Chapter 7
Imaging with the Helium Ion Microscope

John Notte and Bernhard Goetze

Abstract A newly developed technology, the helium ion microscope (HIM),
provides high-resolution imaging with several benefits compared to the standard
scanning electron microscope (SEM). First, the images provide high resolution
because the helium beam can be brought to a focused probe size that can be as small
as 0.25 nm. Second, the images provide contrast mechanisms that are often mark-
edly different from the SEM. These contrast mechanisms can reveal topographic,
composition, and other types of information about the sample. Third, compared to
the SEM, the HIM images tend to be more surface-specific — revealing information
about the surface without the confusing subsurface information. Fourth, the HIM
can obtain high-resolution images even of insulating samples that would otherwise
charge excessively in the SEM. The HIM is still in its infancy compared to the SEM,
having only been commercially available for 7 years; however, it has already pro-
vided several unique advantages for the imaging of biological materials.

7.1 Introduction: On the Importance of Surfaces

In many imaging and analysis applications, surface specificity is crucial to produce
an easily interpreted image or data set. In fact, the nature of the human retina (essen-
tially a 2D sensor) limits our eyes to gathering 2D information. Also, for uncounted
years, our brains have been optimized for interpreting this 2D information as sur-
face-specific information. The mixing of deeper information with the surface infor-
mation tends to make the images harder to understand or downright deceptive (think
smoke and fog). In a mathematical sense, the determination of 3D information from
a 2D data set is a noninvertible problem. In other words, a single image does not
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provide enough information to unambiguously reveal both surface information and
the deeper information. Hence, an imaging technique that provides surface-specific
information offers a less ambiguous interpretation.

In many applications, surface specificity is of primary importance because the inter-
face itself is the subject of the investigation. To a large extent, this is because the
interfaces define the boundary between objects, and it is through these interfaces
that objects can interact. Challenging applications of this nature occur in biology
(e.g., cell membranes), semiconductor physics (e.g., doped silicon junctions), and
material science (e.g., catalysis and corrosion). In most of these applications, the
surfaces are critical because the most interesting chemical processes are limited to
interfaces between different domains.

Many of the well-established high-resolution imaging techniques provide an
ambiguous image that mixes the surface information with the deeper information.
The well-established techniques of transmission electron microscope (TEM) and
scanning transmission electron microscope (STEM) provide excellent resolution
only after preparation of a ~100 nm thick lamella through which the beam passes.
The lamella preparation can be time-consuming and there is a risk of damaging the
specimen in the process. Because the beam passes through the lamella, the contrast
in the image represents an average along the beam path through the sample rather
than the true surface information. In addition, while the atomic force microscope
(AFM) provides high-resolution surface analysis, it is limited to the subset of sam-
ples that can be directly contacted and have a very limited topography — a very small
subset of biological specimens. The most routinely used high-resolution imaging
instrument for biological samples is the scanning electron microscope (SEM). The
images it provides are high-resolution and do provide a good image contrast that
reveals different properties of the specimen. However, the SEM is known to produce
much of its signal from the reemergence of backscatter electrons, which reveal
“SE2” information about deeper layers — a topic of discussion in later sections here.
This effect can be mitigated by operating the electron beam at lower energies, but
this tends to limit the lateral resolution by chromatic aberration effects. The opera-
tion of the SEM also induces charging on and under the surface of the sample —
effects that can compromise the image quality and can even damage the specimen.
Metal coatings are sometimes used to improve the charging and surface specificity
of the SEM, but the coatings often obscure the fine-scale features of interest and
even also damage the sample. Operating the SEM in the presence of gases (such as
water or nitrogen) can help to mitigate the surface-charging effects, but subsurface
charging is not resolved, and the gases tend to limit the resolution.

In contrast, the newly developed technology of the helium ion microscope (HIM)
produces high-resolution images with inherent surface specificity. The surface-specific
nature of the images is a direct consequence of the physics of the helium ion as it
interacts with the specimen. The charging effects are also fundamentally different
from the SEM and are much more readily mitigated. Figure 7.1 is an HIM image of
the iron oxidizing Acidovorax Proteobacteria (strain BoFeN1). This sample was
originally isolated from the anoxic freshwater sediments of Lake Constance in
Germany and was provided by Martin Obst and Fabian Zeitvogel, University of
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Fig. 7.1 A high-magnification helium ion microscope image of Acidovorax (Sample provided by
Martin Obst and Fabian Zeitvogel of the University of Tuebingen)

Tuebingen, Germany. When grown in the presence of Fe(I), some cells tend to
form a crust of Fe(IIl) mineral needles. Imaging with an HIM reveals the structure
of those mineral crusts on the cell surface for the first time. Imaging in the SEM
requires platinum coatings, which incidentally adulterate the real structure and
introduce artifacts [1].

