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1Introduction

1.1 The path to Helium Ion Microscopy
invention

A variety of microscopy techniques is used on a daily basis in science
and industry for material visualization and characterization. Microscopy
has been developing over centuries and nowadays has branched into sev-
eral sub-fields such as optical, scanning probe, digital holographic, and
charged particle beam microscopies [1, 2]. Microscopy resolution capa-
bilities significantly improved after the idea of the dual character of an
electron was formulated by Louis de Broglie in 1924. Already in 1927
the electron wave behavior was experimentally proven independently by
C. D. Davisson and L. H. Germer as well as G. P. Thomson. Shortly
thereafter, a first electron microscope was invented by M. Knoll and
E. Ruska in 1931 [3]. In 1933 the resolution in the electron microscope
exceeded the ultimate resolution of an optical microscope at that time.

The creation of a field-ion microscope (FIM) by E. W. Müller in 1951
was another breakthrough in microscopy [4, 5]. In FIM a sharp metal
tip is held at a high positive voltage. The electric field at the apex is en-
hanced at the most protruding atoms and effectively ionizes surrounding
noble gas. The noble gas ions are accelerated towards a phosphor-screen
forming there an image of the tip. FIM allowed the visualization of indi-
vidual atoms for the first time in human history. Based on Müller’s idea
applied in FIM, numerous studies were performed on the creation of a
stable gas field ion source (GFIS), improvement of its performance [6–9],
and on its application in microscopy [10–13]. The idea of the ion micro-
scope was proposed by M. Knoll and E. Ruska already in 1932 [3], how-
ever, it has not been realized for a long time due to technical limitations.
The development of electrostatic lenses [14] and the invention of a stable
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Chapter 1 Introduction

GFIS with a high brightness and small virtual source size by B. Ward and
co-workers enabled the establishment of helium ion microscopy (HIM) in
2006 [15]. HIM was quickly recognized as an outstanding microscopy
technique mainly due to its sub-nanometer resolution [16].

1.2 Motivation

From the very beginning HIM has proven itself to be a powerful imag-
ing tool. However, so far HIM lacks useful analytical techniques. The
goal of our research was to explore a possibility to use HIM not only for
visualization, but also as an analytical technique. One of the applica-
tions we investigated was the acquisition of crystallographic information
in-situ in the HIM. Electron channeling is a well-known mechanism to
obtain grain contrast in scanning electron microscopy (SEM) [17]. The
contrast originates from the dependence of the backscatter electron yield
on the mutual orientation of the beam and a crystalline sample. The
electron backscatter diffraction (EBSD) technique provides full informa-
tion about grain orientation and is often used in material science and
geology [17,18]. Ion channeling can also be used to obtain grain contrast
which is often done in focused ion beam (FIB) microscopy [19, 20]. Ion
channeling contrast can be observed in both secondary electron (SE) and
backscattered ion images. In this work we will demonstrate channeling
contrast in HIM and a way to use it for crystal orientation mapping.

Soon after the invention of the electron microscope it was also real-
ized that intense charged particle beams can modify a sample [21]. The
authors observed the appearance of a carbon film on the sample sur-
face, which points towards the importance of proper vacuum conditions
in the sample chamber. Normally undesired effects of sample modifica-
tion during measurements can be used advantageously for several appli-
cations. For example, electron beams are widely applied for lithogra-
phy [22], while intensive ion beams in FIB are effectively used for micro-
and submicrometer-machining or even for material deposition [23]. FIB
usually operates with heavy Ga+ ions which makes FIB imaging dam-
aging, but effective for massive material removal. A He+ ion beam is
expected to be less destructive, however, imaging with HIM is not com-
pletely damage free. In this work we are interested in the influence of a
He+ beam on various samples and the physics of the processes occurring
during ion irradiation. The extremely small size of the beam in HIM pro-
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1.3 Outline of the thesis

vides a unique opportunity to look at fundamental ion-matter interaction
processes on the nanoscale.

For the investigation of defect formation processes we apply the iono-
luminescence (IL) technique. Similar to cathodoluminescence in SEM
where light emission from a sample is generated by the electron beam,
certain materials emit visible light under ion irradiation [24, 25]. This
signal can provide information on both intrinsic or defect related elec-
tronic states of a sample. Contrary to SE imaging, the IL signal provides
information not only from the surface, but also the bulk.

1.3 Outline of the thesis

The experimental setup and working principles of HIM are described in
details in Chapter 2. Chapter 3 is dedicated to the application of the
ion channeling phenomenon for acquiring crystallographic information
of a sample in HIM. As a sample a {111} textured polycrystalline gold
film was used. We describe and apply a simple geometrical model for
the identification of the grain orientation. An advantage of using grain
contrast in SE over backscattered helium (BSHe) images is also discussed.
In addition, an unexpected contrast in BSHe images of light layers on a
heavier crystalline substrate is demonstrated and explained in terms of
de-channeling in this chapter.

The modification of several samples under He+ irradiation was investi-
gated in this work. Beam induced changes of a metal surface were studied
using a thin gold film. In Chapter 4 we show and discuss the changes of
the surface morphology as a function of the beam energy and fluence.

Studies of defect creation in sodium chloride are presented in Chap-
ters 5 and 6. Under the influence of ionizing radiation color-centers are
formed in ionic crystals. In Chapter 5 we study how pixel spacing and
beam current influence the balance between different types of crystal
defects and, therefore, the IL signal intensity. The generation of color-
centers with a sub-nanometer He+ beam allows patterning of luminescent
features with a very high precision, which is shown in Chapter 6. In ad-
dition, we use patterning for direct IL measurements of the lateral size of
the interaction volume of a sub-nanometer He+ beam with NaCl. More-
over, Monte Carlo simulations were performed for the estimation of the
defect concentration needed to create a measurable IL signal.
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Chapter 1 Introduction

Finally, in Chapter 7 we discuss the influence of ion irradiation on
the luminescence of semiconductor samples. We have examined various
semiconductor materials of different geometries: bulk samples, nanowires
and quantum dots. We discuss the origin of the observed IL signal and
difference in its quenching by the ion beam as a function of the sample’s
composition and dimensions.
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2Experimental

The experimental details are introduced in this chapter. The experi-
ments were performed with an ultra high vacuum Orion Plus Helium Ion
Microscope from Carl Zeiss NTS. It is a modern and powerful tool which
provides a sub-nanometer He+ ion beam for sample investigations. Here
we introduce the working principle of the helium ion microscope and dis-
cuss the nature of the main signals obtained and used in the microscope.
We also describe the modifications introduced to a standard system in
order to improve its vacuum performance.
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Chapter 2 Experimental

Figure 2.1: (a) Picture of the UHV HIM. The control electronic racks are
in the left half. The modified HIM is in the right half of the picture. The
ion source (A) is located at the top of the column and is cooled down by
solid nitrogen in the dewar (B). The ion beam goes down through the optical
column (C) into the main chamber. Samples are introduced into the main
chamber through the custom made load lock (D). All three vacuum chambers
of the instrument – the source, the ion optics, and the main chamber – have a
vacuum pressure in the UHV range. (b) A schematic drawing of the system.
The image is taken from Ref. [26].

2.1 Helium Ion Microscopy

The experiments presented in this work were performed with an ultra
high vacuum (UHV) Orion Plus Helium Ion Microscope from Carl Zeiss
NTS. Helium ion microscopy (HIM) is a modern technique for material
characterization and modification which was introduced in 2006 [15].
HIM provides high-resolution imaging capabilities in combination with an
extreme surface sensitivity. As opposed to the commonly used scanning
electron microscope (SEM), imaging here is based on the interaction of
a He+ ion beam, rather than an electron beam, with a target.

A standard HIM operates using high vacuum (HV) conditions in the
main chamber. Several changes were made to the system in order to
improve the vacuum conditions. We will discuss them in detail, and the
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2.2 Source and interaction volume

Figure 2.2: (a) Actual SFIM image of a source. The center trimer and the
edges and corners of the next crystal plane are visible. (b) Sketch of the
GFIS. Ionization predominantly happens at the apex of the tip.

motivation later in this chapter. The modified UHV system is shown
in Fig. 2.1(a). A schematic drawing of a HIM is shown in Figure 2.1(b).
An ion beam is accelerated from the source and travels down through
the optical column towards the sample. HIM is a scanning technique.
Scanning deflectors steer the ion beam and raster the sample. Several
detectors are used to record the produced signals. In this chapter we
describe the operation of the HIM, starting from the beam formation, to
the detection of the generated signals.

2.2 Source and interaction volume

The main characteristic feature of the HIM is its Gas Field Ion Source
(GFIS). It is an atomically sharp tip, which is held at high positive
voltage and liquid nitrogen temperature in the presence of He gas [15].
A so-called ”trimer” – a stable configuration of three atoms – is formed
at the apex of the tip using high electric fields. A scanning field ion
microscopy (SFIM) image of the source is shown in Fig. 2.2(a). The
surrounding helium gas is ionized in the electric field at the tip. This
process is most effective in the vicinity of the trimer atoms where the
electric field is the strongest. A sketch of the ion source can be found
in Fig. 2.2(b). An aperture can be placed in the beam path to restrict
the emission current to one of the three atoms. Additionally, the short
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Chapter 2 Experimental

Virtual source size ≤0.25 nm estimated
Angular intensity 0.5–1 A sr−1 measured
Brightness ≈ 1× 109A cm−2sr−1 calculated
Energy spread 0.25 eV–0.5 eV [27] measured

Table 2.1: Typical helium ion sources parameters [16]

De Broglie wavelength of the helium ions leads to a reduction of the
influence of diffraction effects. Thus, the He+ beam can be projected on
the sample into a sub-nanometer size spot [26].

The ion beam energy can be varied between 10 keV and 40 keV. The
typical source parameters are listed in Table 2.1. The energy spread of
1 eV is an upper boundary. Earlier measurements indicate that the val-
ues could in fact be lower by a factor 2 to 4 [27]. One of the important
consequences of the parameters listed in Table 2.1 is the beam conver-
gence angle αi. Typical values for αi are well below 1 mrad. This small
beam divergence results in a large depth of field

df =
δ

αi
. (2.1)

Here, δ denotes the minimal feature size that can be resolved in the
image. Assuming identical resolutions, the HIM will have a superior
depth of field as compared to low voltage SEM with typical αi values of
8 mrad [28].

While traveling through matter, helium particles undergo a series of
elastic and inelastic collisions with the target electrons and nuclei. A
collision with an electron hardly changes the direction of the helium
due to their mass difference. The nuclear collisions laterally scatter the
beam. However, scattering with target atoms becomes considerable only
after the helium particles have significantly slowed down, deeper in the
material. As a result, in the vicinity of the surface the beam preserves
its nanosized and collimated shape and the interaction volume remains
extremely small [15].
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2.3 Signals

2.3 Signals

As a result of the He+ beam interaction with a sample, secondary elec-
trons, backscattered helium and, in some cases, photons are generated.
Below we discuss the signals available in HIM.

2.3.1 Secondary electrons

In HIM secondary electrons (SE) emitted from the sample can have into
two origins: SEs generated directly by the incident He – SE1, and SE2
– the SEs produced by the secondary particles (by SE1 and recoil target
atoms). As has been proposed by Bethe [29], the rate of SE generation
δSE (electrons per incoming ion) is proportional to the stopping power
of the incident particle dE

ds
in eV/Å

δSE = −1

ε

dE

ds
(2.2)

where ε denotes a scaling constant. It is assumed that at least in the
relevant near-surface region atomic collisions do not play an important
role and dE

ds
depends only on the electronic stopping power.

The generation of the SE1 mainly occurs via kinetic emission (KE) [30]
through direct collisions of the incoming ions with outer shell electrons.
The other process for the electron generation is potential emission (PE)
via Auger neutralization. In this process a positive incident ion gets
neutralized via electron tunneling. The released energy is transferred to
another electron, which later can be emitted. However, PE becomes a
dominant process only for low ion energies below 5 keV [31]

SE2 generation does not play an important role in HIM. This becomes
clear when looking at the maximum energy of the SE1 which is taken
equal to the energy loss of the impinging helium for a head-on colli-
sion [30]

∆E = 2me (v + (vF/2))2 . (2.3)

Here, me is the electron mass, v the ion velocity, and vF denotes the
Fermi-velocity. The cross section for such a collision is the highest if
the ion velocity (v ≈ 1.3 × 106 m/s in the case of 35 keV ions) matches
the Fermi-velocity of the electrons in the material. For gold and 35 keV
He this yields a maximum SE1 energy of 45 eV. However, this energy
is approximately equal to or even below the effective energy needed for
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Chapter 2 Experimental

secondary electron generation by electrons in many materials [32]. Thus,
the size of the electron collision cascade is restricted. Additionally, recoil
atoms will contribute to KE when they are fast enough and their speed
matches the Fermi-velocity of the target material.

Once electrons have been generated, they still need to escape from the
solid. As originally suggested by Salow [33] this process can be described
as a diffusion process. The effective diffusion length of SE is of the order
of 1 nm for nearly all materials [31]. This means that only the first few
nanometers of material play a role for the achievable SE yield. As a result
the probe volume is extremely small – it is a cylinder with a diameter
of approximately 0.5 nm and length of a few nm. Finally, to be emitted
the electrons also have to have a sufficiently high energy to emerge from
the sample into the vacuum. Measurements of the SE yield in HIM show
variations between 1 – for carbon – and up to 8 electrons per ion – for
platinum [34].

Formation of the topography contrast in HIM is similar to that in
SEM. The following secans law usually describes the dependence of the
SE yield on the specimen tilt with respect to the incoming beam:

δSE(θ) = δSE(0) sec θ. (2.4)

However, experimental studies showed that the actual measured SE yield
at the detector deviates from the expected secant behaviour [35]. The
deviations lead to a more linear response curve which in turn should
reduce the strong edge effect known from SEM. Nevertheless, a very
strong edge effect has been observed in thin layers [36, 37].

2.3.2 Backscattered helium

HIM allows the acquisition of qualitative element distribution maps by
collecting the backscattered helium. The majority of the helium which
leaves the sample is in the neutralized state [38]. Therefore, we refer to
the backscattering signal as backscattered helium (BSHe), without spec-
ifying the helium’s charge state. The BSHe signal contains composition
information, but provides a poor topographic contrast compared to SE

10



2.3 Signals

images [39]. The contrast obtained in BSHe images can be understood
by examining the scattering cross-section

dσ =

(
e2Z1Z2

4E0

)2
dΩ

sin4 θ
2

, (2.5)

where e is the elementary charge, and Z1 and Z2 denote the atomic
number of impinging and target particles respectively, E0 is the energy
of the impinging particle, dΩ is an arbitrary element of solid angle, and θ
is the scattering angle. The target atom is assumed to be at rest. Thus, at
fixed Z1 (incident helium ions) and energy, the backscattering probability
increases with increase of the mass of the target atom, and scales with
the atomic number as Z2

2. A more detailed analysis of the scattering
cross-section reveals a dependence on the structure of the periodic table
of elements. This is related to the change in screening along the rows
of the periodic table. In contrast to the previously described SE signal,
BSHe represents a bulk signal. Depending on the target material and the
energy of the He ions, the probing depth can vary from a few tens up to
a few hundreds of nm. Lowering the ion energy increases the backscatter
efficiency. However, it also decreases the beam penetration depth.

2.3.3 Photons

Generally speaking, ionoluminescence (IL) is the phenomenon of light
emission due to the optical transitions of an electronic system which has
been excited by an ion beam. Three main stages can be distinguished in
the luminescence process [40]:

1. energy absorption and excitation of the electronic system;
2. system relaxation and energy transfer to the emission centers;
3. transition of the system into the ground state by photon emission.

During sample bombardment with He+ ions, light can be obtained from
the excited backscattered neutral He [41, 42], excited sputtered atoms
and molecular complexes [24,43,44], or from the material itself [24, 45].
For the case where emission originates from the species, that have left
the sample in an excited state, the spectrum consists of discrete Doppler-
broadened lines. These lines correspond to the optical transitions within
atomic (or molecular) orbitals. This light is usually observed at a distance
of up to a few millimeters from the target surface [24]. Since in our
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experiments the detector focus is at the sample surface, we do not expect
to detect any signal from the sputtered species or from the neutralized
helium.

For the investigation of materials properties we are mainly interested
in the luminescence from the solid itself. The physics of the emission
processes is usually described by considering the sample’s electronic band
structure or by using configuration coordinate diagrams [40]. According
to its origin, there are two general types of luminescence: extrinsic and
intrinsic [46]. In the case of extrinsic luminescence, the light generation
is related to the presence of impurity atoms or ions (so-called activators)
in the sample material.

Intrinsic luminescence on the other hand, is emission from the sample
material itself. Here, two cases can be distinguished. First, optical tran-
sitions from delocalized states: the recombination of free electrons from
the conduction band with holes in the valence band. This includes di-
rect and indirect transitions. Additionally, the radiative recombination
of free excitons also falls in this category. Second, optical transitions
from localized states can be attributed to intrinsic luminescence as well.
This includes the following processes: recombination of excitons trapped
at the defect sites (so-called self-trapped excitons [47]); emission from
the excited defects – known as color-centers (e.g. nitrogen-vacancy cen-
ters in diamond [48]); and transitions of charge carriers from delocalized
into localized states. The shape and width of the emission peaks and
bands strongly depend on electron-phonon interaction and thermal ef-
fects. A strong electron-phonon interaction leads to a Stokes shift and
peak broadening. As a result, it is desirable to perform ionolumines-
cence measurements at cryogenic temperatures, which has not been done
to date in HIM.

