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by Thomas M.W. Franklin

The ORION R PLUS scanning helium ion microscope (HIM) images at sub nanometer
resolution. Images of the secondary electron emission have superior resolution and depth
of field compared to a scanning electron microscope (SEM). Ionoluminescent imaging is
not an area that has been extensively explored by typical ion beam systems as they have
large spot sizes in the region of microns, leading to poor spatial resolution. This thesis
confirms that the ORION R PLUS can form images from the ionoluminescent signal,
resolutions of 20 nm can be obtained for images of bright nanoparticles. Ionoluminescence spectra can also be obtained from some samples. The position of emission peaks
in samples under the ORION R PLUS does not deviate significantly from cathodoluminescence (CL) peaks under SEM. However, the relative heights of the emission peaks in
a sample can vary between ionoluminescence (IL) and CL. In addition, It is found that
there exists a proportional relationship between acceleration voltage and ionoluminescent signal in the ORION R PLUS, this relationship is also exhibited in CL. However,
when normalised for current and acceleration voltage there appears to be no samples
that show greater luminescence under ionoluminescence than cathodoluminescence, with
ionoluminescent intensities up to an order of magnitude lower.
Ionoluminescence under the ORION R PLUS is found to be a poor candidate for the
analysis of direct band gap semiconductors, this is attributed to the smaller interaction
volumes and achievable beam current of the ORION R PLUS. It is also found that some
direct band gap materials are very susceptible to beam damage under the ion beam
at beam doses typically used for secondary electron (SE) imaging. It is possible to
obtain simultaneous IL and SE images of organic fluorospores in a biological sample.
However, the luminescence of the fluorospores was only just sufficient to form images
with a 200 nm resolution. Rare earth based nanoparticles show brighter luminescence
and greater resistance to beam damage than organic fluorospores. If such particles
could be utilised for immunofluorescence it would make combined secondary electron
and immunofluorescence imaging under the ORION R PLUS a viable technique.
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Chapter 1

Introduction
“The next care to be taken, in respect of the Senses, is a supplying of their infirmities with Instruments, and, as it were, the adding of artificial Organs to the
natural; this in one of them has been of late years accomplisht with prodigious benefit to all sorts of useful knowledge, by the invention of Optical Glasses. By the
means of Telescopes, there is nothing so far distant but may be represented to our
view; and by the help of Microscopes, there is nothing so small, as to escape our
inquiry; hence there is a new visible World discovered to the understanding. By
this means the Heavens are open’d, and a vast number of new Stars, and new Motions, and new Productions appear in them, to which all the ancient Astronomers
were utterly Strangers. By this the Earth it self, which lyes so neer us, under our
feet, shews quite a new thing to us, and in every little particle of its matter, we
now behold almost as great a variety of creatures as we were able before to reckon
up on the whole Universe it self.”
– Robert Hooke
Micrographia, or some Physiological Descriptions of Minute Bodies made by Magnifying Glasses with Observations and Inquiries thereupon (1665), preface, sig.
A2V.
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1.1

2

The need for nanoscale imaging

Since the development of the first glass lenses, human beings have been keen to
look not only at the stars, but in detail at the very matter that surrounds us. New
technological breakthroughs in the field of microscopy grant new discoveries. Compound light microscopes first revealed the structure of most living organisms to be
composed of cells. The transmission electron microscope (TEM) developed in the
1930’s revealed organelles and the crystalline structure of many solids (Williams
and Carter, 2009). The field emission microscope (FEM) and field ion microscope
(FIM) developed by Edwin Müller were the first devices to reach atomic resolution, albeit with a small range of samples (Müller and Tsong, 1969). The scanning
tunnelling microscope (STM) and atomic force microscope (AFM) developed in
the 1980’s gave the ability to gain a surface profile with greater than atomic resolution (Bhushan et al., 2010). The scanning electron microscope (SEM) whilst
not as high resolution as many of these techniques has been a staple tool in most
biological, physical and material science research centres (Reimer and Hawkes,
1998; Goldstein et al., 2003). The SEM allows a user to image a wide array of
samples with relatively simple sample preparation. In addition to using electrons
to image, a plethora of imaging and spectrographic techniques have been developed to complement the SEM, this moves the SEM from simply an imaging tool
to a multipurpose investigative tool.
The current trend for working in ever decreasing dimensions requires resolutions
that are at the very limits of what the SEM can achieve. Tools with superior
resolution are required whilst hopefully retaining the ease of sample preparation
and allowing a similar range of imaging and microanalysis options to be employed.

1.2

The ORION R PLUS, The worlds first scanning helium
ion microscope

The scanning helium ion microscope (HIM) is a new tool that is hoped to fill the
role that is occupied by a SEM. The ORION R PLUS developed by Carl Zeiss NTS
is the first HIM on the market (Notte et al., 2007). Many of the inner workings of
the tool draw from the same technology of the SEM. The crucial difference between
the HIM and SEM is that the HIM uses helium ions rather than electrons to image.
This results in greater resolution and contrast with a greater ability to image
insulating materials. These increases are a direct result of the fundamental physical
differences between ion and electron interactions in samples. These differences
make the ORION R PLUS well suited to imaging using secondary electrons (SEs),

Chapter 1 Introduction

3

that is, electrons that have been ejected from the sample due to bombardment
of the imaging beam. What is not immediately apparent is how the interaction
of the ion beam can be utilized for additional imaging and microanalysis. For
the ORION R PLUS to be as useful as the SEM it needs to be able to be very
versatile so that elemental analysis and luminescence information from samples can
be obtained. This thesis will principally concern itself with determining whether
luminescent information can be obtained from samples under the ion beam and the
resulting applications. Luminescence can provide information on the operation and
performance of direct band gap semiconductors and organic luminescent materials,
this is important for the continued development of light emitting diodes (LEDs)
and optoelectronic displays along with luminescent tags in the biosciences and the
investigation of mineral contents and structure in geology.

Figure 1.1: ORION R PLUS scanning helium ion microscope.

1.3

Scanning microscopy primer

In this section the fundamentals of a microscope such as a field emission gun scanning electron microscope (FEGSEM) or HIM will be introduced. The information
within this section is purposefully brief and acts as a framework that will be expanded on in later chapters. For this section the operation of a FEGSEM will be
described but at this level of detail it is also applicable to the HIM. This is because
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the HIM column is closely related to the column in the FEGSEM. Indeed, both
utilise a sharp tungsten needle held at a large potential difference as the source
of imaging particles. However, the difference between them is that a FEGSEM
uses field emission to form an electron beam, where a HIM uses field ionization to
generate a helium ion beam. The different sources for SEM and HIM along with
the physical processes involved will be covered in detail in chapter 2.
Figure 1.2 introduces a typical column. The principal column components are; the
source, condenser lens, beam limiting aperture, scan control and objective lens.
Electrons are emitted by the source and directed onto a sample via the electron
optics. The incident electron beam interacts with the sample generating a variety
of emissions detailed in figure 1.3. Detectors directed at the sample can then detect
these emissions. The beam is raster scanned across the sample and an image can
then be formed. Secondary electrons are those that have been emitted from the
sample after interaction with the incident electron beam. Due to the fact that
secondary electrons are only detected from the upper most layer of the sample,
SE’s are crucial for achieving a high resolution image containing the highest level
of surface detail. Therefore, In a SEM and a HIM it is common for a secondary
electron detector to be fitted as standard.

Figure 1.2: Archetype of SEM/HIM/STEM column, after (Goldstein et al., 2003).
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In a SEM, careful manipulation of the electron optics is required to craft the beam
to suit a particular application. These are; the greatest resolution, the greatest
depth of field, and the greatest signal to noise ratio. Figure 1.4(b) illustrates how
the beam probe impinges on the sample. To achieve a high resolution, the probe
diameter dp needs to be as small as possible. Ideally the accelerating voltage Vo
also needs to be small to reduce the interaction volume and therefore the volume
in which secondary electrons are generated. The depth of field is determined by
the probe convergence αp , (α2 in figure 1.4(a)). Small probe convergence ensures
that the sample stays in focus over relatively large distances yielding a greater
depth of field. A beam limiting aperture is utilised to limit spherical abberations
in the electron beam and so reduce the probe diameter. An aperture also serves
to reduce the probe convergence, but does so at the expense of beam current and
so ultimately the signal to noise ratio.
4,000
Depth (Å)

Depth (Å)

4,000

2,000

−500

0

2,000

500

−500

Width (Å)

(a)

0

500

Width (Å)

(b)

Figure 1.3: Comparison of interaction volumes for (a) 10 kV electrons in beryllium; (b)
40 kV helium ions in beryllium. Contour represents the boundary of energy losses above
and below 1 eV Å−1 as simulated in the Monte-Carlo programs SRIM and CASINO, full
explanations are given in chapter 4

When the electron beam is focused onto a sample it will have a brightness β,
equation 1.1 and will approximate to a Gaussian profile, dG , if abberations are
ignored. The final probe size, dp , consists of dG plus the contributions from abberations. The electron optical brightness, β, is constant throughout the column
and so the Gaussian probe diameter can be estimated by rearranging equation 1.1
into equation 1.2. In addition, the probe current, ip can be found by rearranging
equation 1.3. Obtaining a small Gaussian probe size can be achieved by reducing
αp , however doing so is at the expense of current and therefore signal.
β=

ip
current
=  πd2 
p
area · solid angle
· πα2
4

p

(1.1)
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(a)

(b)

Figure 1.4: Typical electron optics within a SEM/HIM column (excluding scanning
optics) (a); Beam parameters (b).

d

4ip
βπ 2 αp2

(1.2)

βπ 2 αp2 d2G
ip =
4

(1.3)

dG =

The Gaussian probe will be distorted by lens abberations and diffraction. Lens
abberations come in two forms; spherical abberation and chromatic abberation.
Spherical abberation arises due to the incident electrons further away from the
optic axis being bent more strongly by the magnetic/electric field of the lens than
electrons closer to the axis. This leads to the electrons further away from the axis
being focused closer to the lens when crossing the optic axis. There will be a ‘disk
of least confusion’, ds that exists slightly above the image plain. The disk can
be reduced by excluding the outermost rays from reaching the lens. This can be
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achieved by using a beam limiting aperture. This will also reduce the convergence
angle αp and therefore increase the depth of field at the cost of current. The
beam limiting aperture will also increase the diffraction of the beam through the
column. A diffraction pattern known as an ‘Airy disk’, dd , will form at the beam
focus. The ’Airy disk’ is both a function of the aperture diameter but also the
wavelength of the imaging particles.
The second form of abberation is chromatic. The electrons generated at the source
will not be entirely monochromatic, and will therefore have an energy spread ∆E.
The difference in energy will result in different focal points, in electrostatic lenses
slower particles will experience a force for longer causing them to have shorter focal
lengths, with magnetic lenses a slower particle will experience a weaker Lorentz
force and result in a longer focal length. As with spherical abberation above there
will again be a disk of least confusion, dc , this is a function of αp and ∆E/E0 where
E0 is the mean beam energy. As ∆E is typically a set property of the source, dc
can be reduced by reducing the convergence angle or increasing the beam energy.
The increase in beam energy will increase the interaction volume of the imaging
particles within the sample. This leads to a lower achievable resolution. For helium
ions the interaction volume is much smaller than for electrons of the same energy,
figure 1.3, this is the principal reason why the HIM can achieve greater resolutions
than a SEM. The physics behind the interaction volumes of electrons and helium
ions will be covered in chapter 4, this will also reveal why the SE contrast is greater
in the ORION R PLUS than a SEM.

1.4

Luminescence introduction

Electron microscopes are typically supplied with a SE detector. However, this is
not the only signal that can be used to form images and obtain spectra. SEM’s can
typically be equipped for X-ray microanalysis and cathodoluminescence imaging.
Both techniques form images from the photons emitted when the beam interacts
with the sample figure 1.5. For X-rays the photon energies are above 100 eV, where
cathodoluminescence is typically ‘visible’ photons in the 1 eV to 10 eV range (Parish
and Russell, 2007). Each technique reveals different information about the sample.
X-ray energies are unique characteristics of elements, and can therefore be used
to identify the elemental makeup of a sample. Cathodoluminescence results from
radiative transitions in excited electronic states within the sample. This can be
very useful for investigation defects in crystalline materials, as defects in a crystals
have a high chance of either quenching luminescence or enhancing it, this provides
a very strong contrast mechanism that is frequently employed in characterising
optoelectronic materials. The technique also causes strong luminescence from
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rare earth elements within a sample which makes it an ideal technique for the
investigation of geological materials. The high spatial resolution coupled with the
ability to correlate secondary electron images and x-ray spectra with luminescence
signal can give a very comprehensive overview of the characteristics of a sample.
This is one of the reasons that makes the SEM a very versatile and useful tool.

Figure 1.5: Particles that may be detected from within the sample, after (Goldstein
et al., 2003).

1.5

Thesis structure and work undertaken

This thesis begins by reviewing the helium ion source in the ORION R PLUS
along with a comparison of a high resolution FEGSEM source. This will provide
an understanding of the different capabilities of each source and the resulting spot
size. The second chapter will focus on the work undertaken to reduce environmental noise surrounding the ORION R PLUS, this is crucial as the ORION R PLUS
requires lower levels of acoustic noise and vibration in order to achieve a high resolution. The physics of interaction volumes will be reviewed in chapter 4 along with
the emissions that may result from the interaction of the electron and ion beams.
This will also highlight the reason for greater SE contrast under the ORION R
PLUS. Work has been undertaken on calculating the volume that the SE signal
originates from. In addition, the results of a theoretical investigation carried out
into the use of lighter imaging gasses in the ORION R PLUS, principally focussing
on helium-3 will be presented. A review of luminescence processes occurring under electron and ion beams is given in chapter 5. In addition, the chapter will

Chapter 1 Introduction

9

present the results of a comparison between luminescence intensities under a SEM
and the ORION R PLUS. For information on the equipment used within the work
undertaken please refer to appendix A. The final two experimental chapters will
determine if ionoluminescence can be employed for two possible application areas; the investigation of semiconductor materials and the possibilities of using the
ORION R PLUS for immunofluorescence imaging, . The thesis will finish with a
chapter on the final conclusions and will recommend areas of further study.
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Chapter 2

Electron and ion sources for
microscopy and final probe spot
size.
This chapter explores different source types for imaging. The purpose of this
chapter is to show how the source in the ORION R PLUS differs from that of a SEM
source. This will also highlight the different operating requirements of the sources
along with the different capabilities. In the first section the principal physical
processes of two common sources will be described, along, where possible with an
idea of the performance of the sources. In the second section the development of
the ORION R PLUS source will be explained, whilst the exact method of creating
the source is a trade secret it is still possible to identify the approximate techniques
used. Finally in the final section the ORION R PLUS source will be compared to
a typical field emission gun (FEG) source. This will then lead to a comparison
of the spot size which is important for resolution; and convergence angle which is
important for depth of field.

2.1

Source types

This section will describe the field emission source, which is an electron source
(Hainfeld, 1977); and the gas field ion source, unsurprisingly an ion source (Müller
and Bahadur, 1956). These two sources represent the brightest sources with the
lowest energy spread available. Other electron sources such as the older thermionic
‘hot cathode’ sources and thermal field emitters are still important in electron microscopy for their cost of operation, ease of use and in certain cases high operating
currents. However if one wishes to obtain the highest resolution images the FEG
11
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should be the electron source of choice. Similarly the liquid metal ion source
(LMIS) used in focussed ion beam (FIB) systems is used almost exclusively for
milling (Orloff et al., 2003). It does not make a good imaging source as it has
low brightness and high energy spread. Therefore for ions the gas field ion source
(GFIS) is the imaging source of choice.

2.1.1

The field emission source

Field emission sources are known as cold cathodes as they utilise electron tunnelling to overcome the work function rather than increasing the kinetic energy of
the electrons. Field emission has two main advantages over hot cathodes; Firstly,
the current generated by the source is not dependent on source size and therefore
reducing source size will increase the brightness. Secondly, as the electrons are
cold there will typically be less energy spread ∆E in the beam.
The physics of field emission will now be described. This will aid understanding
of the limitations of a field emitter, and allow for comparison with field ionization
later in this chapter. This section will show how to calculate to energy distribution,
∆E and current of a filed emitter. The model for field emission is as follows. For an
electron to emit from a surface it must overcome the Coulomb potential generated
by the host atoms. This barrier can be represented by the work function, φ. For
thermionic emitters the work function is overcome by heating the surface until the
electrons have sufficient energy to directly overcome the barrier. In field emission
the mechanism is different, an electric field, F , is used to deform the barrier.
The deformed barrier is illustrated in figure 2.1(a). Electrons of kinetic energy
Ex = 1/2mvx2 will see a barrier of height φ + µ − Ex with a width of φ + µ − Ex /F e,
where vx is the velocity of the electron normal to the emitting surface and m is the
mass of the electron, µ is the Fermi energy and e is the charge on an electron. An
electron can tunnel through this barrier if the uncertainty in the position of the
electron is greater than the thickness of the barrier. The uncertainty of Ex at this
surface will be equivalent to φ and therefore the uncertainty in momentum will be
(2mφ)1/2 . There will therefore be an uncertainty in the position of the electron ∆x,
equation 2.1, if the field strength sufficiently deforms the barrier then the electron
can ‘tunnel’ to the other side of the barrier, equation 2.2. The probability of an
electron tunneling, D, through a one dimensional barrier can be found using the
Wentzel-Kramers-Brillouin (WKB) method (Liboff, 2003), equation 2.3, where V
is the potential and E the total energy of an electron in the potential well,f(E,V)
is an insensitive function of V and E, usually unity. The exponential function
1
1
l
has two parts, the constant −2(2m/~2 ) 2 and the integral 0 (V − E) 2 dx which
1
represents the area under the curve of (V − E) 2 which for illustrative purposes

³
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in this chapter can be approximated to a triangular area of width φ + µ − Ex /F e
and height φ + µ − Ex , equation 2.4.
∆x ∼
= ~/2(2mφ)1/2

(2.1)

φ/F e ∼
= ~/2(2mφ)1/2

(2.2)

"

2

D(E, V ) = f (E, V ) exp −2(2m/~ )


D(Ex ) = f (Ex , V ) exp −



2m
~2

1

2

1
2

»

l

0

#

1
2

(V − E) dx
3
2

(2.3)



(φ + µ − Ex ) 
Fe

(a)

(2.4)

(b)

Figure 2.1: Potential energy diagram of field emission; (a) without image potential;
(b) with image potential. After (Gomer, 1961)

D has been calculated more thoroughly by Fowler and Nordheim (Fowler and
Nordheim, 1928), equation 2.5.
1



4[Ex (φ + µ − Ex )] 2
4 2m
D(Ex ) =
exp −
(φ + µ)
3 ~2


1
2

1



(φ + µ − Ex ) 2 
Fe

(2.5)

However, equation 2.5 only applies to electrons tunnelling from a clean planar
metal surface through a triangular barrier into a vacuum. It does not take into
account the image effect at the interface between the metal and the vacuum. This
effect occurs because electrons in the vacuum close to the surface experience a potential arising from the polarization the electron induces in the medium (Echenique
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and Ritchie, 1981). There is actually no abrupt change in potential at the surface. The contribution from the image term is given in equation 2.6, where x is in
Angstroms and V is in Volts, illustrated in figure 2.1(b). The potential V , is then
described by equation 2.7.
Vim = −e2 /4x

(2.6)

V = −F ex − e2 /4x

(2.7)

Rather than using an exact description of (V − E)1/2 with the contributions from
the image term, the method used by Fowler and Nordheim was to approximate
the reduction in area of (V − E)1/2 as being equivalent to χ × (φ + µ − Ex )1/2 /F e
which is the value of (V − E) used in equation 2.5, multiplied by a factor χ. The
approximation for this factor is found in equation 2.8.

1

χ = (1 − y) 2
1

y = 3.8 × 10−4 F 2 /φ

(2.8a)
(2.8b)

From this point it is possible to estimate the energy distribution of electrons emitted from a field emitter. This is achieved by multiplying the tunneling probability
D(Ex ) with the arrival rate of electrons at the barrier, J(Ex ), (Young, 1959).
The Fermi function, N (E)dE, equation 2.9 gives the number of electrons with
an energy between E and E + dE within the emitter. However, the electrons
will be traveling in all directions, the distribution of electrons with the energy
Ex = 1/2mvx2 , where vx is the velocity towards the surface normal needs to be
found. The flux of electrons with a total energy of E and E + dE travelling at
an angle θ to the surface normal is given in equation 2.10. Since Ex is a directly
dependent on E and θ it can be rewritten as equation 2.11.
3

1

4π
(2m) 2 E 2
N (E)dE = 3
dE
h 1 + exp[(E − µ)/kT ]

(2.9)

1
J(E, θ)dEdθ = − N (E)v cos θ sin θdθdE
2

(2.10)

1
1
J(E, Ex )dEdEx = − (2mE)− 2 N (E)dEdEx
2

(2.11)
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The ∆E of electrons emitted from the source can be calculated by integrating
equation 2.11 over the range of Ex , equation 2.12, where b =6.8 × 107 χ. The total
current can be found by integrating equation 2.12 over all energies, this yields the
Fowler Nordheim equation with the first order image correction, equation 2.13,
where energies are in eV and F is in V cm−1 . A current of 100 A cm−2 can be
generated by a field of 3 V nm−1 . It is now possible to graph the effects of varying
the source temperature, figure 2.2(b) and field strength, figure 2.2(a) on equation
2.12. The two graphs reveal one crucial detail; Reduction in temperature has a relatively small effect on ∆E and total current compared to field strength. Increasing
field strength will greatly increase current but at the cost of a greater ∆E. It is
therefore important that the field strength is increased only until sufficient current
to form an image is achieved. To gain better resolution the brightness needs to be
kept high and the energy spread low, this can be achieved by reducing the size of
he tip, as this does not increase the energy spread but will increase the brightness
as the current will remain the same but will be emitted from a smaller area.
1

3

1

32πmµ 2 F exp( 21 bφ 2 /F )
exp( 32 bφ 2 E/F )
I(E)dE =
·
dE
3h3 b(φ + µ)
1 + exp[(E + φ)/kT ]
1



3

(2.12)



(µ/φ) 2
χφ 2 
i = 6.2 × 106 2
A cm−2
· F 2 exp −6.8 × 107
(χ φ + µ)
F

(2.13)

Typically field emission tips are hemispheres with a trailing shank. The field F
at the surface of a free sphere of radius r in a potential V is given in equation
2.14. The total strength will be lower than this due to the presence of the shank.
Therefore, the field is often approximated to equation 2.15, where k = 5 (Gomer,
1961). To achieve fields in the 30 V nm−1 range a tip of radius 1000 Å requires a
potential of only 2 kV.
F = V /r

(2.14)

F = V /kr

(2.15)

Field enhancement and a lens effect will occur from any protuberances on the
tip, figure 2.3. The enhancement is one of the reasons for the contrast seen in
FEM and FIM images. The field at the protruding bump can be approximated by
equation 2.16, where x is the distance from the surface and ρ is the radius of the
protrusion. It equates to a approximate 3 fold increase in field. The magnification
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Figure 2.2: Field emission energy distribution; (a) with respect to field strength; (b)
with respect to temperature. After Young (1959).

from the lensing effect M 0 can be shown with respect to the tip magnification M
by equation 2.17.
Fbump = Ftip [1 + 2(ρ/x)2 ]

(2.16)

M 0 /M = 1.1(ρ/r)0.5

(2.17)

Currently source brightness is increased by reducing the overall radius of the tip.
However, researchers have been trying to exploit the lens effect to generate high
brightness sources by reducing the emission solid angle by a factor of M 0 . This
research has partially overlapped with the development of the ORION R PLUS
source, covered in section 2.2.

17

Chapter 2 Electron and ion sources for microscopy and final probe spot size.

Figure 2.3: Lens effect, lines represent path perpendicular to the field, when ions are
generated they will be accelerated along these lines. Ions generated at the protrusion
will be directed into a smaller solid angle, thereby increasing the brightness.

