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Abstract

We report the design and testing of a setup for transmission. measurements of multiply
charged ions through free-standing films with a thickness.of a few atomic layers. The in-
vestigation thereof can yield deeper insight into charge equilibration and pre-equilibrium
stopping phenomena which can ultimately be used to specifically tailor and modify these
materials.

Keywords: transmission measurements, highly charged ions, ion surface interaction,
graphene, carbon nano membranes, ion charge loss, ion energy loss, equilibrium charge
state

1. Introduction

Since the discovery of single layer graphene [1], 2D materials and films of just a few
atomic layers have been in the spotlight of theoretical as well as of experimental research.
Applications for these materials are manifold and range from miniaturised gas sensors [2-4]
over chemical [5] to medical [6] applications. Due to their unique electronic properties, these
materials are also of great interest for possible applications in future nanoelectronics [7].

One possibility to tailor 2D materials and thin films is by irradiation with ions in high
charge states (HCI) [8-11]. For modelling of HCI induced damage, data on the energy
deposition of the ions inside the target and the dissipation channels is indispensable [12].

Collision studies between ions and free-standing thin membranes are also of fundamental
interest, because they bridge the gap between atomic collisions in gaseous and those in solid
targets [13]. While most existing theories on heavy ion stopping at low velocities describe
the stopping of a particle inside a solid by means of an equilibrium charge state [14-17], this
concept loses its validity for targets with a thickness in the range of the equilibration length
(in the order of a few nm [18, 19]) of the projectile [13].

By measuring the charge state distribution and energy loss of low energy multiply charged
ions after transmission through free-standing foils, pre-equilibrium stopping values can be
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Figure 1: Cross section through the setup. The collimated ion beam (beam divergence below 0.5°) is guided
onto a target holder that can hold multiple targets before it is charge state and energy selected by a 170°
electrostatic spherical sector analyzer and detected with a microchannel plate detector.

accessed and valuable data for a deeper theoretical understanding of the underlying deexci-
tation processes can be gathered.

In this contribution we present-an experimental setup designed for measuring charge
state and energy distributions of low energy multiply charged ions transmitted through free-
standing single or few atomic layer targets. First test measurements using Ar projectile ions
and carbon nano membranes (CNMs) [20] as a target are presented.

2. Setup for transmission measurements

Multiply charged ions with energies in the order of 100 eV /amu are provided by the ECR
ion source at the Institute of Applied Physics at TU Wien [21]. After extraction, the ions
are mass-to-charge separated and collimated to a beam divergence below 0.5°. The beam is
rectified using four sets of deflection plates before it enters the target chamber.

A cross section through the setup described in the following is shown in Figure 1. The
targets that are used for transmission measurements are suspended on TEM grids. A tar-
get holder that can hold multiple of those grids is mounted on a 4-axes-manipulator. For
beam diagnostics and beam alignment, a Faraday cup is positioned at the bottom of the
target holder. Transmitted ions are charge state selected and energy analyzed using a 170°
spherical sector electrostatic energy analyzer (comstock AC-903B) with an entrance and
exit aperture of 1 mm in diameter. The mounting of the analyzer allows the detection of
ions scattered into forward angles smaller than 3.9°. Particles are counted using a set of
microchannel plates in the chevron configuration (comstock CP-602B) that is attached to
the exit aperture of the analyzer.
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Figure 2: Calibration curve of the energy analyzer. The squares mark the measured data points while the
solid line is the linear fit which defines the calibration parameters (c.f. text).

Calibration of the system

In order to obtain accurate energy loss data, we performed a calibration of the analyzing
system. The pass voltage U, for a particle with a given kinetic energy Ej;, and charge state
q through the spherical sector electrostatic energy analyzer is given by

o Ekin

U
P gy

+ U,. (1)

Here g is a geometry factor defined by the dimensions of the analyzer that can deviate
from the one given by the manufacturer (gme, = 2.283) due to field inhomogeneities and
imperfect geometry. U, is an offset voltage accounting for a voltage difference between the
read out voltage and the effective voltage between the analyzer’s inner and outer electrode
and a possible small tilt of the analyzer with respect to the beam direction.

For determination of the parameters g and U,, primary peak positions without a target
have been recorded at fixed ion source settings for a series of extraction voltages using Ar™"
and Ar’T projectiles. By fitting the data points (squares in Figure 2) with Equation 1 (solid
line in Figure 2), g = 2.312 and U, = —3.75 were determined (for a discussion of possible
errors see below).

3. Preliminary measurements and comparison to existing data

For the first measurements with the setup described above, CNMs suspended on a lacey
carbon film on a copper TEM grid with a mesh width of 60 ym purchased from CNM
Technologies, Bielefeld, Germany, have been used. They are created through cross-linking
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Figure 3: Transmission spectrum of Art ions at a kinetic energy of 17.3 keV through a carbon nano
membrane. The primary Art peak is two orders of magnitude larger than the Ar8t peak. The two insets
show magnified peaks with the corresponding fit that is used for evaluation. For details see text.

by low energy electron irradiation of a self-agsembled monolayer of aromatic molecules (1,1-
biphenyl-4-thiol) grown on a Au substrate and have a thickness of 1 nm [22]. The pressure
inside the experimental chamber‘was kept below 3 - 1072 mbar, such that charge exchange
of the ion beam with residual ‘gas atoms can be neglected.