In this chapter, the basic technology of the HIM is first explained. Subsequently,
the unique interaction of the beam with the sample is described in detail for a range
of beam energies and samples. Specifically addressed are the image formation pro-
cess and the properties of the sample, which are revealed in the resulting image. The
unique charging advantages and the minimal sample preparation requirements are
then described in detail. Lastly, the future outlook of this technology is provided.

7.2 Technology of the Helium Ion Microscope

7.2.1 Overview

Much of the technology discussed here is contained within the Zeiss family of
helium ion microscopes: the ORION Plus™ and the ORION NanoFab™. These
models have only recently become commercially available [2] after many years of
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Fig. 7.2 Diagram of the helium ion microscope showing the ion source, the ion column, the
sample, the detectable particles, and the detector

development [3]. A simplified diagram of the HIM is shown in Fig. 7.2. The helium
ion source produces an ion beam with a typical energy of 30 keV and an ion beam
current of about 100 pA. The beam enters the ion column, which includes steering
deflectors, apertures, stigmators, scanning deflectors, and focusing elements. As the
beam exits the column, it is focused to a very small probe size on the surface of the
specimen. Typically, this probe size is 0.5 nm although measurements as small as
0.21 nm have been attained. The specimen can be virtually any shape or size, and a
mechanical stage allows the sample to be reoriented to provide alternative perspec-
tives. The entire beam path and specimen are maintained under a vacuum of better
than 2x 1077 Torr.

As the focused beam strikes the sample at a particular location, it produces a
number of particles that can subsequently be detected. The properties of the gener-
ated particles (their abundance, energy, angle, etc.) reveal some property about that
particular location. The beam is then advanced to a new location (perhaps just 1 nm
away), and the emitted particles are again detected. The variation in the quantity or
properties of the generated particles provides the contrast from location to location
on the sample. The focused helium beam is advanced in a raster pattern across a
rectangular region of the sample (as shown in Fig. 7.2). The image is then assem-
bled on a pixel-by-pixel basis as the beam is advanced. The gray level of each pixel
is based upon a chosen property of these generated particles. For example, the pixel
may be assigned black if there are no secondary electrons produced, or white if 10
or more secondary electrons are produced at that location. The typical time to
acquire such an image can vary from 5 s to 5 min, depending on the signal-to-noise
ratio required and the number of pixels in the final image (Fig. 7.3).

In some respects, the HIM operates much like the traditional SEM or gallium
focused ion beam (FIB). In these regards, there are excellent textbooks that detail



7 Imaging with the Helium Ion Microscope 175

Incident
heam

Secondary
particles

Specimen
being imaged

Fig.7.3 The focused helium beam is moved from location to location in a raster pattern across the
sample. Each of the locations on the sample corresponds to a pixel in the final image. Each pixel is
assigned a gray level based upon the generated particles at the corresponding position

the basic physics that is common to their operation [4]. However, in many important
ways the technology of the HIM is distinctly different. Only the most significant of
these differences are therefore detailed in the following sections.

7.2.2 The Helium Ion Source

The helium ion source [5] is the key enabling technology for the HIM. A fuller
description of the technology can be found in the established literature [6], but a
cursory description is provided here. The ion source consists of a needle that is
drawn to an atomically sharp end form (Fig. 7.4). The ion source operates at a tem-
perature of about 70 K, in an ultrahigh-vacuum (UHV) vessel, with a large positive
voltage applied to it. The apex of this tip has an underlying spherical shape (radius
~1,000 A). Superimposed on this spherical shape is a three-sided pyramid terminat-
ing in an atomically sharp vertex. At this vertex, the single most protruding atom
experiences an electric field, which can be as large as 4 V/A. In this otherwise UHV
region, ultrapure helium gas is admitted (impurity concentrations are typically 1
part in 10°). Although neutral, the helium atoms become polarized and are drawn in
toward the tip in the presence of the field gradient. This effect creates a region of
elevated pressure surrounding the apex. The helium atoms are cooled by the process
of repeated collisions with the cryogenic tip and eventually come to thermal equi-
librium with the tip. As the low-energy helium gas atoms pass in the vicinity of the
most protruding atom, the large electric field can cause a single electron to quantum
mechanically tunnel [7] out of the helium atom and into the emitter tip. The remain-
ing positive helium ion is now repelled by the positively biased tip and is
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Fig. 7.4 The helium ion source produces helium ions originating from an atomically sharp asper-
ity at the end of a positively biased needle maintained at cryogenic temperatures

immediately accelerated away. The field ionization process, which is key to this new
microscope, was discovered over 50 years ago in the context of the field ion micro-
scope (FIM) [8, 9].

Several unique properties of this ion source make it so desirable for high-resolution
microscopy. First, the generated ions are produced from a region of atomic dimen-
sions, and the virtual source size (established from back-tracking the ion’s final
trajectories) is less than 1 A in size. Second, the beam diverges very gradually, with
a typical emission cone semiangle less than 1°. Together, these two properties are
reflected in the very high “brightness” of the ion source — routinely measured to be
4x10° Acm™2 sr! for a 25 keV beam [10]. Another important attribute is the mono-
chromatic character of the ions. The energy spread, AE, of the beam is found to be
about 1 eV or less, representing less than 1 part in 10* of the beam energy [11]. The
low-energy spread is important to minimize the energy-dispersive effects as the
beam is shaped and steered with electrostatic lenses and deflectors.