2.1.2

The gas field ionization source

The gas field ion source utilises electron tunneling to produce a beam of ions. It
achieves this by harnessing the process of field ionization, in which, an electron
belonging to an atom can tunnel through the barrier posed by the charge of the
nucleus to an external surface. The surface must be held at a very high positive
potential in order to suitably deform the barrier seen by the electron, this process
is illustrated in figure 2.4(a).
The probability of this occurring, D can be found for a planar surface using the
WKB approximation, equation 2.18, where V (x) and E is the electron’s potential
and total energy respectively. The tunneling electron must have a vacant state to
occupy in surface material, therefore the electron will generally have to be raised
by the field to an energy greater than µ, figure 2.4(b). Therefore, there is a critical
distance from the tip xc that ionization can occur, equation 2.19, where I is the
ionization energy of the atom, φ is the work function, F0 the field strength and ιa
and ιi are the polarizabilites of the atom and the resulting ion respectively.
8m
D(E, V (x)) = exp −
~2
(

eF xc = I − φ −



1
2

»

x2

x1

1
2

)

[V (x) − E] dx

e2
1
+ (ιa − ιi )F02 ' I − φ
4xc 2

(2.18)

(2.19)
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(a)

(b)

Figure 2.4: Potential energy diagram of field ionization; (a) without image potential;
(b) with image potential. After (Gomer, 1961)

The total penetration probability can be found by integrating equation 2.18 from
xc to infinity, yielding equation 2.20.
8m
D(xc , F0 ) ' exp −
~2
"



1 (
2

a

1 I − φ
2
(I − 2 e3 F0 ) 2
3
eF0

)#

(2.20)

The ionization probability of an atom is greatest at the critical distance, xc and
falls exponentially as the distance from the surface is increased, figure 2.5(a). The
total ionization probability increases exponentially with increases in field, figure
2.5(b), typically fields above 20 V nm−1 are used in field ionization.
The electronic transition rate τ is then simply the penetration probability multiplied by the rate of electrons reaching the barrier, ve , equation 2.21, ve is typically
in the 10 × 1015 s−1 to 10 × 1016 s−1 range.
τ = (ve D)−1

(2.21)

Up to this point the principle of a field ionization has been almost identical to that
of field emission. However, as field ionization sources involve a gas, the current
and energy spread of the source is going to be dependent on the rate at which the
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Figure 2.5: Ionization probability at a distance from a tungsten source at F0 =
3.8 V Å−1 , xc = 5.22 Å (a); Total ionization with increasing field for a tungsten emitter
(b).

gas atoms become ionized, this is then dependent on where the gas is in relation
to the source tip when this occurs.
Firstly let us consider beam current, to achieve a high beam current it is necessary
to have as many gas atoms in the ionization zone as possible, preferably at xc .
The imaging gas will be confined to the tip if the force towards the tip experienced
by the gas atom, 1/2ιp F 2 is greater than the kinetic energy of the atom, (2/3)kT .
If the polarizability of helium is taken as being 2.25 × 10−41 C m2 V−1 then if both
the tip and gas is at 77 K a field of ∼9.75 V nm−1 will be required to prevent the
helium gas from escaping the tip and leaving the source via the vacuum system,
this could be seen as the minimum required field at 77 K, and is three times the
typical operating field of a cold field emitter from the previous section (Gomer,
1961).

d
F =

(2/3)kT
ιp

(2.22)

The imaging gas confined to the vicinity tip surface will then diffuse down to the tip
by taking a number of ‘hops’, the rate at which atoms diffuse into the tip region, kd ,
is given in equation 2.23, where m is the mass of the atom. The rate of ionization
from the tip region ki is given by equation 2.24 (Gomer, 1961). The total current
in the case of sources with a small < 10 Å tip radius is given in equation 2.25, ct
is the gas density far away from the tip, which will be proportional to pressure.
The effect of changing temperature on the current can be seen in figure 2.6(a), it
becomes apparent that the current is very sensitive to changes in temperature. In
figure 2.6(b) it can be seen that over a 5 K temperature range current can vary
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by almost 2.5 times. At small tip radii ki is much smaller than kd therefore the
current is heavily dependent on the ionization rate. As a kT term exists in the
exponential in equation 2.24 this explains why the current is so sensitive to changes
in temperature. At higher temperatures a greater proportion of the imaging gas
has sufficient energy to reach xc . Furthermore, it can be seen in figure 2.6(c) that
the current increases proportionally with tip radius, as the tip will accommodate
a greater number of gas atoms.

kd =

ki =

kT
2ιp

!1/2

(2kT )3/2
m1/2 ιp F02 rt

(2.23)

rt
2(I − φ)ιp F0
exp −
τ (I − φ)
rt kT
"

i = e2πrt2 xc ct

ki kd
ki + kd

#

(2.24)

(2.25)

It is also possible to increase the current by either increasing the pressure or
increasing the field strength. There are however limits on how much the field
strength can be increased as doing so will increase the field evaporation rate, which
will now be explained. If an atom or molecule on the surface of a material has
sufficient energy it will evaporate into the vacuum, the energy required is known
as the activation energy Qn . The Arrhenius equation will determine the rate of
evaporation κe , equation 2.26, where v is the vibrational frequency of the surface
atoms, k the Boltzmann constant and T is the temperature.
κ(n)
e

Qn (F )
= v exp −
kT

!

(2.26)

The rate of evaporation will increase by either increasing the temperature of the
surface or lowering the activation energy. With field evaporation the strong positive extraction field lowers the activation energy. For a simple approximation this
is by (ne)3/2 F 1/2 , equation 2.27, where Q0 would be the activation energy if there
were no external field, Λ is the heat of sublimation, In the ionization potential of
the nth electron in the surface atom and φ0 is the work function.
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Figure 2.6: Dependence of source current on temperature, (a),(b); and tip radius,
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Qn (F ) = Q0 − (ne)3/2 F 1/2
Q0

¸
=Λ+ I

n

n

− nφ0

(2.27a)
(2.27b)

The temperature dependence of field evaporation is the same if there were no
external field. If however, the extraction field is increased it can be seen that
there is an exponential increase in the rate of field evaporation. For a tungsten
source held at 78 K the rate of evaporation of atomic monolayers, κ, can be shown
against field strength, figure 2.7, where κ0 is equivalent to 10−2 layers/s resulting
from a field strength of F0 .
It can therefore be seen that there is a fundamental trade off between the current
produced by the source and the source lifetime. In the ORION R PLUS, the
emission is taken from a single atom that is part of a trimer on the apex of the tip.
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Figure 2.7: The rate of field evaporation of (110) tungsten at 78 K. After (Tsong,
1978)

It is therefore crucial that the mean lifetime of the trimer be greater than the time
required for an imaging session. The choice of a trimer rather than a monomer or
dimer is simply down to the trimer being the most stable. Monomers or dimers
can be used for imaging but the risk is that they will not remain for more than a
few minutes, once the dimer or monomer has evaporated a stable trimer will need
to be formed and the source realigned.
Conversely, as the source is held at cryogenic temperatures there is a significant
risk of unwanted gasses such as oxygen and hydrogen in the vacuum system adsorbing onto the surface of the source. In some cases that adsorbtion results in
chemisorption, where the formation of strong bonds between the adsorbate and the
source make removing the adsorbed ‘adatoms’ only practically possible by baking
out the source or via field evaporation. It is however, not practical to perform a
bake out during an imaging session and whilst connected to the cryogenic system
and field evaporation will most likely remove the trimer, so the vacuum must be
sufficient to prevent this buildup for the lifetime of the trimer. This typically requires vacuums in the order of 10−10 mbar when no imaging gas is present. This is
much higher than the vacuums required for a FEGSEM, which has the advantage
of being able to ‘flash’ the source, that is rapidly heat the source to remove any
build up of unwanted layers.
Another important feature of the source is known as the best imaging voltage
(BIV). The rate of ionization at the apex of the tip will increase as the extraction
voltage is increased. However, the rate of ionization will also increase at the shank.
If the extraction voltage is sufficiently increased then the rate of diffusion of gas
atoms onto the apex will be reduced as they will ionize at the shank. As the
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supply to the apex is reduced this will also reduce the rate of ionization at the
apex. If the emission from only the apex is used to form the beam then the beam
current will drop. The BIV is therefore the extraction voltage that provides the
greatest current from the apex. The source should be operated at the BIV to give
the greatest brightness.
Apart from the beam current the energy spread of the source is also paramount
for imaging. The effect of temperature, pressure and accelerating voltage on the
energy spread has been explored experimentally by Tsong and Müller (1964). The
results from this investigation can be seen in figure 2.8. What is particularly
telling is that the energy spread increases with increasing acceleration voltage,
figure 2.8(a), above the BIV the full width at half maximum (FWHM) of the
energy spread greatly increases, this is due to ionization occurring on the shank
behind the apex of the tip, here the field decreases more gradually with increasing
distance, this then increases ionization further away from the tip that results in a
decrease in ion kinetic energy. This is known as the Jason effect, equation 2.28,
where F (xi ) is the field at a distance xi from the emitter surface, equation 2.29.
The Jason effect also goes some way to explain the effect that tip radius has on
the energy spread. The Jason effect is shown for various tip radii in figure 2.9, It
can be seen that as the field at a distance x is dependent on the radius of the tip
that the energy spread can be reduced by reducing the tip radius (Müller, 1960).
This has been explored by Ernst et al. (1993) and sharply sputtered tips at 79 K
can have FWHM as low as 367 meV. It is also apparent that to achieve a low
FWHM that the pressure should be as low as possible.
∆E(x) = e

F (xi ) =

»

xi

0

F (xi )dx

F0
1 + (2rt /xi )

(2.28)

(2.29)

What is clearly highlighted in the proceeding paragraphs is that there is an advantage to operating at the BIV, in addition, the choice of 77 K for cooling gives a
good balance between current and energy spread, the other practical cooling temperatures of 20 and 4 K would yield too little current for imaging. To achieve a
small energy spread the tip radius and the pressure should be as low as is possible,
again sufficient current is still required to form an image.
The advantage of an atomically sharp tip is that the beam experiences the lens
effect, this has the result of increasing the brightness of the beam, not through
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increasing the current but by reducing the solid angle that the beam is emitted into. For the ORION R PLUS source this gives a measured brightness of
4 × 109 A cm−2 sr−1 , which is approximately an order of magnitude greater than a
field emission tip, whilst still maintaining a energy spread that is on par with field
emission sources, approximately 0.25 eV to 0.7 eV.

2.2

The development of the ORION R PLUS source

This section will attempt to describe how the ORION R PLUS source was developed. This will essentially be speculation as the exact details are currently a trade
secret. However, I believe the groundwork for the source is clearly in the literature
and that the realisation of the source was not by developing any new methods but
by honing current ones until the source could be formed reliably and with minimal
input from the operator.
The quest for high brightness sources for SEM has seen experimentation with ‘supertips’. In this regime a protrusion is purposely incorporated onto the surface of
a regular field emitter tip. The resulting field enhancement and demagnification
from the lens effect gives greater current and a reduced solid angle of emission.
The combined effects can produce high brightness sources. Kalbitzer (1999) has
claimed brightness as high as 10 × 1012 A cm−2 sr−1 can be achieved by super tips.
However, this theoretical figure is thought to be overly optimistic by Tondare
(2005), and is probably an order of magnitude too high. This still represents
orders of magnitude greater brightness over a standard GFIS. There are several
ways to improve on a standard chemically etched emitter tip. Firstly the deposition of adatoms onto a standard tip to form the protrusion has been explored by
(Knoblauch and Wilbertz, 1999), this technique produces very bright beams due
the large difference between the radius of the adatom formation and the ‘main’
tip, determined by equation 2.17. The major disadvantage of this technique is
the placement of the adatom formation is not very precise and the protrusion is
unlikely to form on the optic axis, this then requires a significant realignment of
the source.
Secondly, there have been investigations into using thermal annealing in conjunction with an applied field to control the orientation of the crystal lattice, in this
manner it is possible to expose specific crystal faces perpendicular to the optic
axis that can then by used as an emission tip. The disadvantage of this technique
is that it is difficult to form a significantly sharp source.
The third technique is the one most likely to be utilized by the ORION R PLUS is
to sputter the tip using ion sputtering. In this regime the source is operated in field
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emission mode with the imaging gas present. The imaging gas will be ionized by
the field emitted electrons and the subsequent ions will be accelerated towards the
tip, resulting in tip sputtering (Janssen and Jones, 1971). This method has been
shown to reduce the tip radius significantly. STMFink (1986), used this method to
sharpen a (111) monocrystaline tip, then used field evaporation to ‘polish’ the tip
back to form a trimer. An atom was added to the trimer to form a monomer for
use as a STM tip. The advantage of this technique over the addition of adatoms is
that although the tip does not benefit from as much magnification, it does benefit
by the fact that the exposed trimers will be on or very near to the optic axis and
therefore makes alignment much easier.
It has been revealed in Notte et al. (2007) that the ORION R PLUS source consists
of a shank of approximately 50 nm diameter with a pyramid structure terminating
with a trimer, this can be seen in scanning FIM images taken in the ORION R
PLUS figure 2.10. In the ORION R PLUS there are two procedures to produce this
trimer. Firstly an automated process is used to most likely sharpen the tip using
ion sputtering, this process takes about 20 minutes. A trimer is then exposed on
the apex of the ORION R PLUS tip by means of field evaporation, this procedure
is carried out manually by the operator. Typically three trimers can be found via
field evaporation before the process of sharpening the source needs to be repeated.

(a)

(b)

Figure 2.10: Scanning FIM images of pyramid structure of ORION R PLUS source
(a); and trimer, (b).

All of this equates to a source that out performs a field emission source in both
brightness and energy spread, table. 2.1.
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β, Brightness
Virtual source size,
Physical source size,
∆E, Energy spread
∆E/E

FEGSEM
4 · 108
3 nm
<100 nm
0.3 − 0.7 eV
2 · 10−5 (@∆E = 0.4 eV)
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ORION R PLUS
4 · 109
0.3 nm
∼ 0.6 nm
0.25 − 0.5 eV
2 · 10−5 (@∆E = 0.4 eV)

Table 2.1: Comparison between FE and FI source.

2.3

A comparison between probe sizes

The advantage of a bright low energy spread beam is the reduction in the scanning
probe size. The size of the probe will be explored in this section. An estimation
of probe size in the ORION R PLUS has already been attempted by Kalbitzer
and Zhukov (2008), however, at the time the abberation coefficients were not
known and therefore only limited conclusions could be drawn. The probe size will
be dependent on the source brightness β and probe convergence angle ιp . The
calculations on probe size will use the method by Barth and Kruit (1996), this
defines the diameter of the probe, dp50 , containing 50% of the beam current, this
method is preferable over a simpler quadrature sum method as it was formulated
from the results of simulations on tracing the path of electrons and ions through
optics, and therefore gives more accurate depiction of the probe. It also is useful
in this situation as it can be employed to calculate the probe sizes of both electron
and ion beams. This is the same method employed in papers written by the
microscope manufacturers Hill and Faridur Rahman (2011); Hill et al. (2008).
Lens abberation coefficients are required to calculate the contribution from abberations. FEGSEM lens aberrations can be taken from the literature. However,
Zeiss are keeping the lens specifications for the ORION R PLUS as a trade secret
and so aberration coefficients have had to be calculated by working backwards
from graphed values in Hill and Faridur Rahman (2011); Hill et al. (2008). This
gives a spherical abberation coefficient CS of 296 mm and a chromatic abberation
coefficient CC of 49 mm. These values are much worse than for a typical FEGSEM
(CS = 2.7 mm CC =1.5 mm) as the ORION R PLUS uses electrostatic optics rather
than electromagnetic. With electromagnetic optics the magnetic field can be easily
increased to reduce focal lengths, this reduces the spherical and chromatic aberrations. Electrostatic optics would need to be held at a potential of about 30
times the accelerating voltage to get the same focal length, practically this is very
difficult as potentials above 50 kV would cause arcing within the lens. Electromagnetic lenses are generally preferred over electrostatic. However, Electromagnetic
lenses utilise the Lorentz force to focus charged particles. The strength of the
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force decreases as the velocity of the particles decrease. Therefore, particles at low
velocities, such as in the ORION R PLUS would require an impractical amount
of current to enable focussing, in these instances electrostatic optics become the
only practical option. The method of calculating the probe size by Barth gives the
probe size, dp50 , not as a quadrature sum of the abberations but as a somewhat
more complicated operation. Firstly, the current dependent disk dI50 ; spherical
dS50 and chromatic dS50 abberations; and Airy disk dA50 are calculated, equation
2.30 – 2.33, where E0 is the kinetic energy of the accelerated particles, ip the beam
current, αp the probe convergence angle and λ the de Broglie wavelength of the
accelerated particles. Then the total diffraction term dD50 is found, equation 2.34.
This is then combined with the current dependent disk to give the brightness dependent disk dD50 , equation 2.35 before finally being combined with the chromatic
abberation dC50 to give the final probe size, equation 2.35.

dI50

2
=
παp

dS50 =

ip
βE0

 5/2
1

2

!1/2

(2.30)

CS αp3

(2.31)

∆E
αp
E0

(2.32)

!

dC50 = 0.34CC

dA50 =

0.54λ
αp

(2.33)

dD50 = (d4S50 + d4A50 )1/4

(2.34)

1.3
1/1.3
dB50 = (dD50
+ d1.3
I50 )

(2.35)

dp50 = (d2B50 + d2C50 )1/2

(2.36)

It can be seen in figure 2.11(a) that the minimum probe size for a 15 kV SEM is
approximately 0.8 nm with a convergence angle of 10 mrad. The optimal convergence angle lies approximately at the point at which the spherical and airy disk
intersect. The minimum probe size dmin at this convergence angle can be frequently found in the literature as equation 2.37, which does not take into account
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chromatic abberations as their contributions are small. However, in figure 2.11(b)
it can be seen that the minimum convergence angle for the ORION R PLUS lies
at the crossing point of the chromatic abberation and airy disk. There does not
appear to be any mention in the literature that the minimum probe size cannot
be calculated for the ORION R PLUS using equation 2.37. Therefore it is better
to differentiate equation 2.30 – 2.36 with respect to the convergence angle to find
dmin , this approach will apply to both the SEM and a HIM. It is also possible
to find αopt and dmin for both a SEM and the ORION R PLUS by using a search
algorithm, figure 2.12. Both the minimum probe diameter and convergence angle
are significantly improved under the ORION R PLUS. Whilst it is not possible at
this stage of the analysis to say that resolution of the ORION R PLUS will be
greater than a SEM, as interaction volume and secondary electron generation has
to be taken into account, covered in chapter 4, it is possible to say that as the
convergence angle is significantly smaller for the ORION R PLUS that the depth
of field will be much improved, equation 2.38, where δ is the resolution required
to resolve a feature.

dmin =

1/4
KCS λ3/4

dof =

ip
+1
βλ2
δ
α

!3/8

(2.37)

(2.38)

The relatively large source size of thermionic and field emitters produce a small
object side convergence angle, it is necessary to demagnify the beam to produce
the required convergence angle and probe size on the sample. Equation 2.39 gives
the magnification factor, with αo and αi being the object and image convergence
angles and Vo and Vi the voltage on the object and image side respectively, ideally
Vi = Vo , in this case the probe convergence angle αp is equivalent to the image convergence angle αi . The convergence angle of a FE source, typically measured to be
α0 = 0.1 mrad will need to be increased to αopt , 10 mrad from figure 2.11(a), this
requires a demagnification of approximately 100 times, this will reduce the large
100 nm diameter emission from the source to a sub nanometer probe. Whereas
the field ionization source has an object side convergence angle of approximately
αo = 0.56 mrad which will need a magnification factor of about 1.1 to achieve
αopt =0.51 mrad. This is a significant disadvantage for the ORION R PLUS, as
vibrations of the source will be translated in the image plane by the factor of
the demagnification. Therefore, the ORION R PLUS requires 100 fold reduction
in vibration to achieve full resolution when compared to a FEGSEM. When the
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Figure 2.11: Probe size against convergence angle in; (a) 15 kVSEM; (b) 35 kV
ORION R PLUS.

ORION R PLUS was originally released the demagnification was intentionally set
at M = 0.3 to reduce the effects of vibration in the source at the cost of probe size
and depth of field, this gave αi = 1.9, dp50 = 0.8 nm. Improvements to the microscope helped reduce the effect of vibration on the column and the magnification
could be increased to almost 0.7, αi = 1.9, dp50 = 0.2 nm. The work carried out to
reduce the vibration in the clean room so as to achieve this resolution is detailed
in chapter 3. The resolution in the ORION R PLUS is currently constrained by
the vibration of the machine, whereas FEGSEMs are currently limited at large
convergence angles by spherical abberation and by diffraction at low angles.
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Figure 2.12: SEM and ORION R PLUS comparison between; (a) optimal probe size;
(b) optimal convergence angle.
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Concluding remarks

This chapter has introduced the ORION R PLUS source. The major advantage of
the source is the increased brightness and reduced energy spread when compared
to a standard FEGSEM tip, this is partly due to the differences between field
emission and field ionization but also achieved by reducing the size of the tip. This
leads to much smaller probe sizes and much smaller convergence angles. However,
compared to a FEGSEM the beam currents achievable are much smaller which may
require longer dwell times in order to achieve sufficient signal to noise ratio. The
source appears to have been made possible by the honing of an in situ sharpening
process. This process makes the operation of the microscope more complicated
than that of a FEGSEM since the operator is required to field evaporate the
source to form a trimer. The ORION R PLUS source also demands a much better
vacuum system, stable cryogenic temperatures and much lower levels of vibration
than a FEGSEM. It can therefore be seen that the price for a better source is
the ability to meet these heightened requirements. The very small convergence
angles required for a small probe size make the ORION R PLUS possibly the
first scanning microscope to be limited by vibration rather than by lens quality,
excluding of course any fundamental physical limits that the microscope may have.
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Chapter 3

Acoustic and vibration damping
The increased sensitivity of the ORION R PLUS to vibration identified at the end
of chapter 2 means that the room in which the ORION R PLUS is installed is
required to have low levels of acoustic noise and vibration. Meeting these low
levels will ensure that the microscope operates at the highest resolution and the
greatest stability. The placement of the ORION R PLUS within the clean room
presents a novel problem; How to reduce the environmental noise in the clean room
without severely compromising the air quality. The ORION R PLUS is located in
the “Zeiss suite” within the clean room, it is surrounded by the main processing
area which is referred to in colloquial terms as the “Ballroom”. The ballroom
accommodates a significant quantity of fabrication equipment, this equipment is
a strong source of environmental noise. This chapter will focus on the efforts to
reduce the vibration and acoustic noise in an environment that is not suited to
accommodate typical acoustic damping materials.
Figure 3.1 illustrates the structure of the clean room and the relationship between
the Zeiss suite and the Ballroom. Rooms within the clean room consist of false
floors, walls and ceilings. The walls and ceiling consist of a aluminium honeycomb
faced with 304 stainless steel. The false floor panels are constructed of a cast alloy
and are perforated to allow air to pass through, these are mounted on steel struts
which are glued to the building floor. Five fan filter units (FFU’s) are positioned
on the ceiling to provide laminar airflow to the room. Air passes through the false
floor and is returned via the chase; Roughing pumps are positioned in the chase in
an attempt to minimise noise and the airflow helps to keep the pumps cool. This
chapter will detail the investigation and work carried out to try and reduce environmental noise surrounding the ORION R PLUS. The measurement techniques
will be shown and a primer into acoustics will be preceded by a description of the
identified sources of noise and the eventual solutions.
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Figure 3.1: Functional components of the clean room surrounding the ORION R
PLUS

3.1

Measurement equipment

Three pieces of measurement equipment were utilised in the investigation. Single
axis accelerometers from Innomic IDS [3], table 3.1, detect vibrations from 0.08 Hz
to 4000 Hz. 3 axis information was obtained by incorporating the accelerometers
into a mechanical jig with a heavy magnetic base and a rotational stage. The
accelerometers could then be orientated in any axis whilst still being coupled to
the measurement surface.
Property
Sensitivity
Measurement range
Linear frequency range

KB12VD
1000 mV/g ±5 %
-0.6 - 0.6 g
0.08 - 260 Hz

KS48C
1000 mV/g ±5 %
-6 - 6 g
0.1 - 4000 Hz

Table 3.1: Accelerometer characteristics

A Brüel and Kjær 2250-L sound level meter [2; 5], table. 3.2 was used to measure
the levels of acoustic noise. The meter has a 1/3 octave frequency resolution
owing to a 3rd octave filter bank, figure 3.2, and is calibrated to ensure that 0 dB
corresponds to a sound pressure level of 20 micro Pascals (µPa). A z-weighting
is used since the measurements are designed to ascertain noise affecting the tools
and not as a measure of loudness perceived by the human ear. The z-weighting is
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essentially the inverse of the transducer response, this is to ensure the measured
sound pressure will be the same on any z-weighted sound level meter. To achieve
measurements with a higher frequency resolution, the transducer from the sound
level meter can be connected to a digital spectrum analyser via a preamp. This
setup provides the ability to identify spectral peaks in the background noise but
lacks any ability to perform quantitative measurements.
Property
Dynamic range
Frequency range
Inherent noise
Filtering

Value
15 - 142 dB
6.5 - 16000 Hz
15 dB(A) 13.8 dB
1/3, 1 octave, broadband

Table 3.2: Sound level meter characteristics

Figure 3.2: 1/3 octave bands from 12.5 to 3125 Hz
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3.2

Reduction of vibration

An estimation of the level of vibration experienced by the building floor at the site
of the ORION R PLUS is given in figure 3.3. This estimation was calculated by the
building architects [7]. This estimate is outside of the specification for frequencies
above 30 Hz. Anti-vibration mounts have therefore been used to bring the vibration within specification. These mounts are placed between the ORION R PLUS
and the building floor, figure 3.4. The mounts incorporate both a passive damping
material and an active vibration cancellation system [1]. The system ensures that
the false floor and walls are isolated from the ORION R PLUS. The effectiveness
of the mounts after installation under the ORION R PLUS is illustrated in figure
3.5. It can be clearly seen that the mounts reduce vibration to a level that is at
least an order of magnitude better than is required for the specification.
Estimated level of vibration at ORION R PLUS
ORION R PLUS vibration specification

`

Acceleration (Grms / Hz)

10−3
10−4
10−5
10−6
10−7 0
10

101
Frequency (Hz)

102

Figure 3.3: ORION R PLUS specification for background vibration and estimated
building background vibration
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Figure 3.4: Technical diagram of anti-vibration mounts

3.3

Attenuation of acoustic noise

The specification for acoustic noise for the ORION R PLUS is given in figure 3.6.
Two levels have been provided by Carl Zeiss [4], one for a maximum achievable
edge resolution in the ORION R PLUS of 0.75 nm and another for 0.35 nm. The
edge resolution is derived by taking a line profile over a physical edge, for best
results two strongly contrasting materials such as tin on carbon or highly ordered
pyrolytic graphite should be used. The resolution value is then taken to be the full
width between a lower and upper value of the signal. This is illustrated in the last
figure of this chapter. It should be noted that different microscope manufactures
may use different limits, in the case of Zeiss it is taken to be the lower and upper
25%.
The level of acoustic noise after the installation of the ORION R PLUS in the clean
room is given in figure 3.7. The specification has been estimated as third octave
bands by passing the specification levels through a virtual bank of third octave
filters. This is required as the sound level meter is only capable of measuring
in third octaves, so the conversion is required to alow comparison between the
measured results in third octave bands and the specification given as a continuous
spectrum. The sound levels in the Zeiss suite can be seen to be just above the
0.75 nm specification. It is clear that extensive efforts to reduce acoustic noise are
needed if 0.35 nm resolution is to be achieved.
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(b)

Figure 3.5: Active and passive damping of TMC mounts in the (a) horizontal; (b)
vertical

The noise within the Zeiss suite can be divided into two categories; sources within
the suite and sources outside. Sources outside the Zeiss suite include the Ballroom,
figure 3.8 highlights that the Ballroom is a significant source of noise. In addition,
the presence of roughing pumps in the plenum and fan filter units in the ceiling
can be seen as sources outside the Zeiss suite. There are two ways to reduce
the noise reaching the ORION R PLUS from these sources. Either, prevent the
transmission from outside to inside the suite or take steps to quieten the sources
themselves. Within the suite there are again broadly two sources of noise; noise
coming from the equipment in the ORION R PLUS room and noise being generated
by vibrations of the walls and floor.
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Figure 3.6: ORION R PLUS specification for acoustic background noise.

