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Detection of hydrogen by electron Rutherford backscattering
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Abstract

A novel method for detection of hydrogen by an electron beam in extremely thin samples is described. Elastically
scattered electrons impinging with 20-30 keV on a thin formvar film were detected at a scattering angle near 45°. In these
large momentum transfer elastic collisions a clear separation of the signal of hydrogen and heavier elements was found.
By changing the momentum transfer we can verify that the hydrogen signal is not due to inelastic energy loss
contributions. The width of the hydrogen elastic peak is much larger than the elastic peaks due to heavy elements (carbon
and oxygen). The ratio of the hydrogen elastic peak and the main elastic peak is smaller than expected by 30-50%
depending on the energy of the impinging electron. This could be due to electronic excitations directly coupled to the
elastic collision. The stability of the formvar film under electron radiation was studied. A reduction in thickness of the
film with increasing fluence, as well as the preferential depletion of hydrogen, was found. Possible improvements of the
experimental configuration for this type of experiments are discussed. © 2002 Elsevier Science B.V. All rights reserved.

PACS: 25.30.Bf; 81.70.Jb; 82.80.Yc
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1. Introduction

Electron microscopy in combination with ele-
mental analysis is one of the major tools used to
develop our knowledge in areas ranging from
materials science to biology. Elemental analysis
relies on the excitation of core electrons. In
electron energy loss spectroscopy (EELS) edges
in the measured loss distribution related to these
core levels are used very effectively for the
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quantitative study of the composition [1]. Alter-
natively for thick samples, we can use the decay
process of the core holes (by Auger eclectrons
emission or X-ray emission) as the basis of the
analysis of the surface composition. However, in
all the three cases no unique signature of the
presence of hydrogen is obtained although its
presence may affect the detailed shape of the
spectra obtained (see e.g. [2]). Direct detection of
the ubiquitous hydrogen by an electron beam has
been an elusive goal. Indeed hydrogen concentra-
tions are usually obtained using nuclear methods
[3]. In this paper, we present a method that allows
for the direct detection of hydrogen (and possibly
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other light elements) when present in large
concentrations. The experiment described uses a
rather large-diameter electron beam (0.1 mm) and
spatial resolution was not the main objective. I will
discuss what kind of spatial resolution can be
obtained, in principle, with this technique.

In many spectrometers, the energy analysis of
elastically scattered electrons is often used to
determine the experimental energy resolution: the
convolution of the energy spread of the electron
source and the resolving power of the electron
analyser determines its width. However, the
nomenclature ‘elastic’ is somewhat misleading. If
an energetic electron with momentum with mag-
nitude k is deflected over an angle 65 by a
(stationary) nucleus with mass m, its momentum
changes by an amount |g|. Hence, the Kkinetic
energy transferred to the nucleus is

2 2
E%%<|k| sin<%95>> . (1)

In the case of impinging ions, the energy transfer is
large and this makes Rutherford backscattering a
powerful technique for the study of the composi-
tion of thin films. Compared to the mass of ions
the small mass of an electron seems negligible
(1836 times smaller than that of a proton). Hence,
in electron—nucleon collisions, the mass of the
target atoms is considered to be infinite and the
energy transfer associated with an electron deflec-
tion is neglected. In the present paper we describe
electron scattering experiments, in which
20-30 keV electrons are deflected over 44.3°. In
these experiments collisions with extremely large
momentum transfers, up to 35 a.u. are studied.
(We use here atomic units (a.u.). One atomic unit
of momentum corresponds to 1.89 /.1’1.) In
comparison the momentum transfer in traditional
EELS experiments is typically <1 a.u. [4]. For
35 a.u. momentum transfer to a proton the
corresponding energy transfer is ¢*/2m i.e.
~(0.33 Hartree or 9.1 eV. This is an amount that
is large compared to our experimental resolution
(0.6 eV). In the Rutherford backscattering litera-
ture, one expresses the energy loss due to the
collision of the projectile ion with a target atom in
terms of the kinematic factor. This kinematic
factor is calculated from the target and projectile

mass and the scattering angle [5]. That calculation is
completely equivalent to the arguments given here,
with the caveat that relativistic corrections become
important for electrons at much lower energies than
for ions. The assumption thaty = (1 + 1.72/6’2)_]/2 =
1, made implicitly in the familiar kinematic factor
formula [5], results for the case of electrons in an
error in the calculated energy loss of 10% at
25 keV. Indeed even at the modest energies of the
present experiment, the agreement between experi-
ment and theory improved noticeably when these
relativistic corrections are taken into account.