Since IL is in many aspects similar to the cathodoluminescence (CL)
phenomenon often observed in SEM, databases of CL studies can be
employed for the interpretation of IL spectra. However, ionoluminescence
studies are significantly complicated by the fact that an ion beam not
only induces light emission, but also directly influences the luminescence
properties of the target due to defect creation [49,50]. Ion irradiation can
lead to target coloration (e.g. in ionic crystals [Chapters 5 and 6]), as well
as quench the luminescence (e.g. semiconductor materials [Chapter 7])

12
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IL MCP

ET
FG

Figure 2.3: A picture of the detectors inside of the UHV chamber. IL –
parabolic mirror of the ionoluminescence system, FG – electron flood gun
for surface charge compensation, MCP – microchannel plate for collection of
BSHe, ET – Everhart-Thornley detector for collection of SEs.

2.4 Detectors

The detectors inside of the main chapter are shown in the picture in
Fig. 2.3. In the standard imaging mode in HIM an image is acquired by
collecting SEs using an Everhart-Thornley (ET) detector [51]. SEs emis-
sion and neutralization of the positive helium ions with material electrons
lead to a positive surface charging of insulating materials. This charge
can be neutralized with low energy electrons. For imaging of insulating
samples the ET detector can be used in an interleaving way with an
electron flood gun [39]. Thus, no conductive coating is required for the
imaging of insulating samples. The charge compensation is synchronized
with the ion beam scanning, allowing neutralization in a frame by frame
or line by line manner.

A microchannel plate (MCP) is used for recording BSHe images [52].
The MCP can be inserted between the sample and the objective lens in
the primary beam path. A hole in the center of the detector allows the
ion beam to reach the sample. This configuration maximizes the solid
angle and consequently the collection efficiency of the detector.

13



Chapter 2 Experimental

Figure 2.4: (a) HIM SE image of Au electrodes with a few nm gap. The
square in the center of the images is caused by the carbon deposition during
the high-resolution imaging with the He+ beam. FOV is 2 m, He+ beam
primary energy is 28.5 keV. (b) Change of SE yield with He+ ion fluence in
case of UHV (H), and non-UHV (N) chambers.

For an IL image, the emitted photons are detected with a Gatan Mon-
oCL4 Elite system. A retractable parabolic mirror is used for the collec-
tion of the light emitted from a sample. The mirror can be placed between
the objective lens and the sample. An aperture in the mirror allows the
focused He+ to pass through and scan the sample. The collected light is
then directed by a light guide into a spectrometer. A panchromatic IL
image is recorded by collecting the signal with a Hamamatsu Photomul-
tiplier Tube (PMT) R943-02, with a spectral response of 160–930 nm. A
CCD detector PIXIS:100 from Princeton Instruments can be used for a
parallel spectrum acquisition. For this purpose the emitted light is sent
through slits onto a diffraction grating. Then the angularly-distributed
spectrum is projected on the CCD. A spectrum can be acquired in the
200–1100nm wavelength range.

2.5 Ultra High Vacuum

A focused ion beam may very effectively decompose or cross-link residual
hydrocarbons present in the instrument vacuum or at the sample surface.
Figure 2.4(a) shows a SE image of two Au electrodes with a gap of a
few nanometers, after a high-resolution image of the gap was taken. A
carbon layer was deposited in the previously scanned area, changing the

14



2.5 Ultra High Vacuum

contrast and sample topography. A number of changes were introduced
to the standard Orion Plus setup to improve the vacuum performance of
the machine [53].

The majority of the modifications were made to the sample chamber.
Nickel plated steel has been replaced by stainless steel as the chamber ma-
terial to achieve the best possible vacuum conditions. All non-UHV com-
patible materials and low vapor pressure lubricants inside of the chamber
were replaced by UHV compatible ones. All seals are implemented using
conflat style flanges with Cu gaskets. The pumping speed was increased
by an additional 5000 l/s using a Ti sublimation pump at back of the
main chamber. In addition, halogen lamp heaters were placed inside the
chamber to allow a simple bakeout of the main chamber. The standard
load-lock has been replaced. A small volume, turbo pumped load-lock
chamber was designed and built. A magnetic pushrod used for inserting
the sample into the main chamber acts as the seal of the load-lock during
the sample transfer and is replaced with a simple blank-off plate while
measuring. The last step is necessary to minimize vibrations otherwise
coupled into the system via the pushrod.

All the modifications allow the pressure to be kept in the 10-10 mbar
range during HIM measurements. The effect of the vacuum conditions
on SE yield with increasing He+ fluence is presented in Fig. 2.4(b). A
plasma cleaned polycrystalline Au film was exposed to the He+ beam
in non-UHV and UHV setups. All relevant imaging parameters were
identical and kept constant during the measurements. In the case of
the non-UHV machine, the signal decreases with ion fluence as a result
carbon deposition, whereas the SE yield slightly increases in the case of
the UHV chamber due to an increase in surface roughness.
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3Channeling in HIM

As in other techniques that make use of a charged particle beam, chan-
neling through of the bulk of a crystalline material can occur in helium
ion microscopy (HIM) as well. Here, we demonstrate how this bulk phe-
nomenon affects secondary electron (SE) images that predominantly con-
tain surface information. We will discuss the origin of the channeling
contrast observed in SE images, illustrate this with experiments and de-
velop a simple geometric model to predict channeling maxima. Secondary
electron images can further be used to extract crystallographic informa-
tion from bulk samples as well as thin surface layers in a straightforward
manner. Channeling also allows visualization of ultra thin organic layers
on heavier element substrates with backscattered He particles (BSHe).
Suppression of ion channeling into crystalline matter by adsorbed thin
films leads to the unanticipated contrast appearance in BSHe images.
That phenomenon further highlights the importance of proper vacuum
conditions for channeling based experimental methods.
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Chapter 3 Channeling in HIM

3.1 Introduction

Information on the crystalline texture of a sample is important for ma-
terial characterization. That type of information can be obtained in he-
lium ion microscopy (HIM) utilizing channeling. This well known process
has been studied extensively in the past in the context of ion scattering
methods such as Rutherford backscattering (RBS) and medium and low
energy ion scattering. Like many ion scattering phenomena it is well un-
derstood for very high energies of several hundred keV up to MeV that
are used in RBS. Although energies in HIM are different and typically
range between 5 keV and 40 keV, the existing theories can in fact describe
the channeling phenomena with sufficient precision.

Here, we highlight the importance of channeling in image formation
in HIM. By the example of {111} textured gold, we show how the sec-
ondary electron (SE) yield can vary by a factor of two. Judicious use of
this knowledge allows for an efficient optimization of signal and contrast
in HIM images. An experimental procedure to accurately obtain crys-
tallographic information in HIM is described in this work. The strong
dependence of channeling on the angle of incidence of the beam is used
to perform crystal orientation mapping. This procedure provides infor-
mation that is comparable to electron backscatter diffraction (EBSD).
We also show that a full fledged scattering calculation is not necessary
to access this information. Simple geometric considerations are in fact
sufficient.

Another application of the channeling phenomenon in HIM is demon-
strated on the example of ultra thin surface layers. Channeling provides
an unexpected contrast of a lighter elements material on top of a heavier
element substrate in backscattered helium (BSHe) imaging. HIM already
provides superior surface sensitivity in SE based images. The contrast
mechanism described below for BSHe images extends this capability to
backscatter images.

3.2 Experimental

All images were recorded using an ultra high vacuum (UHV) Orion Plus
Helium Ion Microscope from Carl Zeiss NTS [53]. The microscope is
equipped with an Everhart-Thornley (ET) detector to record SE images.
A microchannel plate that is placed in the beam path below the last lens
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is used to record BSHe images. The base pressure of 2×10-9 mbar allows
for extended exposure of the same sample area to the He ion beam. The
near absence of hydrocarbons in the sample chamber effectively reduces
carbon build-up in the investigated sample area as compared to the stan-
dard instrument. High resolution images have been recorded using the
ET detector and a typical primary energy of 33 keV. To enhance the
channeling contrast, some of the data has been recorded with a lower ion
beam energy of 15 keV. This increases the scatter probability and results
in a better signal to noise ratio for ion channeling contrast images.

Commercially available polycrystalline gold {111} films on glass with
a chromium interlayer have been flame annealed for 5 minutes using a
hydrogen flame. The primarily {111} textured surface orientation of the
grains was confirmed by X-ray diffraction measurements. Orientations
of the grains were found to have a 3.5◦ wide angular distribution. The
samples were cleaned for 15 min in the load lock using a 10 W air plasma.

Patterns of self-assembled monolayers (SAM) have been created us-
ing a PDMS stamp and gas phase silanization. Orthogonal stripes
with an identical width of 4 m of (3- Mercaptopropyl) trimethoxysi-
lane (MS: C6H16O3SSi) and Triethoxy(1H,1H,2H,2H-tridecafluoro-n-
octyl)silane (PFS: C14H19F13O3Si) were formed on the native oxide
present on Si {001} wafers [54]. The thickness of the layers corresponds
to the length of the molecules which are 7 Å and 11 Å for MS and PFS,
respectively.

Para-sexiphenyl (6P) thin films were grown on Si{001} wafers covered
by a native oxide in an UHV system with a base pressure of 1×10-10 mbar.
Prior to thin film growth the substrate has been flashed to 500 C. 6P was
deposited at room temperature from a Knudsen cell [55, 56].

To obtain a measure for the backscatter probability, angle dependent
projections of the crystal lattices have been calculated using a simple
geometric model of the crystal slab. In the model of the gold crystal,
the atom radius has been fixed to 0.68 Å and the lattice parameter is
4.08 Å (density 6×1 022 cm-3). To speed up the calculations, the thickness
of the crystal slab was restricted to 14 layers. This corresponds to a
thickness of 3.06 nm and is greater or equal to the information depth in
SE images. The latter depends on the escape depth of SEs in HIM [31].
The crystal slab was tilted and rotated with respect to the (111) surface
plane and the [110] direction, and the blocked area fraction (opacity) of
the projection calculated. To avoid lateral finite size errors, an area of
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14 nm2 has been used for averaging and border atoms were included with
their corresponding area fraction.

Projections of the silicon crystal lattice were calculated with and with-
out a graphene like carbon overlayer on top of the silicon slab. Atom
radii have been fixed to 0.42 Å and 0.30 Å for silicon and carbon, respec-
tively. Lattice constants of 5.43 Å and 2.46 Å have been used for silicon
and carbon, respectively. To speed up the calculations the thickness of
the crystal slab has been restricted to 24 layers or 6 unit cells, this thick-
ness equals 3.3 nm. The crystal slab was rotated and tilted with respect
to the [001] direction and the projected blocked area fraction (opacity)
was calculated for the area of one unit cell – or in other words eight
neighboring channels. Due to the mismatch in unit cell size the carbon
adatom positions were different in these eight channels. To average over
many possible configurations for the overlayer atoms, the adlayer has
been shifted across 25 different positions relative to the bulk.

SRIM [57] calculations to assess the backscatter probability and the
range of the helium particles were performed using SRIM-2011 and the
quick Kinchin-Pease formalism [57, 58]. To ensure a sound statistical
result 1×105 He ions with the selected energy have been traced in appro-
priately thick slabs of the bulk material.

3.3 Channeling in Helium Ion Microscopy

3.3.1 Channeling phenomenon

In Fig. 3.1 measured SE images of a polycrystalline gold film with a {111}
texture are shown. The images with a field of view (FOV) of 10 m were
recorded using a sample tilt (polar angle) of 35 , a beam energy of 15 keV
and an ion dose of 4.9×1014 cm-2. In Fig. 3.1(a) individual grains with
an average size of 1 m2 can easily be distinguished not only by their
distinct shape, but also through the different gray levels. In Fig. 3.1(b)
and Fig. 3.1(c), HIM images are presented that show the same area but
for different stage rotation angles (sample rotation is about the [111]
surface normal). The gray level of the highlighted grain changes from
dark gray to a brighter shade and finally back to a medium shade of
gray. The gray level of the other grains changes in an identical sequence,
but with different starting points. As we will show below this allows us
to identify the orientation of the individual grains.
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Figure 3.1: HIM SE images of the hydrogen flame-annealed polycrystalline
Au{111} film taken with a primary energy of 15 keV and an ion dose of
4.9×1014 cm-2. Relative sample rotation angles around the surface normal
are 24 , 56 and 84 . The polar angle is fixed at 35 . FOV: 12.5 m.

A BSHe channeling contrast image recorded with the MCP detector is
presented in Fig. 3.2. Although, there is excellent contrast at the selected
acceleration voltage of 20 keV and the mild dose of 1.11×1015 cm-2, the
signal to noise ratio is considerably worse compared to the SE images
presented above. The reason for this is rooted in the low number of ions
used per pixel. In the present case only 2375 ions are used per pixel,
of which roughly 20% are backscattered according to SRIM calculations.
However, not all of these 500 ions will be counted by the detector. Dif-
ferent to the SE images, BSHe images contain information on the bulk
crystallography. The achievable information depth will depend on ac-
celeration voltage and elemental composition of the specimen. However,
for gold and 20 keV it is of the order of a few tens of nanometers, and
consequently higher than the SE information depth of 2 nm to 3 nm [31].

The stability of the contrast in the SE images is quite remarkable. In
this study 34 images of the same area were recorded, which corresponds
to a fluence of 1.6×1016 cm-2. This value is well below the fluence needed
to induce significant modifications of the sample (see Chapter 4).

In Fig. 3.3(a) the average SE yield of several grains is plotted versus
the azimuthal angle for two different primary energies. The SE yield
of individual grains has been normalized with respect to the maximum
intensity and data for the individual grains has been aligned using the po-
sition of the strongest peak. We can understand the angular dependence
of the SE yield when we view it as a direct result of the fcc structure of
the crystallites in the Au{111} film. The insets in Fig. 3.3(a) are models
of the Au crystal structure. For a given thickness of the sample slab,
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Figure 3.2: HIM BSHe images of the hydrogen flame annealed polycrystalline
Au{111} film. A beam energy of 20 keV and an ion dose of 1.11×1015 cm-2

have been used. The stage tilt was 0 . FOV: 15 m.
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different fractions of the projected view of the crystal will be occupied
by Au atoms. As a result, helium atoms traveling in a direction per-
pendicular to the projected plane will experience a different channeling
probability. If a {111} oriented fcc crystal is tilted by 35 with respect to
the incoming beam, for a specific azimuthal orientation the {110} planes
will be parallel to the trajectory of the incoming helium. For symmetry
reasons, this configuration can be found every 120 . Particles traveling
along the low index <110> directions will undergo a series of small angle
collision with the atoms of the crystal. This results in a focusing action
that will allow the particles to travel along the channel [59]. However,
to excite electrons in the inner shells of the lattice atoms hard collisions
are necessary. Subsequently, a low number of SE is generated under this
conditions [60]. For the images presented in Fig. 3.1 all grains have their
{111} plane parallel to the substrate surface. However, the in-plane ori-
entation is random. Consequently, only some grains will be oriented in
a channeling direction, while others are not. As a result, a strong grain
contrast can be achieved [61, 62], where dark grains are viewed along a
channeling direction, while bright crystallites have a blocking orientation.
For the marked grain in Fig.3.1 the stage rotation angles correspond to
the azimuth angle around [111] measured with respect to the [110] surface
direction.

Figure 3.3(b) is the result of a simple channeling simulation. A gold
fcc crystal slab has been tilted by 35 with respect to the (111) plane and
rotated around [111] with respect to the [110] direction. The opacity has
been calculated for different azimuthal angles. When compared to the
experimental data in Fig. 3.3(a) it is obvious that the peak positions are
reproduced correctly. The shoulders at 75 and 105 are artefacts from
the limited crystal slab thickness. In our calculation the fraction of the
opaque projected area is directly related to the SE yield measured in the
experiment in a qualitative way. In accordance with the experimental
results, the calculation predicts minima in the opaque area fraction for
the [141] and [110] crystal directions.

The depth and width of the minima will depend on the diameter of
the simulated atoms. This diameter corresponds to the cross section for
scattering and will in turn depend on the actual collision parameters, in
particular the primary energy of the incoming particles. The effect of the
latter can be seen from Fig. 3.3(a): the channeling minima are wider and
deeper for the lower energy. The maximum critical angle is determined by
the maximum transverse energy [59]. Thus, in case of lower ion energies
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Figure 3.3: SE yield and opaque fraction for a polar angle of 35 with respect to
the (111) plane. The azimuthal angle around the [111] direction is measured
with respect to the [110] direction. (a) Experimentally obtained SE yield
dependence on the azimuthal angle. He+ primary energies are 15 keV (—)
and 33,6 keV (- - -). The insets present the view of the crystal along the two
indicated directions. The color code is as follows: gold: 1st layer, silver: 2nd

layer, and red: 3rd layer. (b) Calculated opacity of a gold crystal lattice (14
atomic layers). The used effective atom diameter is 0.68 Å.

the opening angle is bigger and, as a result, more incident ions can be
trapped in the channel. Therefore, the lower energies will result in a
higher contrast of SE images.

3.3.2 Orientation mapping with channeling

The results that we have presented demonstrate that it is possible to
obtain crystallographic information directly from SE images in HIM. This
information is also accessible from BSHe images, however the usage of
SE has several advantages. First, the required ion dose for a high quality
image with a good signal to noise ratio is significantly lower. This is
in particular important for light bulk materials. The gold sample that
has been used here has a comparatively large backscatter probability for
helium atoms. The situation changes however for many technologically
relevant materials like aluminum, iron and silicon. Second, the small
information depth of the SEs enables the probing of adlayers and coatings
with a thickness in the nanometer range.

In Fig. 3.4 we show the calculated positions of channeling minima of a
fcc crystal for imaging with SEs. No exhaustive channeling calculation is
necessary to obtain this plot. A simple geometric projection of the first
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few layers along the beam direction suffices. Despite the fact that the
orientation map in Fig. 3.4 resembles a typical stereographic projection
of channeling minima [63] or a Laue map [64] for crystal orientations,
we briefly highlight the differences. Low index orientations such as the
<110> directions are located in the nodes visible in the map. Different to
a typical stereographic projection of channeling directions, the nodes are
connected by a continuous minimum with only small depth undulation.
The presence of these shallow lines is directly related to the limited slab
thickness used in the calculation. An increase of slab thickness reduces
the width and depth of the channeling minima. While stereographic
projections give measures for the depth of channeling minima, this in-
formation has to be carefully reviewed in the present projection of the
opaque crystal fraction map. The width and depth of the minima also
depends on the ratio of the nearest neighbor distance and effective atom
radius. In this case we have simply used the ionic radius of gold and a
hard wall potential, without stopping effects. However, the parameters
that were used create an excellent match between the experimental and
simulated data (see Fig. 3.3). In particular, the presence of the zone lines
allows for an an easy alignment of experimental maps to calculated data
and the successive identification of crystal orientation.