Zeiss suite before modification
0.35nm specification
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Figure 3.7: Sound pressure levels of ballroom and Zeiss suite before damping work
had been carried out
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Figure 3.8: Sound pressure levels of ballroom and Zeiss suite before damping work
had been carried out

To better understand how to prevent transmission of noise into the Zeiss suite it
is beneficial to look at the theory. The addition of Sound Pressure Level (SPL) is
given in equation 3.1 [6], from this it is possible to derive the attenuation through a
surface covered with an attenuating material, equation 3.2, where C is the fraction
of coverage of the material with attenuation A and the original surface has an
attenuation of P . Using this equation it is possible to show the effect of coverage
on the transmission of sound through an attenuating layer, figure 3.9. It can be
seen that almost total coverage is required in order to significantly reduce the
amount of sound passing through the surface. At 90% coverage the additional 30
dB layer only gives a reduction of 10 dB. It is possible to conclude that preventing
the transmission of noise into the Zeiss Suite requires that the entire suite needs
attenuating material around it with as few gaps as possible.
ņ

10SP Li /10

SP Ltotal = 10 log10

(3.1)

i=1

h

−P

SP LT = 10 log10 (1 − C) · 10 10 + C · 10

−P +A
10

i

(3.2)

Acoustic theory also gives insights to sound reverberating within the Zeiss suite.
The Sabin is the unit of sound absorption [8], one square metre of 100% sound
absorbing material has a value of 1 metric Sabin. The total absorbtion of a room
can be calculated using equation 3.3, where A is the total absorbtion of the room, S
is the area of a surface and a is the absorbtion coefficient of that surface. Typically
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Figure 3.9: Total attenuation achieved by covering a 20 dB attenuating layer with
additional attenuating material.
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Figure 3.10: Total attenuation achieved by covering a room with a NRC of 0.05 with
progressively more 0.95 NRC material.

a Noise Reduction Coefficient (NRC) value is used, which is an average value over
a range of frequencies, alternatively absorption coefficients for specific frequencies
can be used. It is possible to compare the effect of adding acoustic baffles to a room
using equation 3.4. If we take a NRC rating of steel sheet as 0.05 to represent a
reflective room such as the Zeiss suite, then taking acoustic tiles with a NRC rating
of 0.95, it is possible to plot the attenuation of SPL by progressively covering the
room with more baffles, figure 3.10. It becomes apparent that covering 50% of
the surface is only 3 dB less effective then covering 100%. This result is in stark
contrast to the situation seen with preventing acoustic transmission. Extreme
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care is often seen to completely cover every possible surface with acoustic baffles
in order to reduce the sound levels in a room. However, acoustic baffles are not as
effective at increasing transmission loss and the theory above highlights that total
coverage is not required to significantly reduce reverberation so there is little to
gain in pursuing this strategy.
A=

¸S a

(3.3)

i i

∆SP L = 10 · log10



Ab
Aa



(3.4)

Suppression of significant noise sources has been carried out in both the Zeiss suite
and the ballroom. In the suite the chase pumps, equipment rack and fan filter units
have been quietened by installing acoustic louvers, figure 3.11(a). The louvers are
designed to allow airflow but dampen noise, this is important as switching off the
fan filter units would jeopardise the cleanliness of the clean room. In addition,
inadequate airflow would cause the equipment rack and chase pumps to overheat.
The louvers are designed to be mounted on the outside of buildings and as such
have a weatherproof metal face that covers the sound absorbent material. As the
louvers are used indoors the weatherproof face has been perforated to improve
acoustic performance. The louvers should be almost twice as effective in dB at
absorbing noise. Table. 3.3 highlights the attenuation in octave bands of one and
two louvres in series. It is hoped that the perforated face of the louvers would
give attenuation somewhere between the two situations. The added effectiveness
has not been measured as this would require an acoustically isolated box with a
noise source at one end and a microphone at the other and the measure the dB
without a louver, with an unmodified louver partitioning the box and then the
same procedure with a modified louver. This would be very time consuming and
so has not been conducted.
Frequency (Hz)
63
125
250
500
1000
2000
4000

Single (dB)
5
6
7
12
18
21
16

Double (dB)
7
7
11
20
32
35
31

Table 3.3: Attenuation specifications of acoustic louvers
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(a)

(b)

Figure 3.11: Images of (a) architectural acoustic louvers; (b) extract baffling system.

Pump extracts in the ballroom were proving to be a significant source of noise.
Baffled exhaust systems used in motor sport were added to the extracts to quieten
them, figure 3.11(b). The exhaust systems are filled with glass fibre and designed
to withstand high temperature corrosive emissions from combustion engines. The
glass fibre is then ideally suited to dealing with the contents of a clean room
semiconductor fab extract system.
Preventing transmission from the ballroom is the next requirement, figure 3.1
illustrates that if you ignore the false floor, then walls around the Zeiss suite are
really only aesthetic, as acoustic noise can easily enter the room via space under
the walls. The clean room walls have an attenuation of 25 dB and cover 2/3 of
the total surface facing the Ballroom. The the final 1/3 has no attenuation at all.
Using equation 3.2 it is possible to calculate that the total attenuation is only 4.74
dB.
An acoustic curtain was fitted under the wall dividing the Zeiss suite from the
Ballroom. This was only possible as the air return is next the the Zeiss Suite
on the opposite side, air from the Ballroom will therefore bypass the Zeiss Suite,
whilst air within the suite will still be permitted to circulate. All possible care
was taken to ensure the fewest gaps in coverage. The attenuation of the acoustic
curtain is detailed in table 3.4. When the ORION R PLUS and FIB were shutdown
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for maintenance it was possible to measure the attenuation across the installed
acoustic curtain. Comparing figure 3.12 with table 3.4 it is apparent that the
curtain is most effective above 1000 Hz. However, the curtain is only attenuating 5
dB below 250 Hz instead of the hoped 15 dB. It is a strong possibility that acoustic
noise is entering the Zeiss suite via the FFU’s as the attenuation characteristics
of the louvers, table. 3.3 is much worse than the acoustic curtain, table. 3.4.
Frequency (Hz)
125
250
500
1000
2000
4000

Attenuation (dB)
15
19
21
24
42
48

Sound pressure level (dB)

Table 3.4: Attenuation specifications of acoustic curtain.

Ballroom side
ORION R PLUS side

70
60
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40
31.5

62.5

125
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Frequency (Hz)

Figure 3.12: Effectiveness of cladding and acoustic curtain.

In addition to the curtain, double glazing was installed on all windows giving an
additional 30 dB of attenuation and a porch was installed on the entrance to the
Zeiss suite. Additional acoustic cladding was placed on the walls on the Ballroom
side of the room and to the chase covers.
Inside the suite, two approaches were taken, the first was to prevent reverberation
of noise in the room. This is achieved by placing acoustic baffles within the room.
These panels only cover a portion of the room, but as highlighted previously it is
not critical to cover all surfaces in order to attenuate reverberation. The second
approach used was to prevent vibrations in the room launching sound waves. This
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was achieved in part by covering the walls with vibration dampening gel, this gel
was sandwiched between the wall panels and acoustic baffles. Adding blocks of a
vibration dampening polymer to the bottom of the Zeiss suite false floor tiles also
aids in preventing the launching of acoustic waves, this is especially important as
the Zeiss suite and Ballroom share a common false floor. Finally, the use of sound
dampening tape was employed on equipment racks, computers and fan filter units
to try and keep vibration down to a minimum.

(a)

(b)

Figure 3.13: Images of (a) damped floor tiles; (b) acoustic baffles.

Figure 3.14: Diagram detailing work on Zeiss suite.
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Effectiveness

The reduction in background noise can be seen for the Ballroom in figure. 3.15(a)
and for the Zeiss suite in figure. 3.15(b). In both instances the noise has increased
in the region from 12.5 to 62.5 Hz, with peaks at 25 and 50 Hz. It significantly
decreases from 62.5 to 4000 Hz. Whilst the work has been carried out to quieten
the two areas, significantly more processing has been carried out in the Ballroom
over this time. The increased equipment use may be producing a larger background
noise that is not counteracted by the dampening measures. The 25 and 50 Hz peaks
are telling; as these represent noise generated by electronics and the clean room’s
power distribution system. Figure. 3.16 illustrates how the background noise in
the Zeiss suite compares to the specification provided by Zeiss. The specification
to achieve 0.75 nm resolution has been met. However, the levels do not conform
to the specification for 0.35 nm resolution between 12.5 and 315 Hz.
The acid test of the effectiveness of the environmental noise reduction is in the
achievable resolution of the microscope. Measurements of edge resolution using a
highly ordered pyrolytic graphite flake sample have been made by Zeiss engineers
on the ORION R PLUS in the Zeiss suite, figure 3.17. The edge resolution of the
image in figure 3.17 has been found to be 0.38 nm. This suggests that the edge
resolution figure from Zeiss is conservative.

3.5

Conclusions

Whilst reducing vibration to acceptable levels is a relatively easy task, the problem
of reducing acoustic noise is non-trivial. Noise sources within a clean room can be
numerous and of varying sorts. The policy of identifying strong noise sources and
attempting to quieten them, whilst at the same time trying to insulate the machine
from environmental noise appears to have paid dividends. It is particularly helpful
to split the problem into dealing with transmitted noise from outside the room and
noise generated within the room. It is also helpful to realise that preventing the
transmission of noise to the room is much more difficult problem than reducing
the reverberation. It should be stated that if you are not spending significant
resources on both eliminating noise sources and the prevention of transmission
then you probably should be.
It should also be said that it is particularly difficult to reduce noise below 100 Hz.
This is partly due to the sheer prevalence of 50 Hz and 100 Hz noise generated
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Figure 3.15: Before and after graphs of sound pressure levels (a) in ballroom; (b)
Zeiss suite

from powered devices, of which there are many; it is also partly due to the poor
performance of attenuating materials in this region. The poor performance could
be remedied by using additional layers of material. However, space, weight and
cost constraints make it impractical to do this. For example, a stack of 5 acoustic
louvers would be required to achieve 30 dB attenuation at 63.5 Hz. There exists
neither the space nor the load capacity in the airspace above the clean room to
accommodate this many modules.
The attenuation that has been achieved in the “Zeiss suite” only partially met the
specification for the ORION R PLUS. In spite of this fact, the resolution of the
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Zeiss suite after modification
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Figure 3.16: Sound pressure levels of Zeiss suite after damping work had been completed
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Figure 3.17: Highly ordered pyrolytic graphite under HIM showing 0.38 nm edge
resolution, Line profile shown as a yellow line in (a); Line profile illustrating edge
resolution as distance between 75% and 25% of maximum signal, (b).

microscope exceeded expectations. This suggests, in part, that the specification
of acoustic noise has been very conservative in the region up to 100 Hz.
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Chapter 4

Interaction volumes and signal
generation
This chapter will provide descriptions of how electrons and helium ions interact
with solid targets. This information is crucial for understanding the abilities and
limitations of both the SEM and the ORION R PLUS. It should be stated that
the spot size found in chapter 2 is not entirely sufficient to give the resolution.
The interaction volume of the charged particles with the sample must also be
considered, only then can the volume of signal generation be understand and
and therefore the resolution . The interactions will also determine the particles
emitted from the sample and therefore the different detection regimes that can be
employed. This is what the second half of the chapter will cover.
Both the projectile particles and the particles in the solid target have the property
of electric charge. The particles will therefore experience a Coulomb force between
them. Broadly speaking, this will give rise to two major effects. The projectile
can be deflected by the strong positive charge of the target nuclei, this is referred
to as elastic or nuclear scattering as there is no net loss of kinetic energy. The
total amount of scattering of the projectile will ultimately determine the shape of
the interaction volume, and can lead to projectile being scattered through great
enough of an angle to then leave the target (backscattering). The other possible
effect is that of inelastic or electronic scattering. Here, the projectile transfers some
energy to the target atoms, particularly electrons. This will lead to energy being
emitted from the target atom in various ways, e.g. secondary electron emission,
light emission and phonon generation.
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4.1

Energy loss and scattering primer

Although electron and ion stopping in matter is dissimilar enough to be treated
by two different theories, there is a certain amount of common ground. Firstly the
stopping force, −(dE/d`) is the mean rate of projectile kinetic energy loss per unit
path length and is perhaps the most important prediction that stopping theory
can provide. The kinetic energy loss of the projectile can be related to the loss of
momentum, equation 4.1, where v is the projectile velocity and p is the projectile
momentum (Sigmund, 2004).
dE
dp
=v
d`
d`

(4.1)

As electrons are elementary particles, the stopping force is dependent only on
the change of momentum of the projectile electron. In the case of a dressed ion
the change in momentum can be seen to be a product of the nucleus and orbital
electrons. Current stopping theory predictions are not accurate enough to make
the small momentum contribution from orbiting electrons significant. To this end,
the total stopping force of ions is said to be dependent on the momentum loss of
the nucleus only equation 4.2.
dp
dE
= v
d`
d`

!

(4.2)
nucleus

The loss of momentum of a charged particle in matter is down to three channels;
energy loss to target electrons by interactions between the particle and the electrons, (dE/d`)e ; energy lost to the nucleus by collisions of the particle with target
nuclei, (dE/d`)n ; and energy loss from the deceleration of the projectile without
energy transferred to target particles, that is, bremsstrahlung (Haug and Werner,
2004). The first two processes are typically referred to as electronic stopping and
nuclear stopping respectively. The total stopping can be described as the sum of all
three loss channels, equation 4.3. Typically the contribution from bremsstrahlung
is small enough that it is ignored, this will be illustrated in section 4.5. The energy
loss is calculated by multiplying the total stopping cross section σ by the number
of scattering centres per unit volume n, equation 4.4.
dE
=
d`

dE
d`

!

dE
+
d`
n

dE
= nσ
d`

!

dE
+
d`
e

!

(4.3)
b

(4.4)
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Scattering theory can be used to calculate the energy transfer and individual
deflections by an incident particle as it passes through the target. Both classical
and quantum mechanical scattering theory use the total scattering cross section
σ and differential cross section dσ/dΩ as key parameters. The differential cross
section is broadly defined as the ratio of the number of particles, N scattered
into the direction (θ, φ) per unit time per unit solid angle divided by incident flux
jI , equation 4.5. The total cross section is found by integrating the differential
cross section over all solid angles, equation 4.6. For a central potential V (r),
the scattering angle is determined by the impact parameter b, figure 4.1. The
number of particles scattered into the area between θ and θ + dθ is equal to the
number of incident particles between b and b + db. For flux jI the number of
particles N scattered into dΩ is given in equation 4.7, which then yields equation
4.8. Succeeding sections in the chapter will determine suitable solutions to dσ/dΩ
for both ions and electrons.
dσ
N
=
dΩ
jI
σ=

» dσ
dΩ

dΩ =

»

2π

0

dφ

(4.5)

»

π

0

dθ sin θ

dσ
dΩ

(4.6)

N dΩ = 2π sin θdθN = 2πbdbjI

(4.7)

dσ(θ)
N
b db
≡
=
dΩ
jI
sin θ dθ

(4.8)

Figure 4.1: Elastic scattering. After (Thomson, 1912)

Another important factor is the shape of the interaction volume, figure 4.2. This
is usually given as the mean range of the projectile along the axis perpendicular to
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the beam, Rx , range being the point that the projectile comes to rest, range should
not be confused with path length, which is the total length the projectile travels
along the scattering path. Straggling is the term given to the standard deviation
in the range of projectiles, both laterally, ωL , and the transverse, ωT . Additionally,
it is possible to describe the energy loss per unit volume within the interaction
volume. This allows predictions on the distribution of secondary electrons, defects
and photon generation.

Figure 4.2: Projectile range parameters.

4.1.1

Energy loss of projectile electrons in solids

The standard method for calculating the energy loss of charged particles in solids
is to use the Bethe formula (Bethe, 1932), this formula is a quantum mechanical treatment of electron scattering rather than earlier classical treatments (Bohr,
1913). Unfortunately, the Bethe formula has several forms dependent on the incident particles spin, whether the particles involved are relativistic and additionally
whether the particles are identical. The version of the Bethe formula that best
suits the case of scattering of electrons from an SEM relies on the Mott differential cross section for half spin particles (Mott, 1930; Bethe and Ashkin, 1953),
equation 4.9, where β = v/c and z1 e are the velocity and charge of the incident
particle respectively, z2 e is the charge on the target atom, pe = mβ is the reduced
momentum, where m is the reduced mass, θ is the scattering angle in the centre
of mass system and ε0 is the permittivity of free space. The Mott differential
cross section is very similar in form to the Rutherford cross section (Landau and
Lifshitz, 1976a) but includes an additional scattering term, 1 − β 2 sin2 θ/2 that has
been found by applying the Born approximation to half spin particles (Mott and
Massey, 1965). For a given combination of target and projectile the first term in
equation 4.9 is constant and for simplicity will be said to be equal to a constant,
C.
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dσ M ott
=
dΩ

z1 z2 e2
4πε0

!2

1
·
2pe β

!2

"

θ
θ
· csc4
1 − β 2 sin2
2
2

#

(4.9)

The impulse treatment considers that every interaction could be seen as a virtual
photon transferring energy and momentum, q 2 from the incident to target particle.
There are known limits to the amount of energy transferred by the virtual particle.
The total cross section can be found by finding the relationship between scattering
angle and energy transferred, T = ∆E. This can be substituted into the Mott
differential cross section and the total cross section can be found by integrating
from the limits Tmin to Tmax .
The 4-momentum transfer q 2 = (∆E)2 − (∆p)2 is used to determine the impulse
transferred from one particle to the other, q 2 is used as it is invariant between
different frames of reference. The impulse transferred during a scattering event
can be calculated by equation 4.10.
− q 2 = 2EE 0 − 2M 2 − 2pp0 cos θ

(4.10)

For low values of ∆E, q 2 = 4p2e sin2 θ/2. This gives the relationship between
scattering angle and momentum transfer. Substituting this result into equation
4.9 yields dσ/dq 2 , equation 4.11.
2
dσ
4π
2 q
=
C
·
1
−
β
dq 2
q4β 2
4p2e

!

(4.11)

A Lorentz transformation can be used to convert to the lab frame, setting pe =
βγm and taking the energy transfer of the collision to be 2mT = q 2 gives equation
4.12.
dσ
1 dσ
4π
T
=
=C·
1− 2
2
2
2
dq
2m dT
(2mT ) β
2γ m

!

(4.12)

The cross section for an energy transfer between T and T + dT is then given by
equation 4.13.
dσ
T
2π 1
1− 2
dT = C ·
dT
2
2
dT
mβ T
2γ m
!

(4.13)
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Integrating over the range Tmin to Tmax will yield the total cross section σ, multiplying by the number of target electrons per unit volume nZ will give the stopping
force, equation 4.14.
dE
= nZσ = nZ
−
d`

»

Tmax

T

Tmin

dσ
dT
dT

(4.14)

Two separate interaction channels are considered, firstly at high values of q 2 the
range of the virtual photon is small enough to only interact with a single target
electron. Tmax will be the energy transferred in a head on collision, equation
4.15, where me and M is the electron and incident particle mass respectively.
For two electrons this will become Tmax = (βγ)2 m. In addition, a consideration
needs to be made to the indistinguishability of the colliding electrons. If the
electron with greatest velocity after the scattering event is taken as incident, then
Tmax = 1/2(βγ)2 m. The lower limit, Tmin in this case will be the point at which
the range of the virtual photon becomes high enough to interact with an entire
target atom, Tmin is then typically in the 100 keV range. These limits define ‘close’
collisions, equation 4.16.
Tmax =

dE
−
d`

2(βγ)2 me
1 + 2γme /M + (me /M )2

!
close

=C·

(4.15)

2π ρZ 1
Tmax
ln
− β2
2
m A β
Tmin








(4.16)

For ‘distant’ collisions, that is, of suitably low q 2 , Tmin will be the typical ionization
energy, J 2 /(βγ)2 . A suitable cut of, Tmax is chosen to be 2mTmin Substituting these
limits into equation 4.14 will give the stopping of the ‘distant’ collision channel,
equation 4.17, where δ is a density effect correction.
dE
−
d`

!
distant

2π ρZ 1
2(βγ)2 mTmin
=C·
ln
m A β2
J2
"

!

2

#

(4.17)

−β −δ

Summing the contributions from equation 4.16 and equation 4.17 gives the total
stopping, equation 4.18.
dE
4π ρZ 1 1
2(βγ)2 mTmax
−
=C·
ln
d`
m A β2 2
J2
"

!

δ
−β −
2
2

#

(4.18)
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Typically the contributions from the −β 2 − δ/2 terms are small enough to be
ignored. Substituting in the value for Tmax = 1/2(βγ)2 m yields the familiar Bethe
formula for electron stopping, equation 4.19.
dE
−
d`

!

ρNA z2 2π
m(βγ)2
=C·
·
ln
A
Ei
2J

!

(4.19)

For the non-relativistic electron velocities in a typical SEM the stopping force
is usually approximated as eqn.4.20, (Bethe, 1930), where e is the charge on an
electron, N0 is Avogadro’s number, Z, ρ and A are the atomic number, density
(g/cm3 ) and atomic weight (g/mole) of the target. Ei is the electron energy in keV
of the projectile particle. J is the mean ionization energy of the target, calculated
from (Berger and Seltzer, 1964).

dE
Zρ
1.166Ei
= −785
ln
[eV Å−1 ]
d`
AEi
J
J = (9.76Z + 58.5Z −0.19 ) [eV]




(4.20a)
(4.20b)

The stopping force in equation 4.20 will become positive when 1.166Ei < J Therefore, the expression has undergone modification to address this issue (Joy and Luo,
1989). equation 4.21. J 0 is calculated from equation 4.22, where k is an empirically
derived parameter, fitted to equation 4.23.
Zρ
dE
1.166Ei
= −785
ln
d`
AEi
J0


J0 =



[eV Å−1 ]

J
1 + k EJ

k = 0.731 + 0.0688 log10 (Z)

(4.21)

(4.22)

(4.23)

The electronic stopping force for electrons has been plotted for gold in fig 4.8.
This illustrates the typical shape and location of the stopping curve. The greatest
energy loss occurs at approximately the Fermi velocity which for electrons in Au
occurs at approximately 600 eV. The greater the density of the target the more
the peaks shift to lower kinetic energies. The empirical stopping formula begins
to fail at 100 eV as the stopping force becomes positive. Stopping forces at this
point are unlikely to be reliable.
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Figure 4.3: dE/d` of projectile electrons in gold.