2. Experimental set-up

The experiments were done in our (e, 2¢)
spectrometer. This is described in detail elsewhere
[6]. Indeed the current experiment was triggered by
the observation of an anomalous width of the
elastic peak used in the calibration procedure of
the (e, 2e) analysers. Here, we briefly describe the
essential parts as far as this paper is concerned. An
outline is given in Fig. 1. An electron gun (BaO
cathode, energy spread 0.3 eV) produces an
electron beam of 600 eV. The sample is in an
enclosure that floats at voltages between 19.4 and
29.4 keV. Thus, the electrons are accelerated up to
20-30 keV and impinge on a thin film (spot size
0.1 mm diameter, beam current typically 5 nA).
Only electrons transmitted through this film and
scattered over 44.3° are detected by the electro-
static analyser. This angular selection is done by
an 0.5 mm wide slit, 130 mm away from the
sample. These slits are slightly curved in such a
way that we detect over a 10° sector of a 44.3° cone
[6]. After passing through these slits the electrons
are retarded and focussed by a lens system. They
enter the hemispherical analyser with a pass energy
near 400 eV. Transmitted electrons are detected by
a pair of channel plates followed by a position-
sensitive detector (PSD, a resistive anode). The
precise energy and azimuthal angle can be derived
from the coordinates of the PSD.

In order to demonstrate this technique we used a
thin formvar film. This polymer (nominal compo-
sition CgO,H4) should give us a high density of
hydrogen and is most conveniently prepared as a
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Fig. 1. The outline of the spectrometer (left). Electrons scattered over 05 are retarded by a lens system and analysed for energy in a
hemispherical sector analyser (HSA) and detected using a position-sensitive detector (PSD). In the right panel we show the relation
between the incoming (kg), outgoing (k;) and transferred momentum (q).

free-standing film. In practise, we can collect a
reasonable spectrum of these films (thickness
approximately 20 nm) in 2 min, i.e. using a dose
of 0.006 C/cm?.

3. Results

The results of these measurements are shown in
Fig. 2. Three different energies Ey for the imping-
ing electrons were used: 20, 25 and 30 keV.
Electron gun and analyser potential were kept
fixed, and only the high voltage applied to the
target arca was varied. The energy resolution
depends on the stability and ripple of the gun and
analyser potentials (which are all <1 keV, stability
and ripple better than 0.1 V) but not on that of the
sample high voltage (up to 30 keV). The analyser
lens settings had to be adjusted so that for each
energy the lenses focussed the incoming electrons
at the entrance of the analyser. The main elastic
peak is due to electrons scattered from carbon and
oxygen. In these plots we choose, for convenience,
the zero point of our energy loss scale to coincide
with this peak position. However, even for carbon
and oxygen we have an energy loss of 0.4-0.8 eV
under these conditions. The main peak has a width
(full-width at half-maximum) close to 0.9 eV in all
the three cases indicating very similar level of
focussing in the retardation lens system. A second
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Fig. 2. The measured energy loss spectra for different energies.
The intensity has been multiplied 50 times for energy loss
exceeding 2 eV.

somewhat broader peak was seen at an energy loss
position varying from 6 to 9 eV. It will be argued
that this peak is due to electrons elastically
scattered from hydrogen. Finally, there is a third,
very broad structure peaking near 22 eV. As there
are no inelastic scattering events that deflect an
electron over 45° and have an energy loss near
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Fig. 3. The decomposition of the hydrogen part of the
spectrum in terms of background and hydrogen elastic peak
as determined from a least-squares fit.

22 eV, we interpret this peak as being due to
electrons that have experienced both a large-angle
elastic deflection and an additional electronic
excitation (plasmons and interband transitions).
This part increases relative to the elastic peak with
sample thickness. The thickness of the formvar is
near one inelastic mean free path for 25 keV
electrons. The shape of this third structure does
not vary with electron energy, only its intensity
decreases with increasing energy, due to the

gradual increase of the inelastic mean free path,
and hence the decreased probability of multiple
scattering.