The map presented in Fig. 3.4 has been used to index several grains.
A color coding representing the different orientations has been used to
illustrate the different in-plane orientations of the grains. Such a color
coded map is shown in Fig. 3.5. Figure 3.5 shows the orientation for the
images of Fig. 3.1. The grain that is highlighted in Fig. 3.1 is darkest
for a 24 rotation angle. This corresponds to a yellow-green color in
Fig. 3.5. The color scale ranges from a 0 to 120 azimuthal rotation
around [111]. Consequently, the color of an individual grain corresponds
to the azimuthal angle for which a <110> direction in this gold grain is
parallel to the beam. For the marked in Fig. 3.1 grain the stage rotation
angle for this condition is 24 .
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Figure 3.4: Calculated map of channeling directions for an fcc crystal. The
lines connecting the nodes at low index direction in the polar plot represent
channeling directions in the used thin slab of an fcc crystal. The color coding
(opaque fraction) allows a qualitative interpretation of the width and depth
of the scattering minima.
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Figure 3.5: Color coded orientation map of a polycrystalline gold film. The
colors indicate the azimuthal angle around the [111] surface normal for a 35
sample tilt at which a <110> direction is aligned with the incoming helium
ion beam. Parts of the dataset used are presented in Fig. 3.1.

27



Chapter 3 Channeling in HIM

3.4 Imaging ultra thin layers with Helium Ion
Microscopy

3.4.1 Thin organic layers

In Fig. 3.6 HIM images of a network of two SAMs – MS and PFS –
are presented. The images were recorded with a beam energy of 15 keV
and an ion dose of 2.46×1016 cm-2 at normal beam incidence. Fig. 3.6(a)
has been obtained using the ET detector. SEs in HIM originate from
near surface regions. The characteristic escape depth of SEs in carbon
is 1 nm [31]. The high contrast between the different patches – and the
high lateral resolution – are a result of this characteristic of the SEs
in HIM. All the SEs contributing to the different contrast patches are
generated under identical conditions, nearly exclusively within a thin
surface layer of the relevant material (SiO2, PFS, or MS). However, we
assign the bright structureless areas to the uncovered SiO2/Si substrate.
It is understood that because of the relatively low work function of SiO2

these areas are brightest. The work function of PFS and MS are 6.6 eV
and 5.3 eV [65], respectively. The value for PFS has been extrapolated
from a shorter fluorinated alkanethiol [66], and should be treated as an
estimate. We can therefore identify the medium light gray areas below
and above the Si patches as MS covered. The medium dark areas to
the left and the right of the Si patches are covered by the higher work
function PFS layer. The remaining square is covered by an unknown
mixture of both – MS and PFS. A clear statement on the work function
or the contrast mechanism for this remaining patch is therefore difficult.

Figure 3.6(b) shows the simultaneously recorded BSHe image. Interest-
ingly, the SAMs are not only discernible but can also be distinguished. In
addition, small details at the edge of the vertical SAM stripes are clearly
visible. The relative average backscattered He yields with respect to
SiO2/Si (BSHe yield: 1) are 1.58 and 1.45 for PFS and MS, respectively.
We will discuss the underlying contrast mechanisms below, however, we
first highlight another example of an ultra thin surface structure that
was made visible in BSHe images.

In Fig. 3.7 HIM images of single layer high (≈2.6 nm) 6P islands on
native oxide covered Si{001} wafers are shown [55,56]. Figure 3.7(a) is an
ET image of such an island. The FOV is 11 m, the primary energy was
20 keV and an ion dose of 3.21×1015 cm-2 has been used. The ramified
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Figure 3.6: HIM images with a FOV of 20 m of thin organic layers on Si{001}.
Data was recorded with 15 keV beam, and an ion dose of 2.46×1016 cm-2. (a)
ET image of stripes of PFS (vertical) and MS (horizontally). The different
areas and their termination are indicated. (b) BSHe image recorded simulta-
neously with (a). The different surface terminations can be distinguished.

shape of the island (dark) is clearly visible against the bright silicon
substrate. Figure 3.7(b) is the simultaneously recorded BSHe image. The
shape of the island (bright) can easily be distinguished against the darker
background of the silicon substrate. Figure 3.7(c) shows a different island
recorded with a sample tilt of 10 , but otherwise unchanged conditions.
The corresponding BSHe image presented in Fig. 3.7(d) does however
not show a signature of the island. We note that the overall gray level
in Fig. 3.7(d) is found to be higher than for the bare silicon in Fig. 3.7(b)
and close to that of the 6P island in Fig. 3.7(b).

3.4.2 De-channeling mechanism

As we have seen above, BSHe images can be used to obtain information
on ultra thin surface structures on crystalline substrates. In this context,
the last part of the previous sentence is important. We now discuss the
role of channeling in the underlying crystalline substrate for obtaining
the above presented BSHe images.

In both experiments a thin layer of a lighter elements has been de-
posited on top of a heavier substrate. Different to the ET images where
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Figure 3.7: HIM images of single layer 6P islands on Si{001}, recorded with
20 keV beam and an ion dose of 3.21×1015 cm-2. (a) ET image with a FOV of
11 m recorded under normal incidence. The island and a small second layer
island (bright spot in the center and marked by an arrow) can be seen. (b)
Corresponding BSHe image. The island and the second layer island (marked
by an arrow) can be seen. (c) ET image with a FOV of 12 m recorded under
identical conditions as (a,b) but with an incidence angle of 10 . The island can
be seen clearly. (d) In the corresponding BSHe image the island is invisible.
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SEs are generated in surface near regions, the backscattering of He is
a bulk effect. For a layer of heavy elements on a lighter substrate one
expects an increased BSHe yield for the following two reasons. (1) The
heavier element has a larger cross section and will therefore add to the
BSHe yield. (2) The adlayer decreases the energy of the primary beam,
thereby increasing the backscatter probability and reducing the range of
helium in the material. The increased scattering will lead earlier – in
terms of energy and depth – to hard collisions with large scattering an-
gles and result in a larger deviation from the initial particle trajectory.
We will discuss this in more depth in the next paragraph. For the present
case where a light adlayer (carbon) covers a heavier substrate (silicon)
(1) does not play a significant role and (2) will be weak in general.

To underline the above statement, SRIM calculation were used to ob-
tain a generic view of the expected processes. Artificial silicon samples
with a thickness of 1 m and a 10 nm adlayer of either heavy (Pb) or
light (Li) elements, and without adlayer were compared. 1×105 He+ ions
with a primary energy of 35 keV under normal incidence were used to
perform the calculation. The results are summarized in Table 3.1. As
expected, the backscatter yield for Pb/Si (1.9%) is higher by a factor
of two compared to the other two combinations (0.9% for both cases).
While the light adlayer does not affect the lateral range and straggle of
the He, the heavy adlayer induces an 8% larger lateral range and a 10%
increased lateral straggle. Here, straggle is defined in accordance with
the SRIM software to be the square root of the second moment of the
range distribution [57]. Although these values represent averages which
are dominated by the ions stopped deep in the sample, a comparable
relative change will occur closer to the surface for the helium particles
that will eventually be backscattered. This will have a negative influ-
ence on the lateral resolution that can be achieved in BSHe images. SE
images will not be affected since the SEs are generated in the first few
nanometers of the sample where the beam is still sharply focused.

For the case of the SAMs on SiO2 (Fig. 3.6), SRIM calculations have
been performed to estimate the backscatter probability from the dif-
ferent layers. Bulk samples of SiO2, MS, and PFS have been created
and exposed to 5×105 He+ ions with a primary energy of 15 keV. The
backscatter probabilities obtained are 1.73% for SiO2, and 0.7% for MS
and PFS. In this model calculation SiO2 has the highest backscatter prob-
ability and should appear brightest in BSHe images. Keeping in mind the
considerations in the previous paragraph and the calculated backscatter
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Sample BSHe Direction Range [Å] Straggle [Å]

Pb/Si 1863
long. 3095 952
rad. 1567 782

Li/Si 881
long. 3261 918
rad. 1443 712

Si 979
long. 3190 917
rad. 1446 714

Table 3.1: Scattering process dependence on adlayer material as obtained by
SRIM. For each adlayer/sample combination the number of backscattered he-
lium atoms and the longitudinal and radial ion ranges (in Å) are given. 1×105

He ions with a primary energy of 35 keV under normal incidence were used in
the calculation.

probabilities, no additional contribution is to be expected from the MS
or PFS covered areas. However, a detailed analysis of the image data
reveals that relative to SiO2/Si the backscatter probabilities are higher
by a factor of 1.45 and 1.58 for MS and PFS, respectively.

As we have demonstrated in Fig. 3.7, the polar angle of the incident
He beam is critical for the contrast in BSHe images. In Fig. 3.8 we
show the result of calculations of the opaque area fraction for a silicon
{001} crystal. The graphs show the opaque fraction of the crystal, which
is proportional to the backscatter yield. For normal beam incidence
(Fig. 3.8(a)) 15% of the area is blocked (blue dashed line). Adding a
single carbon overlayer increases the opaque fraction to 29% (dark solid
line). At normal incidence, this corresponds to an increase in the blocked
fraction by 93%, independent of the azimuth angle. Tilting the incident
beam with respect to the surface normal increases the overall backscatter
probability, but reduces the expected contrast ratio between a clean Si
crystal and one that is covered by a single adlayer. The increased yield
of backscattered He is evident by comparing Fig. 3.7(b) and Fig. 3.7(d).
The BSHe yield has increased substantially for the uncovered surface
areas. The expected contrast depends on the azimuthal angle and varies
between 26% and 4% with a mean value of 8% for a 10 beam tilt.
The insets in Fig. 3.8 show the model crystal slabs with carbon adlayer
that were used, illustrating the reduced transparency for the tilted cases.
Despite the simplicity of this model it nicely confirms the physics involved
in the decrease in contrast between areas with and without an adlayer
when the sample is tilted. For thicker adlayers this effect is going to
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Figure 3.8: Simulation of dechanneling contrast for clean and carbon covered
Si. The graphs show the opaque fraction of the projected crystal lattice. Blue
dashed lines are obtained for a clean Si(001) crystal while the black lines are
obtained with a thin carbon layer added. (a) Normal incident. The opaque
projected area fraction is 15% and 29% for the clean and carbon covered
surface, respectively. There is no azimuthal dependence for this incident an-
gle. (b) The same calculation but for a 10 sample tilt. The average opaque
projected area fractions are 68% and 73% for the clean and carbon covered
surface, respectively. A clear dependence on the azimuth angle exists.
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be more pronounced because the channels in the underlying crystal are
more effectively blocked. In fact, the amount of backscattered He due to
the thin 6P adlayer in Fig. 3.7(b) is comparable to the amount for the
uncovered, but tilted, area in Fig. 3.7(d).

The results presented in Fig. 3.6 and Fig. 3.7 are based on the angle
dependent channeling probability described above. In both cases the sur-
face is covered by a native oxide. We assume it to be amorphous and
have a thickness about 2 nm. This will cause a partial blocking of the
underlying channels in Si{001} However, the effectiveness of the dechan-
neling will depend on the thickness of the overlayer. A local increase in
thickness of the amorphous overlayer will increase the contrast because
more He is backscattered. This can be seen in the organic overlayer in
particular for the rims of the vertical stripes of PFS in Fig. 3.6(b). The
edges of the stripes are thicker [54], and lead to an increased chance
for an ion to be deviated from the initial trajectory. Consequently this
results in more backscattering of He due to the enhanced dechanneling.
A similar effect can be observed for the small second layer island on top
of the 6P island in Fig. 3.7(a,b).

3.5 Conclusions

We have demonstrated the importance of channeling in HIM using poly-
crystalline gold films with a<111> texture. To quantitatively explain the
orientation dependent changes in contrast it is not necessary to perform
a full calculation of the scattering process. A straightforward projection
of the crystal lattice is sufficient to identify low index channeling direc-
tions. Such a map has been calculated for an fcc lattice and used to
determine the orientation of all gold crystallites in the FOV. The effect
is observed in both types of HIM images. It is, however, particularly
useful in combination with SE images. Because of the limited informa-
tion depth of SE ion channeling contrast images, crystallographic data
from thin adlayers can be obtained. BSHe ion channeling contrast im-
ages on the other hand yield similar bulk crystallographic information.
This adds a new capability to helium ion microscopy. The possibility to
obtain crystallographic information on a per pixel basis strengthens the
materials characterization applicability of HIM.

Besides the possibility to obtain crystallographic information, chan-
neling can also be used to obtain information on ultra thin organic and
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inorganic layers. We demonstrated that even a submonolayer coverage
thin layer can be detected in BSHe images. The enhanced backscatter-
ing is a result of changes in the channeling probability and, qualitatively
speaking, does not depend on the mass of the participating film or bulk
atoms. As an unanticipated result, even light adlayers on heavy sub-
strates can be imaged. We emphasize that this contrast mechanism is
purely based on changes in the crystallography of the sample.

Finally, we want to stress the point that this is a clear hint for the
importance of good vacuum conditions during HIM measurements. From
our geometrical projection based calculation, we conclude that already a
single monolayer of carbon can result in a 66% contrast loss. This does
not only affect the general performance of the imaging technique but will
in particular affect channeling based contrast mechanisms.
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4Metal surface modification with a
He+ beam

Helium ion microscopy (HIM) was used to investigate the interaction
of a sub-nanometer He+ ion beam with energies of several tens of keV
with metals. HIM is usually applied for visualization of materials with
extreme surface sensitivity and resolution. However, the use of high ion
fluences can lead to significant sample modifications. We have charac-
terized the changes caused by a sub-nanometer He+ ion beam at normal
incidence to the Au {111} surface as a function of ion fluence and energy.
Under influence of the beam a periodic surface nanopattern develops.
The periodicity of the pattern shows a power-law dependence on the ion
fluence. Simultaneously, helium implantation occurs. Depending on flu-
ence and primary energy porous nanostructures or large blisters form on
the sample surface. The growth of the helium bubbles responsible for
this effect is discussed.
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4.1 Introduction

The helium ion microscope allows the projection of a He+ beam of several
tens of keV with a diameter of 0.4 nm [16] onto a sample. This makes
HIM an attractive tool for surface patterning and nanofabrication [67–
71]. As helium ions are light particles, sputtering processes are much
less effective with HIM as compared to other focused ion beam (FIB)
techniques that typically use gallium ions. Nevertheless, helium ion beam
imaging can lead to considerable sample – and in particular (near) surface
– modifications. The implantation of He – and the associated possible
structural and chemical changes – can create substantial problems in
experiments where prolonged imaging or high ion doses are required.

The effect of the He+ ions on the target depends as much on the ion
beam characteristics as on the properties of the imaged material itself.
Existing publications on damage by a sub-nanometer He+ beam mostly
concentrate on the interaction of ions with semiconductor materials like
silicon [72–75]. In this chapter we investigate the interaction of a He+

beam with metals. Previously, the effect of a low energy He+ ion beam
on an atomically flat gold surface was observed by scanning tunneling mi-
croscopy (STM) [76,77]. Mounds with a spacing of a few nm were formed.
In the current work we have studied the He+ ion induced modifications
of crystalline gold samples due to sputtering, helium implantation and
defect formation, as a function of ion fluence and energy.

4.2 Experimental

The experiments were performed with an ultra high vacuum (UHV)
Orion Plus Helium Ion Microscope from Carl Zeiss NTS [53] at room
temperature. The images were recorded using an Everhart-Thornley
(ET) detector. During the measurements the ion current was kept at
0.7 pA. Brightness and contrast settings were kept constant, and the
beam was oriented perpendicular to the surface. Three primary ion en-
ergies were used in the experiments: 15 keV, 25 keV and 35 keV. The
images were recorded with a 0.68 nm pixel spacing, 2 s dwell time and
32 lines averaging, giving an ion dose per image of 6×1016 cm-2. The
chamber base pressure during imaging was in the low 10-9 mbar range.

The samples were polycrystalline gold specimens, which are commer-
cially available 200 nm thick Au {111} films on a glass substrate with a
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Cr interlayer. The textured samples were prepared by hydrogen flame
annealing for 5 minutes. As a result of the annealing process, grains with
an average size of a few micrometers were formed. X-ray diffraction mea-
surements confirmed the primarily {111} textured surface orientation of
the grains with a 3.5◦ wide angular distribution. The grains have ran-
dom azimuth orientations. In order to remove carbon contamination, all
samples were exposed to a 10 W air plasma for 15 minutes immediately
before loading the samples into the main chamber. After ion implanta-
tion the topography of the samples was measured with an Agilent 5100
atomic force microscope (AFM) in intermittant mode. The cantilever
was a Mikromasch NSC silicon probe, with a guaranteed tip radius of
less than 10 nm, and a typical resonance frequency of 150 kHz. The scan
size was 2×2 m2.

4.3 Au {111} surface modification

We have recorded sequences of images of sub-micron size to study the
evolution of the Au {111} surface under a sub-nanometer He+ beam as a
function of fluence. Ion energies of 15 keV, 25 keV, and 35 keV were used
to gauge the influence of the beam energy. The same sample area was
exposed to the beam several times with a constant ion dose per scan.
The final state of the surface after a fluence of 8.4×1017 cm-2 is shown
in Fig. 4.1(a) and (c): at 15 keV primary energy a porous structure is
formed on the surface (Fig. 4.1(a)), while in the case of a 35 keV beam a
sub-surface helium blister is formed (Fig. 4.1(c)).