The usage of helium ions — as opposed to lighter- or heavier-charged particles —
is ideal for imaging applications and offers advantages over the competing tech-
nologies of electron and gallium ion beams. The mass of an electron is so small that
its wavelike properties begin to manifest themselves as the electron beam is focused.
In fact, a highly optimized SEM will have its probe size significantly limited by dif-
fraction [12]. For the helium ion beam, the de Broglie wavelength can be as small
as 100 fm — not significantly affecting the focused probe size. Compared to gallium,
helium is light enough that it does not cause excessive damage to the sample. In
contrast, the massive gallium atom (atomic weight ~ 69 amu) is very effective [13]
in sputtering away any specimen in which it strikes. Helium is also optically trans-
parent, is chemically inert, and can diffuse out of biological specimens in relatively
short times. For these reasons, helium is a convenient ion species for a charged
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Fig. 7.5 A larger field of view of the same specimen shown in Fig. 7.1. This image shows that the
sharpness is uniform throughout the image for both near (lower boxed region) and far features
(upper boxed region). These are separated by an estimated 2 um in depth

particle microscope. It will be mentioned in later sections that the same technology
can be made to work with the heavier noble gas, neon. Such a neon beam offers a
different type of sample interaction that can induce deliberate erosion of the speci-
men in a controlled manner with nanometer-level precision.

7.2.3 Probe Formation

After the ions are emitted from the ion source, they are accelerated into the optical
column, which manipulates the beam to achieve the smallest attainable probe size
on the sample. The beam is extracted from the ion source and emerges with an
energy that varies from 15 to 45 keV. An electrostatic condenser lens is used to limit
the rate of divergence of the helium beam. The column includes static deflectors for
aiming the beam down the column and dynamic deflectors for scanning the beam in
a raster pattern across the sample. An aperture is used to select only the central por-
tion of the beam before it enters the final lens. Finally, the beam is focused with an
electrostatic lens to achieve the smallest probe size at the surface of the sample.

As the beam is approaching the sample, it is roughly conical in its shape, with a
convergence semiangle of less than 1 mrad. The small convergence angle also pro-
vides for a relatively long depth of field, making it easy to visualize samples with
high aspect ratios (Fig. 7.5). The size of the imaged area (field of view) can span
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from 100 nm to 1 mm, with as many as 2048 x 2048 pixels per image. The sample
can be mounted to a standard stub or glass slide and be positioned anywhere from
4 to 40 mm below the final lens. Under optimal conditions, the helium ion beam can
be focused to a probe size as small as 0.25 nm. Such images can resolve details
otherwise not seen with an SEM or FIB. The sample can also be biased positively
or negatively to enhance or diminish specific contrast mechanisms.

7.3 Beam-Specimen Interaction

As in an SEM or gallium FIB, the image generation in the HIM depends critically
on how the particles comprising the focused beam interact with the specimen.
Because the helium beam interaction is distinctly different compared to an SEM or
a gallium FIB, the image contrast is distinctly different. The physics of the helium
beam interaction is not fully understood, but several researchers [14—16] have begun
unfolding the phenomena that underlie the images. These efforts will ultimately
explain the mechanisms by which the HIM produces its high-contrast, high-resolu-
tion images. But even without our having a complete theoretical understanding of
the contrast mechanisms, the HIM is establishing itself through the unique images
it produces.

A basic understanding of beam—specimen interaction is best approached by con-
sidering the behaviors of individual helium ions incident upon the specimen. The
fate of a single helium ion impinging upon a specimen can be understood from
fundamental physics — primarily electrostatics and atomic-level scattering physics.
In almost all circumstances, the incident particles do arrive one at a time, and their
collision cascades are completed before the next particle arrives. The behavior of
individual ions can then be combined by statistical methods to provide the average
behavior of the helium ion beam. Such methodologies are commonly undertaken
with Monte Carlo computer simulations. The remainder of this section relies heav-
ily upon the IoniSE [16], TRIM [17], and Casino [18] computer programs to simu-
late the charged particles within the specimen.