4.1.2

Energy loss of projectile He in solids

A framework exists to make predictions on the energy loss and range of ions
passing through matter. It is important to note that no single theory covers
the stopping of all ions in all matter and at all velocities. Indeed, to get the
most accurate description of the energy loss and range of the ions emitted by
the ORION R PLUS it is necessary to identify the best fitting theoretical model.
Work by Bethe and Bloch (Bethe, 1930; Bloch, 1933a,b) provides formulas to
calculate the stopping of relativistic ions in matter, this work can be considered
an extension of Bethe’s earlier work on the stopping of electrons covered in the
previous section. At 10 keV to 40 keV it is apparent that the helium ion velocity
is far from relativistic. In addition, the Born approximation does not hold for
velocities below 1 MeV u−1 . More crucially the constant term, C in equation 4.9
relies on the charge of the incident particle being constant. At velocities above
25 keV u−1 this can be seen to be satisfied, as even a partially dressed ion will
have any remaining electrons ionized from its shells on impact with the target.
Therefore, at 10 keV u−1 the ORION R PLUS ions cannot be described using the
Bethe formula. The stopping of relatively slow helium ions is accommodated by
theory laid down be Lindhard, Scharff and Schiøtt (Lindhard et al., 1963), often
shortened to LSS theory. LSS treats the range and stopping of ions as the product
of two loss channels, an inelastic electronic loss channel and an elastic nuclear
scattering channel.
Inelastic scattering is commonly referred to as electronic stopping. It can be
seen to be the sum of the following processes: Direct kinetic energy transfer to
target electrons (electron-electron scattering); Excitation or ionization of target
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atoms, i.e. promotion of locally bound target electrons; Excitation of valence and
conduction band electrons. i.e. delocalised electrons; Excitation, ionization and
electron capture of the projectile.
Elastic scattering is referred to as nuclear stopping. It is the sum of kinetic energy
transferred from the projectile ion’s nucleus to the nucleus of target atoms. As
well as slowing down the projectile ions, this transfer of kinetic energy may lead
to sputtering of atoms from the target; dislocation an substitution of target atoms
from lattice binding sites and the generation of phonons.
The following two sections will derive the electronic stopping force (dE/d`)e and
the nuclear stopping force (dE/d`)n along with the calculation of the scattering
angle. A common Monte-Carlo program called SRIM written by Ziegler et al.
(1985a), with Recent updates in (Ziegler et al., 2010) for calculating the range,
sputtering and dislocations in the target will be described.

4.1.2.1

Electronic stopping

For electronic stopping the LSS non-relativistic ion stopping theory uses a model
of a charged particle interacting with a plasma, that is, a free electron gas. This
theory encompasses polarization of the electrons in the target by the projectile and
plasmon excitation. When used with a local density approximation it is possible
to extend the theory to include any target, including compounds.
The approach makes the following assumptions:
• The free electron gas is at zero temperature on a fixed uniform positive
background with overall charge neutrality.
• The initial gas is at constant density.
• The interaction of the charged particle is a permutation on the electron gas.
• All particles are non-relativistic.
The electronic stopping of a charged particle in this regime is stated in equation
4.24, where σe is the electronic stopping cross section; I is the stopping interaction
function of a particle with unit charge, velocity v with an electron gas of density
ρ. Z1 is the charge on the projectile and the integration is performed over each
volume element dV .The electronic density of the target atom is normalised so
Z2 = ρ dV . The interaction function I was derived by Lindhard and is given for
completion in equation 4.25

³
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»

σe =
4πe4
i
I=
·
2
mv πωo

ε` (k, ω) = 1 +
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I(v, ρ)Z12 ρ dV

dk
k

»
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2me
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o

(4.26)
2me
(iδ)
~

o

where e and me are the charge and mass of an electron respectively. ωo is the
classical plasma frequency ωo2 = 4πe2 ρ/m. En is the energy an kn the wave vector
of the electron in the n’th state. f (En ) is the distribution function and is an even
function of k~n and δ is a small damping factor. Polynomial fits to the interaction
function are available (Iafrate and Ziegler, 1979). Some values of I have been
plotted in figure 4.4. It can be seen is an inflection point in I at the point at
which the ion velocity approximately equals the Fermi velocity of the electron gas,
equation 4.27. Figure 4.5 gives values for the stopping power Iρ, it can be seen
that when the velocity of the projectile ion is less than the Fermi velocity, that is,
for electron densities greater than the vertical lines in figure 4.5, then the stopping
power has a simple linear relationship to projectile velocity.
!

VF =

~  2 1/3
3π ρ
me

(4.27)

The local density approximation can be used to adapt the theory of the stopping of
a proton in a free electron gas to that of stopping in solids. By taking each volume
element in the solid to be an independent plasma, the final stopping power can be
calculated to be the mean stopping power over each volume element. Therefore
the final stopping power of a compound can calculated by taking the stopping
power of each element and averaging the contributions.
The stopping cross section is dependent of the charge of the projectile ion, Z1 .
The ion charge is not necessarily −Z1 e as the ion may be fully stripped, partially
stripped or may neutralise. At higher velocities the possibility of ionizing projectile
electrons will approach a certainty. It is possible to rewrite equation 4.24 as
equation 4.28.
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Figure 4.4: The stopping interaction I(v, ρ) of a charged particle against free electron
gas density, vertical lines indicate the electron density that would give a Fermi velocity
that is equal to the ion velocity. After (Ziegler et al., 1985b)
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Figure 4.5: The stopping force dE/d` of a charged particle against free electron gas
density, vertical lines indicate the electron density that would give a Fermi velocity that
is equal to the ion velocity. After (Ziegler et al., 1985b)
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σe =

»

I(v, ρ)(Z1∗ (v))2 ρ dV

(4.28)

The asterisk in Z1∗ (v) denotes that the ion may not be completely stripped of
electrons. Experiential results indicate that a proton is nearly always completely
stripped. This is not the case for He ions, therefore the fractional effective charge
of He ions needs to be found. The fractional effective charge, % is given in equation
4.29, where Z1∗ is the effective charge of an ion with velocity v in a target of atomic
number Z2 .
Z1∗ (v, Z2 ) = Z1 %(v, Z2 )

(4.29)

The ratio of He stopping to proton stopping in the same target at the same velocity
is expressed in equation 4.30. If the effective ion charge is a function of ion velocity
and not dependent on the target then equation 4.30 can be reduced to equation
4.31. %He can be found by rearranging equation 4.31 to yield equation 4.31 can be
rearranged to give %He , equation 4.32.

³
³

∗ 2
σHe (v, Z2 )
(ZHe
) IρdV
=
∗ 2
σH (v, Z2 )
(ZH ) IρdV

(4.30)

(%He ZHe )2
σHe
=
σH
(%H ZH )2

(4.31)

%2He =

1 σHe
22 σH

(4.32)

The mean stopping power of both helium ions and protons have been investigated
experimentally in a variety of targets. The mean fractional effective charge of
He ions can then be calculated using equation 4.32 and has been found to be
independent of the Fermi velocity and atomic number of target atoms, figure 4.6.
This leads to the conclusion that the charge state of helium ions is entirely down
to ion velocity. The effective charge illustrated in figure 4.6 has been fitted using
equation 4.33 with ai coefficients 0.2865, 0.1266, -0.001429, 0.02402, -0.01135 and
0.00175.

2
γHe
= 1 − exp −

5̧
0



ai ln(E)i 

(4.33)
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Figure 4.6: Plot of fractional effective charge of helium ions in solids with a variety
of Fermi velocities and a variety of atomic numbers. After (Ziegler et al., 1985b)

4.1.2.2

Nuclear stopping

Elastic scattering is also known as nuclear stopping; in this regime kinetic energy is transferred from the projectile ion to the nuclei of the solid. The process
is described as elastic due to kinetic energy within the system being conserved.
However, there will be a net transfer of kinetic energy from the incident ion to the
target. The methods used in LSS theory will now be described.
In simple terms, the problem is that of classical two particle scattering, the energy
transfer, T , between a moving charged particle of mass M1 and atomic number
Z1 with a stationary charged particle of mass M2 and atomic number Z2 depends
only on the mass and charge of the two particles, the initial velocity of the moving
particle, v0 , and the impact parameter, b. The problem can be simplified by
expressing it in the centre of mass system, then the problem can then be expressed
as a single moving particle interacting with a potential that is positioned at the
origin of the centre of mass system. Calculating the motion of a single particle
with a static field is much simpler than two moving particles. As long as the force
between the particles acts only along the line joining them, then the interaction can
be described by a field, V (r), where r is the separation between the two particles.
This field is known as the ‘interatomic potential’. The situation is illustrated in
figure 4.7. The conversion from the Lab to the centre of mass frame along with
the resulting relationships between impact parameter, scattering angle and energy
loss is covered in appendix B and is based heavily on Landau and Lifshitz (1976b).
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(a)

(b)

Figure 4.7: Two body collisions in; (a) Laboratory coordinates; (b) Centre of mass
coordinates.

In the centre of mass system the energy transferred, T , from the incident ion with
kinetic energy E0 = 1/2M1 v02 recoiling from a target atom at an angle θ is given
by equation 4.34.
T (E0 , θ) =

4M1 M2
θ
E0 sin2
2
(M1 + M2 )
2

(4.34)

Furthermore, the relationship between the impact parameter b and the scattering
angle θ is given in equation 4.35, where Ec = 1/2Mc v02 is the total kinetic energy
in the centre of mass frame, Mc is the reduced mass, equation 4.36 and rmin is the
closest distance of approach, rmin will have the smallest value during a head on
collision, equation 4.37.
θ =π−2

»

∞
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bdr
r2
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V (r)
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−



b2
r2

(4.35)

i1/2

M1 M2
M1 + M2

(4.36)

4Z1 Z2 e2
Mc v02

(4.37)

rmin =

Substituting equation 4.35 into 4.34 will give the energy transferred as a function
of impact parameter for any given interatomic potential, equation 4.38.
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 −
2
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(4.38)
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The total cross section σ can be found by integrating equation 4.38 over all impact
parameters, equation 4.39.

σn (E0 ) =

» dσ
dΩ

dΩ =

»

∞

0

4M1 M2
T (E0 , b)2πbdb = 2π
E0
(M1 + M2 )2

»

bmax

0

sin2

Θ
bdb
2
(4.39)

All that remains for calculating the scattering of an ion with an atom is to find
suitable values for V (r), for two unscreened positive charges the force experienced
between them will be a simple coulomb potential, this would yield the familiar
Rutherford scattering formula. However, the potential between and atom and a
partially dressed ion will be screened by the electron cloud that surrounds each
of them. Therefore, a screening function is required so that very little force is
felt between them at large distances and this force increases at the atoms begin
to travel through the two electron clouds. The screening function, Φ equation
4.40 will have a shape that represents the charge density of electrons between the
two atoms. Historically there have been several interatomic potentials proposed
(Bohr, 1948; Jensen, 1932; Lenz, 1932; Molière, 1947; Sommerfeld, 1932). The
larger the atomic number, Z, of an atom the larger the electron cloud will be as
it will have a greater number of electron shells. Therefore it is possible to scale
the distances between two atoms based on the values of Z involved, equation 4.41,
where a0 is the bohr radius. The reduced range then becomes R = r/aU . The
screening function has been found by finding the best fit over a variety of two atom
interatomic potentials (Moruzzi et al., 1978). The universal screening function ΦU
eqn, 4.42 was found to have a 5 percent standard deviation from experimental
results (O’connor and Biersack, 1986).
ΦU ≡

V (r)
(Z1 Z2 e2 /4πε0 r)

(4.40)

.8854a0
Z1.23 + Z2.23

(4.41)

aU =

ΦU = .1818e−3.2x + .5099e−.9423x + .2802e−.4028x + .02817e−.2016x

(4.42)

The integral in equation 4.35 can be solved in a universal way by making the
substitutions of R = r/aU , B = b/aU and ε = Ec /(Z1 Z2 e2 /4πε0 aU ), equation
4.43 (Lindhard et al., 1963, 1968). The interatomic potential V (r) has also been
replaced by V = (Z1 Z2 e2 /4πε0 r)Φ(r/aU )
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θ =π−2

»

∞

R0

BdR


R2 1 −

Φ(R)
Rε

−

(4.43)

 2 1/2
B
R

Integrating over all impact parameters for equation 4.34 it is possible to find the
nuclear stopping cross section, σn (E0 ), equation 4.44, the nuclear stopping power
is then N σn (E0 ) where N is the atomic density of the target. Equation 4.44 can be
shown for reduced units in equation 4.45. This integral has been fitted analytically
and can be approximated by equation 4.46, where ε can be reformulated in terms
of initial energy, projectile mass and charges, equation 4.47. It is then possible to
find σn (E0 ) using only ε. Therefore, equation 4.48 can be used to give practical
nuclear cross sections (Lindhard et al., 1968).

σn (E0 ) =

»

∞

0

4M1 M2
T (E0 , B)2πBdB = 2π
E0
(M1 + M2 )2

σn (ε) = ε

»

∞

0

»

Bmax

0

θ
sin2 BdB
2

θ
sin2 d(B 2 )
2

ln(1 + 1.1383ε)
2[ε + .01321ε.21226 + .19593ε.5 ]
ln(ε)
For ε ≥ 30 : σn (ε) =
2ε
For ε ≤ 30 : σn (ε) =

ε=

σn (E0 ) =

32.53M2 E0
Z1 Z2 (M1 + M2 )(Z1.23 ) + Z2.23 )

8.462 × 10−15 Z1 Z1 M1 σn (ε)
eV /atom /cm2
.23
.23
(M1 + M2 )(Z1 + Z2 )

(4.44)

(4.45)

(4.46a)
(4.46b)

(4.47)

(4.48)

The electronic and nuclear stopping forces for helium have been plotted for Au in
fig 4.8. This illustrates the typical shape and location of the stopping curves. The
greatest electronic energy loss occurs at approximately the Fermi velocity which
for He occurs at approximately 1 MeV for most elemental targets. At lower beam
energies the contributions from electronic stopping decrease whilst the nuclear
stopping increases to a peak at approximately 10 keV. The greater the density of
the target the more the peaks shift to lower kinetic energies.
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Figure 4.8: dE/d` of projectile He in gold.

4.1.3

Comparison between the electronic stopping force on electrons
and He+

The theory laid down in the this section can now be used to draw comparisons
between electron and helium ion electronic energy loss. In figure 4.9 it is apparent that the rate of energy loss for helium can be almost an order of magnitude
greater than for electrons. It is apparent in the example that with the exception
of gold the electron energy loss is higher for low Z elements, for helium this is the
opposite. However, the crucial thing to understand from the graph is firstly that
both particles have the greatest energy loss approximately at the Fermi velocity.
This means that electron beams in the tens of keV will have increasing energy
loss as the kinetic energy decreases, and will peak in the low hundreds of eV, but
also that for helium ions the opposite is true; decreasing kinetic energy leads to a
decrease in energy loss. It will be shown in section 4.6 that this is very beneficial
for imaging using a helium ion beam.

4.2

Interaction volume

With knowledge of the energy loss and scattering it is possible to calculate the
interaction volumes and therefore range of electrons and helium ions in solids.
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Figure 4.9: Electronic stopping force in beryllium, aluminium and gold; (a) electrons;
(b) He+ .

4.2.1

Electron Range

The range and interaction volume of electrons in solid targets have been approximated analytically by (Kanaya and Okayama, 1972), with mean range being given
in equation 4.49. In this approximation the lateral and transverse straggle are both
said to be RKO /2. This approximation is useful for practical SEM operation but
does not give any indication of the distribution of the rate of energy loss within
the interaction volume.
RKO =

27.6 AE01.67
[nm]
Z 0.89 ρ

(4.49)

More detailed information on the interaction volume can be calculated using a
Monte-Carlo method. CASINO (Drouin et al., 2007) is one such program that
calculates electron interaction volume and energy loss. The technique is to calculate the distance an electron travels before a scattering event. The energy lost
by the electron is calculated and a scattering angle is chosen that results in the
calculated energy loss. The mean free path λ of an electron in a target is given by
equation 4.50, where ρ is the target density, N0 is Avogadro’s number. Ai is the
atomic weight of the ith element in the target, Pi is the fraction of element i in the
target and σi is the stopping cross section of element i, calculated using equation
4.21. The path length L of a particular electron can be estimated using equation
4.51, where R1 is a random number from 0 to 1.
ņ
1
Pi σi
= ρN0
λ
Ai
i=1

(4.50)
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L = −λ ln(R1 ) [nm]

(4.51)

The energy lost by the electron over the path L can be calculated using equation
4.52, where dE/d` can be calculated for the whole target using equation 4.53,
where Zj , Pj and Jj are the atomic number, weight fraction and mean ionization
energy of element j respectively. kj is the empirically derived parameter from
equation 4.23. The scattering angle required to produce the energy loss over path
length L can then be found by choosing a random number R2 between 0 and
1 and solving equation 4.54, where dσ/dΩ is the Mott differential cross section.
For computational efficiency the solutions to equation 4.54 have been tabulated,
allowing an approximate solution to be found without requiring the integrals in
equation 4.54 to be solved (Drouin et al., 2008).
Ei+1 = Ei +

dE
L
d`

ņ
dE
−785ρ
Pj Zj
Ei
=
×
ln 1.116
+ kj
d`
Ei
Aj
Jj
j=1

"

R2

³
= ³

θi
0
π
0

dσ
sin θdθ
dΩ
dσ
sin θdθ
dΩ

(4.52)

!#

[eV Å−1 ]

(4.53)

(4.54)

The process above is repeated until the incident electron energy drops below 50 eV
or the electron reaches the target surface and has sufficient energy to overcome
the work function, in which case it becomes a backscattered electron.

4.2.2

Ion range

In the previous two sections the ion stopping force dE/d` was derived as the
sum of electronic (dE/d`)e and nuclear stopping forces, (dE/d`)n as per equation
4.3. In addition, the scattering angle θ, for an elastic collision was found as per
equation 4.43. It is possible to calculate the interaction volume of the projectile
ions by using the Monte-Carlo method used by SRIM, the method also provides
information on defect generation and sputtering rates of the target. This method
will now be described. The scattering angle during a collision is relatively easy to
find and can be calculated using equation 4.43 with an impact parameter chosen
to be between 0 and Bmax .
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The path length requires much more attention. At high energies, ε >> 10, only
a few collisions will have scattering angles greater than 1 degree, ϑ > 1. The
probability W1 (b)δb of finding an atom with impact parameter between b and δb
over the path length L is given in equation 4.55a. Similarly, the probability of
not finding an atom closer than b, that is, an impact parameter from 0 to b is
given in equation 4.55b. Therefore, the probability for finding the closest target
atom between impact parameter b and δb is given by equation 4.55c. The impact
parameter over length L can then be expressed as equation 4.56 where Rn is a
random number between 0 and 1.

W1 (b)δb = N L2πbδb
W2 (b) = exp−N Lπb

(4.55a)

2

(4.55b)
2

W (b)δb = W2 (b)W1 (b)δb = exp−N Lπb N L2πbδb

(4.55c)

b = [− ln(Rn )/πN L]1/2

(4.56)

The choice of path length L at high energies is done by choosing a path length so
the mean angular deflection is constant, that is, satisfies equation 4.57, according
to the Bohr-Williams rule (Williams, 1940, 1939; Bohr, 1948). For a constant
deflection of 5 degrees L can be found as equation 4.58. If the path length is
suitably short then it does not make a significant difference where the deflection
takes place along the path length.
M2 Lσn (E0 )
M2 ∆En
=
= constant
M1 E0
M1 E0

(4.57)

0.02[1 + (M1 /M2 )]2 e2 + 0.1ε1.38
L=
4πa2U N
ln(1 + ε)

(4.58)

When the path length in equation 4.58 is below N 1/3 then it makes sense to
take the path length as N 1/3 that is the mean separation of target atoms. The
probability of the impact parameter being between b and δb is as equation 4.59,
the impact parameter can then be defined as equation 4.60.

W (b)δb =


2πN 2/3 bδb,


0

for b < π −1/2 N −1/3
for b > π −1/2 N −1/3

(4.59)
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b = [Rn /(πN 2/3 )]1/2
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(4.60)

Using the above formula it is possible to use the following Monte-Carlo algorithm:
1. Compute the path length L using equation 4.58
2. Subtract the electronic energy loss, ∆Ee = LN σe (E) from the projectile
kinetic energy.
3. Calculate b using the appropriate equation, either equation 4.56 or equation
4.60.
4. Calculate the scattering angle as per equation 4.43 and choose a random
azimuthal scattering angle.
5. Subtract the nuclear energy loss T , equation 4.34 and convert the CM scattering angle into the lab frame.
6. Repeat the above steps until the projectile kinetic energy drops suitably low.
Typically 5 eV, or the projectile leaves the surface, that is, backscattered
from the target.

4.2.3

Comparison between volumes

The formulas from this section can then be used to calculate the interaction volume. The Monte Carlo program SRIM can be used to calculate the He interaction
and CASINO can be used for electron interaction. Figure 4.10 presents He and
electron volumes in aluminium and gold. What becomes very apparent is the
volumes for 35 kV helium ions are minuscule compared to electron interaction
volumes. In the contour plot it is possible to place the ion interaction within
the upper contour of the electron interaction. What is also quite clear is that
the ion interaction volume is much narrower than the electron interaction volume,
this is primarily down to the mass of helium being on par with the target, the
scattering angles are therefore less extreme than for the much lighter electrons.
Figure 4.10(c) highlights quite well that for electrons the volume of the greatest
energy loss is not on the surface but slightly underneath. This is a direct result
of the rate of energy loss increasing with decreasing kinetic energy. Conversely,
for helium ions the rate of energy loss is greatest at the point of highest kinetic
energy and therefore is greatest on the surface and then only ever decreases with
increasing depth.
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0

800

80

0.8

600

60

0.6

400

40

0.4

200

20

0.2

0

−200 0

200 400

Width (Å)
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Figure 4.10: Normalised interaction volumes of aluminium and gold using 35 kV He
and 15 kV electrons; (a) 15 kV electron interaction volume in aluminium; (b) 35 kV
He+ volume in aluminium (c) 15 kV electron interaction volume in gold; (d) 35 kV He+
volume in gold.

4.3

Dislocations and Sputtering

The Monte-Carlo approach can be modified to simulate sputtering and dislocations. If the kinetic energy transferred from the projectile to a target nucleus is
sufficient to overcome the lattice binding energy then the atom will be displaced.
If after the collision the projectile energy is sufficiently small then the projectile
may be captured by the lattice binding site. Once a target atom is displaced it will
undergo nuclear and electronic energy loss until it either comes to rest or ‘sputters’
from the target surface into the vacuum. It will therefore collide with other target
atoms before coming to rest. In turn these atoms may be displaced and undergo
stopping. This process is typically referred to as a collision cascade. There are
two methods for calculating the sputtering rate and number of displacements and
substitutions. The simple method assumes that the sputtering rate and number of dislocations caused by the collision cascade is proportional to the energy
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transferred from the projectile ion to the original target atom. Displacements and
substitutions can be calculated in this manner using the modified Kinchen-Pease
model (Kinchin and Pease, 1955). For sputtering the Sigmund (Sigmund, 1969)
or Yamamura-Matsunami (Yamamura, 1996; Matsunami et al., 1984) method can
be used,
The more accurate way of calculating the dislocations and sputtering is to treat
recoiling target atoms as new projectiles. It is then possible to apply a similar
Monte-Carlo algorithm to the one given above. All dislocations and sputtering
rate calculations in this thesis have been performed using this more advanced
Monte-Carlo method. Current computer processors are sufficiently fast to afford
the additional computational expense.
The process of sputtering and dislocations occur at relatively low energies. The
surface binding energy Es is typically between 3 and 6 eV and the displacement
energy, Ed is typically between 15 and 30 eV. It is necessary to choose a maximum
impact parameter bmax that would produce energy transfers that are below Ed
for atom displacements and below Es when evaluating projectiles at the target
surface. It is also important to ensure that bmax is large enough to ensure that the
scattering angle is kept suitable small to improve accuracy. As bmax may be larger
than the interatomic distance it is necessary to again redefine the mean free path
length L, equation 4.61. L is then found from the atomic density N and bmax . The
energy transfer is again given by equation 4.34 and for angles below 15 degrees
can be approximated as in equation 4.62. Therefore the minimum scattering angle
in the centre of mass system is equation 4.63. The centre of mass scattering angle
can then be converted to the lab frame, equation 4.64. For high projectile kinetic
energies bmax can be found by substituting either Ed or Es into equation 4.63, if
the scattering angle is not suitably small < 5 degrees then it is set to 5 degrees.
bmax can then be found by substituting ψmin into equation B.29.
πb2max · L = N −1
T =

(4.61)

4M1 M2
θ
4M1 M2
E0 sin2 ≈
E0 θ2 /4
2
(M1 + M2 )
2
(M1 + M2 )2

d
θmin =

4Tmin /

4M1 M2
E0
(M1 + M2 )2

ψmin = θmin /(1 + M1 /M2 ) =

aM T

2 min /M1 E0

(4.62)

(4.63)

(4.64)
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4.4

X-ray production

Energy-dispersive x-ray spectroscopy (EDS) is an X-ray technique that is typically
used in a SEM for the qualitative and quantitative elemental analysis. The electron
beam can eject inner shell electrons in target atoms that then results in electrons
in outer shells radiativly decaying to fill the vacant position. This decay will emit
a characteristic X-ray allowing identification of the generating elements. A similar
technique for ion beams is called PIXE, this technique works in exactly the same
way but uses acceleration voltages in the very high keV to several MeV proton
beams as the exciting source, this is due to x-ray production being closely linked
to particle velocity. . The question of whether the ORION R PLUS has sufficient
ion velocities to generate x-ray emission will now be addressed.
X-ray generation in the ORION R PLUS has been covered by Joy (Joy et al., 2007),
in the paper he highlights that for an incident particle velocity that is much lower
than the orbital electron velocity, v0 ≤ vn,l the X-ray generation cross section
is primarily dependent on incident particle velocity and not on energy (Olson
et al., 1978). The orbital electron velocity is given in equation 4.65, where EH is
the hydrogen binding energy of 13.6 eV and In,l is the binding energy of the nth
electron in the lth shell. For lithium, I1,s is relatively small 75.64 eV, using this
as a value for In,l yields a velocity of 1.03 × 107 m s−1 which would correlate to a
helium ion energy of 2.2 MeV showing that for the ORION R PLUS v0 ≤ vn,l will
always be satisfied.
8

vn,l = 2.19 × 10 ×

cI

n,l

EH

[m s−1 ]

(4.65)

It is therefore possible to say that as the minimum velocity of an electron beam
required to excite the kα line in lithium is 4.28 × 106 m s−1 then the corresponding
helium ion energy to achieve that velocity would be 379.4 keV. It is then not
possible to generate characteristic X-rays using the ORION R PLUS.
It may also be of use to compare the energy of a 35 keV helium ion with an electron
of equivalent velocity, at 1.29 × 106 m s−1 an electron would have kinetic energy
of just 4.8 eV. This approach is much less reliable because it is only taking into
account the kinetic energy of the particles, but it does give some indication of the
maximum excitation expected.
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4.5

Bremsstrahlung

It has been stated in section 4.1 that stopping from bremsstrahlung is usually not
significant. A keen reader might be noting the bremsstrahlung background on EDS
spectra, or the use of tungsten cathodes in XRF sources. I will now illustrate the
bremsstrahlung contribution. The stopping force from bremsstrahlung is provided
in equation 4.66, where α is the fine structure constant, m is the reduced mass,c
is the speed of light, z and Z is the atomic number of the incident and target
particles, NA is Avogadro’s constant, A is the atomic weight of the target, ε is the
permissively of free space, E is the incident particle energy and e is the charge on
an electron. (Haug and Werner, 2004).

dE
−
d`

!

z2Z 2
= 4 × 10 αNA ρ
A
−2

brem

e2
4πε0 mc2

!2

E ln

183
[eV Å−1 ]
Z 1/3

(4.66)

For Cu at 20 kV the bremsstrahlung stopping is −0.014 eV when compared to
the electronic stopping of −0.7 eV it can be seen that bremsstrahlung stopping
is at least 50 times weaker than electronic stopping. It is by these figures that
contributions from bremsstrahlung stopping are ignored in the SEM.