We emphasize that due to the low background pressure, the present
setup does not suffer from the problem of carbon deposition in the imaged
area. This is a common problem in conventional non-UHV HIM and
scanning electron microscopes (SEM) [53,78]. The absence of the carbon
layer that is normally present, allows us to obtain detailed information
on the surface structure and how it evolves during repeated imaging of
the same area.

Figure 4.2 shows several images of the gold surface after exposure to
identical ion fluences, but with different primary energies. Under the
influence of the 15 keV beam a regular nanopattern develops. The to-
pographic contrast increases and the surface pattern becomes more pro-
nounced with each subsequent scan of the same area, which indicates an
increase of the corrugation of the pattern. Although the feature spacing
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Chapter 4 Metal surface modification with a He+ beam

Figure 4.1: HIM SE image of a Au {111} surface, exposed to a He+ beam
with a fluence of 8.4×1017 cm-2 at different energies. The field of view (FOV)
is 1.25 m, pixel spacing is 1.5 nm. (a) Porous structure formed by a 15 keV
He+ beam. (b) The same area as in image (a) after 6 weeks storage under
dry atmospheric conditions. The surface has partly self-annealed. (c) Blister
formed by a 35 keV beam. The area exposed to the beam is marked by a
dashed line. The surface has developed a periodic pattern. The influence of
the beam is easily visible outside the marked area as well, but does not extend
on the neighboring grain (see inset). (d) The same area as in (c), imaged after
16 weeks storage under dry atmospheric conditions. The surface of the blister
has partly self-annealed, except the marked area in the vicinity of the grain
boundary.
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4.3 Au {111} surface modification

Figure 4.2: HIM SE images of the pattern that develops on the Au {111}
surface as a function of ion fluence. Numbers indicate the ion fluence in
helium ions× cm-2. Arrows in (d) and (g) indicate the azimuth directions of
the grains. The He+ beam energies are 15 keV, 25 keV and 35 keV. FOV is
500 nm, pixel spacing is 0.68 nm.
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Chapter 4 Metal surface modification with a He+ beam

increases with increasing ion fluence, the shape of the features remains
almost unchanged and the features do not coalesce. After a fluence of
3×1017 cm-2 a uniform distribution of holes starts to appear on the sur-
face (see Fig. 4.2(a). With a further increase of the fluence the porous
structure gets more pronounced (Fig. 4.2(b) and (c)). In the case of
25 keV primary ion energy the surface modification initially looks similar
to the one at 15 keV (Fig. 4.2(d)), but at a fluence of 4.8×1017 cm-2 a blis-
ter forms, which is shown in Fig. 4.2(e). The blister formation leads to
bending of the surface and the appearance of bright areas in the images.
For larger fluences pores start to appear on the surface of the blister (see
Fig. 4.2(f)). A beam with a primary energy of 35 keV initially induces a
comparable nanopattern formation process (Fig. 4.2(g)). Higher fluences
result in blister formation (Fig. 4.2(h)) and eventually the formation of a
large sub-surface helium blister at a fluence of 6×1017 cm-2 (Fig. 4.2(i)).
We also observe some pores on the surface of the blister.

In Fig. 4.3(a) two blisters on grains with different azimuthal orienta-
tion are shown. Although, severe damage is done to the surface and bulk
of the gold grains, their crystalline nature is still evident. The blisters
have equilateral triangles on top. The same triangles are also observed in
the BSHe images, hinting at the channeling nature of the contrast. We
attribute these dark triangles and rings to channeling along the {111̄}
planes of the fcc crystal. The crystalline shell of the blister is bent (see
Fig. 4.5(b)) due to the high internal gas pressure. As a consequence the
〈111〉 surface vector locally tilts. This leads to a local channeling condi-
tion with the {111̄} planes along sections of the blister, resulting in the
dark bands on the blister surface. The contrast changes with variation of
the beam incidence angle – the channeling condition is no longer fulfilled
and the dark stripes move or even vanish entirely. The orientations of
the sides of the triangles in Figs. 4.2(e) and (i) help to determine the
azimuthal orientations of the grains. Since we used a [111] oriented fcc
crystal, the ions are expected to channel along {111̄} planes (see Chap-
ter 3), which cross the (111) surface along 〈11̄0〉 directions. Hence, the
sides of the triangles are oriented along 〈11̄0〉, which is indicated with
arrows in Figs. 4.2(d) and (g).

The polycrystalline nature of the samples influences the pattern forma-
tion as well. First, the pattern propagation is stopped by grain bound-
aries as can be seen in the inset in Fig. 4.1(c): no pattern or rising of the
surface level is observed on the neighboring grain. Second, the pattern
orientation depends on the underlying crystal and thus on the orientation
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Figure 4.3: (a) Two blisters created by the 35 keV He+ beam on grains with
different azimuthal orientation. FOV is 4µm. (b) HIM SE image of a Au {111}
textured polycrystalline film. The insets are 2D FFTs to demonstrate the
relation of the patterns with the orientation of the two grains. He+ beam
energy is 35 keV. FOV is 500 nm.

of the grain. Figure 4.3(b) displays patterns on two neighboring grains.
The patterns are rotated relative to each other on the two different grains,
as is also visible from the 2D FFT, shown in the insets.

The average pattern periodicity was extracted from the images by
analyzing 2D autocorrelation functions (ACF). The dependence of the
nanopattern periodicity on the He+ fluence for different primary ener-
gies is shown in Fig. 4.4. The periodicity does not show a significant
energy dependence and increases from 8.3± 0.3 nm to a maximum of
16.9± 0.4 nm, showing a power-law dependence on the ion fluence with a
coarsening exponent of 0.26± 0.01. The same scaling with a time factor
of 0.27± 0.02 was obtained by Ramana Murty et al. [77]. The authors
studied the surface morphology of Au{111} during sputtering with 500 eV
Ar+ ions incident at 45◦ by real-time X-ray scattering. At 20-60◦C tem-
peratures they observed the formation of mounds with a characteristic
spacing. A similar pattern was also observed on Cu{110}, sputtered by
1 keV Ar+ ions at 320 K and normal incidence [79]. The corresponding
scaling factor was 0.26± 0.02. To a certain extent, sputter erosion and
atom deposition are similar processes. A continuum model for the mound
formation in molecular beam epitaxy (MBE) predicts a coarsening expo-
nent of 0.25 [80], which is very close to the measured values.
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Chapter 4 Metal surface modification with a He+ beam

Figure 4.4: Dependence of the Au {111} average pattern periodicity on helium
fluence for 15 keV (◦), 25 keV (×) and 35 keV (4) He+ beams.
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The pattern exhibits a preferential orientation along the 〈11̄0〉 direction
(Fig. 4.2(d) and (g), as well as the 2D FFTs in Fig. 4.3(b)). This suggests,
that the pattern formation is governed by diffusion processes of gold
adatoms and surface vacancies. Together with the sputtering processes
it leads to surface roughening and the development of a periodic pattern.
Although the sputtering rate is low, it cannot be completely neglected.
As He+ ions impinge on the surface at normal incidence, the sputtering
of gold atoms by the direct energy transfer from incoming helium is
unlikely. Furthermore, the energy transfer from light helium ions to gold
atoms in general is limited because of the unfavorable mass ratio. The
sputtering is mainly caused by short-range gold recoils and backscattered
helium [81, 82]. The presence of the pattern outside of the irradiated
area (Fig. 4.1(c)) is additional evidence of the sputtering by gold recoils.
Additionally, the gold interstitials themselves are a source of adatoms on
the surface. Gold interstitials are able to travel a few tens of nanometers
outside the exposed area, but they cannot cross grain boundaries.

The pattern orientation along a specific crystallographic direction can
be explained by considering its formation as a result of the suppression
of interlayer diffusion by the step edge or Ehrlich-Schwoebel barrier [77,
79, 83–87]. The activation energy for vacancy diffusion on Au{111} is
much higher than the one for adatoms [88], hence we can suppose that
at room temperature adatoms are dominantly responsible for the pattern
formation. The presence of a step edge barrier along 〈11̄0〉 does not allow
the adatoms to descend the 〈11̄0〉 step, and produces a net uphill flow.
As a result, mounds are formed along a 〈11̄0〉 direction. However, one
would expect a homogeneous distribution of all three possible pattern
orientations due to the symmetry of the {111} surface [87]. The out-of-
plane orientation of the grains has some angular distribution. Hence, the
surfaces are not atomically flat and have a local miscut. The step edges
run in one of the three high symmetry directions that become preferential
for the pattern orientation on any one grain.

The exposed areas were imaged again after several weeks. Samples
were stored under dry ambient conditions between the experiments. As
can be seen in Fig. 4.1, the surface has a tendency to self-anneal over
time. In Fig. 4.1(b) the same area as in Fig. 4.1(a) – which was initially
exposed to a 15 keV He+ beam – is presented, but after 6 weeks. The
blister, formed by the 35 keV beam and presented in Fig. 4.1(c), was
imaged again after 16 weeks. The image is shown in Fig. 4.1(d). In both
cases the pattern has almost completely vanished, except in areas close
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Chapter 4 Metal surface modification with a He+ beam

to the grain boundary (inset in Fig. 4.1(c)), which apparently acts as an
efficient sink for adatoms and interstitials. Thus it hinders the smoothing
of the surface in the vicinity. The surface is smoothed, but after a few
repetitive scans, the pores, hidden deeper in the substrate, open again.
The blister shell self-anneals over time, indicating a possibility to heal
the defects. That process may be enhanced by in-situ heating of a sample
during ion bombardment.

We mention, that the surface modification depends not only on the
final fluence, but also on the speed at which it was generated. With an
increase of the dose per scan, the modifications occur more swiftly and
are more severe.

4.4 Helium implantation

Helium implantation occurs during sample irradiation. Since HIM SE
images do not contain height information, we have used AFM to directly
measure the volume that is occupied by the implanted helium. As a
result of the low background pressure of hydrocarbons in the UHV HIM
we can exclude false volume estimations due to carbon contamination.

The change of the surface profile with ion fluence for a primary energy
of 35 keV is shown in Fig. 4.5(a). After a fluence of 4.2×1017 cm-2, the
surface is still comparatively flat (dashed line), but already for a slightly
larger fluence a subsurface blister develops. The profile of a growing
blister at 4.8×1017 cm-2 is shown by the dash-dotted line. At 6×1017 cm-2

a blister with a stable shape has developed (solid line).

After an initial dose of 6×1016 cm-2 the exposed area is eroded by
1 nm–1.5 nm with respect to the unirradiated surface. This is the re-
sult of sputtering of a few gold layers. The signature of this sputtering
related indentation remains discernible in all subsequent images. After
doubling the dose to 1.2×1017 cm-2, helium implantation has a notice-
able effect: the surface of the exposed square and also the unexposed
area adjacent to it, starts to rise with increasing ion fluence. The influ-
ence of the helium implantation extends as far as 144± 12 nm (15 keV),
162± 6 nm (25 keV) and 181± 7 nm (35 keV) away from the exposed area.
In Fig. 4.5(b) the increase of blister volume due to helium implantation
is presented as a function of ion fluence. The volume depends linearly
on the fluence up to 4.2×1017 cm-2. After this total dose, the volume
occupied by ions implanted at 15 keV stagnates at 15.8± 0.3×106 nm3.
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4.4 Helium implantation

Figure 4.5: (a) Surface profiles after different ion fluences delivered by a 35 keV
beam. The surface is evenly raised after 4.2×1017 cm-2 (−−−). −·− line shows
the profile of a blister that starts to form after a fluence of 4.8×1017 cm-2. After
6×1017 cm-2, the blister develops a stable shape (—). (b) Volume occupied
by the implanted helium as a function of helium fluence. The beam primary
energies are 15 keV (◦), 25 keV (×) and 35 keV (4).
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In the case of 35 keV ions, after a fluence of 4.2×1017 cm-2 a more rapid
expansion begins. Later, when the fluence reaches 6×1017 cm-2, the vol-
ume saturates at 54.2± 0.4×106 nm3. For the energy of 25 keV the rapid
expansion sets in at the same fluence, but saturates at an intermediate
level of 30.5± 0.9×106 nm3.

In the review by Donnelly [89], surface swelling of several materials
(Er, Nb and Ni) under helium irradiation is compared. The general
trend of the expansion is similar to the one described in this work. The
initial linear expansion was found to be energy independent as well. In
the work of Terreault et al. [90], the authors studied helium trapping in
Cu, which has similar physical properties as Au. In this case blistering
was observed after a fluence of 4.0×1017 cm-2.

As is seen from Fig. 4.5(b), there is a negative volume offset, which is
attributed to two effects. First, sputtering of the surface will result in ma-
terial loss. Secondly, at low ion fluences helium ions can occupy existing
crystal defects and inter-atomic positions without causing a substantial
volume increase. The subsequent fluence increase leads to the creation of
helium nanobubbles in the bulk gold. The formation of voids in metals
due to He+ ion bombardment is a well-known phenomenon [91–93]. Af-
ter entering the crystal, an energetic He+ ion creates vacancy-interstitial
pairs. These vacancies can aggregate into bigger voids. Since helium is
hardly solvable in metals, it is effectively trapped at open-volume defects
and has a tendency to agglomerate into nano sized bubbles [94,95]. That
leads to deformations, which cause the initial linear volume increase in
the graph in Fig. 4.5(b). At these fluences (up to 4.2×1017 cm-2) the vol-
ume change does not depend on the primary energy of the implanted
ions.

As more helium ions are implanted, the cavities expand. The helium
nanobubbles are highly over-pressurized. Up to a certain bubble size the
excess pressure is relieved by loop punching. This bubble growth mecha-
nism was first suggested by Greenwood et al. [96] and later on discussed
by Evans [97]. As bubbles grow, several neighboring bubbles eventually
create enough local stress to create a crack in the crystal and coalesce. At
higher fluences the different stopping powers of gold and – high pressure
– helium become relevant. At low energies helium is implanted in a near-
surface region. This near-surface helium volume is an effective stopping
material for more helium. As a result, a rapid expansion sets in until
the bubble reaches the surface. The above described porous structure
develops (Fig. 4.1(a)). At higher energies these processes occur deeper
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in the material and more helium is incorporated, and as a result a blis-
ter develops. The blister formation mechanism by inter–bubble fracture,
has been suggested by Evans [98]. However, also at these high energies
helium will start to leak to the surface and the blister growth saturates.
The steep part of the graph at 35 keV in Fig. 4.5(a) corresponds to the
blister formation and growth process. At 25 keV that stage of the dam-
age development was not resolved and only the volume of the already
formed blister was measured.

We have made rough estimations of the pressure in the nanobubbles,
and the pressure in the final blister at 35 keV. Not all of the incident
helium is trapped in the bubbles: a part of it is backscattered, and some
diffuses into the bulk or out of the material. SRIM-2011 [57] has been
used to assess the percentage of backscattered helium. A gold slab with a
thickness of 200 nm and 105 ions have been used in the calculations. Ac-
cording to these simulations 16% of the incident helium is backscattered
at 35 keV. Attributing 4% to other loss mechanisms we used 80% of the
fluence for our further calculations. Two approaches were used for the
pressure estimation. In the first approach, the pressure was calculated
using the virial equation of state:

PVm/RT = 1 +B/Vm + C/V 2
m, (4.1)

where P and T are the helium pressure and temperature respectively,
Vm is the helium molar volume, R is the universal gas constant, B and
C are the second and third virial coefficients. The values of B and C
for He at room temperature were taken from [99] and [100]. This gives
a lower estimate of 2.1 GPa for the pressure in the nanobubbles just
before the start of the rapid expansion. Another assessment was done
by applying a relation used by Evans [97], which is based on the work of
Rowlinson [101]:

P [Pa] = 4.83× 107exp (5.15× 10-2 × ρ), (4.2)

where ρ is the helium density in units of atoms/nm3. In this case the
calculated pressure is 6.1 GPa. Please note that these two estimates only
give an idea of the order of magnitude of the He pressure inside the
nanobubbles. As the bubbles grow in size the material can not support
such high pressures, and the bubbles merge. In the case of the final
blister grown with a primary energy of 35 keV, both models yield similar
values of 437 MPa and 442 MPa, respectively.
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4.5 Conclusions

Exposure to high He+ ion fluences has a dramatic influence on a crys-
talline sample, which strongly depends on the energy of the incident
beam. Sample modifications are mainly caused by helium implantation
producing surface deformations. After the initial formation of nanobub-
bles filled with helium in the GPa pressure range different scenario’s
evolve. At low energies the bubbles quickly reach the surface and release
the helium and a sponge-like surface develops. At high energies the ini-
tial nanobubbles form deeper in the material due to the greater range of
the helium ions. Consequently, bubble coalescence leads to the formation
of a large blister that continues to grow. The final size before the shell
leaks depends on the primary energy and thus the implantation depth.