7.3.1 Beam Penetration

A single helium ion interacts with the sample through a series of electrostatic inter-
actions between the ion and the target nuclei and electrons that comprise the speci-
men. Most of these interactions produce small angular deflections whereby the
trajectory of the helium ion is only slightly altered. These interactions tend to reduce
the energy of the incident ion with a statistically averaged “stopping power” mea-
sured in energy loss per traveled path length (eV/A). The stopping power deter-
mines how the particle is slowed down and eventually comes to a stop, and
correspondingly how its energy is transferred to the specimen. The exact value of
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Table 7.1 The stopping power for 25 keV helium ions into select materials

Stopping power for 25-keV incident helium

Specimen (eV/A)
Water 6.1
Adipose tissue® 7.3
Cortical bone 9.7
Zinc 13.0
Osmium 14.8
Gold 16.0

aBerger MJ. Stopping powers and ranges for protons and alpha particles, International Commission
on Radiation Units — Report ICRU-49. Bethesda, MD, USA: ICRU; 1993
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Fig. 7.6 The stopping power tends to decrease with decreasing energy

the stopping power depends on the composition of the specimen and the energy of
the helium ion. The stopping power for 25 keV helium ions into select materials is
shown in Table 7.1.

The stopping power tends to decrease with decreasing energy, as shown in
Fig. 7.6. This energy is transferred from the helium ion to the electrons and nuclei
of the specimen by several mechanisms. The relative importance of the different
mechanisms may vary with beam energy and with the composition of the specimen,
but the following estimates are valid for 25 keV helium into silicon: About 80 % of
the energy transfer is to electrons — including ionization of the atoms in the speci-
men. These excited electrons are responsible for the production of secondary
electrons — which will be discussed in the next section. The remaining 20 % of the
energy is transferred to the nuclei of the sample, resulting in lattice vibrations
(phonons), recoiled target atoms, and occasional backscattering events. As the
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incident ion loses energy, the energy transfer to the nuclei tends to dominate over
the energy transfer to the electrons. Ultimately, the stopping power is responsible
for determining the average penetration depth of the helium beam.

As the helium ions penetrate into the surface of the specimen, there is a high
probability that the helium ion will capture an electron within a few nanometers of
the surface. Consider that helium is the most “electron-greedy” of all the residents
of the periodic table. The helium ion will spend most of the rest of its trajectory
(perhaps hundreds of nanometers) as a neutral helium atom. By this process of elec-
tron capture, the incident helium produces a very thin layer of positive surface
charge over the top few nanometers of the surface. This is distinctly different from
electrons, which are destined to keep their charge with them wherever they go —
producing a deeper and widely distributed negative charging artifact. This simple
difference is a distinct advantage for the HIM over the SEM and will be discussed
in greater detail in a later section.

The helium ion’s predominant interaction with electrons tends to produce a rela-
tively small angular deflection of the incident ion, a consequence of the disparity in
the masses: M y./m,2~7,300. But there is a nonzero probability that the helium ion’s
trajectory will put it in line with the nucleus of a target atom. In this case, there is a
strong electrostatic repulsion between the helium nucleus and the nucleus of the
target atom. To some extent, these nuclei will be partly shielded by the remaining
electrons. This resulting deflection is commonly known as Rutherford scattering
[19]. In some cases, the helium atom is scattered backward out of the sample. These
helium atoms are termed “backscattered,” and their detection for the purposes of
imaging is a subject addressed in the next sections. The probability of backscatter-
ing is typically 0.1 to 1 %, but this number increases for higher-atomic-number
targets or for lower-incident-energy helium ions.

Due to the random nature of the collisions, the trajectories of the individual
helium ions in the specimen vary considerably. Using the simulation software to
simulate many thousands of ion trajectories reveals the general depth and shape of
the interaction. From these simulations, it is also possible to determine the statisti-
cally averaged results, such as the average penetration depth and the average sub-
surface dispersion of the beam. The leftmost portion of Fig. 7.7 shows the general
shape of the interaction volume for a 30 keV helium beam incident on a silicon
specimen. The statistical nature of the scattering is evident in the varied trajectories
(100 are shown here). Below the surface, the ions diverge in the shape of a well-
defined cone (the typical cone angle is less than 5°) before broadening into a more
spherical volume (not shown). The overall “teardrop” shape is common for many
target materials and medium- to high-helium beam energies. In this particular case,
the average incident helium beam penetrates to a depth of 350 nm. The shape of the
interaction volume and the width near the surface are of critical importance for
high-resolution-image formation — the topic of the next section. For comparison, the
penetration of a 30 keV gallium beam is shown in the center of Fig. 7.7. For the
more massive gallium beam, the nuclear scattering dominates, and the beam pene-
trates less deeply and broadens rapidly as it produces many displacements (shown
as green dots) to the sample atoms. Surface sputtering is also quite significant for
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Fig. 7.7 Monte Carlo modeling results for representative beams into silicon. The red shows the
trajectories of the incident particles (100 are shown for each case). The green dots indicate atoms
of the specimen that have been displaced

such heavy ion beam species, causing the sample to be eroded as it is imaged. On
the right of Fig. 7.7, a low-energy electron beam is shown for comparison. The
electron beam interacts predominantly with the abundant electrons in the sample,
and owing to their equal mass, they can scatter through large angles. Consequently,
the beam disperses under the surface, and the interaction volume can be quite wide
at the surface.