4.6

Secondary electron emission

Secondary electron emission can be brought about in two ways: Firstly, it is a
direct consequence of inelastic energy loss by charged projectiles. If the impact
parameter is sufficiently small then projectile particles can transfer sufficient energy to a target electron to cause ionization (Thomson, 1912), if the secondary
electron reaches the surface with enough energy to overcome the work function
may be emitted into the vacuum. Secondly, it can be the result of ion neutralisation. If the ionization potential of the ion is at least twice the work function then
capturing a target electron from the conduction band will lead to electron emission
from the surface via an Auger process (Hagstrum, 1954a,b). The process of secondaries emitted via kinetic impact is known as kinetic electron emission (KEE)
whilst those by ionization are referred to a potential electron emission (PEE).
The production of secondaries via electron bombardment is due to KEE and is
denoted as eSE. For ions, secondaries are from both KEE and PEE processes and
is denoted iSE. PEE is a predominant factor at low ion velocities.
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The secondary electron yield δSE has been demonstrated to be proportional the
electronic stopping power, equation 4.67 for both electrons and ions (Bethe, 1941),
where ε is known as the Bethe constant and represents the mean energy loss
required to generate a secondary electron that will overcome the work function. .

δSE

1
=
ε

dE
d`

!

(4.67)
e

Many models of SE emission assume that the direction of SE travel is isotropic
and the energy of SE’s is sufficiently low enough to make the assumption that
collisions of SE’s with target electrons will result in the SE being re-absorbed. A
simple diffusion model can be used to find the contribution to δ at a depth of z in a
material being equal to exp(−z/λd ) where λd is the mean free path of secondaries
and for this model is said to be independent of SE energy. The total SE yield
can be calculated by integrating over the entire range of the incident electrons,
equation 4.68 (Sternglass, 1957).

δ=

»

R

0

dE
d`

!
e

1
exp(−z/λd )dz
2ε

(4.68)

Both iSE and eSE yields have been calculated with equation 4.68 using empirically
derived values of ε and λd for a variety of targets (Ramachandra et al., 2009). The
model assumes that the escaping secondaries originate in a suitably thin layer
under the surface so an approximation can be made that (dE/d`)e is essentially
constant. It is possible to extend the model of SE yield by applying equation 4.67
to each element. This provides the ‘signal’ volume, that is the volume for which
the secondary electrons originate. Although SRIM and CASINO both model the
interaction volume and give the stopping force within sub regions of the volume it
appears to produce very odd results if the volume is reduced to the few angstrom
range in order to gain higher resolution of the stopping force near the surface.
Therefore, somewhat unrefined plots are presented for aluminium in figure 4.11
and for gold in figure 4.12. The asymmetry in the radial distributions are due
to the beam entering the target on the boundary between two sub regions and
an imperfection in the random number generator. In addition, this means that
the x axis labelling of 0 is actually the region 0 to the boundary of the next sub
volume, this can result on the peak not lining up perfectly with 0 one the x axis.
It is clearly apparent that the secondary electrons are generated in a much smaller
volume for 35 kV He bombardment in contrast to electron bombardment. This is
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Figure 4.11: Distribution of secondary electrons reaching the vacuum in Al; (a)
Radial distribution from 35kV He; (b) Depth distribution from 35kV He; (c) Radial
distribution from 15kV electrons; (d) Depth distribution from 15kV electrons.

the reason that the resolution in the ORION R PLUS is greater than that of any
SEM to date.
The energy spectrum of secondary electron emission dN/dE under keV electron
bombardment has been successfully predicted by (Chung and Everhart, 1974),
however, to reproduce the experimental results it was necessary to use an energy
dependent mean free path λd (E). The influence of incident electron velocity on
the shape of the energy spectra was found to be negligible and instead dependent
on the Fermi energy and work function of the target.
A measurement of the iSE spectrum of 35 keV He+ on gold in the ORION R PLUS
has been performed by (Petrov et al., 2010), figure 4.13. If the shape of dN/dE
was entirely dependent on Fermi energy and work function then the HIMspectrum
in figure 4.13 should be the same as the SEM spectrum. It can clearly be seen
that the peak energy of iSE emission is just under half that of eSE.
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Figure 4.12: Distribution of secondary electrons reaching the vacuum in Au; (a)
Radial distribution from 35kV He; (b) Depth distribution from 35kV He; (c) Radial
distribution from 15kV electrons; (d) Depth distribution from 15kV electrons.

As noted by (Petrov et al., 2010) the current Monte-Carlo models of iSE emission
by Ohya, (Ohya, 2003; Ohya et al., 2009; Nishimura et al., 2000), does give a
lower iSE energy peak then the corresponding eSE peak, However, the model does
not fully explain the full shape of iSE spectra, it still remains to be seen whether
this is due to surface roughness of the experimental sample or due to surface
contamination skewing results.

4.7

Signal and contrast

Irrespective of resolution, if one wishes to compare a HIM with a SEM it is necessary to explore the factors required to form an image. If one was to place identical
samples into a SEM and a HIM, how much beam current is required to produce
an image with the same contrast? We can start by stating that the two machines
are completely identical apart from the type of beam. They both have the same
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Figure 4.13: Energy spectra of SE emission in the ORION R PLUS (After Petrov
et al. (2010)), and in a SEM, (After Chung and Everhart (1974))

SE detector, the same vibration and acoustic noise levels and the same working
distance so that given the same contrast C, signal level IS and dwell time τ an
identical image would be formed in each machine. If the signal from a single pixel
was taken repeatedly over the interval τ then we can call the mean signal level S
which as been generated by the number of incident particles n and the standard
deviation in signal level N , which will be given as n1/2 . This standard deviation
is the signal noise. It is a noise inherent in the sample interaction volume and
the only way to reduce it would be to collect more signal, either by increasing the
beam current IB or the pixel dwell time τ . The signal to noise ratio is then given
by equation 4.69.
S
n
= 1/2 = n1/2
N
n

(4.69)

An observer can identify a change in signal ∆S if it is greater than five times the
noise (Rose, 1948), equation 4.70. The level of contrast C = ∆S/S required to
identify a change in the image can therefore be defined by substituting values of
C and N into equation 4.70, giving equation 4.71
∆S > 5N

(4.70)
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5
n>
C


2

(4.71)

The signal current can be defined in two ways. Firstly, it will be proportional to
the number of secondary electrons detected for each incident particle, equation
4.72, where δ is the secondary electron yield per incident particle and η is the
detector quantum efficiency. IS can also be seen to be equal to equation 4.73.
By substituting equation 4.71 into equation 4.73 and combining the result with
equation 4.72 the minimum beam current required to form an image can be found,
equation 4.74.
IS = IB δη

ne
τ

(4.73)

25e
δηC 2 τ

(4.74)

IS =

IB >

(4.72)

Finding values for η and δ from incident ions and electrons is vital for calculating
the difference in IS between the two machines. We start by calculating the electronic stopping force dE/d`e using equation 4.21 for electrons and equation 4.28
for helium ions for a selection of targets with known λd and ε, tab. 4.1, figure
4.14(a).

Be
Al
Ni
Sn
Au

Z
4
13
28
50
79

A
9
27
58
120
197

ρ

(g cm−3 )
1.85
2.70
8.90
7.28
19.31

J (eV)
9.32
5.98
7.64
7.34
9.22

He+ Ion
λd (Å) ε (eV)
9.3
65
12
60
8
60
9.5
50
9.2
72

Electron
λd (Å) ε (eV)
10
70
17
32
10
65
10
43
5
35

Table 4.1: SE yield data for Be, Al, Ni, Sn and Au.

The SE yield, δ can be calculated by substituting values for the stopping force
into equation 4.68, figure 4.14. It can clearly be seen that the secondary electron
yield for helium ion bombardment increases with accelerating voltage, whereas it
decreases for the case of electron bombardment. The η of an Everhart-Thornley
detector is given in figure 4.15, it can be seen that δη in the ORION R PLUS can
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Figure 4.14: SEM and HIM comparison between; (a) Stopping force; (b) Secondary
electron yield.

be at least an order of magnitude greater than a SEM, this is due in part to the
greater efficiency of the ET detector at lower electron energies and the greater
efficiency from the ORION R PLUS operating at typically higher working distance
to a SEM, 8 mm opposed to 4 mm.
The increased SE generation along with the greater detector efficiency means that
the same amount of signal can be detected in the ORION R PLUS at beam currents
two orders of magnitude lower than a SEM. The relatively low 0.2 pA delivered by
the ORION R PLUS with a small aperture inserted generates the same detectable
signal as a conventional SEM at 20 pA. This results in the HIM being able to
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use a reduced beam current IB to form an image. As the spot area, (πd2p )/4 is
proportional to the beam current, the spot area of the ORION R PLUS can be
reduced to two orders of magnitude below that of a comparative SEM in order to
make a ‘fair’ comparison.
1

3 mm
6 mm
9 mm
12 mm
15 mm

Collection efficiency

0.8

0.6

0.4

0.2

0
0.5

1

1.5

2

2.5
3
3.5
Electron energy (eV)

4
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5

Figure 4.15: ET detector quantum efficiency.

4.8

Alternative projectiles

This section investigates the use of lighter projectiles than helium-4 for imaging.
There has been research into using neon as an alternative gas for the ORION R
PLUS (Hill and Faridur Rahman, 2011). The advantage of neon is the increased
sputtering rate can be utilised to mill more rapidly than helium-4. What does not
seem to have been investigated is the use of lighter ions for the opposite reason,
that is the reduction of damage when imaging. Helium-3 and H2 gas can be
introduced to the source. The difficulty of H2 is the ion species emitted appear to
be equally split between H+ and H+
2 (Gomer, 1961) which would make focusing
a spot difficult. However, it may be possible by using a suitable mid column
aperture to filter out one of the species, this would come at the cost of halving
the beam current and brightness, the hydrogen that did not make it through
the aperture would have to be pumped from the aperture region otherwise the
build up of hydrogen will scatter the beam. In addition, the aperture would be
eroded from the constant beam exposure. On the other hand helium-3 would
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be a easy replacement for helium-4, as the ionization energies are the same and
polarizabilities are very similar. The ORION R PLUS currently uses isotopically
impure helium, the helium-3 in the beam will not be focused on the aperture and
therefore will not be able to leave the column.
The probe sizes that would result by using a different imaging gas can be seen in
figure 4.16, the ion species have been calculated at an acceleration voltage of 35 kV.
20 kV electrons in the column have also been included, this would however require
the source to be operated as a field emitter rather than a field ionization source.
This has been included to highlight how an electron source would operate with
electrostatic optics. It is apparent that at a convergence angle of 1 mrad, which is
where the microscope is currently operating there is little difference between the
spot sizes of Helium-4 and Helium-3. Protons also only have a probe size 50%
larger than the two helium species.
10−7

4He+

Diameter (m)

3He+

H+
e–

10−8

10−9

10−10

0

5 · 10−4 1 · 10−3 1.5 · 10−3 2 · 10−3 2.5 · 10−3 3 · 10−3 3.5 · 10−3 4 · 10−3
Convergence angle, αp (mrad)

Figure 4.16: Theoretical ORION R PLUS probe size of helium, helium-3, hydrogen
and electrons.

Using the methods in figure 4.2 it is possible to calculate the interaction volumes
for each species. The volumes in nickel are presented in figure 4.17. The difference
between helium-3 and helium-4 is very small. The SE mean free path and the
Bethe constant is unknown for helium-3 so it is not possible to give an indication
of the resolution. The Higher velocity of helium-3 would produce larger mean free
paths of SE’s so the resolution will be worse, but this may not be by much.
There are two significant gains for moving to helium-3. Firstly the electronic
stopping force is 18% larger for helium-3 in nickel, figure 4.18(a) and secondly the
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Figure 4.17: Interaction volumes in nickel; (a) 35 kV 4He; (b) 35 kV 3He; (c) 35 kV
protons. Legend colours correspond to electronic energy loss in eV Å−1

nuclear stopping force is 75% of helium-4, figure 4.18(b). These improvements
are intrinsic to the properties of the beam so similar figures should stand for the
other elements. Monte-Carlo simulations on the sputtering and dislocation rates
in nickel of the three ions sources are given in table. 4.2. It becomes apparent
that the sputtering rates of helium-3 are 75% of helium-4. The dislocation rate is
also significantly reduced by 30%.
The increased electronic stopping would increase SE yields, this would allow
shorter dwell times which would help to reduce the effect of stage vibration on
the sample.
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Figure 4.18: Stopping force of helium-4, helium-3 and protons; (a) Electronic stopping
force; (b) Nuclear stopping force.

Species
4He
3He
H

Sputtering rate (atoms/ion)
0.057
0.042
0.00233

Dislocation rate (vacancies/ion)
147.6
101.5
15.1

Table 4.2: Sputtering and vacancy production rates in nickel for Helium-4, Helium-3
and protons.

4.9

Conclusions

The interaction volume in the ORION R PLUS is much smaller than a SEM and
this leads to greater resolution. The depth at which secondary electrons have sufficient energy to escape the sample surface is much shallower than a SEM, this
leads to a greater resolution of secondary electron images and a greater ability
to resolve surface detail. Despite the relatively low beam current the SE signal
generated in the ORION R PLUS is sufficient to form images as the low beam
currents are counteracted by an approximate increase of two orders of magnitude
of signal generated in the volume by each ion when compared to electrons. Despite
the high rate of stopping for helium ions it is not possible to generate significant
quantities of X-rays in the ORION R PLUS this eliminates the possibility of using the ORION R PLUS to perform X-ray microanalysis. The calculation of the
performance of a helium-3 beam opens up the possibility of reducing sputtering
whilst having only slightly reduced resolution.
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Chapter 5

Luminescence in solids
Chapter 4 explained the nature of energy lost by charged particles passing through
matter. This chapter will focus on the theory of luminescence that can be observed
under the ORION R PLUS.
The energy lost to the charged particle will be gained by the target and can result in luminescence. The luminescence resulting from electron stopping is termed
cathodoluminescence (CL). In contrast, the term for luminescence from ion interaction is usually called either ion beam induced luminescence (IBIL) or simply
ionoluminescence (IL) (Vij, 1998). In CL as well as IL luminescence can be generated by the beam exciting electrons in the target to higher energy states, radiative
decay can then result when the electron relaxes back to the original state. IL
and CL do however differ, IL can also be generated by the sputtering of surface
material and by transitions of the electrons in the ion beam itself.
This chapter will therefore start by looking at the luminescence processes that are
common between the two regimes, that is processes occurring within the target
itself and the detection of these emissions. Then the emissions that are the sole
domain of IL will be described. The comparison between the applications of the
two techniques will be presented. Finally a fundamental look at IL under the
ORION R PLUS will be presented.

5.1

Luminescence Processes common between CL and IL

Luminescence processes exist in both organic and inorganic solids. Luminescence
in organic solids typically results from electronic transitions of π electrons (Bowen,
1968). In inorganic solids luminescence is typically due to energy transitions of
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electrons in isolated atoms, crystal lattice defects and in the case of semiconductors, carrier recombination across the band gap or to impurity states within the
band gap. These process will now be explained in more detail.

5.1.1

Luminescence in crystals and semiconductors

Luminescence processes in semiconductors and crystals tend to be split into two
groups, firstly there is intrinsic luminescence, these processes would occur in a
perfect crystal lattice. Examples of intrinsic luminescence would be band to band
transitions and excitonic luminescence.
When a valence electron in a crystal or semiconductor is given sufficient energy
it will transition to the conduction band. Two charge carriers will be formed; the
electron in the conduction band, and the hole left behind in the valence band.
In band to band transitions, luminescence is the result of a radiative decay of an
electron from the bottom of the conduction band to the top of the valence band
(Pines, 1964). An electron promoted to the conduction band typically undergoes
a fast non-radiative decay to the bottom of the conduction band, then a relatively
slow decay to the top of the valence band (Klein, 1968). In direct gap materials,
figure 5.1(a), where the momentum of electrons in the bottom of the conduction
band is the same as the momentum of the holes in the top of the valence band,
the decay will involve a photon as it has almost no momentum and will be of an
energy approximately the size of the band gap, Eg [eV]. In an indirect band gap
material, figure 5.1(b) the transition from the bottom of the conduction band to
the valence band requires a significant change in energy and momentum and will
most likely result in phonon emission rather than a photon, although it is possible
to perform the transition with a combination of both, however this pathway is
much less likely than phonon emission by itself.
Excitonic emission is also possible in crystals Wannier (1937); Frenkel (1931); Yacobi and Holt (1986). An exciton behaves somewhat like a hydrogen atom, as it
consists of an electron bound to a positive hole and can be excited to higher energy
states, En given in eqn. (5.1), where R is the Rydberg constant and in the case of
excitons is given by eqn. (5.2), m∗ is the effective mass of the electron in the bound
state and ε is the dielectric constant of the material. Frenkel excitons tend to form
in materials with a low dielectric constant, the weak Coulomb screening results in
tight binding of the electron to the hole and as a result the excition is much more
localised then a Wannier-Mott excition. The Wannier-Mott excition tends to form
in a material with a large dielectric constant, such as semiconductors, this results
in strong Coulomb screening and a weak binding on the order of 0.01 eV. This
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Figure 5.1: Energy - wave vector diagram of a direct semiconductor (GaAs) (a);
indirect semiconductor (Si) (b). Momentum is proportional to k.

weak binding energy is typically only higher than kT at cryogenic temperatures.
Therefore, above crygenic temperatures the binding energy of Wannier-Mott excitions will easily overcome. As the ORION R PLUS does not have a cold stage it
is therefore not possible to detect excitonic emission.
En = E∞ −

R=

R
n2

m∗ e4
2h2 ε2

(5.1)

(5.2)

The generation of photons will be proportional to the radiative recombination
rate of carriers. The presence of deep impurities will severely modify the efficiency
of emission. In the Shockley-Read-Hall (Shockley and Read, 1952) process the
presence of an impurity in the middle of the gap results in a deep level trap. This
trap greatly reduces the lifetime of carriers. Although this results in a higher
recombination rate the recombination is typically non-radiative. This leads to an
overall reduction in rate of radiative recombination.
Extrinsic luminescence is caused by defects or impurities in the crystal. If the
impurities are incorporated on purpose then they are typically called activators
and the resulting material is usually referred to as a phosphor. Within extrinsic
luminescence the distinction breaks down into two sub categories, localised luminescence results from processes occurring at a localised centre whereas delocalised
luminescence occurs when electrons and holes recombine over a band gap.
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In semiconductors the donors and acceptors that determine the semiconductors
free carrier density may also be activators. Free to bound transitions in semiconductors occur between a free carrier and a carrier bound to an impurity, donor
or acceptor, (a,b) in fig. 5.2. Donor-acceptor transitions are known as bound to
bound, since both carriers are bound to localised sites the recombination must
occur over a physical distance, r (Vij, 1998). This can happen in two ways, either
an electron after a band to band excitation is trapped at an ionized donor and
recombines at a compensated acceptor or an electron in a compensated acceptor
is excited to an ionized donor level. The energy of photons emitted via bound to
bound recombination is given in eqn. (5.3) e is the charge on an electron, ε is the
static dielectric constant and w is an adjustable van der Waals parameter. e2 /r
represents a coulomb interaction between a donor acceptor pair with a separation
of r. e2 w5 /εr6 is a polarisation term related to van der Waals energy for rotating
dipoles and is usually negligible.

Figure 5.2: Extrinsic luminescence processes, (a,b) band to impurity transition, (c)
exciton interaction (d) donor-acceptor transitions.

hv = Eg − (EA + ED ) + (e2 /εr) + (e2 /εr) − (e2 w5 /εr6 )

(5.3)

Localised activators incorporated into crystals can be broken down into two types,
those with allowed transitions and those with forbidden transitions. The Laporte
rule (LAPORTE and MEGGERS, 1925) specifies that if a crystal has an inversion
centre, that is, if for every point (x, y, z) in the unit cell has an undistinguishable
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point at (−x, −y, −z), then an electronic transition is allowed between two electronic sub shells, more formally the azimuthal quantum number ` has to change
by ∆` ± 1. This is known as an allowed transition. In the case of rare earths this
tends to be d ↔ f . Once an activator is incorporated into the crystal lattice it
may enable a forbidden transition as the lattice electric field can make forbidden
transitions allowed, that is d ↔ d and f ↔ f transitions. This occurs because
the electric field can distort the crystal so it has no inversion centre. In addition
to a selection rule for ` there is also a rule for the permissable inner quantum
number, J, if one level is J = 0 then an electric dipole transition can occur with
∆J = 2, 4, 6 for the magnetic dipole transition ∆J = 0, ±1, however J = 0 ↔ 0 is
forbidden. It will be seen in the following chapters that the rare earth activators
in some of samples studied follow these rules.
F-Centres are defect points that may enable localised luminescence. Typically
an F-centre can be a dislocation, vacancy or replacement. For example, nitrogen
replacement in the vicinity of a vacancy in diamond will produce a visible colour
centre, in this case leading to NV diamond.

5.1.2

Luminescence in organic molecules

Luminescence in organic molecules is due to transitions between energy levels
in electrons forming the bonds of the molecule (Bowen, 1968). Typically two
transitions contribute to luminescence, the π bonding orbital to π antibonding
orbital, π ↔ π ∗ and a lone pair to π antibonding orbital. n ↔ π ∗ , the transitions
are illustrated in figure 5.3.
Fluorescence will occur with radiative transitions between the singlet states, for
example S1 → S0 and phosphorescence will occur due to the longer lifetimes
of triplet states, T → S0 . Intersystem crossing can occur from S1 → T0 and
Sn → Tn (Pringsheim, 1949). Internal conversion can also occur, the probability
of internal conversion is generally increased by the increase in vibrational and
rotational degrees of freedom and if the molecule is interacting with a host solvent.
Promotion to the π ∗ state also opens the possibility of returning to a stable bonding
state other than the original bond. The new configuration may not luminesce at
all. If the new configuration is reversible, for example, if the new state is caused
by a metal ion that is subsequently removed then the molecule is said to have been
quenched. If however, the new state in irreversible then the molecule would have
been bleached.
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Figure 5.3: Electronic transitions in organic molecules. After (Pringsheim, 1949). S
levels represent singlet states and T levels the triplet states.

5.2

Photon generation and detection

Any photons generated in the sample need to reach the detector. The optical
losses, A(λ), which include optical absorption, Fresnel losses and total internal
reflection, can be seen in eqn. (5.4), (Pfefferkorn et al., 1980). Firstly, the sample
will have an absorbtion coefficient ∝ (λ). The probability of a photon reaching
the surface through a path length of z will be e−∝z . Secondly, the photon must be
transmitted and not reflected from the sample surface, 1−R, where the normal incidence reflection loss is R is given in eqn. (5.5) (Reimer and Hawkes, 1998). Finally,
the total internal reflection is described by the integral, where θc = sin−1 (n2 /n1 )
and n1 is the refractive index of the solid and n2 is the refractive index of the
vacuum (n2 = 1).