In order to get a more quantitative description
of the measurement we fitted the hydrogen part of
the spectrum. The background was described by a
quadratic polynomial, the peak itself by a Gaus-
sian distribution. The results of these fits are
shown in Fig. 3 and summarised in Table 1. The
calculated shift AE,, is the difference between
the energy loss for scattering of hydrogen and the
mean energy loss for scattering of carbon and
oxygen as the contribution of these atoms is not
resolved. The observed shift between the main
peak and the hydrogen peak AE,,s agrees with the
calculated shift AE.,. within 2%. This validates
the assignment of the small peak to electrons
backscattered from hydrogen. Surprisingly, the
width of the hydrogen peak (~4eV) is much
larger than the width of the main peak (~1.0 V).
This is due to vibrational motion of the hydrogen
changing the kinematics of the collision. This
effect opens the possibility of measuring the
Compton profile of atomic vibrations and is
discussed in a separate paper [7]. For analytical
application the ratio of the intensity of the main
line to the intensity of the hydrogen line is of more
interest. In the case of Rutherford scattering the
cross-section varies as Z> with Z being the atomic
number. Tabulated cross-sections for elastic elec-
tron scattering, based on the electron wave
function, agree with this dependence for present
conditions, indicating that screening of the nucleus
by the target electrons is not important here [8].
Thus, based on a composition of CgO,H4 we
would expect the intensity ratio of the hydrogen
peak relative to the main peak (due to oxygen
and carbon) to be 14:(8 x 6% +2 x 8%)~1:29.7.
Experimentally we find that the intensity ratio of

Table 1

A summary of the measured and calculated quantities as discussed in the text

EO q AE(:tbs AEca\lc FWHM IH : Imain IH : Imain
(keV) (a.u.) V) (eV) V) (obs.) (calc.)
20 29.2 5.9 5.8 2.6 1:41.1 1:29.7
25 329 7.5 7.4 2.9 1:44.8 1:29.7
30 359 9.0 8.8 2.9 1:51.7 1:29.7
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the main line to hydrogen line is between 1:40 and
1:50. Clearly the hydrogen peak is smaller than
expected, and the discrepancy seems to increase
with energy. This is currently not understood.

There are quite a few possible grounds for this
discrepancy. Inadequacy of the fitting procedure,
additional energy loss as part of the elastic
collision with hydrogen and depletion of hydrogen
due to the electron beam-induced decomposition
of the films. We will discuss these possibilities
briefly.

There are at least two critical assumptions made
while fitting the experimental data: One assump-
tion is that the background can be described by a
polynomial of second order in energy, the other
that the line shape can be described by a Gaussian
function. The background obtained appears rea-
sonable. A change of 50% in area cannot be easily
obtained with a smooth varying background.
Moreover, as the hydrogen contribution changes
position with beam energy, the background reveals
itself to be a rather smooth function of energy loss.
Thus, it seems unlikely that the discrepancy
originates in problems with the background
substraction.

More difficult is the justification of the Gaussian
line shape. Clearly, the hydrogen feature is much
(~4x) broader than the main elastic peak. Thus,
the experimental contribution to the hydrogen line
width is very small. As hinted before we think that
the excess broadening is due to motion of the
protons. However, until this is fully quantitatively
understood we cannot justify the Gaussian line
shape rigorously. For example, the assumption of
a Lorentzian line shape would increase the area of
the hydrogen feature significantly.

Another possibility is the unresolved presence of
shake-like satellites associated with the hydrogen
feature. The proton acquires up to 9 eV kinetic
energy in the collision. It is, thus rather unlikely
that the chemical bond will survive this violent
event. (The heat of formation of a C—H bond is
near 4 ¢V.) Excitation of the bonding electrons to
excited states, in addition to the kinetic energy
transfer may cause part of the hydrogen peak
intensity to be shifted to higher loss values, due to
these electronic excitations. It would be interesting
to study these processes in the gas phase using, for

example, ethane. Here, we can choose the density
of the gas arbitrarily low, so that the multiple
scattering background would vanish. Shake fea-
tures would then be easily observable, and their
intensity and position would provide insight in to
the break-up of molecules after a well-defined
perturbation.

Finally, it could be that the electron beam has
changed the sample composition. In order to test
this, and to underline that this method has
practical applications, we studied the effect of
irradiation on the sample composition. In the
above all spectra were taken at fresh spots. Now
we compare the first spectra with those obtained
after irradiation of the sample with 0.35 C/cm?
(Ey = 25 keV). The results are shown in Fig. 4.
The spectra are normalised in such a way that the
main elastic peak have equal height. Clearly, the
multiple scattering contribution has decreased
somewhat due to the irradiation. However, there
is still a well-defined hydrogen peak present. The
ratio Iy : Inain has decreased by 22%.