7.3.2 Generated Particles and Suitable Detectors

As the helium ion beam penetrates into the specimen, there are several particles that
may be ejected from the specimen. The properties of these particles (including their
abundance, charge, emission angle, or energy) can reveal information about the
specimen that can vary from point to point (e.g., local topography or local composi-
tion). The detection of these particles, and their assumed variation from one location
to another, form the basis for the contrast in the image. In the following section, the
commonly encountered detected particles are discussed in detail.

7.3.2.1 Secondary Electrons

A secondary electron (SE) is any electron ejected from the surface with a kinetic
energy below 50 eV. As with the SEM and gallium FIB, the SEs are the most com-
monly used detectable particle for image formation in the HIM. This is in part
because of the relative abundance of SEs produced, and in part because of the
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relative ease with which the SEs can be detected. Images that are based upon SE
detection also reveal high-resolution and topographic information. The HIM has an
advantage in producing many more SEs per incident particle (2 to 5) compared to
the SEM, where the SE yield is typically less than 1.

As the helium ion enters the specimen, electrons are excited all along the ion’s
trajectory, but they can travel only a short distance (typically <3 nm) before their
energy is dissipated. So it is only those electrons excited sufficiently close to the
surface that may escape and be detected. Refer back to Fig. 7.7: The HIM has a
unique advantage over the SEM or Gallium FIB in that the excited volume is quite
narrow within the top few nanometers of the surface. Hence, the helium-induced
SEs that can be detected will convey information about the intended location of the
incident beam [20]. Compare this to the other beams, where the SEs can convey
information that is less local because the near-surface excited volume is consider-
ably wider. The result is a sharper image with the HIM.

The SEs that are generated from the incident beam as it first enters the sample are
termed type-one secondary electrons, or “SE1,” whereas if the SE is generated from
the incident beam as it backscatters deeply and again passes near the surface, it is
termed “SE2.” Because of the relatively low backscatter yield of helium (~1 % for
typical biomaterials), the SE signal consists almost entirely of SE1s and hence convey
only surface information. For the electron beam, however, there is often considerable
backscattering from deeper within the specimen, producing any number of SE2s as
the incident electrons reemerges from the surface. The likelihood of the high angle
scattering depends critically upon the subsurface composition, and hence the SEM’s
detector sees both surface and subsurface information conflated together [21].

The helium-induced SEs that escape the specimen typically have an energy [22]
less than 2 eV. Due to their relatively low energy, their detection is relatively
straightforward; they can easily be drawn toward any nearby electrode that is posi-
tively biased. The same technology used in the SEM, the Everhart—Thornley detec-
tor, has been adapted for usage in the helium ion microscope (Fig. 7.8). It consists
of a highly transparent metal grid that is biased positively to about +500 V to attract
the electrons. Once within the grid, the electrons are accelerated toward a scintilla-
tor that is biased to +10 kV. Upon striking the scintillator, a single electron will
produce about 100 photons, which are optically guided down a light pipe and deliv-
ered to a photomultiplier tube (PMT). With a suitable gain, the PMT produces an
easily measured electrical signal for each detected electron. The detection efficiency
of such a detector depends critically upon the geometry of the sample relative to the
detector grid and the final lens. The detection efficiency is commonly 80 %, but it
tends to be reduced when the sample is very close to the final lens. A small positive
bias can be applied to the sample to improve the performance of the detector.

The HIM images that are based upon the detection of SEs convey a detailed sur-
face topography that is intuitively interpreted. The topographic information is evi-
dent in Fig. 7.9, which shows a complex three-dimensional arrangement of collagen
fibers from a rabbit knee. Even to the untrained eye, each fiber’s size, shape, banded
texture, and three-dimensional arrangement are easily recognized. The visual cues
that aid our interpretation include the characteristic bright-edge effect along the
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Fig.7.8 A standard Everhart-Thornley detector is very effective in collecting secondary electrons
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Fig. 7.9 The three-dimensional structure of collagen fibers is readily interpreted in this SE image
from the HIM. Below the image, an individual line profile between the two arrows shows the
bright edge effect (Sample provided by Wendy van den Berg-Foels, Clemson—Medical University
of South Carolina Bioengineering Program)
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edge of each fiber and can be explained as follows (Fig. 7.10): Where the beam
strikes the sample at normal incidence, a small number (<5) of secondary electrons
are produced, resulting in a darker gray pixel. In contrast, when the incident beam
strikes the sample at a glancing angle, the beam remains close to the surface for a
longer path length, and hence more SEs can escape and result in a brighter pixel.
Experimentally, the bright-edge effect roughly corresponds to a brightness enhance-
ment factor proportional to sec(ar), where a=0 corresponds to the incident beam
being parallel to the local surface normal.

Figure 7.9 also demonstrates the excellent depth of field afforded by the HIM.
The more deeply situated collagen fibers are inherently darker because of the lower
probability of SE detection — a visual cue that provides additional spatial informa-
tion. Note also that the thinnest fibers are somewhat transparent: There are detect-
able SEs from the front surface as well as the back surface, as well as in further
portions of the sample. This can lead to a transparency-like effect where the HIM
conveys front surface information, superimposed on a more diffuse back surface
information, superimposed upon a further portion of the sample.