A(λ) ≈ 1 − [(e

−∝z

1
)(1 − R)
4π

n1 − 1
R=
n1 + 1


»

2

θc

0

#

2π sin θ1 dθ1 )

(5.4)

(5.5)
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The total photon detection rate is given in eqn. (5.6), with Q(λ) as the photon yield
of the material per projectile particle, which in CL and IL will be proportional to
(dE/d`)e and D(λ) is the efficiency of the detection system (Steyn et al., 1976).
N (λ) = Q(λ)[1 − A(λ)]D(λ)

(5.6)

In semiconductors Q(λ) is given by the rate of electron hole pair generation G
multiplied by the probability of radiative recombination ni . The electron hole pair
generation rate at a particular point can be expressed as a function of the electronic
energy loss at this point, equation 5.7. This formula can be used to estimate the
total photon detection rate N (λ) by calculating the photon detection rate from
each unit volume element by substituting Gni into equation 5.6 with suitable
values for A(λ). The result can then be integrated over all volumes elements and
multiplied by the detector efficacy D(λ).
Gpoint =

Ib dE
eEe−h d`

(5.7)

For electron beams under a SEM the interaction volume is typically much smaller
than the mean free path of the generated photons, therefore in a SEM equation
5.7 is usually simplified as equation 5.8, where E is the beam energy, Ib the beam
current, η the backscatter coefficient and Ee−h is the energy required to generate
an electron hole pair, typically Ee−h is derived from fits to experimental results to
be 2.8Eg + E 0 where 0 ≤ E 0 ≤ 1 (Davidson, 1977) . This formula assumes that
the luminescence can be considered as originating from a single point, for large
photon mean free paths equation 5.7 should approximate equation 5.8.
G=

EIb (1 − η)
eEe−h

(5.8)

A known CL response in phosphors is given in equation 5.9, where k is a constant,
f is dependent on current and is unity below beam saturation conditions (Garlick,
1949). Ed is the dead voltage and m is typically between 1 and 3. It could be
seen that m is essentially the generation efficiency similar to Ee−h . The dead
voltage is particulary interesting, in both phosphors and semiconductors there
exists a dead layer. This is the surface layer which does not exhibit luminescence.
In semiconductors it is due to the sample vacuum interface behaving as a layer
of Shockley-Hall-Read traps. In phosphors the interface experiences a different
electric field to the bulk of the sample and may not enable forbidden transitions
to be allowed. Ed can be found from measurements of intensity against beam
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voltage and will represent the minimum interaction volume required to penetrate
through the dead layer.
ICL = kf (Ib )(E − Ed )m
5.2.1

(5.9)

Additional IL processes

Ionoluminescence is rather a broad term when compared to cathodoluminescence.
There is more than one process in which luminescence can result from the interaction from an ion beam; Firstly there is luminescence generated from the
luminescent decay of sputtered particles in an excited state; Luminescence from
electronic transitions in the imaging ions and resulting neutrals; excitonic emission
from excitons on the surface of the sample and finally, there is the decay of excited states within the sample, this process can be seen as the ion beam analog to
cathodoluminescence, it is typically referred to in the literature as IBIL, a review
of IBIL can be found by White (White, 1978). As mentioned previously, excitonic
luminescence is most likely undetectable in the ORION R PLUS as it has no cold
stage so then leaves luminescence from sputtered particles, luminescence from the
backscattered beam and luminescence from the decay of excited states within the
sample.
The intensity of luminescence can change over time. These transient effects are
usually attributed the presence of oxygen on the surface of a sample. As such, the
effect is best observed when initially exposing a sample to the beam. However,
an increase in oxygen pressure, or modifying the beam profile can also affect the
amount of oxygen being irradiated by the beam. Typically the luminescence of
a sample increases rapidly for a short time before undergoing a slow decay. The
increase in luminescence is attributed the oxide like band structure on the surface
of the sample. Over time, sputtering and heating of the sample thins or removes
this layer of oxide, thus reducing the luminescence back down to a level more in
line with an clean surface.
Ionoluminescence signal will also be affected by the presence of implanted inert
gasses. There is a tendency to generate continua in the ultraviolet region from
trapped He2 etc, as the gasses undergo radiative decay after being excited by the
incoming beam (Braun and Emmoth, 1980). The intensity of luminescence will
increase with ion dose until a saturation point is reached.
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Applications of CL and IL
Cathodoluminescence

The first applications of cathodoluminescence were in mineralogy and petrology
(Smith and Stenstrom, 1965), the CL emission gives an indication of rare earth
and transition metal content, in addition some information can be gained on the
crystallographic make up of the minerals. Currently CL has been used in the
fields of archeology, biology and materials science (Schiller and Boulou, 1975). CL
is used in the development of cathode ray tubes, ceramics, herbicides, medicines,
polymers, semiconductors and superconductors. The prevalence of CL is partially
due to the ease of attaching CL equipment to an existing SEM. Cathodoluminescence imaging can range from simple panchromatic imaging to monochromatic
and spectral imaging. Panchromatic imaging is possibly the easiest to implement,
a photomultiplier Tube (PMT) in conjunction with a scanning electron beam or
a charge coupled device (CCD) array can be used with simple optics to form an
image. Spectral imaging can be achieved by the addition of a diffraction grating,
using slits either side of the grating can act as a band pass filter to allow only
specific wavelengths of light onto the detector.
CL differs from other luminescent processes such as photoluminescence since the
high energy electrons will stimulate a wider array of luminescent processes. X-ray
emission will result from electrons exciting inner shell electrons in the target, this
is exploited in EDS. The backscattered and secondary electrons will also excite
electrons and a cascade of luminescence can result from a single incident electron.
Cathodoluminescence contrast mechanisms can be due to crystallographic defects,
impurities, variations in material stress, space-charge effects and material interfaces (Vij, 1998). It is important that the materials intended for study can survive
vacuum conditions, do not decompose under the electron beam, are resistant to
atomic displacement and are electrically conductive to avoid sample charging.

5.3.2

Ionoluminescence

Ionoluminescence has been previously used to acquire both spectra and images. In
previous cases ion beams were generated accelerating voltages in excess of 100 keV.
Typically a proton beam between 1 MeV to 3 MeV is used. (Calusi et al., 2008).
Tandem accelerators are frequently used for ion beam analysis, in this regime negative ions are accelerated towards a positive terminal containing a charge stripper,
the charge stripper then converts the negative ion to a positive ion and it is then
accelerated away from the terminal. The term tandem stems for the fact that
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particle undergos two accelerations. The source of negative ions typically comes
from generating a positive ion plasma and then passing the plasma through alkali
metals that reduce the plasma. Cyclotrons and synchrotron may also be employed.Clark (1972) IBIL has been used simultaneously with other analysis and
imaging techniques. For example, IBIL has been used in conjunction with a SE
detector to generate both images simultaneously (Teo et al., 2003), this regime is
identical to the situation that this thesis explores. In addition, IBIL has been used
in conjunction with PIXE to generate luminescence images and elemental analysis
simultaneously. This requires two sets of photon detectors and which means that
a parabolic mirror cannot be used to collect visible photons as it would prevent
x-rays reaching the x-ray detector. This setup lends itself to the analysis of geological samples as elemental composition can be mapped to colour changes in the
samples (Bettiol et al., 1994; Malmqvist et al., 1996; Bettiol et al., 2001; Jardin
et al., 1996; Yang et al., 1997). Finally, IBIL has been used in conjunction with
IBIC to analyse semiconductors. This allows evaluation of such things as recombination rates both radiative and non-radiative (Bazhin et al., 1976; Breese et al.,
2001; Manfredotti et al., 1998). The spot size of the beam in these accelerators has
historically tended to be approximately microns and so high resolution imaging
is not possible, typically the field of view is in the tens to hundreds of microns
with beam currents up to the pA range. Very recently spot sizes have reached the
nanometer scale and it is now possible to achieve sub 100 nm spatial resolutions
with a MeV beam. Minqin et al. (2007); Watt et al. (2009)
-

5.4

IL under the ORION R PLUS

This section will work through the different types of IL emission that may be
observed under the ORION R PLUS.

5.4.1

Luminescence from sputtered particles and radiative decay of
inert gasses

Luminescence from sputtered particles is a significant process with heavier ion
species like gallium. Gallium is used in FIB precisely for the ability of gallium to
sputter material. The heavier mass of gallium at 35 keV will lose more energy to
nuclear stopping than the lighter helium ions. The sputtering rate is dependent
on the atomic masses of the target and projectile, However, to give an idea of the
difference in sputtering rate, 35 keV He+ incident on silicon would give a sputtering
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yield is ∼ 0.013 (sputtered ions/incident ion). For Ga+ at 35 keV on silicon this
yield would be ∼ 3, this illustrates that the sputtering effect is 230 times weaker for
He+ on silicon. Typically the LMIS in a FIB will also produce much higher beam
currents than the ORION R PLUS. The total luminescence yield from sputtered
atoms or molecules will be in the region of four orders of magnitude lower for the
ORION R PLUS than for a FIB.
It has been reported in the literature (White, 1978) that copper sputtered with
helium can generate sharp luminescence signal due to decay of sputtered copper
molecules. The luminescence has peaks at 660 and 330 nm with the strongest
peak at 660 nm. In addition, the luminescence from He2 has been shown to have
peaks in the region between 520 and 660 nm. Copper has been investigated under
the ORION as a suitable substrate. This was necessary as samples supplied on
silicon substrate displayed broad peaks at 480 nm and a peak at 520 nm with a an
additional very broad background that extend though to the limit of the detector.
As seen in figure 5.4 the only peak identified is at 860 nm. This peak is also present
in aluminium and carbon substrates and was discovered to the optical encoder on
the sample stage. What this illustrates is that no luminesce from sputtering has
been detected from all three samples, nor has any luminescence been detected
from electronic transitions in He2 . Of all the samples investigated in this work
no emission was shown that corresponds to these two processes. It appears that
the sputtering yield is too weak and the beam currents too small to generate a
sufficient signal to noise ratio for identifiable emission.
0.3
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Figure 5.4: Luminescence from copper substrates; (b) 500 nm centre wavelength; (a)
800 nm centre wavelength, emission from optical encoder visible at 860 nm.
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5.4.2

Relative intensity of luminescence between IBIL and CL

It becomes apparent in the following chapters that in general luminescence detected under ion bombardment appears to generate significantly less signal than
electron bombardment. This can be explored by finding a sample that is stable
under both the ion and electron beams. This comes in the form of a Ho3+ doped
gallium lanthanum sulphide (GLS) glass that has been given a 5 Å coating of
platinum to prevent charging. The sample exhibited a decrease in luminescence
on initial exposure. This can be explained as a transient effect and the rate of
luminescence stabilised after any surface oxidation has been removed by heating,
figure 5.6. Further exposures do not exhibit the transient effect and have stable
luminescence rate required to take reliable measurements.

CL intensity (a.u.)
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Figure 5.5: CL spectrum of Ho3+ GLS.

The variations in current have been measured for both CL and IL so the results
presented in figure 5.7 represent arbitrary counts per second per pA. The levels
of readout noise are no greater than 2 × 10−2 counts/s, the dark current can be
as high as 5 × 10−1 counts/s but this is greatly minimised by performing a dark
subtraction frame before every frame. There is always a risk that the beam current
will change whilst a sample is being exposed, this is particularly so for the SEM,
the greatest change in current has been observed to be 10%, a conservative 7.5%
forms the basis of the error bars in figure 5.7. It is clear that the CL signal at 25 kV
is much below this point and perhaps the measured beam current and the actual
beam current vary by a much greater amount. It becomes apparent that firstly
the 650 nm peak is greater than the 550 nm peak for IL but the opposite is true in
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Figure 5.6: Transient IL at 550 nm in Pt coated Ho3+ GLS exposed at 30 kV. 4
anomalous results can be seen at the bottom of the figure, these are caused by the
shutter for dark subtraction not closing. This results in a ‘bright’ image being used
for dark subtraction, which will then almost completely cancel out the image of the
sample.

CL. The relative intensity of IL for the 550 nm peak is 0.16 that of CL and for 650
nm it is 0.6. It is not possible to perform these measurements on other samples
in this work as all other samples suffer from IL decreasing from beam damage.
However, it will be seen in the following chapters that a rough heuristic guide of
IL being an order of magnitude lower that CL is valid. This is compounded by
the relatively low beam currents achievable in the ORION R PLUS in comparison
to the SEM.

5.5

Conclusions

Unlike SE emission, luminescence observed from the sample may be from several
processes. Each process will provide different information and it is this information
that makes the technique so valuable. It can be difficult to predict the luminescence
yield due to the wide array of processes involved. However it is possible to identify
processes from the obtained spectra. What is particulary interesting is that for
the same processes in IL that are present in CL the relationships between current
and acceleration voltage in respect to yield is the same within each technique.
However, when comparing yields between CL and IL it appears that IL yields
are significantly lower than the equivalent CL yield. This will make IL imaging
more difficult than CL imaging. In chapters 6 and 7 applications of IL will be
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Figure 5.7: Ionoluminescence and cathodoluminescence in Ho doped GLS glass; (a)
IL of 550 nm peak; (b) IL of 650 nm peak; (c) CL of 550 nm peak; (d) CL of 650 nm
peak.

explored and this will confirm whether IL under the ORION R PLUS is suitable
as a imaging and microanalysis technique.
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Chapter 6

Investigation of Semiconductor
Samples
This chapter looks at the feasibility of using IL to investigate optoelectronic semiconductor devices. Although this is an established application area for CL, the
reduced interaction volumes in the ORION R PLUS may lead to higher resolution
imaging of these devices. It would be prudent at this point to familiarise with the
equipment used for this work. This can be found in appendix A.
Direct band gap semiconductors are commonly found in optoelectronic devices
such as LED’s, photodiodes and solid state lasers (Sze and Ng, 2006). Cathodoluminescence is routinely used as a tool to identify defects in direct band gap semiconductors (Yacobi and Holt, 1986). The technique can provide details on lattice
defects, dislocations and surface defects (Holt and Joy, 1989) that can modify or
limit the performance of the devices. It is also prudent to investigate the effect
that this has on direct band gap materials. The investigation should highlight
any potential for damage under the HIMthat could limit the HIM’s suitability to
image direct band gap materials.

6.1

An initial look into ionoluminescence of direct band
gap semiconductors

A range of direct band gap devices have been obtained by extracting commercial
LED dies from their packaging. This has been performed by submerging the
packages in trichloromethane for one week to weaken and dissolve the protective
plastic packaging surrounding the dies. The dies are 200 µm × 200 µm × 200 µm
cubes with the exception of the GaN on Sapphire die which is only 50 µm thick and
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had to be carefully mounted onto 12.5 mm pin stubs. The dies were first imaged
in the EVO using the MonoCL to obtain panchromatic and false colour images,
along with the spectra of emission from the dies.
Figure 6.1 presents SEM images of a GaN on Sapphire LED. The typical structure
of a GaN on sapphire LED is provided in figure 6.1(a), reproduced from (Nakamura
et al., 1993). The active region is actually an InGaN multiple quantum well
(MQW) structure. The panchromatic image in figure 6.1(b) was acquired with a
PMT bias of just -600 V. This is an incredibly low bias only achievable due to
the very strong luminescence from the LED. Using a red, green and blue filter
in front of the PMT it is possible to construct an approximate colour image of
the die, figure 6.1(c). The spectrum of the yellow region is given in figure 6.1(d).
The peak at 385 nm corresponds to the band gap of GaN (Muth et al., 1997).
The broad peak at 580 nm is known as the yellow band (Hofmann et al., 1995),
this band has been extensively studied and is currently believed to be generated
by point defects on the surface of the material (Reshchikov and MorkocÌğ, 2005;
Kucheyev et al., 2002). A spectrum from the blue region, along with a spectrum
of the yellow region is given in figure 6.1(d), the band gap emission and yellow
band are visible. In addition, there is a peak at 495 nm generated from the MQW
active layer.
The GaN on sapphire die has been imaged under the ORION R PLUS, figure 6.2.
No IL emission could be detected from the GaN or MQW structure. The only
luminescence detected was from the sapphire substrate, figure 6.2(b). A lower
magnification image, figure 6.2(d) shows reduced luminescence of the previously
imaged sapphire area, this suggests quenching due to beam damage.
An InGaAlP on GaAs die is shown in figure 6.3 and has been imaged under both
the EVO and ORION R PLUS. The SE image in figure 6.3(c) shows from top to
bottom the electrode, upper confining layer and interface between the upper and
lower confining layers (Defevere and Kish, 1997). Damage is evident on the left
and right hand side of the device as well as chips to the bottom edge. The CL
image in figure 6.3(d) yields additional features of the device. The electrode is
barely visible and the upper confining layer is not emitting. The active region is
seen as a bright narrow band. The lower confining layer is weakly luminescing and
the substrate layer only shows luminescence for the damaged regions either side
of the device. Surface damage caused by tweezers during mounting of the device
can be seen as dark scratches. When imaged under the ORION R PLUS, figure
6.3(a)–6.3(b), the SE image gives much of the same information as the SE image
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Figure 6.1: GaN on Sapphire LED die; (a) Diagram of die structure; (b) Panchromatic
CL image; (c) Composite RGB image; (d) Spectra from yellow and blue region.

under the EVO. The same cannot be said for the IL image in figure 6.3(b). There
is no detectable emission from the entirety of the device.
GaP, GaN on SiC, and InGaN devices have been investigated in addition to the
GaN on sapphire and InGaAlP on GaAs dies, in all cases no IL emission could be
detected under the ion beam.
An undoped GaAs wafer has also been investigated with both CL and IL imaging,
figure 6.4. The wafer surface has been scratched with a diamond scribe to produce
topological features that can be easily focused. It can be seen in figure 6.4(c) that
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(a)

(b)

(c)

(d)

Figure 6.2: GaN on sapphire LED die; (a) HIM SE image; (b) Panchromatic IL
image; (c) Lower magnification SEM SE image taken after (a); (d) Lower magnification
panchromatic IL image taken after (b).

the 870 nm peak corresponding to the band gap in GaAs (Brozel and Stillman,
1996) is detectable in CL but not in IL.

6.2

Quantum dots and thin films

CdSe/ZnS core/shell quantum dots (Dabbousi et al., 1997) have been investigated
under both SEM and HIM. SE and IL images under the HIMcan be seen for
510 nm and 610 nm Lumidot (TM) quantum dots (Sigma Aldrich) in figure 6.5.
Unlike the LED and GaAs wafer in the previous section, the quantum dots exhibit
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(d)

Figure 6.3: InGaAlP LED die; (a) HIM SE image; (b) Panchromatic IL image; (c)
SEM SE image, showing electrode (A), upper confining layer (B) and lower layer (C),
the active region is the junction between the upper and lower layer; (d) Panchromatic
CL image.

a luminescent signal. A comparison can be made between the CL and IL spectra
of each sample, figure 6.6. It can be seen that the IL and CL peaks do not exactly
match. As CL and IL imaging was performed almost a year apart there may be
calibration issues shifting the recorded wavelengths by a few nm, in addition at
2 mm slit widths and 300 lines/mm the resolution is approximately 12 nm. This
may explain the shift seen in figure 6.6(b). Figure 6.6(a) is more interesting, The
IL peak, whist weak does seem to correspond to 510 nm. The CL peak however is
uncharacteristically broad for a quantum dot and shifted by almost 30 nm. This
may be due to an error with the detector or contamination of the sample. Shifting
of the emission is not a property usually attributed to CL emission of quantum
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Figure 6.4: GaAs wafer; (a) SEM CL image; (b) HIM IL image; (c) CL & IL spectrum.

dots. It is also apparent that the intensity of the CL peak is approximately two
orders of magnitude higher that the IL peak.
A sample consisting of GaN microstructures on sapphire from Linkoping University has been investigated under IL. The microstructures consist of ‘hillocks’
approximately 3 µm in diameter grown using epitaxy. Strong SE emission can be
detected from the very top of the ‘hillocks’ in figure 6.7(a). Luminescence is apparent from each ‘hillock’ in figure 6.7(b), with no luminescence from the regions
corresponding to the area of strong SE emission in figure 6.7(a).
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(d)

Figure 6.5: HIM images of quantum dots; (a) SE images of 510nm quantum dots; (b)
IL image of 510nm quantum dots; (c) SE image of 510nm quantum dots; (d) IL image
of 610nm quantum dots. Quantum dots (∼5 nm) form a luminescent layer across the
entire field of view, individual quantum dots too small to resolve.

A series of three simultaneous IL and SE images have been taken of the sample,
figure 6.8. It can be seen that the luminescence from the GaN seen in figure 6.8(d)
is almost completely gone in figure 6.8(e) and by figure 6.8(f) only the luminescence
from the sapphire substrate remains.
A GaN on sapphire wafer has also been investigated. Unlike the GaN on sapphire
LED it is apparent in figure 6.9(b) that this sample does luminescence under the
ion beam. It can also be seen in the figure that higher magnification imaging
has caused beam damage leading to a significant reduction in the luminescence.
Figure 6.10 confirms that GaN on sapphire spectra obtained under IL has the
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Figure 6.6: CL and IL spectra of; (a) 510 nm quantum dots; (b) 610 nm quantum
dots.

(a)

(b)

Figure 6.7: GaN microstructures on sapphire; (a) HIM SE image; (b) HIM IL image.
Red circles added to aid in comparing features from one figure to another.

same spectral response as under CL. It is not clear why emission can be detected
for this sample and the GaN hillocks but not the GaN LED.

6.3

Ion damage measurements

The extent of the ion beam damage on the luminescence of direct band gap materials has been explored using a GaN on sapphire wafer and exposing 100 µm
areas to varying ion doses of 109 ions /cm2 to 1016 ions /cm2 at 30 kV. In addition,
10 kV, 20 kV and 30 kV exposures at 1016 ions /cm2 on 5 µm areas have also been
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(f)

Figure 6.8: A series of HIM images of GaN microstructures on sapphire; (a)–(c)
Consecutive SE images;
(d)–(f) Consecutive IL images. Image enhancements, (contrast and despeckle) have
been applied to aid clarity of the figures as they do not reproduce well in print. Red
circles added to aid in comparing features from one figure to another.

(a)

(b)

Figure 6.9: GaN on sapphire wafer; (a) HIM SE image; (b) HIM IL image.
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Figure 6.10: IL and CL spectrum of GaN on sapphire wafer.

made. The wafer has then been imaged in under the EVO R with CL, figure 6.11.
Technical problems with the MonoCL scan generator necessitated using the VPSE
detector as a CL detector, this can be achieved by reversing the bias on the ET
detector in order to avoid electrons reaching the scintillator on the ET detector.
The VPSE detector has no scintillator and instead relies on the chamber gas in
environmental mode to luminescence. In high vacuum mode the VPSE detector
will then simply operate as a PMT and can be used to detect CL. The fault with
the scan generator was not detected until after the mirror was inserted, this led
to approximately 10 minutes where the electron beam was exposing the sample at
291 pA, giving an electron dose of approximately 1.4 × 1013 electrons/cm2 . It can
be seen in the figure that this has resulted in a reduction of luminescence visible
by the circular 1000 µm diameter exposure area.
In the figure it can be seen that doses below 1011 ions /cm2 appear to have almost no effect on the luminescence. The reduction of luminescence via damage
occurs at 1012 ions /cm2 , at 1013 ions /cm2 sufficient defects have been generated
that the diffusion of carriers to the exposed region and subsequent non-radiative
recombination produces a 20 µm dark border around the exposed area.
The three 1016 ions /cm2 exposures at 10 kV, 20 kV and 30 kV show a greater reduction in luminescence as accelerating voltage drops, in keeping with the nuclear
stopping theory in section 4.1.2.2. This is a result of the 10 kV beam producing higher levels of sputtering and defect generation that will occur closer to the
surface than a higher voltage beam.
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Figure 6.11: SEM CL image of GaN on sapphire wafer after exposure, labels show
1016 ions/cm2 at 10 kV to 30 kV and 30 kV exposures at beam doses between 109 and
1016 ions/cm2 .

Spectra have been obtained from GaN on sapphire at 1012 ions/cm2 to
1015 ions/cm2 , figure 6.12. It is clear that the yellow band emission decreases
with increasing dose. It is interesting that at 1013 ions /cm2 the emission above
590 nm appears to be completely quenched whilst some emission below 590 nm
still remains, albeit at lower intensity. This perhaps suggests that the yellow band
consists of two colour centres, one of which is more suspectable to beam damage.
At 1014 ions /cm2 the luminescence of the second centre has been reduced by a
factor of five and by 1015 ions /cm2 is almost gone.
Putting this into context, it was shown in section 4.7 that the signal to noise
is a function of beam current and dwell time. Therefore the beam current and
dwell time will need to remain constant as magnification increases, this leads to an
increased beam dose required for high magnification images. A high magnification
image in the ORION R PLUS with a field of view of 1 µm would deliver a beam
dose of 1015 ions /cm2 . At 10 µm field of view this would reduce to 1013 ions /cm2
and at 100 µm field of view this would be 1011 ions /cm2 . Therefore, relatively low
magnification imaging would still affect the luminescence of GaN on sapphire, this
is illustrated in figure 6.13 where the GaN on sapphire LED die has been imaged
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under the EVO with CL and the region of interest imaged under the ORION R
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Figure 6.12: Spectra obtained from GaN on sapphire wafer exposed at; (a)
1012 ions/cm2 ; (b) 1013 ions/cm2 ; (c) 1014 ions/cm2 ; (d) 1015 ions/cm2 .