Figure 3 shows a spectrum that was recorded with the setup for 0.43 keV/amu Ar’"
ions. The ions of different charge states are mapped to a series of distinct peaks by the
electrostatic analyzer.. Since a lower charge state corresponds to a higher pass voltage and
the maximum pass voltage of the analyzer is 3500 V, the Ar?* and the Ar'* peak cannot
be recorded at. this projectile energy. The primary peak, which can be attributed to ions
passing through damaged or ruptured parts of the foil, is about two orders of magnitude
larger than the Ar®* peak. The lacey carbon support has a thickness of at least 15 nm,
which is enough for the ions to reach their equilibrium charge state according to Bohr’s
stripping eriterion [23], which is approximately 0.3 for this energy regime. Thus the spectra
taken are the result of the interaction of the ions with the CNM.

For the evaluation of the spectra, two things have to be taken into account:

(a) Looking at the low charge loss peaks, no straggling can be seen while the high charge
loss peaks are very asymmetric. This requires two different energy distributions. While
a Gaussian distribution is apt for the symmetric peaks, a Moyal distribution [24], which
describes the energy loss of a particle traversing a thin foil, can be used to fit the peaks
that exhibit straggling.

(b) The measured peaks are broadened by the spectrometer design. This can be included
4
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Figure 4: Energy loss of Ar?* ions with a fixed kinetic energy of Ey;, = 5.8 keV and an exit charge state of
q = 1 plotted over the initial charge state q. A polynomial fit of second order (dotted) represents the data
(triangles) very well.

by convolving the energy distribution with a function that is characteristic for the spec-
trometer. Details on the concept can be found in the supplemental material of [9].

The two insets in Figure 3 show the Ar®" peak fitted with the convolution of a Gaussian dis-
tribution with the spectrometer function (left) and the Ar3* peak fitted with the convolution
of a Moyal distribution with the spectrometer function (right).

To compare our first results with existing data, spectra of ions with the same kinetic
energy (i.e. 5.8 keV) and different initial charge states were evaluated. When plotting the
energy loss of ions with an exit charge state of ¢ = 1 over the initial charge state, the data
points follow a‘polynomial fit of second order (see Figure 4). This behavior is the same as
reported in [13] for the same target material (CNMs).

Aceuracy estimation

The main contributions to the error of the energy loss measurements result from the fit to
the data and the determination of the calibration parameters g and U,. While the errors of
the fit and ¢ contribute to the statistical error, U, can be split into a statistical contribution,
which results in an uncertainty in the order of 10 eV, and a systematic contribution which
will be discussed in the following.

The systematic error of U, depends on the accuracy with which the initial energy of the
ions can be determined, which is limited by an unknown positive plasma potential inherent
to ECR ion sources. Two criteria are used to constrain the range for U,: The upper limit is
given by the estimate that the ions that have captured one electron on their passage through
the CNM can at most show an energy gain which is given by the interaction with their image
charge (see [25] for details). The lower limit of U, is found by considering the limit of the
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Figure 5: Range of systematic error of the measurements: The upper limiting curve (light blue dots) is given
by the maximum shift of the extraction energies due to a positive plasma potential. The lower limiting curve
(dark blue squares) is determined by a possible image charge interaction.-The shaded area shows the error
range. For preliminary evaluation, the center curve (medium blue triangles) corresponding to U, = —3.75
V derived from the calibration curve in Figure 2 was used.

plasma potential inside the ECR. ion source. For our type of source this limit lies around
+25 V [27].

The shaded area in Figure 5 shows the validity range of U,. Until further refinement of
the calibration, a value of U, = —3.75 V which is symmetric to the limits given above and
consistent with the calibration in Figure 2 will be used. This induces a systematic error of
the energy loss measurements of oy o = 2.25 % g * (¢in, — Qour) €V towards higher and lower

energy losses (i.e. 5 eV (Ar®F) <31 eV (Ar®*") for the energy loss measurements displayed
in Figure 4).

4. Conclusion and outlook

We have designed and tested an experimental setup for energy loss and charge loss
measurements of ions after transmission through free-standing films of a few atomic layers.
The setup was calibrated and analyzed for possible sources of inaccuracies. After calibrating
the setup, the evaluation of the first measured spectra reproduced a quadratic dependence
of the energy loss on the incident charge state for projectiles with the same exit charge state.

The further scope of the experiment will comprise investigations on the transmission
of medium charged ions through graphene and other 2D materials like MoSs or hexagonal
BN. Spectra of CNMs will be taken at different analyzer angles to enter a regime of smaller
projectile impact parameters and larger energy losses.
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