7.3.2.2 Backscattered Helium

The small fraction of incident helium ions that undergo large angle scattering from
the nuclei of the specimen can occasionally escape from the specimen and subse-
quently be detected. These backscattered helium ions may still be in the form of
positive ions or they may be neutralized. The probability of backscattering is directly
related to the scattering cross section, which in turn depends on the atomic number
of the specimen atoms. According to the simple Rutherford scattering principles,
the scattering probability should increase with the target atom’s atomic number
squared. Thus, an embedded gold nanoparticle would be more likely to produce a
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backscatter event than the lighter elements found in biological specimens.
Experimentally, this general trend is readily observed, but there are additional fluc-
tuations that are not fully understood [23]. The unexplained fluctuations seem to
correlate strongly with the group number (column number) of the periodic table,
with copper, silver, and gold having scattering probabilities that are higher than
most other elements in the same period (row).

The outcome of helium scattering can be most simply understood by considering
the conservation of momentum and energy. Solving these equations yields the fol-
lowing equation [24]:

2
M3 =M sin® 0 + M, cos0
E, = E, . 7.1)

M +M,

Here Ej is the energy of the helium atom just after the scattering, and E, is the
energy just before the scattering. The masses of the incident helium ion and the
target atom are M, and M,, respectively. @ is the angle by which the helium atom’s
trajectory was changed (with 180° corresponding to a true backscatter). The simple
physics is complicated by the fact that the helium atom loses energy through its
many inelastic collisions throughout its trajectory (both before the scattering event
and after).

In the ORION Plus instrument, the backscattered helium can be detected by two
different methods. The first is a detector that produces a signal proportional to the
abundance of detected backscattered helium. This is achieved with an annular
microchannel plate (MCP) detector, which can be either retracted or inserted
between the sample and the final lens, as shown in Fig. 7.11. When inserted, the
MCP subtends a solid angle of about 1.8 sr. Because the backscatter rate is depen-
dent on the atomic number, this detector provides a useful contrast to distinguish
between heavy and light elements, with minimal topographic information. Because
of the low rate of helium backscattering, this detector requires comparatively high
exposures to generate images. The second option for detection of backscattered
helium is a detector capable of simultaneously measuring the angle and energy of
the individual backscattered helium atoms. This is achieved with a solid-state,
energy-resolving detector with a limited acceptance angle. In the ORION Plus
instrument, this detector has been used to identify unknown elemental composition
or to determine the thickness of thin films [25].

7.3.2.3 Other Detectable Particles

In addition to secondary electrons and backscattered helium ions, photons have been
observed to be emitted from some types of samples (Fig. 7.12). These have been mea-
sured with a simple PMT with a borosilicate glass window and a bi-alkali photocath-
ode. Several materials have been tested, but only a small fraction of them seem to
produce photons under the helium ion beam. The mechanism is not fully understood,
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Fig. 7.11 The MCP detector can be inserted for use and provides an electrical signal for each
helium atom (ion or neutral) that strikes it. Alternatively, the spectrometer can be used to analyze
the angular and energy distributions

Fig. 7.12 The specimen is a collection of table salt. In this image, the grayscale was assigned
based upon the abundance of detected photons

but two classes of mechanisms have been proposed. First, the photons can be the result
of relaxation of the target atoms that have been raised to a higher energy state by action
of the helium beam. This is akin to the cathodoluminescence (CL) effect, similar to
what has been observed with SEMs. The spectrum of this emitted light could then be
used to positively identify the target atoms by their emission spectra [26]. The other
proposed explanation (which has no SEM counterpart) is that the photons are the result
of the incident helium ions’ returning to a lower energy state. This process will produce
deep UV photons (~20 eV) as well as a broad range of visible and infrared photons.
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Fig. 7.13 Myelin sheets from a mouse cell as imaged with transmitted helium (Sample provided
by Prof. Schroeder from MPI Heidelberg)

For either mechanism, the detection of these photons may reveal important informa-
tion about the optical properties of the specimen in question. Recently, some HIM
owners have equipped their systems with optical spectrometers for collecting and ana-
lyzing the photons that are produced [27]. Of special interest are the well-established
fluorescent markers used in biomedical research.

Secondary ions and neutrals are known to be ejected from the sample when
exposed to the focused helium beam. These are sputtered atoms from the sample
and, as such, could provide useful imaging or analysis capabilities. A detector that
can measure the gross abundance of all such secondary ions (SI) can provide an
alternative imaging mode with a contrast that may be complementary to the SE
contrast. Beyond this, one of several mass spectrometry techniques [28] can ascer-
tain the atomic or molecular mass of the sputtered materials at the indicated loca-
tion. Although a secondary ion mass spectrometer (SIMS) is not presently available
for the HIM, there is ongoing work to develop such a commercially available detec-
tor for imaging and analysis [29]. Such an analysis technique could provide a mass
resolution sensitive enough to distinguish different isotopes of the same element —
enabling the use of isotopic markers.