During irradiation with He+ ions at normal beam incidence also a
periodic nanopattern develops on the surface at room temperature. The
pattern is oriented along the 〈11̄0〉 direction and its periodicity scales
with the ion fluence with a coarsening exponent of 0.26± 0.01. The
observed features do not coalesce and preserve their shape. An important
observation is that the beam influences not only those areas, that are
directly irradiated by the beam, but also the neighboring regions.
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Helium ion microscopy has been used to investigate the ionolumines-
cence of NaCl. A 35 keV, sub-nanometer He+ ion beam was used to
generate ionoluminescence. The interaction of ionizing radiation with
alkali halides leads to the formation of various crystal defects, in partic-
ular so-called color-centers. Their subsequent recombination with charge
carriers leads to the emission of visible light. Broad peaks at 2.46 and
3.05 eV were measured. We have also investigated the dynamics of de-
fect creation as a function of the beam scanning parameters (current and
pixel spacing). The resolution and detection capabilities of ionolumines-
cence in helium ion microscopy are sensitive to both sample properties
and scanning parameters.
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5.1 Introduction

A focused He+ beam with a spot diameter of 0.4 nm [16] and an energy
of several tens of keV is used for sample imaging in the helium ion micro-
scope (HIM) [102]. The interaction of a He+ beam with matter generates
secondary electrons (SEs), backscattered He, and in some cases also pho-
tons. The latter is referred to as ionoluminescence (IL). It is similar
to the cathodoluminescence (CL) phenomenon in scanning electron mi-
croscopy (SEM). The possibility for IL studies using HIM was previously
demonstrated by Boden et al. [50] and Ogawa et al. [103]. Ionolumi-
nescence is a result of the radiative relaxation of target electrons that
have been excited by the incident beam. However, an ion beam can not
only induce light emission, but may also cause target coloration due to
the formation of specific types of defects, so-called color-centers [25]. Al-
kali halides are well-known to exhibit crystal coloration under ionizing
radiation [104, 105]. A Frenkel pair of F- and H- centers is the simplest
defect that is created during irradiation. The F- center is a well under-
stood crystal defect that consists of a halide ion vacancy, filled with an
electron, see Fig. 5.1 [105–107]. A neutral halide atom together with a
neighboring halide ion forms an H- center [107, 108]. When an F- center
loses an electron, an α- center is formed. It is basically a negative ion
vacancy [109]. Another kind of primary defect is a self-trapped hole
(Vk- center), which is a (halogen)−2 molecular ion that occupies two adja-
cent anion sites along the 〈110〉 direction [110–112]. Prior to F - H defect
formation via electronic excitations, self-trapped excitons (STEs) are cre-
ated [104, 107, 112]. An STE can be referred to as a Vk- center with a
bound electron [111–114]. High defect concentrations lead to clustering
and the formation of more complex defects.

In previous IL studies of alkali halides the luminescence peak position
was found to vary between samples. There is no clear agreement on the
nature of the observed light emission [115–118]. Although damage of
alkali halides by various types of ionizing radiation has been studied for
decades, the picture of the processes that occur is not complete. The
combination of mechanical, thermal, electronic and optical processes in-
duced by the irradiation complicates the interpretation of the observed
results. In contrast to all prior IL work where broad ion beams were ap-
plied, we have used a sub-nanometer, 35 keV He+ ion beam. Since HIM
is a scanning technique, we have been able to investigate the formation
of defects using various scanning parameters. A balance between the dif-
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Figure 5.1: Model of the simplest defects in alkali halides: F-, H-, α- centers
and a self-trapped exciton in an on-center configuration.

ferent defects that are created determines the IL emission behavior. We
have also investigated the use of IL for imaging.

5.2 Experimental

The experiments were performed in an ultra high vacuum (UHV) Orion
Plus Helium Ion Microscope from Carl Zeiss [53]. The samples were im-
aged simultaneously using two detectors. First, an image was formed by
collecting SEs with an Everhart-Thornley (ET) detector. For IL imaging,
the emitted photons were collected with a Gatan MonoCL4 Elite system.
A retractable parabolic mirror was used to collect the light emitted from
the sample. The mirror can be placed between the objective lens and
the sample. An aperture in the mirror allows the He+ beam to pass
through and scan the sample. The collected light is then directed into
a spectrometer housing by a light guide. A panchromatic IL image is
recorded by collecting signal with a Hamamatsu Photomultiplier Tube
(PMT) R943-02, with a spectral response in the 160 - 930 nm range. A
CCD detector PIXIS:100 from Princeton Instruments was used for par-
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allel spectrum acquisition. For that purpose the emitted light is sent
through slits onto a diffraction grating. Then the angularly distributed
spectrum is projected on the CCD. A spectrum can be acquired in the
200 -1100 nm wavelength range.

The samples were commercially available NaCl crystals of 99.99 % pu-
rity. For the resolution test small NaCl crystals were grown from water
solution on a highly ordered pyrolytic graphite (HOPG) substrate. In the
experiments a He+ ion beam with a primary energy of 35 keV was used.
It was oriented perpendicular to the sample surface. The beam current
was varied between 0.5 and 5.5 pA. The images were recorded with a
1024×1024 pixel resolution and 100 s dwell time. The dependence of
the total IL intensity on He+ fluence was measured by integrating the
IL signal with the PMT detector for 1.5 s per data point, including 0.2 s
dead time, while the beam was scanning the sample with a 5 s dwell
time and 512×512 pixel resolution. Thus, each data point corresponds
to the signal collected during a single full image scan. For the acquisition
of each curve, a fresh, not previously irradiated area was selected. The
collected spectra were background corrected and corrected for the Mon-
oCL4 Elite optical system response. The chamber pressure during the
measurements was in the low 10-9 mbar range. All measurements were
performed at room temperature.

5.3 Ionoluminescence of NaCl

NaCl crystals exhibit ionoluminescence in HIM, see Fig. 5.2. In order to
check the resolution and sensitivity that can be achieved in IL imaging, a
sample with NaCl crystals on an HOPG substrate was used. The size of
the NaCl crystals varies from several tens to a few hundreds of nanome-
ters. A comparison of SE (left in Fig. 5.2) and IL (right in Fig. 5.2) images
shows that a minimum crystal volume is required to detect an optical
signal. The images presented in Fig. 5.2 were recorded at an ion dose of
5.6×1015 cm-2. The smallest NaCl crystal, that was detected by IL at the
given pixel spacing and ion dose, has a lateral size of 50 nm× 50 nm, and
it is fair to assume that the crystal also has a height of approximately
50 nm. We also observed that the minimum detectable crystal size de-
pends on the ion dose that is applied during imaging. However, there is
an upper limit for the allowed ion dose in each particular experiment. At
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SE IL

500 nm500 nm

Figure 5.2: SE (left) and IL (right) images of NaCl crystals on an HOPG
substrate. The strength of the IL signal depends on the crystal volume. The
smallest detectable crystal has a size of 50 nm× 50 nm. The beam primary
energy is 35 keV and current is 2.5 pA. Field of view is 2.7 m.

high ion fluences, imaging may become destructive (see Chapter 4) and
severely modify the small crystals, even before they are detected with IL.

A characteristic spectrum of the emission from NaCl crystals is shown
in Fig. 5.3. The spectrum was obtained by scanning a 50 m× 50 m area
of a NaCl single crystal using a 35 keV He+ beam. Two main emission
bands can be discriminated at 2.46 eV and 3.05 eV. We consider the small
deviations from the fitted curve to be due to the spectrum correction for
the system non-linear response.

Luminescence at about 2.4 - 2.45 eV was previously observed, but its
origin has not been exactly identified yet [115, 118–120]. The authors
of Ref. [118] attribute it to possible water or oil vapor contamination in
the chamber vacuum. The vacuum in their described experiments was in
the 10-7 mbar range. This reasoning can be excluded in our experiments
due to the UHV environment with a pressure in the low 10-9 mbar range
in the main chamber and the absence of oil pumps. Ukai et al. [119]
proposed a bi-exciton emission mechanism, which was later disproved by
Chandler et al. [121]. The authors of Ref. [121] have also shown that the
observed emission is an intrinsic process. Aguilar et al. [115] suggested
that it is an M - like emission, caused by the transition between high
and low excited states of STEs. However, previous experimental and
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Figure 5.3: Ionoluminescence spectrum of a NaCl crystal (—), fitted with two
Gaussian peaks. The peaks are centered at 2.46 eV and 3.05 eV.
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Figure 5.4: (a) IL signal intensity versus He+ ion fluence at various currents,
but at a fixed 36.7 nm pixel spacing. The He+ beam currents are 1.9 pA (- - -),
2.5 pA (—), and 2.8 pA (- · -). (b) IL intensity versus ion fluence at various
pixel spacings and at a fixed 2.5 pA beam current. The pixel spacings are
64.6 nm (- - -), 36.7 nm (—), and 18.5 nm (- · -). In all cases the He+ beam
energy is 35 keV.

theoretical work has revealed that this transition occurs non-radiatively
within a few ps after excitation, even at cryogenic temperatures [122–
124]. Gorobets et al. [125] ascribe the peak to recombination of an
electron with a VF -center (which is a hole next to a cation vacancy). We
believe that the last assignment is the most plausible explanation of the
observed peak. This is particularly supported by the fact that the ion
beam irradiation will result in knocking out neutral Na atoms and leave
VF - centers behind.

In literature the band around 3.05 eV is referred to as α-emission
[126–129]. This emission is attributed to the recombination of an F-
center electron with a hole (a Vk- center in the end) [109, 125, 129, 130].
This process is equivalent to the recombination luminescence of an STE
perturbed by a neighboring α- center [128–130].

To study the dynamics of defect creation, we recorded IL intensity
changes as a function of ion fluence. Typical curves at various beam
parameters are presented in Fig. 5.4. The curves can be divided in two
parts. The first one is an initial fast increase. In the second part, the
signal either stagnates or slowly increases. The details of both parts
depend on how the ion dose is delivered to the sample. Figure 5.4(a)
shows curves that were obtained at different beam currents, but with the
pixel spacing fixed at 36.7 nm. For a current of 1.9 pA the IL signal shows
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Figure 5.5: IL intensity versus the He+ beam current at a fixed pixel spacing
of 36.7 nm. The IL intensity values are all taken at the same He+ fluence of
5×1014 cm-2. The He+ beam energy is 35 keV.

a fast stagnation behavior (- - - in Fig. 5.4(a)). At a higher current of
2.8 pA, after an initial rapid increase, the IL intensity increases slowly
with increasing helium fluence (- · - in Fig. 5.4(a)). A beam current of
2.5 pA yields a transition between the stagnating and creeping regimes
discussed before (— in Fig. 5.4(a)). The IL signal as a function of fluence
at various pixel spacings and at a fixed beam current of 2.5 pA, is shown
in Fig. 5.4(b). For a large pixel spacing of 64.6 nm the IL signal rapidly
stagnates (- - - in Fig. 5.4(b)). For the case of a small pixel separation of
18.5 nm, the intensity increases slower initially, but keeps on increasing
for higher fluences (- · - in Fig. 5.4(b)). At an intermediate pixel spacing
of a 36.7 nm, transitional behavior is observed (— in Fig. 5.4(b)). Thus,
in the case of a low current density, the signal stagnates fast, while at
high current densities it continues to grow.

As can be seen from Fig. 5.4(a), the ultimate IL intensity level grows
with increasing beam current. In Fig. 5.5 the IL intensity is plotted
versus ion current for a fixed pixel spacing of 36.7 nm and a fluence of
5×1014 cm-2. The data can be fitted with two linear functions. Initially
the IL signal increases with beam current at a rate of 35×103 counts/pA.
At a certain current the behavior changes and a more rapid increase
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5.3 Ionoluminescence of NaCl

with a rate of 150×103 counts/pA occurs. This transition happens at
approximately the same beam current value (∼2.5 pA) where the fluence
dependence switches its behavior in Fig. 5.4(a).

To verify which emission process is influenced by the variation of the
scanning parameters, we recorded fluence dependencies with filters placed
in the beam path. We used a ”red” filter (600 - 700 nm) to track the
intensity of the 2.46 eV band, and a ”blue” filter (400 - 500 nm) to observe
the changes in intensity of the 3.05 eV band. The curves were recorded at
a fixed pixel separation of 46.2 nm and for two different currents: 2.2 pA
and 5.9 pA, and are plotted in Fig. 5.6. Due to the difference in the
transmittance of the filters and increase of the IL intensities with the
beam current, the curves were normalized to the intensity value at a
fluence of 5×1014 cm-2 to allow a clear comparison of the shapes. The
general shape of the 2.46 eV band is not affected by the beam current
(red solid and dashed lines in Fig. 5.6). That supports the assignment
of VF - centers as the source of the 2.46 eV emission. However, a clear
change in the behavior of the IL signal is observed for the blue 3.05 eV
band, which corresponds to α-emission. The fluence dependence switches
from ”stagnation” to ”creep” with increasing beam current (blue solid
and dashed lines in Fig. 5.6). Therefore, we conclude that α-emission is
responsible for the changes in the behavior of the IL signal.

We assume that the intensity of the 3.05 eV band is proportional to
the concentration of F- centers. During ion bombardment F - H Frenkel
pairs are created as a result of both electronic and atomic excitations.
These two processes can not be easily discriminated. The F- center can
be created by direct displacement of a halide ion and the trapping of an
electron in the formed vacancy. However, color-center production is more
effective via electronic excitations [131, 132]. A model for the creation
of F - H pairs due to electronic excitations was suggested by Hersh [104]
and Pooley [107], and was extensively studied later [112, 122, 133, 134].
During irradiation a Cl− ion can lose an electron forming a free exciton.
A free exciton rapidly transforms into a self-trapped exciton as a result
of the bonding of the Cl atom to a neighboring Cl− ion. Subsequently,
an STE in an off-center configuration acts as precursor for the F - H pair
formation [112, 133]. The radiationless transition of an off-center STE
from an excited state can provide sufficient energy for the displacement of
a Cl−2 ion and the formation of a nearest-neighbor F - H pair. This process
of STE conversion into an F - H pair is effective at room temperature
[133,135]. While H- centers are mobile in NaCl already above 80 K [136],
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Figure 5.6: Normalized IL intensities of the 2.46 eV and 3.05 eV bands versus
He+ fluence at fixed pixel spacing of 46.2 nm. Blue dashed and solid lines are
intensities of 3.05 eV band at 2.2 pA and 5.9 pA beam currents respectively.
Red dashed and solid lines refer to a 2.46 eV band at 2.2 pA and 5.9 pA currents
respectively.
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F- centers are mobile only above 500 K [137]. Thus, the dynamics of
H- centers is key in interpreting the observed results.

Both the ion fluence and current density were previously demonstrated
to influence F- center production efficiency in experiments irradiating LiF
with heavy swift ions [138, 139]. As long as the current density is low
and the period between two arriving ions is relatively long, each cas-
cade event can be considered individually. When the current density
increases, the events temporally overlap, and the processes that occur
are not independent anymore. When the cascade events start to over-
lap, the high H- center concentration, combined with the high mobil-
ity of such centers, increases the probability for the formation of a Cl2
molecule [108, 140–142]. The recombination rate between an F- center
and Cl2 is much smaller than that between F - H centers. Due to the
reduced concentration of H- centers that can recombine with F- centers,
the concentration of F- centers is efficiently increased and we observe an
enhancement of the IL signal. A similar effect of enhanced F- center cre-
ation was observed in the case of LiF [140, 141]. Dislocations are also
effective traps for H- centers [126, 142] and are able to further enhance
F- center formation. However, we do not expect the appearance of dislo-
cations at the applied fluences [72].

A short distance between neighboring pixels gives an effective overlap
of the volumes containing defects, and makes for a more complex situa-
tion. Defects created at the current pixel impact site interact with those
from the previous one. H- centers from a previous pixel can diffuse into
the interaction volume of the next pixel, thereby changing the balance
between F- and H- centers and increasing their recombination rate. This
suppresses the initial increase of the IL signal.

Figure 5.7 provides an overview of the different regimes at various beam
currents and pixel separations. The experimental curves were fitted us-
ing the Weibull growth model [143]. The growth rate equal to 1 was
chosen as a criterion for discrimination between the stagnation (large
than 1) and creep (smaller than 1) regimes. The stagnation (4) and
creep (◦) behaviors are indicated in the plot according to this criterion.
Grey and red hashed areas indicate the corresponding regimes. The area
corresponding to the transition between the regimes is marked by a blue
cross pattern. It is clear that with an increase of the beam current, the
transition between different regimes occurs at a larger pixel spacing. At
higher currents the diameter of the interaction volume increases and ex-
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Figure 5.7: Diagram of the IL signal behavior as a function of the beam current
and pixel spacing. Stagnation type behavior of the curve is indicated by 4,
and creep is indicated with ◦. Grey and red hashed areas indicate the stag-
nation and regimes accordingly. Blue cross pattern indicates the area which
corresponds to the transition between the regimes. The He+ beam energy is
35 keV.
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plains the overlapping of the interaction volumes that occurs at larger
pixel separations.

5.4 Conclusions

In conclusion, we have demonstrated the possibility to use HIM for an
optical investigation of irradiation induced damage in ionic crystals. The
IL emission from NaCl that is induced by a focused He+ beam consists
of two bands at 2.46 eV and 3.05 eV. The emission is a result of the
recombination of the charge carriers with color-centers that are generated
namely, F and VF . The defect formation depends on beam scanning
parameters such as pixel spacing and ion beam current. In particular,
F- center formation is sensitive to the details of the irradiation conditions
and is responsible for the luminescence. This is the result of an overlap
of the interaction volumes of neighboring pixels in combination with a
difference in mobility of the different types of crystal defects.
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6Creation and physical aspects of
luminescent patterns

The helium ion microscope provides a sub-nanometer size He+ ion
beam which can be employed for materials modification. We demonstrate
how material properties can be tuned in a helium ion microscope with
very high precision using as an example the modification of the lumines-
cence properties of a sodium chloride crystal. Although the beam size is
extremely small, the actually affected sample volume is much bigger due
to developing collision cascades. We have directly measured the diameter
of the interaction volume of the 35 keV He+ beam with a sodium chloride
crystal using ionoluminescence. The experimental results are compared
to SRIM simultions and calculations of the point spread function.
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Chapter 6 Creation and physical aspects of luminescent patterns

6.1 Introduction

Local modification of material properties is an interesting topic since it
gives an opportunity to tune the material parameters for one’s needs
and by doing so design various devices. In this context the helium ion
microscope (HIM) is an attractive tool. It provides a He+ ion beam
with a spot size of 0.4 nm [16]. HIM has been successfully employed for
surface patterning and nanofabrication [67–71, 102, 144–148]. Here, we
demonstrate how HIM can be applied for precise modification of bulk
material properties.

Mainly secondary electrons (SEs) are used for imaging. We use SE
throughout this chapter for those electrons, which are generated as a re-
sult of an ion impact, actually make it to the surface and are emitted into
the vacuum. In addition to SEs and backscattered He signals typically
used in HIM, also photon generation and detection is possible for certain
materials [50, 103]. This phenomenon is called ionoluminescence (IL).
The ion beam is able to not only induce light emission from the sample,
but can also change the luminescence properties of the material. We
employ both aspects for pattering of luminescent structures and direct
visualization of the beam-matter interaction volume.

