, have samples of thin films on thick substrate or
thick samples, where the transmission geometry cannot
be utilized. In such cases, one has to adopt the reflec-
tion geometry as discussed in the following section.

3.2 ERDA in reflection geometry

In this geometry the sample is tilted at an angle and the
detector is kept at an angle greater than the sample tilt
angle as already shown in Figure 1. This is the most
common geometry for ERDA experiments. Various de-
velopments and examples involving this setup are dis-
cussed in the following sections.

3.2.1 Hydrogen depth profiling: Hydrogen has high
diffusivity in materials. Its presence affects the proper-
ties of such materials. Therefore hydrogen detection and
depth profiling is of wide interest. Among various cases
of interest, we discuss here hydrogen depth profiling of
Non Evaporable Getter (NEG) material, an alloy of V,
Fe and Zr. It has the property of absorbing the gases
after its activation and is of interest in vacuum technol-
ogy. Since hydrogen is one of the main residual gases in
vacuum, it was our interest to quantify the absorbed H
in the NEG strip used in vacuum pumping9. Therefore
we performed H depth profiling'® of a pristine NEG
strip and the one used in vacuum pumping. 80 MeV Ni
ions were incident on such a sample and the recoils
were collected at an angle of 45°. The H recoil spectra
are shown in Figure 4, which indicate considerable
amount of H absorption in the NEG strip due to vacuum
pumping action.
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Figure 4. Recoil spectrum of H in pristine and saturated NEG strip.

(Reprinted with permission from Trans Tech Publication Ltd. from
Materials Science Forum, 1997, 248-29, 405.)
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3.2.2 Multi-element analysis by FRDA. We will con-
sider here an example'' of stoichiometric analysis of a
thin a-SiN, : H film on Fe substrate. The film was made
on Fe substrate instead of Si substrate as the interest
was to detect the content of Si apart from H and N in
the film. Such amorphous silicon nitride films have ap-
plications in gate insulators and in device passivation.
The sample was tilted at an angle of 20° and detector
was kept with a stopper foil of 6 um in front of it to
stop unwanted Fe recoils and scattered Ni ions, which
were used as incident ion beam. The recoil spectrum
obtained at 34° is shown in Figure 5, where the recoils
of H, N and Si can be distinguished. From this spectrum
the film stoichiometry was extracted as H = 3.8 at. %,
N =20.4 at. % and Si = 75.7 at. %.

3.2.3 ERDA with telescope detector. The above-
mentioned methods are suitable when the elements to be
detected (for determination of concentration) are well
separated in mass. If there are elements in the sample
which have neighboring masses, the recoil energies
overlap and it becomes difficult to distinguish such
elements in the sample. In such a situation, it is of
advantage to use one of the other particle identification
techniques to discriminate different elements. The tech-
niques are time of flight (TOF)'*'® spectrometer,
AE-E detector telescope'’ >, magnetic spectro-
graph®*?, Bragg curve spectrometer (BCS)**?". TOF is
best suited for low recoil energies but has the disadvan-
tage of low detection efficiency for hydrogen and other
lighter mass elements. TOF setups use micro channel
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Figure 5. Recoil spectra of H, N and Si from a thin a-SiN, : H film
measured with 80 MeV Ni ions. (Reprinted from Vacuum, Avasthi,
D. K., et al., Hydrogen profiling and stoichiometry of an a-SiN,: H
film. p. 265, Copyright (1995), with permission from Elsevier
Science.)
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