Another type of detectable particle is the transmitted helium. For samples that
are prethinned (typically 100 nm or less), the helium ions have a probability of pass-
ing through it with some angular deflection. The detection of the transmitted helium
at a certain angle can provide a useful contrast mechanism that could complement
the standard STEM imaging modes. An example of such an image is shown in
Fig. 7.13. The image shows the myelin sheets from a mouse cell after it had been
prepared by microtome and imaged in the ORION HIM with a transmission
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detector. In this case, the detector was configured for “brightfield mode,” collecting
transmitted helium ions that suffered minimal angular deflections.

Lastly, it should be pointed out that the HIM is a relatively new instrument, and
so there may be other particles that may be produced and may be detectable but have
not yet been investigated. As we do with other new imaging technologies (i.e., the
SEM in the 1950s), we anticipate the development of new detectors and new imag-
ing modes as the instrument gains wider usage.

7.4 Sample Charging and Sample Preparation

Imaging biological specimens in the SEM requires several preparatory techniques
to stabilize the materials to tolerate vacuum, to provide adequate contrast, and to
minimize charging artifacts. While these preparations have been well established
[30], they are known to introduce artifacts [31]. These artifacts are tolerable for
some applications, but under highest magnifications, the sub 10 nm details reveal
many distortions compared to the native state. In particular, the metallization of
insulating samples with platinum or carbon will destroy or at least obscure the finer
details. Operation of the SEM under high gas pressures (e.g., the environmental
SEM) is one alternative to metal coating, but again there are resolution disadvan-
tages that hide the sub 10 nm details.

Imaging with the helium ion microscope offers a unique advantage relative to the
SEM in minimizing charging artifacts when imaging insulating samples or samples
mounted to glass substrates. The first advantage is simply a result of the lower cur-
rents used in the HIM (1 pA typically) compared to the SEM (10 pA or more).
A more significant difference between the HIM and SEM is in the distribution of the
positive or negative charge. As mentioned earlier, the helium ions arrive in a single
ionized state, and as they enter the specimen, they are apt to become neutralized and
statistically spend most of the rest of their trajectory in a neutral state. Thus, beneath
the surface, there is no net charge transport with the helium beam. In contrast, the
electrons are deposited under the surface, where a negative space charge will accu-
mulate. At the surface there is a relatively minor difference between the HIM and the
SEM. The helium beam will produce positive surface charging because of two rea-
sons: (1) the neutralization of the incident helium, and (2) the ejection of secondary
electrons from the top few nanometers of the surface. The incident electron beam will
also produce a positive surface charge, but only because of the ejection of secondary
electrons from the surface. The effect is that the HIM produces only surface charging,
and it is always positive in sign, whereas the electron beam induces positive surface
charging in combination with negative subsurface charging. The net charging for the
SEM can be either positive or negative depending on the relative contribution of these
two effects. But even if they are exactly balanced and there is no net charging, there
is still an electric field established between the subsurface (negative) and surface
(positive) charging. The HIM comes equipped with a low-energy electron flood gun
that easily mitigates the HIM’s positive surface charging. However, an electron flood
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Fig. 7.14 The charging characteristics of the HIM (left) and the SEM (right). The HIM produces
only positive surface charging within a few nanometers of the surface, which is easily mitigated
with an electron flood gun. The SEM’s subsurface charging has no known remedy

gun, or any surface treatment, cannot resolve both the surface and subsurface accu-
mulated charge for the SEM. Figure 7.14 is a diagram comparing the charging situa-
tion for insulating samples from the HIM (left) and the SEM (right). For these
reasons, the HIM has provided some exceptional imaging results on insulating sam-
ples that otherwise provide a challenge to image in the SEM.

An example of HIM imaging of an insulating sample is shown in Fig. 7.15. This
image reveals the large-scale ultrastructure of mouse tooth enamel as imaged in the
HIM without any special metal coating. Tooth enamel consists of extremely long
and thin crystals of carbonated hydroxyapatite. The single crystals (70 nm wide and
hundreds of microns long) are arranged in bundles (so-called enamel prisms) that are
oriented in a species-specific and tooth-specific way to form a hierarchical structure
that is very hard, but not brittle, and lends the tooth its mechanical properties (hard-
ness and fracture resistance). The bundles represent former pathways of cells, con-
trolling the growth of both the crystals and the bundles. The unique three-dimensional
ultrastructure of the enamel represents a frozen map of the cell migration in the early
development of the tooth. An SEM microscopist might have turned to a metalliza-
tion technique in order to image this sample, but this would have compromised the
fine detail and would likely have produced incomplete coverage due to the wildly
varying topography.