Irradiation of alkali halides with ionizing radiation causes defect for-
mation and subsequent crystal coloration [104, 105]. The influence of a
He+ ion beam on NaCl in terms of ionoluminescence has been studied
previously (see Chapter 5). Light emission under the influence of an ion
beam is the result of recombination of the created color-centers (in par-
ticular F- centers) with charge carriers. In NaCl F- centers are chlorine
ion vacancies filled with one electron. They are created both by direct
nuclear collisions and via electronic excitations [131,132]. Generation of
color-centers with an ion beam gives local control over the defect density.

6.2 Experimental

The experiments were performed in an ultra high vacuum (UHV) Orion
Plus Helium Ion Microscope from Carl Zeiss NTS [53] at room tem-
perature. In the standard HIM imaging mode, an image is created by
collecting SEs with an Everhardt-Thornley (ET) detector. An IL image
can be recorded simultaneously by collecting the emitted photons with
a Gatan MonoCL4 Elite system. The system is equipped with a Hama-
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matsu Photomultiplier tube (PMT) R943-02 utilized for panchromatic
IL imaging, and a CCD detector PIXIS:100 from Princeton Instruments
for parallel spectrum acquisition. Further details on the system configu-
ration can be found in the Experimental chapter.

The primary energy of the He+ ion beam was 35 keV, the beam was
oriented perpendicularly to the surface. In the present experiments the
beam current has been varied between 0.5 and 6.6 pA. All images were
acquired simultaneously, using the ET and PMT detectors. The chamber
pressure of the baked sample chamber was in the low 10-9 mbar range
during all measurements.

Additional cathodoluminescence (CL) measurements were performed
on a Zeiss ULTRA55 field-emission scanning electron microscope (SEM)
equipped with a Gatan MonoCL3 system.

The samples were commercially available NaCl crystals with 99.99 %
purity from Merck Millipore and NaCl cell windows from Sigma-Aldrich,
which were cleaved and cut to the needed size.

6.3 Results and Discussion

We created a luminescent pattern on a NaCl crystal by implantation of
roughly 6500 helium ions per pixel using a 20 nm pixel separation and
irradiating only a predefined area. Later, the patterned area was imaged
using ∼1600 ions per pixel (4.5 pA beam current and 58 s dwell time)
and the same pixel separation. The obtained panchromatic IL and SE
images are shown in Fig. 6.1 (a) and (b) respectively. The IL image clearly
shows the created pattern (Fig. 6.1 (a)). The SE image in Fig. 6.1 (b) does
not show any surface damage. The vague contrast in the SE image is the
result of charging effects.

The thus formed structures luminesce not only under ion irradiation.
A similar pattern using identical irradiation conditions had been created
in a cleaved NaCl cell window and was then investigated by CL using a
SEM. A panchromatic CL image of the pattern is shown in Fig. 6.1(c).
The bright spots in the image are small NaCl crystal fragments on the
surface which are the result of poor crystal cleavage.

Although an energetic ion beam preserves its shape in the surface vicin-
ity, the beam profile widens deeper in the material due to nuclear colli-
sions [102]. Additionally, the actual interaction volume relevant for IL is
not restricted by the size of the ion induced collision cascades. The gen-
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Figure 6.1: (a) and (b) IL and SE images of a pattern on a NaCl crystal. The
He+ beam energy is 35 keV. FOV is 18 m×10 m. (c) Panchromatic CL image
of a pattern created on a cleaved NaCl crystal in HIM. FOV is 25 m×14 m.
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eration of electrons also has to be taken into account. For example, the
width of the letter ”l” in the pattern in Fig. 6.1 (a) is ∼1.16 m, whereas,
the desired width was only 1.0 m. The minimal possible lateral pattern
size is limited by the beam interaction volume with the material. This
gives rise to the discrepancy in the desired and actual line width of the
pattern.

While SE images in HIM provide a high surface sensitivity due to the
short electron escape depth [31], the IL signal contains bulk information.
The IL images are a projection of the concentration of light emitting
centers on the sample surface. Therefore, IL imaging allows the direct
visualization of the beam interaction volume diameter. Since the ion
beam diameter is below 0.5 nm we can neglect the actual beam profile
and treat the situation as a single point impact. An example of the
direct measurement of the lateral size of the interaction volume of the
He+ beam with the NaCl crystal is presented in Fig. 6.2 (a). We created
an array of single pixel impacts applying different amounts of He+ ions
by varying the ion beam current and dwell time ranging from 0.8 pA
to 6.6 pA and 100 s to 4000 s, respectively. Later the patterned areas
were imaged with a resolution of 1024×1024 pixels, a beam current of
0.5 pA and a dwell time of 58 s, corresponding to ∼ 200 He+ ions per
pixel. In Fig. 6.2 (a), each of the four bright spots in the IL image is a
single pixel ion beam impact, but after different amounts of helium were
implanted. In the shown example the doses were: 7340, 14680, 22020 and
29360 ions per pixel starting from the top left to the lower right corner.
Using Fiji [149] the spot radii were extracted from the images for a
deposited charge ranging from 0.2 fC (1.2×103 ions) to ∼ 20 fC (1.2×105

ions). The IL intensity profiles were radially averaged and could be fitted
by Gaussian function with high accuracy (Fig. 6.3). The values of the
spot radii were taken at the gray level equal to the mean noise level plus
twice the standard deviation of the noise. The obtained dependence of
the spot radius on the amount of incident ions is shown in Fig. 6.2 (b).

The central part of the IL spot is difficult to predict and describe due
to the high defect concentration. The defects may interact and cluster
and thereby affect the produced IL signal in a hard to predict way (see
Chapter 5). The outer part of the IL profile corresponds to a low defect
concentration and should show a linear response to the increase of the
ion dose. We therefore assume, that the edge of the IL spot profiles
can be described by a Gaussian function with the center at the point of
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Figure 6.2: (a) Panchromatic IL image of a NaCl crystal surface after a ”four -
pixels” pattering with a 35 keV focused He+ beam. Beam current was 4.7 pA.
Dwell times, moving by rows from top left corner to the lower right corner:
250 s, 500 s, 750 s, and 1000 s. For imaging current of 0.5 pA and dwell
time of 58 s were used. (b) Dependence of the radius of the luminescent area
on the amount of the incident He+ ions. The beam currents were 0.8 pA,
1.2 pA, 4.7 pA and 6.6 pA. The dwell time was varied from 100 s to 4000 s.
Green squares correspond to the data points from the measurement presented
in (a). The blue solid line is the fit by the function from Eq. (6.2)
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Figure 6.3: IL intensity radial profiles of single pixel impacts of a 35 keV focused
He+ beam into NaCl. Number of implanted He+ ions: 7500 ions (blue line) and
58750 ions (black line). The experimental profiles are fitted with Gaussian
curves. The dashed vertical lines indicate the spot radius at the gray level
equal to the mean noise level plus twice its standard deviation. The pink and
cyan dash-dotted lines are vacancy density profiles from the SRIM simulation
for 7500 ions and 58750 ions respectively. The black dashed horizontal line
indicates the radius which corresponds to 3 vac/nm2.
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incidence, and a common standard deviation. We can write the following
expression:

αI

σ
exp(− r2

2σ2
) = S (6.1)

where I is the amount of incident ions, r is the spot radius, σ is the
standart deviation, α is a scaling constant, S a threshold value to obtain
a measurable IL signal. From this expression we arrive at the following
dependence of the spot radius on the ion dose:

r = σ
√

2lnI −B (6.2)

where B = 2ln(σS/α).

The experimental data was fitted with Eq. (6.2). The obtained fit is
presented in Fig. 6.2 (b) as a blue line. The σ value extracted from the
fit is 88.3±1.5 nm. It reflects the distribution of the defects generated by
the ion beam (or, to be more precise, of the emitting centers).

The interaction of ions with matter and the associated defect gener-
ation is typically simulated using SRIM [57]. According to SRIM the
calculated radial range of 35 keV He+ ions in NaCl is 175 nm. However,
this is a fixed value which does not depend on the ion dose. To predict
the dose dependence we simulated the vacancy distribution. The SRIM
output in a form of the 3D vacancy distribution contains a projection
of the vacancies on a plane which is perpendicular to the surface. How-
ever, we are interested in a cross-section of the projection on the sample
surface. To extract this cross-section we processed the full collision data
containing details about the generated recoils. The thus obtained va-
cancy profile differs from the experimental spot profile (Fig. 6.3). It has
an extremely high defect concentration at the point of incidence which
rapidly decreases with increasing radial distance.

We used the vacancy distribution profiles obtained from SRIM to es-
timate the minimal defect concentration needed for the generation of a
measurable IL signal and to predict the spot radius dependence on the
ion dose. The vacancy profiles were calculated for different ion doses.
From these profiles we extracted the radial distances which correspond
to a fixed amount of vacancies (Fig. 6.3). The thus obtained correlation
between ion dose and spot radius is compared to the experimental data
in Fig. 6.4 (green circles and line – SRIM simulation, and red squares
– experiment). The SRIM simulation predicts the correct shape of the
interaction volume radius dependence of the ion dose. The number of
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Figure 6.4: Comparison of the SRIM simulation (green circles and line) and
calculated point spread function (solid blue line) with the experimentally mea-
sured radius of the interaction volume (red squares).
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vacancies was varied to obtain the best fit to the experimental data. The
best fit was obtained for 3 vac/nm2, which corresponds to about 17 va-
cancies per pixel. Please note, that these vacancies are distributed in the
direction perpendicular to the surface over the interaction volume. Also
note that although we use a low ion dose for pattern imaging, in each
pixel the IL signal is collected from a volume which is bigger than the
defined pixel size. The experimentally measured profile is a convolution
of the actual defect distribution profile with the probe profile. The influ-
ence of the non-zero size of the probe is more significant at low ion doses
where the spot radii is small. Thus, the IL spot radius is overestimated at
these doses (see Fig. 6.2 (b).) At high ion doses SRIM overestimates the
radial distance since it does not take into account helium implantation.
Implanted helium acts as efficient trap for incoming helium ions, and in
this way affects and reduces the average ion range.

Winston et al. [150] have combined SRIM and electron generation
using a Monte Carlo method for simulation of the point-spread func-
tion (PSF) in HIM. The PSF provides a spatial distribution of the energy
dissipation for a single point impact [151, 152]. The software developed
by Winston et al. was used to simulate the impact of a 35 keV He+ beam
on a NaCl crystal. We used 105 helium ions and a 750 nm thick NaCl
slab for the simulation. The simulation describes the dissipated energy
per volume unit and ion as a function of the radial distance from the im-
pact point. To be able to compare the simulation with the experimental
results, the units were converted into the inverse ion dose [fC-1]. To do
so we used the sum of the electronic and nuclear stopping powers which
were extracted from the SRIM simulation at several depths and averaged
within 25 nm thick slabs. Due to the bulk nature of the IL signal we were
interested in the dissipation of the energy over the whole slab. The PSFs
for all 25 nm slabs were then summed up to obtain the projection of the
total dissipated energy on the surface. This is different from the simula-
tion in [150] where the PSF was extracted only for a single thin sample
layer in direct vicinity of the surface. The comparison of the simulated
PSF with the experimental results is shown in Fig. 6.4 (blue solid line).
Two Gaussians are the main contributions into the PSF [150,151]. The
first term smears out with increasing depth as a result of the increase in
nuclear stopping power. The bigger importance of this term in our calcu-
lation for a bulk like sample is the reason for the difference in the shape
of the present simulation and the one in Ref. [150]. The PSF function
clearly underestimates the spot radius. This happens since the PSF cal-
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culation does not take into account the generation of recoils. According
to the SRIM simulation nearly half of the generated vacancies are created
by the recoiling target atom. This influences the spatial distribution of
the energy dissipation. Moreover, we do not observe a significant dif-
ference in shape between the PSF function and the curve obtained from
SRIM. This is because of the short electron mean free path of only 1-2 nm
in NaCl [153,154]. Unfortunately, we do not have experimental data for
radial distances smaller than 40 nm. For the corresponding small ion
doses the IL signal becomes hardly distinguishable from the background.
On the other hand, extremely high ion doses could also not be applied in
order to avoid significant sample modifications due to material sputtering
and helium implantation [155]. Additionally, the charging of the sample
surface leads to the deflection of the beam at high ion doses.

6.4 Conclusions

We have directly visualized and measured the lateral size of the interac-
tion volume of a 35 keV He+ beam with NaCl. The characteristic length
scale of the radius of the volume containing emission centers was found
to be 88.3±1.5 nm. SRIM and PSF simulations were used to predict
the dependence of the interaction volume radius on the ion dose. Al-
though these are simplified models for the damage simulation and do not
take into account defect interaction and diffusion, both lead to a good
agreement with the experimental data. The SRIM simulation predicts a
surface projected defect concentration of 3 vac/nm2 at the edge of the lu-
minescent spots visualized with IL. The PSF calculation underestimates
the values of the spot radius since it does not consider generation of the
recoils. Moreover, in the material of interest, the PSF calculation does
not provide additional information due to the short electron mean free
path. We have further demonstrated the possibility to locally change
material properties with very high precision in HIM. In the current work
we influenced the luminescence properties of the material, but possibly
magnetic, electronic and other properties can be modified too.
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7Ionoluminescence of semiconductor
materials

We have studied ionoluminescence of semiconductors induced by a sub-
nanometer He+ beam. Several types of semiconductor samples were in-
vestigated: bulk materials, nanowires and quantum dots. All samples
were found to exhibit ionoluminescence. However, the ionoluminescence
signal rapidly degrades under the ion irradiation. The signal degrada-
tion was found to depend not only on the sample’s composition, but also
on its size. The ionoluminescence emission spectra were recorded and
emission peaks identified.
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Chapter 7 Ionoluminescence of semiconductor materials

7.1 Introduction

Helium ion microscopy (HIM) is known for its high resolution imaging ca-
pabilities [15,102]. Several signals for sample analysis can be obtained in
HIM: secondary electrons (SE), backscattered He and also photons. Upon
entering a sample, the beam initially loses its energy mostly through in-
elastic collisions with the sample’s electrons, without a significant change
of the propagation direction. Thus, in the vicinity of the surface the shape
and size of the focused beam is conserved, resulting in a narrow interac-
tion volume. Since only the SEs that are generated in the first few nm
are able to escape and be detected, the probe size remains small. This
provides an ultimate lateral resolution and high surface sensitivity [156].

Ionoluminescence (IL) is the phenomenon of photon emission induced
by ion irradiation. IL is similar to the cathodoluminescence (CL) tech-
nique which is widely used in mineralogy and is also applied to char-
acterize semiconductor materials. The high resolution capabilities of
HIM were expected to give a benefit in resolution of IL imaging over
CL imaging. However, the ion beam irradiation introduces defects at
a relatively high rate, significantly influencing the luminescent proper-
ties of the materials (see Chapter 5). Previous attempts to investigate
IL from bulk semiconductors using HIM were not successful [50]. The
authors of Ref. [50] report that no detectable signal was obtained from
a series of direct band-gap semiconductor samples. However, later the
same authors demonstrated IL of a GaN layer on sapphire [157]. The
characteristic band-gap and yellow emission were observed.

In this chapter we describe the influence of the He+ beam on the IL
emission of semiconductor materials. Furthermore, we explore the pos-
sibility of employing IL for semiconductor samples characterization. For
this purpose samples of various compositions and sizes were examined.

7.2 Experimental details

The experiments were performed in an ultra high vacuum (UHV) Orion
Plus Helium Ion Microscope from Carl Zeiss NTS [53] at room temper-
ature (RT). In the standard HIM imaging mode, an image is created by
collecting SEs with an Everhart-Thornley (ET) detector. An image can
also be simultaneously recorded by collecting the emitted photons with
a Gatan MonoCL4 Elite system. The system is equipped with a Hama-
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matsu Photomultiplier tube (PMT) R943-02 utilized for panchromatic IL
imaging, and a CCD detector PIXIS:100 from Princeton Instruments for
parallel spectrum acquisition. The IL spectra were corrected for the sys-
tem optical response. In several cases spectra were not corrected because
of the low intensity of the signal. In these cases, the non-linearity of the
correction curve introduces additional noise to the signal and leads to the
appearance of false peaks. If no correction for the instrument response
was made it is noted in the text.

The measurements were done with a primary ion beam energy of
35 keV (if not specified otherwise). The beam was oriented perpendicular
to the surface. In the present experiments we used beam currents from
0.5 to 290 pA. The images were acquired simultaneously, using the ET
and PMT detectors. The total IL intensity as a function of He+ fluence
was measured by integrating the IL signal with the PMT detector for
1.5 s per data point, including 0.2 s dead time, while the beam was scan-
ning the sample with a 5 s dwell time and 512×512 pixel resolution.
Thus, each data point corresponds to the signal collected during a single
full image scan. The background of the signal was subtracted from the
curves. The chamber pressure during the measurements was in the low
10-9 mbar range.

Several types of semiconductor materials were tested. Bulk semicon-
ductor samples were a 4.5 m thick Si-doped GaN film on sapphire, an
InP wafer and an S-doped GaP wafer. Semiconductor nanowire (NW)
samples were GaP-GaAs overgrown NWs [158,159] and GaP NWs with a
silicon shell [160]. The NWs were transferred on a Cu TEM-grid. Semi-
conductor quantum dots (QDs) samples were LumidotTM CdSe core-type
QDs from Sigma-Aldrich. Three different types of QDs with different
emission peaks have been used. The QDs were deposited onto an Al
substrate from a toluene solution.