The procedure of exposing regions at 109 ions /cm2 to 1016 ions /cm2 has been
repeated at 30 kV for GaAs and then imaged under the EVO R using the MonoCL,
figure 6.14. There does not appear to be any detectable reduction of luminescence,
even at lower accelerating voltages. This is in stark comparison to GaN in figure
6.11
The only bulk material to show luminescence under IL in this work is the GaN
wafer. It is also the only bulk sample that depends heavily on surface defects
to generate luminescence. It also appears to be particulary suspectable to beam
damage under the ORION R PLUS. Conversely GaAs does not luminesce under
IL but at the same time does not appear to be as affected as GaN by beam dose
under the ORION R PLUS when imaged under CL.
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Figure 6.13: SEM CL image of GaN on sapphire LED die after imaging under the
HIM.

6.4

Dead layer measurements

To further investigate the complete lack of IL in GaAs the dead layer needs to be
taken into account (Garlick, 1949). It could be the case that this layer is thick
enough that the interaction volume of a 30 kV He beam is not large enough to
overcome this barrier. Measurements of this layer have been performed in the EVO
by finding the minimum accelerating voltage required to produce luminescence.
The efficiency of the detector needs to be factored in. At higher currents the dead
layer will seem smaller as the signal to noise ratio is better. The dead layer in
GaAs appears to be overcome at voltages between 1 and 2 kV at 250 nA beam
current. This is illustrated in figure 6.15(a) – 6.15(b) where the 890 nm peak is
not visible in figure 6.15(a) but is in 6.15(b). However at 200 pA beam current,
more in line with currents achievable under the ORION R PLUS the emission
cannot be detected until between 4.3 and 4.4 kV figure 6.15(c) – 6.15(d), again
the 890 nm peak can only seen in 6.15(d). This discrepancy can be explained as
an issue with signal to noise ratio, lower beam currents will have a lower rate of
particles penetrating past the dead layer and therefore generating luminescence.
This reduction in luminescence may not be sufficient to give a high enough signal
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Figure 6.14: SEM CL image at 10 kV of GaAs wafer after exposure.

to noise ratio for reliable detection. Using CASINO it is possible to simulate
the electron energy loss at depth in GaAs at 1 and 4.3 kV, figure 6.16. This
illustrates that the dead layer is 25 nm deep, however at 200 pA the dead layer
would appear to be 200 nm deep. The question now is, how deep does a 30 kV
He beam penetrate? This is found using SRIM. It can be seen that the He beam
does indeed penetrate through the layer and a significant fraction of beam energy
is deposited there. If the beam current in the ORION R PLUS was sufficient,
emission should be seen in the ORION R PLUS. It is not possible to then say that
the lack of emission in GaAs under IL is down to the penetration depth not being
sufficient.

125

CL intensity (a.u.)

CL intensity (a.u.)

Chapter 6 Investigation of Semiconductor Samples

4

2

0

4

2

0

800
900
Wavelength (nm)

800
900
Wavelength (nm)
(b)

CL intensity (a.u.)

CL intensity (a.u.)

(a)

4

2

0

800
900
Wavelength (nm)

4

2

0

800
900
Wavelength (nm)

(c)

(d)

1

1 keV electrons
4.3 eV electrons

30 keV helium ions
15

0.5

0

10

0

50

100

150 200 250
Depth (nm)

300

350

0
400

Stopping force (eV Å−1 ) for ions
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Figure 6.15: Spectrum of GaAs under; (a) 250 nA at 1 kV; (b) 250 nA at 2 kV; (c)
200 pA at 4.3 kV; (d) 200 pA at 4.4 kV.

Figure 6.16: Simulated interaction volumes in GaAs at dead layer threshold.
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Conclusion

It has become apparent in this chapter that ionoluminescence is a poor candidate
for studying direct band gap semiconductors. In GaAs wafers and in several optoelectronic devices no emission can be detected. This appears not to be solely
down to damage caused by the beam as it interacts with the sample. Nor is it
completely down to surface defects causing a dead layer that the beam cannot
penetrate through. It is however most likely a combination of those two effects,
taking into account the several orders of magnitude lower luminescence experienced for the ion beam in comparison to an electron beam there may simply not
be sufficient signal obtained to gather images or spectra. If one were to choose
between CL and IL to investigate a device it seems quite clear that CL would be
the only possible choice.
The issue of beam damage is also a serious concern. The scanning electron microscope does cause some sample damage from beam heating, the ORION R PLUS
causes more damage than a SEM as it will cause heating, sputtering and dislocations, but at the same time will cause less damage than a FIB beam, previously
covered in 5.4.1. While beam damage may not be as critical for SE imaging, the
damage generated under the ORION R PLUS does open the possibility that micrographs taken of optoelectronic devices, especially those of small dimensions requiring high magnification images may suffer significant or near complete quenching.
It is then advisable, that anyone wishing to use the ORION R PLUS to investigate
a sensitive optoelectronic device take note that it may not function after imaging
as it did before imaging.
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Chapter 7

Ionoluminescent probes for
Immunofluorescence studies
This chapter investigates the potential for performing immunofluorescent imaging
in the ORION R PLUS. Immunofluorescent imaging would compliment the ability
of the ORION R PLUS to perform charge control without using an imaging gas.
These two abilities combined with very high resolution and greater contrast than
a SEM would make the ORION R PLUS a more attractive tool for use in life
sciences.

7.1

Immunofluorescence primer

Immunofluorescence is a powerful technique in the life sciences to identify specific biomolecules. Biomolecules are typically made up of the same principal elements: hydrogen, carbon, oxygen and nitrogen. In general it can be said that
light microscopy and electron microscopy lack the contrast to differentiate types of
molecule. Unless the molecule of interest is a pigment, the optical transmittance
and reflection does not vary greatly between varieties of molecule. In electron
microscopy the transmission and secondary electron generation is heavily Z dependent and biomolecules do not have sufficient variation in elemental make up to
give good contrast. Immunofluorescence provides much needed contrast by tagging specific molecules with a fluorophore. When excited, the fluorophore emits
photons of a characteristic wavelength. An image can be formed of the resulting
fluorescence and therefore show the location of the target molecules as they are
co-located with the fluorophores. Targeting of molecules is performed by conjugating the fluorophore to an antigen. The antigen is carefully selected to bind
129
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with the target molecule. The sample can then be stained with the antigen fluorophore conjugate which will then bind to the target molecules. A summary of
the technique can be seen in figure 7.1.

Figure 7.1: Diagram of immunofluorescence technique.

Light microscopy is almost exclusively used for immunofluorescence (Miller and
Shakes, 1995). There are two dominant techniques; epifluorescence (Ploem and
Tanke, 1987), which is similar to standard reflection light microscopy, but includes
filters to ensure that only light of a suitable wavelength to excite the fluorophores is
used and that only the fluorescent wavelength reaches the detector, figure 7.2(a);
secondly, confocal microscopy (Müller, 2005a), which uses very small apertures
to reject light from outside the focal plane. By scanning the sample under the
microscope a three dimensional image can be obtained with a higher resolution in
the Z dimension than traditional light microscopy, figure 7.2(b). Lasers are the
light source of choice for immunofluorescence as they have high brightness and
fluorophores can be paired to the narrow bandwidth of the laser. Careful choice
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will result in a fluorophore emission that can be filtered out from the backscattered
laser emission, greatly increasing the signal to noise.

(a)

(b)

Figure 7.2: Diagram of immunofluorescence under (a) epifluorescence microscopy; (b)
confocal microscopy.

Immunofluorescence microscopy is essentially limited in two ways; Firstly, the
techniques are diffraction limited, giving a maximum resolution in the visible
of approximately 200 nm (Müller, 2005b). Secondly, photobleaching is a major
problem (Widengren, 1996). This involves the fluorophore being bleached by the
incoming photons. This means that the samples can only be imaged a few times
before the fluorophores bleach beyond the point that an image can be formed.

7.2

The state of the art

As the ORION R PLUS is a new tool there are currently no papers published on
immunofluorescence using a sub MeV ion beam, papers do exist demonstrating
sub 200 nm ionoluminescence using 1 MeV helium ion 2 MeV proton beam (Watt
et al., 2009; Minqin et al., 2007). The work I have carried out in this chapter is the
first of its kind in the lower energy region. There are however papers investigating
the use of cathodoluminescence to image immunofluorescent fluorophores. The
earliest paper demonstrates using a FITC immunofluorescent marker to obtain
low magnification (x700) images of rat kidneys (Schmidt et al., 1975). The study
could not achieve higher magnifications due to the poor performance of FITC.
More recently a study labeled the CD14+ protein in monocytes using an antihuman CD14-FITC/Alexa Fluor R 656 conjugate and anti-human CD14-Quantum
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dot conjugate (Fisher et al., 2008, 2010). This study identified via cathodoluminescence certain structures to be dense with CD14+ receptors, the resolution of
cathodoluminescence imaging was below 100 nm. The presence of P43 television
phosphor (Gd2 O2 S:Tb) has also been identified via cathodoluminescence in Kupffer cells of rats that had been previously injected with the unconjugated P43
phosphor into their bloodstream, (Kimura et al., 2004). Three species of Y2 O3
nanoparticle, that is, doped with Tm (blue), Tb (Green) and Eu (Red) have also
been injected into Mouse macrophage like cells and successfully observed under
cathodoluminescence with colour filters (Niioka et al., 2011).
Nanoscale diamond has also been investigated as a biological probe. Nanodiamond
with nitrogen-vacancy defects produce a photostable red emission (Gruber, 1997).
The photostability is in stark contrast to organic fluorophores that readily bleach.
In addition, nanodiamond exhibits less cytotoxicity and does not exhibit intermittent quenching that can afflict quantum dots (Faklaris et al., 2009a). Studies
have shown that nanodiamonds can be used to study uptake in mammalian cells
using photoluminescence (Faklaris et al., 2009b). The cells uptake nanoparticles
via endocytosis, which is a mechanisms where the cell membrane envelops the particle, the membrane rejoins behind the particle and the particle finds itself inside
the cell albeit wrapped in a section of membrane. Nanodiamond has also been
successfully functionalised with antigens (Glenn et al., 2012).
Organic fluorophores do have a significate advantage over nanoparticles as they
are much easier to conjugate to antigens. Research is currently underway to find
methods of conjugation. Methods have been developed for lanthanum phosphate
particles (Meiser et al., 2004) and general techniques have be developed for the
conjugating of inorganic particles (Sperling and Parak, 2010).

7.3

Performance of commercially available markers

The currently utilised crop of fluorescent markers are fluorophores, that is they are
organic compounds that fluoresce when suitably excited by incoming light. Typically the luminescence is caused by the excitation of π-bonds in aromatic or cyclic
groups. Fluorescein is probably the most well known and widely used fluorophore
(Riggs et al., 1958), finding uses as a fluorescent dye for tissue staining, used to
signal rescue helicopters at sea and even added to the liquid in spirit levels for easy
identification of the bubble. For a fluorophore to be used for immunofluorescence
it must first be functionalised, a functional group must be added to the molecule to
allow it to be combined with a suitable antigen. In the case of fluorescein, an isothiocyanate functional group is added, forming fluorescein isothiocyanate. In water,
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fluorescein isothiocyanate has an absorbtion maximum at 494 nm and an emission
maximum at 521 nm. Fluorescein is relatively susceptible to photobleaching and
attempts have been made to produce fluorophores with greater photostability and
higher quantum efficiency. The Alexa Fluor R range of fluorophores improve on
traditional fluorophores such as fluorescein, rhodamine, coumarin and cyanine by
fictionalising via sulphation (Panchuk-Voloshina et al., 1999). This results in a
more stable and less pH sensitive molecule with greater quantum efficiency. Alexa
Fluor R 488 is one such fluorophore with an absorbtion maximum of 495 nm and
an emission maximum of 519 nm. Alexa Fluor R 488 is the sulfonated form of fluorescein and as such is more photostable and has greater quantum efficiency than
FITC.
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The first question to be answered when comparing ionoluminescence and cathodoluminescence is whether the emission spectra of the fluorescent dyes is the same for
both techniques. Since the luminescence is generated from fundamentally the same
processes the emissions should be the same. Figure 7.3 and figure 7.4 compare CL
with IL for FITC and Alexa Fluor R 488 respectively.
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Figure 7.3: CL spectrum (a) and IL spectrum (b) of FITC.

Comparisons between the luminescent intensity of the fluorescent markers needs
to be undertaken carefully. There are many factors that can affect the detected
luminescence. Firstly, in any given sample the rate of electronic stopping dE/dS of
an electron beam at a given acceleration voltage will be different to an ion beam
at the same acceleration voltage. Therefore, the size and shape of interaction
volumes will also differ between similar electron and ion beams. Secondly, it is
possible that the area being imaged is not a homogenous layer. There could be
variations in material density across the image meaning that luminescence varies
from one area of the sample to another. In addition, varying topographies may
also cause variations in luminescence to be detected. Thirdly, it is difficult to
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Figure 7.4: CL spectrum (a) and IL spectrum (b) of Alexa Fluor R 488.

position the mirror at exactly the same distance from the sample in all cases,
changes in distance from the sample will alter the amount of collected light in
two ways; firstly greater distances from the sample will reduce the solid angle of
emitted light reaching the mirror; secondly, if the sample is not at the focal point
of the mirror then light in areas other than centred on the optic axis will appear
brighter, see figure A.6.
It is however, much easier to measure the susceptibility of a given fluorescent
marker to photobleaching. The rate that a fluorescent dye bleaches is independent
of the amount of material being imaged and the focus of the mirror, so only
depends on dose. The most reliable way to measure the rate at which a sample
photobleaches is to continuously acquire spectra with the CCD on the MonoCL.
Once the series of spectra has been acquired it is then possible to plot the decrease
in the count rate of the emission maximum with increasing dose. Figure 7.5 charts
the count rate against dose for FITC and Alexa Fluor R 488.
Using a curve fitting software tool it is possible to find a suitable fit that describes
the rate that luminescence decreases. Experiments of this type carried out on a
range of samples has shown that the simplest approximation is that of a double
exponential, equation 7.1, where a, b, c and d are constants and x is the beam
dose. This would suggest that there are at least two processes contributing to
the decrease in luminescent intensity. Equation 7.1 can be reformulated to yield
a halving dose for each exponential decay, equation 7.2, where the halving doses
h1 and h2 are in units of ions /cm2 . It is then easy to compare the relative
contributions of each decay curve along with their halving doses by comparing the
ratio a/c along with half lives h1 and h2 .
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Figure 7.5: Ionoluminescent performance of FITC-BSA and Alexa Fluor R 488.



y = a · expb·x +c · expd·x



(7.1)

ln 2
b
ln 2
h2 = −
d
h1 = −

(7.2a)
(7.2b)

The halving doses of FITC and Alexa Fluor R 488 under ion beam irradiation at
30 kV, 135 pA ion current and a 450 µm field of view are presented in table. 7.1. It
is apparent that sulphation has rendered the Alexa Fluor R 488 more suspectable
to bleaching than FITC when considering the luminescence halving doses. It is
also apparent that Alexa Fluor R 488 has approximately 60 times the quantum
efficiency of FITC.
FITC
Alexa Fluor R 488

a
1.04
63.33

h1 (ions/cm2 )
1.84 × 1013
1.75 × 1013

c
1.49
40.38

h2 (ions/cm2 )
5.20 × 1014
2.36 × 1014

Table 7.1: Halving doses of exponential decay fits to data from figure 7.5.
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Immunofluorescence in ORION R PLUS:
Commercially available fluorescent markers.

An attempt has been made to image biological samples that have been tagged
with an immunofluorescent marker. Figure 7.6 shows an image of a cross section
of mouse incisor that has been fixed and polished, this sample was provided by the
Forsythe Institute, Boston. Rodent incisors are constantly undergoing amelogenesis, figure 7.7, this is the process of forming enamel and therefore are continuously
growing (Reith, 1970). Ameloblast cells form at the back of the incisor and at that
stage are approximately 5 by 40 µm to 60 µm in size (Josephsen and Fejerskov,
1977). The ameloblasts excrete a protein known as amelogenin (Beniash et al.,
2005), these protein strands are grouped in structures called prisms (Mø inichen
et al., 1996). The prisms interweave and eventually mineralise under enzyme action to form enamel, for an example these prisms can be seen in figure 7.9(a). Two
samples have been prepared, one tagged with Alexa Fluor R 488 and the other
with Alexa Fluor R 647. In both cases the fluorophore has been conjugated to
an antigen that targets amelogenin. Immunofluorescence has been used to study
enamel routinely for a number of decades (Hyatt-Fischer et al., 1979).

Figure 7.6: Optical image of mouse incisor with overlay showing pulp (white), dentine
(blue) and enamel (red) the darker region, at the back of the enamel is where the
amelogenesis begins. Regions A and B are investigated under the ORION R PLUS in
this chapter.

Images have been obtained with an accelerating voltage of 30 kV, beam current
of 0.6 pA using a 10 µm aperture. The MonoCL was operated in panchromatic
mode with the PMT biased to −1500 V and with slit widths of 5 mm. The PMT
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(a)

(b)

(c)

Figure 7.7: Diagram of amelogenesis, the nucleus located at the back of the
ameloblast. Amelogenin is excreted by the cells at an angle, each layer of ameloblasts
excrete at an opposite angle forming a matrix. The ameloblasts shorten during the excretion of amelogenin before switching to releasing substances to cause the amelogenin
to mineralise into enamel.

bias and the slit widths are at their maximum values, these conditions were chosen to maximise the signal to noise ratio. The SE and IL images were obtained
simultaneously.
Figure 7.8 shows a low magnification image of the secretory area of the Alexa
Fluor R 488 tagged incisor. The enamel matrix can be easily identified by the
lamellar structure in the SE image, figure 7.8(a), and by the lack of luminescence
in the IL image figure 7.8(b). In this sample it seems that the enamel matrix
has separated from the dentine, possibly caused when the sample was fixed and
polished.

(a)

(b)

Figure 7.8: HIM micrographs of area A in figure 7.6 showing the enamel matrix that
has split into two parts, (red boxes); SE image (a) and IL image (b).
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A closer look into the enamel matrix shows the first suggestions of rows of prisms,
figure 7.9. The prisms in the images appear to be between 3 µm to 5 µm in diameter, this is in keeping with previous measurements on the diameter of enamel
prisms. An attempt was made to gather higher magnification images, however,
the area of interest was becoming increasingly bleached under the beam. It was
discovered that only one image was achievable before bleaching the sample at a
20 µm field of view.

(a)

(b)

Figure 7.9: HIM micrographs of Alexa Fluor R 488 tagged mouse tooth (Region A)
showing rows of prisms, (Prisms circled); SE image (a) and IL image (b).

Imaging the Alexa Fluor R 647 tagged sample produced IL images with low levels
of luminescence figure 7.10(b). It did yield one good SE image, figure 7.10(a).
Enamel prisms are clearly present and it can be seen that the prisms are orientated
at an angle to the polished surface.
A new sample was obtained to replace the bleached sample tagged with Alexa
Fluor R 488. A region of greater luminescence is seen in figure 7.11(b). At higher
magnifications it is apparent that there are individual spots of luminescence that
seem to be roughly organised into groups, figure 7.12(b). A further look at the
region of interest, figure 7.13, illustrates two prism structures. Unlike figure 7.11(a)
and figure 7.12(a) there is a sufficient ion dose in figure 7.13(a) to increase the
signal to noise ratio so a SE image can be formed.
It has been possible to image a single prism in figure 7.14. The prism appears to be
4 µm in diameter and has areas of luminescence that are approximately 200 nm in
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(a)

(b)

Figure 7.10: HIM micrographs of Alexa Fluor R 647 tagged mouse tooth showing
prisms, the angle the sample has been polished reveals a cross-section of the prisms at
an angle parallel to the direction of growth of the prisms; SE image (a) and IL image
(b).

(a)

(b)

Figure 7.11: HIM micrographs of Alexa Fluor R 488 tagged incisor showing region of
strong luminescence, area B in 7.6; SE image (a) and IL image (b).
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(a)

140

(b)

Figure 7.12: Higher magnification HIM micrograph of 7.11 showing grouped spots of
strong emission; SE image (a) and IL image (b).

(a)

(b)

Figure 7.13: Higher magnification HIM micrograph of 7.12 showing two prisms, circled; SE image (a) and IL image (b).

diameter. AFM investigations into the self assembly of amelogenin (Beniash et al.,
2005) have revealed that amelogenin forms nanoparticles approximately 20 nm in
diameter. Further work has shown that amelogenin nanoparticles join together to
form strands (Fang et al., 2011). Figure 7.15 presents SE images taken with the
ORION R PLUS, these images differ from previous images in this section as they
were taken using the electron flood gun for charge control and with the CL mirror
removed. Removing the mirror stops the ET detector being occluded and therefore
allows the collection of more signal, In addition, the flood gun reduces charging
of the sample which can reduce signal and resolution. These two changes allow
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much higher resolution images with better contrast. The image in figure 7.15(b)
is of approximately the same field of view as figure 7.14. There appear to be
protrusions ranging from about 500 nm and smaller. A higher magnification view
of these structures reveals strands approximately 20 nm diameter, figure 7.15(c).
These strands are most likely strands of amelogenin. It is therefore possible to say
that the bright regions in figure 7.14(b) are too large to be the ends of individual
amelogenin strands but are protruding groups of amelogenin strands.

(a)

(b)

Figure 7.14: Higher magnification HIM micrograph of figure 7.12 showing a single
prism, some of the groups of amelogenin strands have been circled; SE image (a) and
IL image (b).

7.5

Nanodiamond as an ionoluminescent probe

There has been an increased interest in using nanoscale diamond with nitrogen
vacancy (NV) type defects as immunofluorescence markers. The red spectrum
generated by the nanodiamond samples under CL can be seen in figure 7.16, the
spectrum is generated by the NV defect acting as a radiative recombination centre
giving a peak at 640 nm. Under electron beam irradiation the nanodiamond is
believed to be photostable, that is the nanodiamond has a stable luminescent
intensity when undergoing excitation. Two samples of nanodiamond provided by
the department of physics, Harvard, have been investigated under the EVO R and
ORION R PLUS. The two samples consist of 100 nm diameter nanodiamond and
another of 35 nm diameter nanodiamond. The result of subjecting the sample
to 110 pA of current at a 225 µm field of view in the EVO R is presented figure
7.17(a). It is apparent that 35 nm nanodiamond appears to be photostable with
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(a)
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(b)

(c)

Figure 7.15: HIM micrographs of enamel matrix using the flood gun; rows of prisms
(a); single prism (b); space between prisms showing amelogenin rods (c).

an average emission of 150 counts /s. However 100 nm nanodiamond undergos a
slight decrease in luminescence and cannot be said to be entirely photostable.
Experiments performed on nanodiamond under constant ion beam exposure have
been investigated at 78 pA and a field of view of 325 µm, figure 7.17(b). It is
clearly apparent that under ion beam exposure the nanodiamond samples are not
photostable. The halving dose of 35 nm and 100 nm nanodiamond appears to be
2 × 1013 and 4 × 1013 ions /cm2 . The nanodiamond appears to perform poorly
under IL in comparison to Alexa Fluor R 488 and FITC. One explanation for the
bleaching mechanism in nanodiamond under IL irradiation is defect generation in
the nanodiamond eliminating the NV defect centre. The effect of sputtering has
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also been investigated. Diamond is known for having low sputtering rates due
to the strength of the covalent bonding. The two samples have been repeatedly
imaged at an ion dose of 3.64 × 1014 ions/cm2 , figure 7.18. It can be seen that
under such beam doses that the samples do not seem to be heavily effected by
sputtering and remain almost completely unchanged.

CL intensity (a.u.)

8,000
6,000
4,000
2,000

0

500

550

600
650
Wavelength (nm)

700

750

Figure 7.16: CL spectra of nanodiamond.

7.6

Rare earth doped nanoparticles:
Potential immunofluorescent markers

Rare earth doped nanoparticles are attractive due to their high quantum efficiency
and resilience to bleaching. In addition, they are less burdened with the problems
of phototoxicity as with organic fluorophores, nor by the extreme variations in
luminescence perceived with quantum dots (Dybiec et al., 2004).
Three specimens have been compared: Two are doped lanthanum phosphate samples, LaPO4 :Eu (Riwotzki et al., 2000) and LaPO4 :Ce/Tb (Riwotzki et al., 2001),
which are commercially available as a colloidal suspension under the names RENXR and REN-XG, respectively (Nanogate, Inc.). The third sample is a doped
lanthanum fluoride, LaF3 :Ce/Tb (Wang et al., 2010).
Specimens were mounted on aluminium stubs with a layer of aluminium foil
bonded to the stub using silver paint. The foil provides a smoother surface than
an unpolished SEM stub, making identification of particles much easier. A high

144

Chapter 7 Ionoluminescent probes for Immunofluorescence studies

100 nm CL intensity (a.u.)

7,400

135

7,200

130
125

7,000

100 nm Nanodiamond
0.2

0.4

0.6

0.8

1

1.2

1.4

Electron dose (electrons/cm2 )

120
1.6

·1015

(a)

100 nm Nanodiamond
35 nm Nanodiamond

80
IL intensity (a.u.)

35 nm CL intensity (a.u.)