Radiation damage in organic compounds has
been studied before by Egerton [9]. He used the
ratio of elastic-to-inelastic scattering as a guide to
estimate the amount of hydrogen removed.
Parkinson et al. [10] studied the diffraction pattern
of organic crystals and the amount of hydrogen
seen in a mass spectrometer. These and other
similar studies would clearly benefit from measure-
ments such as the one described in this paper.

4. Outlook and conclusion

The current spectrometer was not designed for
the measurements described here. Thus, it is more
than likely that a spectrometer designed specifi-
cally with hydrogen detection in mind would
perform better by at least an order of magnitude.
The first obvious design parameter that could be
varied is the scattering angle. The angle of 44.3°
was required for the (e, 2¢) measurement. A truly
backward angle seems more appropriate for the
current experiment, as this would maximise the
separation of hydrogen from heavier atoms and
possibly resolve other light elements. However, a
larger scattering angle would be at the expense of
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Fig. 4. The dependence of the measurement on electron
irradiation. The top panel shows that the formvar film decreases
in thickness during irradiation. The loss part that is due to
multiple scattering (elastic scattering and inelastic scattering)
decreases in intensity relative to the main peak (due to elastic
scattering only). In the mean time the hydrogen peak decreases
as well relative to the main peak, indicating preferential release
of these atoms.

cross-section but it would make application to
thick samples feasible, provided that the ratio of
the background (due to multiple scattering) to the
signal is sufficiently small.

The electron analyser should be designed in such
a way that the opening angle is maximised. In the
current experiment the width of the slits was
dictated by the momentum resolution require-
ments of the (e, 2e) experiment, a consideration
not relevant for hydrogen detection. Note that, if
one increases the opening angle, aberrations in the

retarding lens system tend to increase, reducing the
obtained energy resolution. Another requirement
is that the lens system should be able to focus over
a wide energy range, which will allow the operator
to chose the impinging electron energy and hence
control the position of the hydrogen signal in such
a way that the background contribution is most
easily estimated.

By scanning a focussed electron beam one can,
of course, get a map of the hydrogen distribution.
The spatial resolution would be limited by the
beam dose that can be used without significantly
altering the sample. Note that improving the
energy resolution will not improve performance
significantly, as these features have a large intrinsic
width. In the formvar case most of the hydrogen is
still present after a radiation dose 50x that is
required for a spectrum. Thus, with the current
spectrometer these measurements are feasible with
a change in beam diameter (i.e. spatial resolution)
from 0.1 to 0.01 mm. An optimisation of the
electron optics could improve the detection effi-
ciency at least by a factor of 10, hence, allowing
for smaller beams or more radiation damage-
sensitive substrates. Larger beam current would
decrease the data acquisition time.

I would like to stress here a difference in
description of energy loss processes in the (ion)
Rutherford backscattering literature and electron
spectroscopy. In the former, energy loss is
described in terms of eV//jl. Ions lose energy for
every atomic layer penetrated. There is a variation
around the mean energy lost per layer, called
straggling, and the straggling causes deterioration
of the depth resolution with increasing depth. In
electron spectroscopy one describes the energy loss
in terms of inelastic events separated by trajec-
tories (larger than the interatomic distance) with-
out energy loss. The average length of these non-
scattering distances are referred to as the inelastic
mean free path (a few tens of nm at the current
energy). The interpretation of these -electron-
Rutherford backscattering experiments is along
the line of electron spectroscopy. Consequently, in
a transmission experiment we have no depth
resolution. In a reflection experiment (if possible)
one would collect information from a surface layer
with a thickness of roughly 0.5x mean free path.
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This depth could be varied by changing the energy
Ey or the angle of incidence.

In conclusion we have demonstrated a new
technique, based on a electron beam, that directly
monitors the hydrogen concentration in a thin
film. In order to fully develop this technique for
quantitative applications it will be necessary to
understand why the intensity ratio of the main line
and the hydrogen satellite is not correctly de-
scribed by the Rutherford cross-section. The
intensity of the signal is such that in an optimised
design modest spatial resolution in the 1-10 pm
range should be obtainable.
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