7.3 Bulk semiconductors

Several bulk semiconductor samples were investigated: Si-doped GaN
film on sapphire, InP and S-doped GaP wafers. The highest IL signal
from all investigated bulk samples was obtained from the GaN film. A
panchromatic IL image of the GaN film is shown in Fig. 7.1(a). The
concentric squares in the IL image in Fig. 7.1(b) correspond to the areas
irradiated with different ion fluences. The central square was exposed to
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10 µm10 µm

(a) (b)

Figure 7.1: (a) IL image of a GaN surface. He+ beam energy is 35 keV. Field
of view (FOV): 45 m. (b) IL image of GaN surface irradiated in steps by He+

beam with energy of 35 keV. The central square was exposed to the fluence of
8×1013 ions/cm2. FOV: 47 m.

the highest fluence of approximately 8×1013 ions/cm2. The dark lines in
the image correspond to the dislocations which were originally present in
the film. Line dislocations act as effective non-radiative recombination
centers and quench the luminescence [161,162].

Although the IL signal from the GaN film is rapidly quenched, we were
able to record an emission spectrum. Typical IL spectra are shown in
Fig. 7.2(a). The presented spectra were recorded at different beam ener-
gies of 10 keV (red line) and 35 keV He+ (blue line), with the remainder of
the acquisition parameters kept constant. Ultra violet emission at 360 nm
(3.4 eV), which corresponds to the band-gap transition in GaN, is absent
in our measurements. Yellow emission around 560 nm (2.2 eV) that is
typical for GaN seems not to depend on the excitation beam energy (see
inset in Fig. 7.2(a)) and is relatively weak compared to the observed 3 eV
emission. The yellow emission has been extensively studied for several
decades, but there is still no clear agreement on its exact nature (see
Review [163]). It is usually attributed either to Ga vacancies, or to im-
purities such as C or O. We do not observe an increase of the yellow
emission with increasing ion dose and subsequent increase of the crystal
defects. This points towards impurities as the source of the 2.2 eV emis-
sion, rather than structural defects. Both spectra have a strong peak at
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Figure 7.2: (a) IL spectra of n-type doped GaN obtained at a He+ beam
energy of 10 keV (red line) and 35 keV (blue line). The spectra are recorded at
identical settings: 3 pA beam current, 10 s dwell time, 10 s acquisition time.
(b) Raw IL spectrum of the sapphire substrate. He+ beam energy is 35 keV.

415 nm (or ∼3 eV), which is enhanced by a factor of 9 at a beam energy
of 35 keV compared to the 10 keV irradiation. It is unlikely to be related
to band-gap emission (typically at 3.4 eV), since a shift of 0.4 eV would
require a significant modification of the material composition.

At first sight this strong peak at 415 nm may be attributed to emission
from the sapphire substrate, where emission at this wavelength corre-
sponds to the emission from F- centers [164]. However, the thickness of
the GaN layer is 4.5 m, while the penetration depth of a 35 keV He+

beam in GaN is only 180 nm according to SRIM simulations [57]. The
penetration depth of a 10 keV beam is only 60 nm. Thus, we do not ex-
pect the He+ beam to be able to excite luminescence of the underlying
substrate.

Additionally, we have measured the emission spectrum of the sapphire
substrate from an area free of the GaN layer. It is shown in Fig. 7.2(b).
As expected it exhibits luminescence around 415 nm. However, the by
far strongest peak at 330 nm corresponds to the emission of F+- centers
[164, 165]. An F -center in sapphire (Al2O3) consists of two electrons,
which occupy an oxygen vacancy. Under irradiation an F- center can lose
an electron and is converted into an F+- center [164,165]. A small sharp
peak at ∼695 nm originates from the impurity Cr3+ ions [165,166]. The
band at 660 nm is a superposition of the Cr3+ N-lines and sidebands
[166, 167] with the second-order peak of the 330 nm emission. GaN is
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2 µm2 µm

SE IL

Figure 7.3: SE and panchromatic IL images of Si-doped GaN film. He+ beam
energy is 35 keV. FOV is 12 m.

opaque for 330 nm light, but transparent for the Cr3+ associated emission.
However, this band is absent in the spectra of the GaN film (Fig. 7.1(a)).
This serves as an additional proof that the origin of the observed IL signal
is from the GaN layer itself and not from the substrate.

More surface details of the GaN film can be distinguished in the SE
image in Fig. 7.3 (left image). The holes in the surface are V-pits with
diameters of 50-90 nm. These are V-shaped defects–open hexagonal in-
verted pyramids with {1011} faceted walls–which are formed during film
growth [168–171]. A simultaneously recorded panchromatic IL image
(right in Fig. 7.3) shows the spatial distribution of the IL emission. The
defect free areas provide a relatively low IL signal. The emission is en-
hanced in the vicinity of defect agglomerations and located close to the
defects. Imaging with a blue filter (400-500 nm) has led to the same re-
sult, however, the images provided a weaker contrast due to the partial
intensity cut-off by the filter. An enhancement of the CL signal at the
V-pits was previously observed in GaN, AlInGaN and Si-doped AlGaN
films [172–174] and was attributed to the enhancement of the free carrier
recombination at the associated defect sites.

The origin of the 3 eV emission is not completely clear [163]. Several
photoluminescence [163, 175, 176] and CL [176–178] studies show the
presence of blue emission from undoped and Si-doped GaN layers. Au-
thors in [176,177] relate it to structural defects with a deep level [176].
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Figure 7.4: (a) Change of the 3 eV IL peak from Si-doped GaN with increasing
He+ fluence (in ions/cm2). (b) Degradation of the total in 300-750 nm range
IL signal from Si-doped GaN with increasing He+ fluence. He+ beam energy
is 35 keV.

In addition, STM studies of the V-pit defects have shown that there are
deep traps related to them [179]. Furthermore, we have followed the de-
velopment of the 3 eV peak with increasing ion fluence at a beam energy
of 35 keV at several different scanning parameters. We observed a blue
shift of the position of the emission peaks from 2.98 eV at a fluence of
1.4×1012 ions/cm2 to ∼3.03 eV after increasing the fluence by a factor of
30. One of the obtained results is presented in Fig. 7.4(a)). Each spec-
trum was acquired during irradiation of a 50 m× 50 m square for 10 s
at a beam current of 1 pA. Fig. 7.4 (b) shows the degradation of the total
IL signal with increasing ion fluence. The signal is quenched already at
a fluence of several times 1013 ions/cm2.

Another bulk semiconductor material examined was InP. A typical IL
spectrum is shown in Fig. 7.5(a). The spectrum was recorded while scan-
ning a 100 m× 100 m sample area for 100 s at a 50 pA beam current.
Despite the low signal to noise ratio, the emission peak is clearly dis-
cernible. It is centered at 1.34 eV which corresponds to the InP band-gap
at RT [180,181]. The degradation of the IL signal is shown in Fig. 7.5(b).
The signal rapidly drops to zero.

The last tested bulk sample was a S-doped GaP wafer. The IL
spectrum is shown in Fig. 7.6(a). It was obtained from an area of
50 m× 50 m at a beam current of 290 pA and spectrum collection time
of a 50 s. The sample shows a broad band emission with a maximum at
1.9 eV. CL studies of defect generation by proton, neutron and gamma ray
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Figure 7.5: (a) IL spectrum of InP wafer. The peak is fitted by a Gasussian
with a center at 1.34 eV. (b) Degradation of the IL signal from InP wafer with
increasing He+ fluence. The ion beam energy is 35 keV.
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Figure 7.6: (a) Raw IL spectrum of S-doped GaP. (b) Degradation of the IL
signal from GaP bulk sample (blue circles) and NWs (dark cyan diamonds)
with increasing He+ fluence. Ion beam energy is 35 keV.
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irradiation in GaP crystals have shown similar results [182]. The band-
gap emission (2.26 eV) and the near-band-edge emission (2.15-2.33 eV),
associated with dopants and impurities, are suppressed and a new dom-
inant peak at 1.9 eV develops. The degradation of the IL signal with
increasing He+ fluence is presented in Fig. 7.6(b) by blue circles. Al-
though the IL signal is very low, it does not vanish completely as was the
case for the previous two examples. The IL signal drops by 70 % after a
fluence of 9.5×1015 ions/cm2.

Mainly isolated point defects are created during the light ion irradi-
ation of semiconductors [72, 183–185]. Point defects introduce shallow
levels in the band gap, influencing the charge carrier lifetime and mobil-
ity [184,185]. Additionally, the created defects can provide radiationless
paths for electron de-excitation. With an increase of the ion fluence
the damage may accumulate and transform into complex defect clus-
ters [72, 183]. Swift heavy ion irradiation studies at RT showed that
in the case of GaP the relative defect concentration does not exceed a
certain level even at high ion fluences, whereas a continuous amorphous
layer develops in InP [186]. This difference in response of materials to
the ion irradiation may explain the different IL signal degradation with
increasing fluence (compare Fig. 7.5(b) and Fig. 7.6(b)).

7.4 Semiconductor nanowires

Two types of semiconductor NWs were investigated: GaP and overgrown
GaP-GaAs nanowires. In contrast to bulk semiconductors, the IL emis-
sion from NWs turned out to be remarkably stable under ion beam ir-
radiation. Secondary electron and panchromatic IL images of overgrown
GaP-GaAs NWs are presented in Figure 7.7. An arrow in the images
points at a NW with a thickness of 17 nm. This very narrow wire is
clearly resolved not only in the SE, but also in the IL image.

Simultaneously acquired SE and panchromatic IL images of GaP NWs
are presented in Fig. 7.8. The initial state of the NWs is demonstrated
in Figs. 7.8(a) (SE) and (c) (IL). The images were recorded using a dose
of 1.4×1017 ions/cm2 per scan. In the images in Figs. 7.8(b) and (d)
the same sample area is shown, but after exposure to an ion fluence
of 2.8×1017 ions/cm2. That is a four orders of magnitude higher flu-
ence than the one used for imaging the GaN film discussed previously
(Fig. 7.1). As can clearly be seen from a comparison of Fig. 7.8 (a) and

85



Chapter 7 Ionoluminescence of semiconductor materials

SE IL

300 nm 300 nm

Figure 7.7: HIM SE and panchromatic IL image of overgrown GaP-GaAs
nanowires. The arrow points at a nanowire with thickness of 17 nm, detectable
by IL imaging. FOV is 1.42 m.

7.8 (b), the NWs were substantially modified by the ion beam: they are
deformed, bent or even swollen. However, despite all the modifications
they continue to emit (IL images in Figs. 7.8 (c) and (d)).

The degradation of the IL from the GaP NWs is shown in Fig. 7.6(b)
(dark cyan diamonds). The trend is similar to the one of the bulk GaP.
However, after an applied fluence of 9.5×1015 ions/cm2 the IL signal
decreased only by 30 %. The IL signal degradation curves for both bulk
and NWs GaP samples were recorded under identical conditions.

Although the beam modifies the NWs, the main damage is produced
deep in the substrate that the NWs are placed on. The first several
tens of nanometers the He+ ion beam dissipates its energy mostly via
electronic excitations. The hard nuclear collisions occur deeper in the
bulk when the ions have lost energy and nuclear stopping becomes more
important. Additionally, most of the sample damage in the case of He+

irradiation is caused by recoiling target atoms (see Chapter 4). However,
due to their size this mechanism is not of importance for the discussed
NWs. Therefore, we propose that the observed modifications of the NWs
are caused by sample heating, while no helium is implanted nor a consid-
erable amount of traps for the charge carriers is created. A similar result
was observed in [50] where the authors were able to obtain IL signal from
agglomerates of semiconductor QDs, but not from bulk samples.
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IL

(b)(a)

(d)(c)

Figure 7.8: (a) and (c) are SE and IL images of the GaP NWs. (b) and (d) are
repetitively recorded SE and IL images of the same NWs. The images were
recorded an applying ion fluence of 1.4×1017 ions/cm2. He+ beam energy is
35 keV. FOV: 2.84 m.
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Figure 7.9: IL spectra of quantum dots. The expected peaks are: (a) 2.38 eV,
(b) 2.1 eV, (c) 1.94 eV.

7.5 Semiconductor quantum dots

Quantum dots with three different emission peaks were tested:
520 nm (2.38 eV), 590 nm (2.1 eV), 640 nm (1.94 eV). The corresponding
peak positions from the IL measurements are 2.3 eV, 2.08 eV, 1.91 eV.
Since the peaks are systematically down-shifted, the slight discrepancy
between the expected and experimentally measured values could be
caused by calibration errors. However, the smallest QDs (2.3 eV ones)
show a two times bigger shift of 0.08 eV compared to the two other sam-
ples. The variation in size of the smaller sized QDs leads to a bigger
variation in the band-gap width [187]. Thus, this observed shift could
be related to a slight discrepancy between the expected and actual sizes
of the QDs.

Big agglomerations of 2.38 eV quantum dots (QDs) on an Al substrate
were imaged with IL (Fig. 7.10). The images were recorded at a dose of
5×1012 ions/cm2. Unfortunately, we were not able to resolve individual
quantum dots.

Several reasons can be given for this. First, the QDs were deposited
by simple evaporation of the solvent. The QDs are embedded in a rel-
atively thick layer of the hydrocarbon residue from the toluene solution
(see Fig. 7.10 (a)). Second, the diameter of the measured QDs varies
between 2.6 nm (for 2.38 eV) and 6.5 nm (for 1.94 eV). Therefore, the
volume available for the IL excitation is extremely small. Thus, high
ion fluences are required for excitation of a measurable IL signal from
a single QD, which in turn will lead to severe damage of the QD most
likely before any IL signal could be detected.
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SE IL

20 µm 20 µm

Figure 7.10: HIM SE and panchromatic IL images quantum dots deposited on
Al substrate. FOV is 100 m.

7.6 Conclusions

We have investigated the influence of the He+ ion beam on the lumi-
nescence properties of the semiconductor materials applying the IL tech-
nique. All examined samples have yielded an IL signal, however the
relative signal strength depended on the material composition. The ob-
tained IL spectra consist of band-gap emission along with the transitions
related to the various defects. The IL signal from all samples decreases
with increasing ion dose as a result of defect generation. However, the
IL signal stability turned out to depend not only on the composition,
but also on the sample dimensions. In general, the IL signal from nanos-
tructures is more stable than from bulk material due to the lower defect
generation rate. Unfortunately, we can conclude that the IL technique
is not suitable for the characterization of the electronic structure of bulk
semiconductors due to its significant modification during ion irradiation.
Nevertheless, the technique can be used for characterization of the ir-
radiation damage. This can be done in a fluence and rate dependent
manner for bulk, as well as nanostructured samples with very high spa-
tial resolution. The high resolution capability of the instrument is a clear
advantage here.

89





Summary

This thesis describes several approaches for material characterization
using helium ion microscopy (HIM). Furthermore, it also demonstrates
a possibility for in-situ observation and investigation of material modifi-
cation and defect creation. This has been done using He+ ions with an
energy of several tens of keV. The influence of a sub-nanometer He+ ion
beam on different classes of materials, such as metals, semiconductors
and insulators, was studied in the current work.

We start by exploring the capabilities of HIM to utilize ion channel-
ing phenomena. Using a {111} textured polycrystalline Au film as an
example we demonstrate in Chapter 3 how ion channeling contrast in sec-
ondary electron (SE) images can be used for crystal orientation mapping.
A simple geometrical model was used to predict channeling minima and
determine grain orientations. The ion doses, required for acquiring an SE
image and a backscattered helium (BSHe) image with a similar signal to
noise ratio, are much lower for the SE images. Therefore, using channel-
ing contrast in SE images for analysis reduces sample damage and speeds
up the measurements. Moreover, the short SE escape depth provides an
opportunity to identify the crystal orientation of thin layers. Addition-
ally, we demonstrate and describe the origin of an unexpected contrast
in BSHe images of thin light layers on a heavy crystalline substrate. This
de-channeling contrast is caused by a change in the backscatter yield due
to the decrease of the channeling probability when low-index directions
in the underlaying crystal are blocked by a thin adlayer. These results
also emphasize the importance of the vacuum conditions for samples in-
vestigations in HIM.

Surface structure modifications were observed under prolonged expo-
sure of the Au {111} sample to the He+ beam. These changes of the
surface morphology as a function of ion fluence and energy are discussed
in Chapter 4. A periodic structure of ripples running along 〈11̄0〉 di-
rections develops on the surface under beam irradiation at normal inci-
dence. Initially, the pattern periodicity does not depend on the beam
energy and has a power-law dependence on the ion fluence with an expo-
nent of 0.26± 0.01. The pattern formation is governed by the diffusion
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of gold adatoms and surface vacancies. The further evolution of the sur-
face morphology after a critical ion fluence of ≈4.2×1017 cm-2 depends
on the beam energy used. In the case of a low beam energy of 15 keV
a porous structure develops. In contrast, when using a higher energy of
35 keV, a sub-surface blister develops. This different behavior is a re-
sult of the variation of the helium implantation depth with change of the
beam primary energy. Helium filled nanobubbles form in the bulk during
ion irradiation. As estimated from the experimental data, the gas pres-
sure inside these bubbles exceeds a few GPa. Depending on implantation
depth, the evolving bubbles either break through the surface and form a
porous structure, or – if formed deeper in the bulk – coalesce and create
a blister. In addition, surface modifications are also observed outside of
the irradiated areas. This indicates the importance of the gold recoils for
the surface structuring process.

Defect generation in ionic crystals in HIM was investigated using iono-
luminescence (IL). While SE imaging provides mainly surface informa-
tion, the IL signal gives an insight in the processes occurring along the
entire path of an ion in the bulk. In Chapter 5 we study the creation
of color-centers in NaCl under He+ ion beam irradiation by analyzing
the generated IL signal. The emission that is observed results from the
recombination of charge carriers with the beam induced color-centers,
namely F- and VF - centers. The rate of formation of the emitting cen-
ters was found to depend on beam scanning parameters such as pixel
separation and beam current. The concentration of the emitting cen-
ters depends on the balance between the various types of crystal defects
that are created. The observed effects are interpreted as a result of the
overlapping of the interaction volumes of ions arriving within neighbor-
ing pixels. Highly mobile H- centers, created at a previous pixel, can
quench initially created F- centers. In the case of high concentrations of
H- centers at high beam currents, their clustering leads to the enhance-
ment of F- center production.