The HIM’s ability to image samples with minimal charging artifacts and with high
resolution and contrast offers the microscopist a chance to image his or her samples
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Fig. 7.15 Ultrastructure of mouse tooth enamel imaged without any metal coating in the helium ion
microscope (Samples provided by Felicitas Bidlack of the Forsyth Institute, Cambridge, MA, USA)

with much less sample preparation. For highly three-dimensional structures, this
avoids possible damage. Figure 7.16 shows a collecting duct of an intercalated renal
cell. The collecting duct of the kidney absorbs water and nutrients out of the primary
urine — an ultra filtrate of the blood. The intercalated cells play an important role in the
acid-base homeostasis of the kidney. The intense membrane system of these cells
bears H* ATPases regulating the pH of the primary urine. In the foreground (indicated
by arrows), a primary cilium of the principle cells is visible. The exact function of this
structure in the kidney remains unknown; one theory is that it has a role as a flow sen-
sor in the collecting duct. HIM imaging of those structures reveals details that have not
been observed before using conventional SEM.

The HIM offers the unique possibility to image biological samples with the with-
out the necessity of conductive coatings. This capability, together with the extremely
high resolution, can result in completely new insights on biological specimen. As
with all microscopy techniques, improving resolution always unveils new and excit-
ing details. It also means, though, that one enters the unknown with respect to what
exactly can be observed and interpreted. Preparing a wet biological sample, fixing it,
and drying it to make it vacuum-friendly inevitably changes the nature of the sample.
If the sample is then imaged uncoated, it represents nothing but reality — or does it?

What happens if one can image without coatings in the sub 10 nm range is that
sample preparation artifacts become obvious instantly. The difficulty one faces in
omitting the well-known metal or carbon coatings is interpreting the results. Using
the HIM on biological samples is rewarding in many aspects, and this chapter tries



7 Imaging with the Helium Ion Microscope 191

Fig. 7.16 The intercalated and principal cells of the kidney (Sample provided by Dennis Brown
and Teodor Paunescu of Massachusetts General Hospital, Boston, MA, USA)

to convince the reader that it is worthwhile. It also means that the sometimes well-
established sample preparation protocols for the SEM are a good starting point for
HIM imaging but need to be modified for each sample type. The imaging of the
collagen fiber network (Fig. 7.9) needed extensive optimization steps [32] in the
preparation of the cartilage tissue. Figure 7.16 shows a rat kidney preparation that
was possible only after a thorough development of a sample preparation protocol
[33] for tissue samples. This protocol has been successfully adapted in the mean-
time for testis, retina, and inner ear samples (unpublished). In general, one has to be
extremely careful not to damage the ultrastructure of the sample; what this involves
is almost always very much dependent on what type of sample is under investiga-
tion. Once this hurdle is overcome, the results are very rewarding. Researchers are
only starting to investigate their structures of interest using this new technology, and
the results so far are very encouraging.

7.5 Future Outlook

The helium ion microscope remains a relatively new technology — much as the SEM
was in the 1950s. Its strengths and weaknesses are still being recognized for bio-
logical and other application areas. New detectors and new methodologies are still
evolving. Already mentioned was the prospect of generating images from the
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detection of specific secondary ions, characteristic photons, and transmitted helium.
Other nonimaging applications include manipulation of the specimen to support
imaging. For example, recent work has demonstrated that this same technology can
be extended to ion beam species other than helium. A focused neon beam, for exam-
ple, has been generated with the same gas field ion source by changes to the emitter
and the gas supply. The heavier mass of the neon atom will sputter away materials
at a rate about 50 times faster than helium. Such a nanometer-sized focused neon
beam can serve as a “nanoscale scalpel,” able to remove material and expose hidden
features that can be subsequently imaged. It is conceivable that three-dimensional
information can be reconstructed through an alternating series of slicing and imag-
ing procedures. In a recent publication by Joens et al. [1], the sheath of a predator
nematoad was removed to expose the otherwise hidden tooth.

7.6 Summary

The newly developed helium ion microscope offers new imaging capabilities that
are distinctly different from the traditional gallium focused ion beam or scanning
electron microscope. The helium beam can be focused to a smaller probe size (as
small as 0.25 nm) and can provide a greater depth of focus than the competing tech-
niques. Most importantly, the helium beam interacts with the specimen in a dis-
tinctly different manner than electrons or heavier ions. The generated particles
(including secondary electrons, backscattered helium, and others) provide rich con-
trast mechanisms that give information about the topography, composition, and
other properties of the sample. For the imaging applications in biology, the HIM
offers some unique advantages. In addition to the high resolution and long depth of
focus, the helium beam can provide excellent contrast even on low-atomic-number
materials such as carbon. The images that are produced from secondary electrons
provide information that is specific to the top several nanometers of the sample.
Most importantly, the HIM can provide imaging with a minimal sample prepara-
tions, allowing the researcher to have greater confidence that preparation artifacts
are not occluding the features of interest. Also, insulating samples can be easily
imaged at high magnification without the usual degradations and artifacts seen in
the SEM.
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