The actual lateral size of the interaction volume of a sub-nanometer
35 keV He+ beam with NaCl was directly visualized and measured. These
results are discussed in Chapter 6. The characteristic length scale of
the radial defect distribution was estimated to be 88.3± 1.5 nm. We
have also used SRIM simulations to estimate the defect concentration
required for the generation of a measurable IL signal. The obtained defect
concentration is 3 vac/nm2. The generation of color-centers with a sub-
nanometer He+ beam allows to locally change luminescence properties
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with a very high precision. In this chapter we have demonstrated a
luminescent pattern created in a such way.

We have observed a significant influence of the ion irradiation on the lu-
minescence properties of semiconductor samples. Various semiconductor
materials with different geometries such as bulk samples, nanowires and
quantum dots, have been examined. The results are described in Chap-
ter 7. All tested samples exhibited IL. The light emission originates from
band-gap transitions as well as from defect related transitions. However,
the IL signal rapidly degraded under the influence of the ion irradiation
due to the creation of the crystal defects. These can provide pathways for
non-radiative electronic de-excitations. The quenching of IL with increas-
ing ion fluence strongly depends not only on the chemical composition of
the sample, but also on its dimensions. Bulk samples were found to be
more sensitive to ion irradiation. We relate this to the depth distribution
of ion induced defects and, therefore, a lower defect generation rate in
thin samples. In general, IL was found not to be suitable for the charac-
terization of the intrinsic properties of semiconductors. However, it can
be applied for the investigation of the defect formation processes. In ad-
dition, opposite to the luminescence patterning described in Chapter 6,
here ion irradiation can be used for negative patterning.

In conclusion, this work presents an extensive study of the defect gener-
ation induced by a He+ ion beam and also introduces new ways for sample
characterization in HIM. Helium implantation can be used for tuning the
materials mechanical properties. Further investigations are required in
this direction to precisely measure the modified material properties. For
a better understanding of the processes which occur under ion irradia-
tion, the IL technique should be combined with more established tech-
niques such as cathodoluminescence or transmission electron microscopy.
Finally, using the example of luminescence properties, we have demon-
strated how a sub-nanometer He+ beam can be used for the precise local
modification of various physical properties.
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Samenvatting

Dit proefschrift beschrijft verschillende benaderingen voor materi-
alenonderzoek met heliumionenmicroscopie (HIM). Daarnaast demon-
streert het ook de mogelijkheid voor in-situ modificatie van materialen
en de vorming van defecten met heliumionen met een energie van enkele
tientallen keV. De invloed van een sub-nanometer heliumionenbundel op
verschillende klasses materialen, zoals metalen, halfgeleiders en isolatoren
is onderzocht.

We beginnen het verkennen van de mogelijkheden van HIM met
het gebruik van channeling. Met behulp van een {111}-getextureerd
polykristallijne goudlaag laten we in hoofdstuk 3 zien hoe channeling-
contrast in beelden, die gevormd zijn met secundaire elektronen (SE),
gebruikt kan worden om de kristallijne orientatie van het preparaat te
bepalen. Een eenvoudig geometrisch model is gebruikt om de omvang van
het channeling contrast te voorspellen en de oriëntatie van de verschil-
lende korrels te bepalen. De ionendoses, die nodig zijn voor het meten
van een SE-afbeelding zijn veel lager dan die voor een afbeelding met
een vergelijkbare signaal-ruis verhouding die gevormd is uit terugver-
strooide heliumionen (BSHe). Channeling contrast in SE afbeeldingen
kan daarom gebruikt worden voor een analyse met minimale sample
schade en een verkorte meettijd. Bovendien biedt het gebruik van sec-
ondaire elektronen vanwege hun lage ontsnappingsdiepte, de mogelijkheid
om de orientatie van dunne lagen vast te stellen. We laten tevens zien
hoe een onverwachte vorm van contrast verschijnt in BSHe afbeeldingen
van een dunne laag van een licht materiaal op een substraat van een
zwaar materiaal. Dit ”ontchannelingscontrast” wordt veroorzaakt door
de verandering in het aantal terugverstrooide ionen ten gevolge van de
zwakke wisselwerking van de bundel met de dunne laag en het (gedeel-
telijk) blokkeren van channeling richtingen. Deze resultaten benadrukken
tevens het belang van goed vacuum in HIM.

Bij lange blootstelling aan de bundel verandert de oppervlaktestruc-
tuur van Au{111} onder invloed van de heliumbundel. De veranderin-
gen in morfologie worden in hoofdstuk 4 besproken als functie van de
ionendosis en -energie. Een periodieke wasbordstructuur, die langs de
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〈11̄0〉 richting loopt, ontwikkelt zich op het oppervlak tijdens bestral-
ing met loodrecht invallend helium. Initieel hangt de periodiciteit van
het patroon niet af van de energie en ontwikkelt het zich als functie van
de dosis volgens een machtswet met een exponent van 0.26± 0.01. De
vorming van het patroon wordt primair bepaald door de diffusie van goud
adatomen en oppervlaktevacatures. Na een kritische dosis van ongeveer
≈4.2×1017 cm-2 hangt de verdere evolutie af van de primaire energie.
Voor het geval van een lage primaire energie van 15 keV ontwikkelt zich
een poreuze structuur. Voor een hoge energie van 35 keV ontwikkelt
zich daarentegen onder het zichtbare oppervlak een zogeheten blaar. Dit
verschillende gedrag is het gevolg van het verschil in de diepte waarop
het helium gëımplanteerd wordt bij verschillende energieen. Kleine, met
helium gevulde nanobelletjes vormen zich in het materiaal tijdens bloot-
stelling aan de bundel. Uit de experimentele data schatten we de gasdruk
in deze belletjes op enige GPa. Afhankelijk van de indringdiepte breken
de bellen uiteindelijk door het oppervlak heen, vormen ze een poreuze
structuur, of, bij een zeer grote indringdiepte, vormen de belletjes samen
een blaar. De oppervlakteveranderingen zijn ook zichtbaar buiten het
belichte gebied, wat het belang aangeeft van secundair gecreëerde snelle
goudatomen.

De vorming van defecten met HIM in ionische kristallen is onderzocht
met ionoluminescentie (IL). Waar afbeeldingen met secundaire elektro-
nen vooral oppervlaktëınformatie leveren, geeft het IL signaal inzicht in
de processen die plaatsvinden langs het gehele pad dat een invallend ion in
de bulk van een preparaat aflegt. In hoofdstuk 5 bekijken we de vorming
van kleurcentra in natriumchloride onder invloed van de heliumbundel
en analyzeren we veranderingen in het IL signaal. Licht emissie is het
gevolg van de recombinatie van ladingsdragers met kleurcentra die door
de bundel geinduceerd zijn, namelijk F- en VF - centra. De vormingss-
nelheid van de kleurcentra hangt af van parameters als pixelafstand en
bundelstroom. De concentratie van de kleurcentra hangt af van de balans
tussen de verschillende types defecten die gevormd worden. De effecten,
die we hebben waargenomen, verklaren we uit een overlap tussen het
interactievolume van ionen die voor verschilende, naburige pixels gepro-
jecteerd worden op het preparaat. Zeer mobiele H- kleurcentra die in een
voorgaande pixel gevormd zijn, kunnen de vorming van initieel gecreëerde
F- centra onderdrukken. Voor zeer hoge concentraties aan H- centra bij
hoge bundelstromen daarentegen, kan het clusteren van H- centra leiden
tot een verhoogde productie van F- centra.
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De fysieke afmeting van het wisselwerkingsvolume van een sub-
nanometer 35 keV heliumbundel met natriumchloride is direct in beeld
gebracht. Deze resultaten worden schreven in hoofdstuk 6. De karak-
teristieke lengteschaal van de defectverdeling is geschat op 88.3± 1.5 nm.
We hebben ook SRIM simulaties gebruikt om de defectconcentratie die
nodig is voor een minimaal meetbaar IL signaal bepaald. Die concen-
tratie is gelijk aan drie vacatures per vierkante nanometer. De vorming
van kleurcentra onder invloed van de heliumbundel stelt ons daarnaast
in staat om de luminescentie-eigenschappen van het materiaal met hoge
precisie te wijzigen. We laten in dit hoofdstuk voorbeelden zien van
patronen die op deze wijze gemaakt zijn.

We hebben tevens een substantiële invloed waargenomen van de bun-
del op halfgeleider preparaten. Verschillende halfgeleiders met verschil-
lende geometrieen zoals bulk samples, nanodraden en quatum dots, zijn
onderzocht. De resultaten zijn beschreven in hoofdstuk 7. De uitzend-
ing van fotonen is in dit geval het gevolg van elektronische overgangen
rond de bandgap, als mede van overgangen in defecten. Het meetbare
IL signaal loopt onder invloed van de bundel echter zeer snel terug van-
wege de vorming van kristaldefecten. Die defecten openen nieuwe mo-
gelijkheden voor verval van energetische elektronen zonder uitzending
van licht. De onderdrukking van het IL signaal met toenemende bloot-
stelling hangt aan ionen niet enkel van de chemische samenstelling van
het preparaat af, maar ook van de afmetingen. Bulk preparaten zijn
gevoeliger voor bestraling. We verklaren dit uit de diepteverdeling waarin
defecten gëınduceerd worden, wat leidt tot een lagere defectconcentratie
in preparaten met een afmeting kleiner dan het interactievolume. In
het algemeen is IL ongeschikt voor de karakterisatie van de intrinsieke
eigenschappen van halfgeleiders, het kan echter uitstekend toegepast wor-
den voor het bestuderen van defecten en de vorming van defecten. In
tegenstelling tot wat beschreven is in hoofdstuk 6, kunnen de optische
eigenschappen van preparaten hier negatief gepatroneerd worden.

Samenvattend biedt het in dit proefschrift beschreven werk een uit-
gebreid overzicht van de wisselwerking en defectvorming van een heli-
umbundel op verschillende preparaten en laat het zien hoe preparaten
gekarakteriseerd kunnen worden met HIM. Implantatie van helium kan
gebruikt worden om materiaaleigenschappen op een plaatsopgeloste
manier te wijzigen. Verder onderzoek is nodig om de gewijzigde eigen-
schappen exact te bepalen. Voor een beter begrip van de processen
die plaatsvinden bij bestraling van een preparaat met heliumionen moet
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IL gecombineerd worden met andere, meer gevestigde technieken zoals
katodholuminescentie en transmissie elektronen microscopie. Tenslotte
hebben we laten zien dat de sub-nanometer heliumbundel gebruikt kan
worden voor een precieze, lokale verandering van verschillende fysische
eigenschappen.
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J. Delagnes, and P. Mounaix, Phys. Rev. B 78, 235206 (2008).

[186] A. Kamarou, W. Wesch, E. Wendler, A. Undisz, and M. Retten-
mayr, Phys. Rev. B 78, 054111 (2008).

[187] W. Yu, L. Qu, W. Guo, and X. Peng, Chem. Mater. 15, 2854
(2003).

110



List of Publications

1. O. Bliznyuk, V. Veligura, E.S. Kooij, H.J.W. Zandvliet and B.
Poelsema, “Metastable droplets on shallow-grooved hydrophobic
surfaces”, Phys. Rev. E 83, 041607 (2011).

2. O. Bliznyuk, J.R.T. Seddon, V. Veligura, E.S. Kooij, H.J.W.
Zandvliet and B. Poelsema, “Directional liquid spreading over
chemically defined radial wettability gradients”, ACS Appl. Mater.
Interfaces 4, 4141–8 (2012).

3. V. Veligura, G. Hlawacek, R. van Gastel, H.J.W. Zandvliet and
B. Poelsema, “Channeling in helium ion microscopy: Mapping of
crystal orientation”, Beilstein J. Nanotechnol. 3, 501–506 (2012).

4. G. Hlawacek, V. Veligura, S. Lorbek, T.F. Mocking, A. George,
R. van Gastel, H.J.W. Zandvliet and B. Poelsema, “Imaging ultra
thin layers with helium ion microscopy: Utilizing the channeling
contrast mechanism”, Beilstein J. Nanotechnol. 3, 507–512 (2012).

5. V. Veligura, G. Hlawacek, R. van Gastel, H.J.W. Zandvliet and B.
Poelsema, “Het voordeel van UHV in een helium-ionenmicroscoop”,
Nevacblad 51, 6–9 (2013).

6. V. Veligura, G. Hlawacek, R.P. Berkelaar, R. van Gastel, H.J.W.
Zandvliet and B. Poelsema, “Digging gold: keV He+ ion interaction
with Au”, Beilstein J. Nanotechnol. 4, 453–460 (2013).

7. G. Hlawacek, V. Veligura, R. van Gastel and B. Poelsema, “He-
lium ion microscopy”, J. Vac. Sci. Technol. 32, (2014)

8. V. Veligura, G. Hlawacek, R. van Gastel, H.J.W. Zandvliet and
B. Poelsema, “High resolution ionoluminescence study of defect
creation and interaction”, accepted to J. Phys. Condens. Mat.

9. V. Veligura, G. Hlawacek, U. Jahn, R. van Gastel, H.J.W. Zand-
vliet and B. Poelsema, “Creation and physical aspects of lumines-
cent patterns using helium ion microscopy”, submitted.

111



List of Publications

10. V. Veligura, G. Hlawacek, R. van Gastel, H.J.W. Zandvliet and
B. Poelsema, “Ionoluminescence of semiconductor materials”, in
preparation.

112



Acknowledgements

I cannot believe that I am already writing this last part of my thesis!
The four years I spent in the Netherlands have passed extremely fast,
but I loved my stay here. Although the weather in Holland is usually not
welcoming, the country itself is! The path to a complete thesis was not
particularly simple, but luckily there were plenty of people who made it
easier. Thus, there will be a lot ”thanks” on these two pages.

First of all I want to express my gratitude to my promotor Prof.
Bene Poelsema. Bene, thank you for replying to my email 5 years ago
and giving me an opportunity to do an internship in the Solid State
Physics group, and thank you for accepting me as a PhD student later. I
appreciate a lot your time you have spent with me discussing the results,
your support and guidance.

I also thank Prof. Harold Zandvliet for his encouragement, for the
friendly and motivating atmosphere he creates in the group.

Raoul, thank you for welcoming me into the ”HIM group”. I appre-
ciate your help with preparing the manuscripts and your patience with
moving all my thes and as into their right positions in sentences. Thank
you for the perfectionism with which you do your work.

I cannot fully express my gratitude to my daily supervisor Gregor. You
have been always ready to help in any situation both at and outside the
university. Thank you for your patience, advices, support and guidance.
I have been always amazed by the amount of your ideas, the speed with
which your generate them, by the breadth of your knowledge and your
attitude towards science and your work. I wish you and your wonderful
family all the best.

I would like to thank Stefan and Herbert for their useful comments
and remarks during the work discussions, and their good company dur-
ing lunch time. I am also thankful to the group’s secretaries, Rianne and
Simone later, for their help with managing all paperwork. Thanks to
Herman and Hans for their technical assistance. Zeiss technicians have
made a significant contribution to this thesis. Thanks to Ed and Ed,
Frank, Bill, Daniel, Stefan and Nico for fighting with ”the beast”. All
your affords have provided enough HIM working time to be able to com-

113



Acknowledgements

plete my work. Thanks to David for giving me training at HIM. The
cover image was taken during this training!

Thanks a lot to Mark Smithers for the EDX analysis at SEM and
other occasional help. I also thank Dr. Uwe Jahn for the collaboration
and the help with the cathodoluminescence measurements in Berlin.

I want to thank all former and present colleagues for a pleasing, wel-
coming atmosphere in the group! I am grateful to all my roommates for
the nice company and not complaining about me playing Russian radio.
Thanks to Kai for cheering me up, it was never boring in the office with
you. Thanks to Robin for his help with the AFM measurements. Thanks
to Ali, Chris, Erik, Hairong, Imtiaz, Tijs, Patrick, Pantelis, Rene for a
pleasant company and well spent time at different occasions. All the
best to all of you! Special thanks to Avijit for your help at the STM
student practicum and a lot of nice conversations. Maciej, it was always
nice to chat with you. Your knowledge in physics and other disciplines is
impressive. Thanks to you and Anna for the enjoyable meetings we had,
and I wish your family happiness and health to your coming child!

A lot of thanks to Olesya! You have helped a lot to me, especially in
the beginning when I needed it most. I wish your family to grow and be
always happy!

Finally, I want to thank my dear friends: Alex, Anna, Atryom, Ida,
Kate, Kristina, Maria, Pasha, Tanya. Thank you for staying my friends
and supporting me even from a distance of a few thousands kilometers.
Thanks to the modern technologies which help to stay always in touch
with you! I am very thankful to my parents and grandparents, my sister
and all my family for raising me as I am and for believing in me. I always
feel your support and am grateful for that! Thank you Daniel for being
always with me, taking care of me, for your help and advices. Without
you I would have given up somewhere in the beginning, run home, and
never finished this work.

114



Curriculum Vitae

Vasilisa Veligura

Date of Birth: 18th of July 1987
Place: Uralsk, USSR

Education

2010 – present: PhD candidate at the group of Physics of Interfaces and
Nanomaterials, University of Twente. Research topic:
He ion nanoscopy of three-dimensional structures

2004 – 2010: Master Degree with honors. M. V. Lomonosov Moscow
State University, Faculty of Physics, Chair of General
Physics and Molecular Electronics. Thesis: Research
of structural and optical properties of biocompatible
silicon nanocrystals obtained by mechanical grinding of
monocrystalline and porous silicon

1997 – 2004: Secondary education, Moscow, Russia

Interships

2009: Solid State Physics group, University of Twente, The Neatherlands

Prizes

2013: Student Award at 9th International Symposium on Atomic Level
Characterization, Hawaii, US

2010: R.V. Khokhlov Award for the best scientific student work in 2009 -
2010 academic year