140

35 nm Nanodiamond

60
40
20
0

0

0.5

1

1.5

Ion dose

(ions/cm2 )

(b)

2

2.5
·1014

Figure 7.17: (a) CL performance of nanodiamond samples; (b) IL performance of
nanodiamond samples.

signal-to-noise ratio, and thus a large quantity of material is desired when investigating the spectral response and bleaching of the nanoparticles. Therefore, the
colloidal suspension was drop cast onto the foil without further dilution. Similarly, the lanthanum fluoride powder was applied directly to the foil. However,
a sparse concentration is required to identify individual particles for resolution
tests. Therefore, three further samples were prepared by diluting the particles in
distilled water 100 fold and sonicating using an ultrasonic bath. The dispersed
suspensions were then drop cast onto a separate set of foil covered SEM stubs. All
stubs were left to dry before inserting into the HIM.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 7.18: Testing the sputtering of nanodiamond; (a)–(c) consecutive SE images
of 25nm nanodiamond; (d)–(f) consecutive SE images of 100nm nanodiamond.

The spectra obtained from each sample is shown in figure 7.19, with the electronic
transitions identified for each emission peak by comparison with photoluminescence (PL) spectrum from the literature (Riwotzki et al., 2000, 2001; Wang et al.,
2010; Binnemans and Görller-Walrand, 1995). The resolution of the collected IL
spectra in figure 7.19(a)–7.19(c) was performed using a 300 lines/mm grating with
a slit width of 0.5 mm, thus, at a resolution of 12 nm mm−1 of slit width, this
yields a spectral resolution of approximately 6 nm. Figure 7.19(a), 7.19(b) show
spectra from both Ce/Tb doped samples. The emission resulting from transitions
from D states to F states in Tb3+ can clearly be identified in both figures. In
figure 7.19(c) the emission peaks resulting from transitions from D to F states in
Eu3+ are visible. A 1200 lines/mm grating has been used to acquire the spectrum
in figure 7.19(d), which yields a 4-fold increase in resolution over 300 lines/mm
for a given slit width. The spectral dispersion is therefore expected to be 1.5 nm
and so the multiple closely-spaced peaks resulting from each Eu3+ transition are
resolved. There is some variation in the relative magnitude of the peaks between
the recorded IL spectrum and that of photoluminescence spectra from the literature. This is most likely due to the use of charged particles rather than photons as
the source of excitation, as charged particles may induce a different distribution
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of excited states to a photon, which will then lead to a different distribution of
radiative decays. The result of this will be a different intensity in the peaks of IL
emission to that of photoluminescence
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Figure 7.19: IL spectrum of; (a) LaF3: CeTb at 300 lines; (b) LaPO4 :CeTb at 300
lines; (c) LaPO4 :Eu at 300 lines; (d) LaPO4 :Eu at 1200 lines. 1 to 7 denotes 5 D4 −7 F6 ,
5
D4 −7 F5 , 5 D4 −7 F4 , 5 D4 −7 F3 , 5 D0 −7 F1 , 5 D0 −7 F2 5 D0 −7 F4 , transitions respectively.

The nanoparticle samples were exposed at an ion dose rate of 3.55 × 109 ions/cm2 /s
over a 20 minute period and a spectrum was taken with the CCD every 30 seconds,
figure 7.20. The variation of IL intensity with dose for the largest peak from
each sample fits well to a two time constant exponential decay, indicating that
two different mechanisms are contributing to the decay in luminescence. It is
somewhat unreliable to compare parameters a and c directly as the quantity of
material excited under the beam is not constant. However, it can be seen in
figure 7.21 that the magnitude of the first exponential a is two to three orders of
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(a)
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(b)

(c)

Figure 7.20: IL intensity against ion dose for; (a) LaF3 :Ce/Tb; (b) LaPO4 :Eu; (c)
LaPO4 :CeTb nanoparticles.

magnitude lower than c, this suggests that there is one dominant decay, h2 and
that LaF:Ce/Tb is much hardier than the LaPO4 samples.
LaF3 :Ce/Tb
LaPO4 :Ce/Tb
LaPO4 :Eu

a
0.0219
0.01498
2.089 × 10−16

h1 (1010 ions/cm2 )
2.59
0.33
2.39

c
27.28
7.179
9.702

h2 (1010 ions/cm2 )
155
98
57

Table 7.2: Half lives of exponential decay fits to data from figure 7.21.

Although the D to F state lifetimes in Eu3+ and Tb3+ are in the order of milliseconds, the encapsulation in a host lattice ensures that the particles are much
more chemically stable. However, it is known that defects in the lattice can affect
the luminescent efficiency (Aitasalo, 2003). Figure 7.22 illustrates bleaching of
luminescence when imaging LaPO4 :Eu particles at high magnifications. An area
exhibiting strong IL was identified and imaged, fig 7.22(d). The field of view was
then decreased to collect a high magnification image from a luminescent area, figure 7.22(e). Finally, the field-of-view was increased again and the area re-imaged,
figure 7.22(f). It can be seen that the particles have been bleached by the relatively
high beam dose delivered during the collection of fig 7.22(e). The beam current for
images in Figure 7.22 is 1.4 pA, and the FOV for figure 7.22(e) is 0.5 µm, resulting
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Figure 7.21: Performance of lanthanide doped nanoparticles against ion dose.

in an ion dose of 2.6 × 1017 ions/cm2 , which is 64 times that of figure 7.22(d).
LaF3 nanoparticles are also susceptible to beam damage: Figure 7.23 contains a
series of images taken consecutively, each with an ion dose of 2.6 × 1017 ions/cm2 .
It can be seen that luminescence intensity decreases with each consecutive image.
The SE images from figure 7.22 and figure 7.23 clearly show that material is being
removed by the action of the beam.
The sputtering yield for LaPO4 and LaF3 was estimated using the Monte Carlo ion
stopping program SRIM. The surface energy Es is the energy required by an atom
to completely recoil out of a target and be sputtered. It was estimated from the
heat of sublimation to be 4.680 eV for LaF3 and 4.392 eV for LaPO4 (Kent et al.,
1966; Gavrichev et al., 2008). The surface being bombarded is assumed to be completely smooth and unchanging. Therefore, the accuracy of the sputtering yield
is expected to be within 30% (Biersack and Eckstein, 1984). Each nanoparticle
can be estimated from figure 7.23(a) to be approximately 50 nm × 50 nm × 50 nm.
With knowledge of the density and atomic weights an estimate of the amount of
material sputtered from the first LaF3 and LaPO4 image can be calculated. The
number of molecules can be calculated for both LaF3 , table. 7.2(a) and LaPO4 ,
table. 7.2(b). It can be seen that the values calculated in table. 7.3 are not
dissimilar to the reality shown in the SE images figure 7.23(a)–7.23(c).
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 7.22: Beam damage and bleaching of LaPO4 :Eu nanoparticles, red box highlights field of view in images (b) and (e); (a) Original SE image; (b) Higher magnification
SE image of (a); (c) Lower magnification SE image of (b) showing apparent beam damage when compared to (a); (d) Original IL image; (e) Higher magnification IL image of
(d); (f) Lower magnification IL image of (e) showing bleaching when compared to (d).

(a)

Elements

Sputtering yield

Atoms per particle

La
F

0.0172
0.0457

2.3 × 106
6.8 × 106
(b)

Elements

Sputtering yield

Atoms per particle

La
P
O

0.0101
0.0105
0.0381

1.6 × 106
1.6 × 106
6.5 × 106

% atoms sputtered during the first image
4.86
4.29
% atoms sputtered during the first image
3.98
4.14
3.75

Table 7.3: Simulated sputtering rates of; (a) LaF3 ; (b) LaPO4 nano particles.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 7.23: Beam damage and bleaching of LaF3 :CeTb nanoparticles; (a)–(c) consecutive SE images of LaF3 :ceCeTb nanoparticles; (d)–(f) consecutive IL images of
LaF3: CeTb nanoparticles.

A high magnification image of LaF3 nanoparticles from the sample sonicated and
drop-cast from suspension is shown in figure 7.24. Individual particles approximately 50 nm in size can be identified in both the SE and IL images. The
SMART macro (Joy, 2002) used in conjunction with the ImageJ software package
(Abramoff et al., 2004) gives an estimated resolution of the IL image in figure
7.24(b) of 20 nm. The SMART macro determines resolution by producing a power
spectrum of the image using a fast Fourier transform. Thresholding the power
spectrum to produce a binary image is used to reject the image noise. The distance across the power spectrum gives the resolution. Additionally, the IL image
of the diluted and drop-cast LaPO4 :Eu in figure 7.22(e) yields a resolution of
55 nm using the same methodology. This result is significant as it is on par with
advanced immunofluorescence techniques such as stimulated emission depletion
(STEM), which obtains resolutions in the 20 nm to 100 nm range (Schermelleh
et al., 2010). In addition, using a helium ion microscope opens up the possibility
of obtaining both topographic SE and IL images simultaneously, an advantage
that cannot be performed in STEM.
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(a)
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(b)

Figure 7.24: HIM micrographs used for resolution calculation; (a) SE image; (b) IL
image.

7.6.1

Comparison between LaF3 :Ce/Tb, FITC and Alexa Fluor R 488

A series of exposures have been collected for LaF3 :Ce/Tb nanoparticles with a field
of view of 450 µm, the same beam conditions used to collect the exposure series on
FITC and Alexa Fluor R 488 in section 7.3. Figure 7.25 plots the performance of
LaF3 :Ce/Tb along with the performance of FITC and Alexa Fluor R 488 seen previously in section 7.3. It can be seen from figure 7.25 that the LaF3 :Ce/Tb nanoparticles exhibit two orders of magnitude greater luminescence than Alexa Fluor R 488
and four orders greater than FITC. However, the LaF3 :Ce/Tb nanoparticles display similar half lives to Alexa Fluor R 488.
FITC
Alexa Fluor R 488
LaF3 :Ce/Tb

a
1.04
63.33
8236

h1 (ions/cm2 )
1.84 × 1013
1.75 × 1013
1.67 × 1013

c
1.49
40.38
1.32 × 104

h2 (ions/cm2 )
5.20 × 1014
2.36 × 1014
2.65 × 1014

Table 7.4: Half lives of exponential decay fits to data from figure 7.25.

7.7

Conclusion

Section 7.4 has demonstrated that immunofluorescent imaging is possible under an
ion beam. Features have been revealed in the IL images that are approximately
200 nm in size, this is a feat that would be difficult to achieve using confocal
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Figure 7.25: Performance of LaF nanoparticles compared to FITC-BSA and Alexa
Fluor R 488.

microscopy. The issues with immunofluorescence under an ion beam is the issues of
low signal and bleaching. Obtaining immunofluorescent images from fluorophores
required the detector to be pushed to the limit in terms of collection efficiency.
Furthermore, bleaching was rapid enough to make repeat imaging of the same area
impossible at higher magnifications.
The advantage of the technique of immunostaining is that the immunofluorescent probe is chosen by the investigator. It is clear that for immunofluorescence
imaging under an ion beam to become a routine technique that brighter probes are
required. Work presented in section 7.6 highlight the potential of rare earth doped
nanoparticles as potential probes. The advantage of using rare earth nanoparticles is their low cytotoxicity, immunity from photoblinking and bright emission.
The utilizing of a array of rare earths enables several different markers to be used
on a single sample. Furthermore they are suitable for use in confocal, SEM and
HIMimaging. Nanodiamonds have also been investigated, they present great photostability both under electron beam irradiation and photoluminescence. However,
they make poor immunofluorescent probes under ion irradiation due to their low
brightness and rapid bleaching. This is due to the reliance of the nanodiamonds on
a defect centre to produce luminescence which is rapidly disrupted by the action
of the ion beam.
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Chapter 8

Final conclusions and future work
This work has begun to explore the additional capabilities of the ORION R PLUS.
The focus has been on ionoluminescence but it is also hoped that the theory
laid down in the early chapters gives a sufficient grounding for anyone wishing to
orientate themselves to the nature of the ORION R PLUS.
The source in the ORION R PLUS has been shown in chapter 2 to require much
greater temperature and pressure stability. This poses a greater technical challenge
than traditional FEGSEM sources and the operation of the source requires much
more knowledge and skill from the operator. However, the source brightness and
energy spread is exceptional. In addition, the source makes not only a very good
ion source for imaging but also would make a exceptional electron source. It is
much more versatile in this respect than traditional field emitters and may find
use in applications requiring a wide array of beam particles.
The susceptibility of the source to vibration makes it imperative that acoustic noise
is properly managed. As seen in chapter 3 the management of noise may have the
complete opposite set of requirements to keeping the environment free from dust.
However, it is possible to effectively damp the acoustics whilst maintaining air
quality. It cannot be stressed enough that covering every surface with foam will
only tackle one problem, and do so inefficiently. Eliminate the noise at source
where possible. Prevent the transmission into the room and then think about
dealing with reverberation.
It has become clear in chapter 4 that is not possible to treat the ORION R PLUS in
the same manner as a SEM. Not all the heuristic approaches to SEM imaging port
over to the ORION R PLUS. For example the relationship between accelerating
voltage and SE emission under the ORION R PLUS is the reverse of under a
SEM. This work has reviewed the literature and has built on this to form a bigger
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picture of which approaches are still viable under the ORION R PLUS and what
approaches that may be second nature to a SEM operator are counter productive.
The increased elemental contrast in the ORION R PLUS gives the machine an
advantage over a SEM. The increase in contrast has essentially no drawbacks.
The same cannot be said of reducing interaction volume. The smaller interaction
volume in the ORION R PLUS greatly increases the resolution of the instrument
when compared to an SEM, surface detail becomes apparent that is not resolvable
in a SEM. This comes at a price. The imaging of samples is very dependent
on the state of the surface, this makes the microscope more sensitive to surface
contamination. This fact has already been covered in the literature. What has
come to light in chapter 6 is that for IL, a reduced interaction volume may not
penetrate sufficiently into the target to ensure that electron hole pairs recombine
radiativly and the luminescence signal is also hampered by the differences in energy
loss highlighted in chapter 4 and the reduced quantum efficiency of helium when
compared to electrons found in chapter 5.
The issue of beam damage explored in chapter 6 shows that the ion beam is capable
of damaging optoelectronic devices. The instrument is more capable of imaging
nanoscale components than a SEM but it also is much more capable of damaging these nanoscale structures. The damage from dislocations and sputtering is
not trivial at high magnifications. Thermally conductive samples have a very low
susceptibly to electron beam damage, for example, the nanodiamond samples investigated in chapter 7 show incredible resistance to electron beam heating. Under
the ORION R PLUS the same cannot be said, although beam heating is not an issue the sputtering and dislocations are. It is worth reiterating that samples under
the ORION R PLUS will not necessarily behave the same way as they do under a
SEM, and that forethought is required to what the ion beam may do to a sample.
The lower quantum efficiency of the ion beam and the additional damage caused
by the beam limit the applications of IL in contrast to CL. It is evident in chapter
6 that the ORION R PLUS is unsuitable for IL investigations into semiconductors.
Given the choice between IL or CL, the only sensible option is to use CL for these
investigations. Currently the promise of IL having a higher resolution than CL
is unfounded for the practical reason that it is magnification that is the limiting
factor under IL, due to bleaching and beam damage, rather than the size of the
interaction volume. It may be that for samples that have a high brightness, low
bleaching and small features IL would be better suited than CL. However, this
will be at most a niche that would be tried if CL was unable to resolve the regions
of interest.
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However, one possible application area is immunofluorescence imaging. The increased elemental contrast in the ORION R PLUS makes the instrument of particular interest for imaging biological materials. It was demonstrated in chapter 7
that immunofluorescent imaging is possible under the ORION R PLUS. However,
it was not trivial to acquire the immunofluorescent images as the probes bleached
rapidly. This is not just an issue under ion bombardment, organic fluorospores
readily bleach under electron and photon bombardment. One of the main advantages to immunofluorescent imaging is that the choice of luminescent probe is up to
the experimenter. There is an interest among the immunofluorescence community
to develop bright nanoparticle markers such as the LaF3 and LaPO4 rare earth
doped particles. The increase in luminescence and greater resistance to beam damage under the ORION R PLUS make them a promising replacement for organic
fluorospores. If these nanoparticles were available as markers it could make the
ORION R PLUS a particularly useful tool for investigating biological materials. I
strongly recommend revisiting IL immunofluorescence under the ORION R PLUS
when brighter immunofluorescent probes are available
The use of alternative imaging particles explored in section 4.8 highlights the case
of using helium-3 as an imaging gas. At the current column magnifications the
spot size for helium-3 is almost the same as helium-4, this will not be the case when
higher column magnifications can be achieved. The interaction volume is greater
and so resolution achievable will be slightly lower. However the advantages of
helium-3 are reduced sputtering and higher SE yields that would allow imaging of
more delicate samples and the increased signal will reduce dwell times. This would
help reduce the effect of stage vibration on imaging and therefore the reduced effect
of vibration may help increase effective resolutions. Calculations of resolution
with helium-3 have not been addressed in the work, principally because data is
not available. Therefore I strongly recommend comparing helium-4 imaging with
helium-3. Helium-3 should also produce higher luminescence yield due to the
increase in velocity and therefore the use of helium-3 for ionoluminescence imaging
would also be of considerable interest.
It would also be worth reappraising the strengths and weaknesses of helium ion
microscopy if and when accelerating voltages can be increased. This would reduce
spot size, lower sputtering rates, reduce surface dislocations whilst greatly increasing secondary electron emission and luminescence yield. These improvements may
eliminate some of the obstacles encountered in this work.
In my final paragraph I will state that the HIM does not appear to be a replacement
for the SEM. Although the ORION R PLUS provides superior SE imaging to a
SEM, the use of helium renders the tool less versatile. However, the source is
very promising and in future we may see all the functions of a SEM and a FIB
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combined into a single column. This would allowing the use of the most suitable
imaging particles for the job in hand. Critically for this thesis IL in the ORION R
PLUS has significant disadvantages to CL in a SEM. Until advances are made in
either accelerating voltages or luminescence probe hardiness the high resolutions
promised by IL will not be achieved.

Appendix A

Equipment
This chapter details the three main pieces of equipment used: The Carl Zeiss
EVO R LS25 Environmental SEM; The Gatan MonoCL R cathodoluminescence
detector and the ORION R PLUS HIM. Although the more critical aspects of the
ORION R PLUS have been covered in the previous chapters, it is still prudent to
detail any outstanding attributes. By providing information on the machines, it
is hoped that the capabilities and limitations of the experimental setup can be
better appreciated.

A.1

The ORION R PLUS

The ORION R PLUS microscope is the first production HIM [4]. It was installed
in the clean room in 2009 with an obtainable resolution of 0.75 nm. In July 2010
the microscope underwent an upgrade. The upgrade was primarily intended to
increase the obtainable resolution to 0.35 nm. Zeiss achieved this by replacing
certain components in order to decrease vibrations in the column and the stage.
In addition to replacing column and stage components, the closed cycle cooler was
replaced with a liquid nitrogen Dewar held under vacuum. The Dewar has two
main advantages over the Ricor [5] closed cycle cooler; firstly, the act of pumping
on the Dewar causes the liquid nitrogen to rapidly evaporate, in turn causing the
nitrogen to solidify. Heat is removed by the solid nitrogen subliming to gas. The
sublimation removes any possibility of liquid nitrogen boiling, causing additional
vibration; The Dewar also keeps the source at a more constant temperature. The
motor in the Ricor had to be switched off in order to reduce vibrations as this
affected imaging. This had the disadvantage of allowing the source to warm up
slightly, leading to variations in imaging current. On the other hand, the Dewar
keeps the source at a constant temperature and therefore makes it possible to take
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much longer images as the beam current is much more stable, this effect has been
highlighted in chapter 2 and the current stability also helps when etching using
the pattern generator. The third major improvement from the upgrade was the
addition of an ‘accelerator‘ unit just below the extractor. The term ‘accelerator’
is actually a misnomer, the unit is actually only capable of decelerating the beam.
This allows the accelerating voltage to be user selectable in the range between the
extraction voltage ∼ 35 kV down to 10 kV without altering the imaging current.
Previously, the user had little control over the accelerating voltage, reducing the
extraction voltage leads to an exponential decrease in current. The microscope
was always operated at the ‘Best Imaging Voltage’, the voltage that produces the
brightest beam and is usually somewhere around 30 to 35 kV. If the source tip is
not particulary well made the best imaging voltage can be as low as 20 kV and
will not provide much current.
The focusing optics in the ORION R PLUS are electrostatic. As covered previously,
the use of electrostatic lenses is preferable in this regime to electromagnetic optics
commonly found on SEM columns. Figure. A.1 illustrates the layout of the
ORION R PLUS column. A pair of quadrupoles are located between the first lens
and the position of the ‘virtual’ objective aperture. The quadruples are used to
allow adjustment of the beam shift and tilt. The adjustment is used to enable the
beam to be aligned onto the optic axis. A pair of octopoles are used to perform
the raster scan. The top octopole is also used to adjust for astigmatism. The
microscope has a choice of mid-column aperture, ranging from 5 µm to 20µm, in
addition a ‘big hole’ aperture is also available which is in essence an absence of
an aperture. With the aperture removed the current is typically around 100 pA
at helium pressure of 2 × 10−6 mbar. A blanking plate is positioned below the
aperture, this allows blanking the beam without switching off the source power
supply. The column can be isolated from the chamber via a column isolation valve
positioned just above the aperture.
The source is very susceptible to degradation from contaminants. Therefore the
vacuum surrounding the source needs to be fairly high, in the 1 × 10−9 mbar region
when the imaging gas is switched off. As illustrated in previous chapters the
secondary electron signal is essentially derived from the first atomic layer of the
sample. Therefore, it is imperative that the chamber and the sample be free from
contamination, as even a monolayer of contamination on the surface of a sample
would produce SE signal from the contamination and not the sample itself. Two
strategies are used to keep contamination low; firstly, the chamber has a load lock
system, this system eliminates the need for the chamber to experience unclean
clean room air. As the volume of the load lock is much smaller than the chamber,
the load lock leads to shorter pump down times. Secondly, the load lock has a RF
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Figure A.1: Column diagram

plasma cleaner [10], this uses an air plasma to remove any organic contamination,
and can be used to clean the chamber. Chamber cleaning may be necessary if
organic samples have been used in the chamber. This is necessary as organic
samples would be destroyed if the plasma cleaner was used when inside the load
lock so will enter into the chamber without cleaning.
Samples are held in a sample holder capable of taking standard Zeiss pin stubs.
The sample holder is placed on a transport arm in the load lock. The transport arm
is used to deliver the sample holder to the stage once the load lock has pumped
down. The sample stage in the ORION R PLUS is capable of movement in 5
axes; x, y, z, rotation and tilt. The sample stage has been designed to minimise
vibrations. To this end, the stage has a ‘Z lock’ which reduces sample vibration but
at the cost of preventing the stage from traversing the z axis. Applying the Z lock
causes the stage to move ∼200 µm down in the z direction. The ORION R PLUS
allows viewing samples in the chamber via a digital camera with LED illumination.
Currently, the ORION R PLUS is not configured to accommodate a cold stage.
The primary detector used is the Everhart-Thornley secondary electron detector
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[6]. The ET detector consists of a positively biased collection grid in front of a
scintillator coated light pipe. The light pipe is coupled to a PMT. Secondary electrons escaping the sample are accelerated towards the scintillator by the collection
grid. Photons are generated in the scintillator by the incident secondary electrons
and the photons are then received by the PMT via the light pipe. An image is
formed by the signal from the PMT [1]. Backscattered helium ions can be used to
form an image with the multiple channel plate (MCP) detector [11]. The MCP is
attached to an extendable rod and has to be extended into the chamber, positioned
directly below the bottom of the column. The MCP only measures ion current.
However, the SPECTRA R detector [9] detector can be used to gain a low voltage
RBS spectrum of helium ions, the measured spectrum can then be compared to
theoretical backscatter yields to identify the sample composition.

Figure A.2: Diagram of Everhart-Thornley detector

The ORION R PLUS is equipped with an electron flood gun to counteract the
charging from the He+ beam. The gun is used at either the end of scanning a line
or at the end of a frame. The beam can be directed in order to facilitate an even
spread of electrons over the sample. In addition, the voltage and exposure time of
the gun can be specified in order to achieve sufficient charge cancellation.

A.2

Cathodoluminescence detector

The MonoCL system [2] consists of two detectors, a diffraction grating and a
set of colour filters. The system can be configured a number of ways, this gives a
choice of imaging or spectrographic data collection. The two detectors are a cooled
high sensitivity PMT and a CCD [7] camera. The PMT (Hamamatsu R943-02)
consists of a GaAs photocathode that has been coated with Cs2 O to give a negative
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electron affinity [8]. This provides a collection bandwidth from 160nm to 930nm
and a noise equivalent power (NEP) of ∼ 7 × 10−18 W at −35o C, figure A.3 gives
the spectral response of the PMT. The negative electron affinity results when the
photocathode is coated with an electropositive material. The electron affinity EA
is the energy difference between the top of the conduction band and the vacuum
level. The electropositive coating causes the top of the valence band and therefore
the vacuum level to be lower in energy. Careful coating will result in the vacuum
level being lower than the bottom of the conduction band. The upshot of this is
electrons promoted to the conduction band have enough energy to emit into the
vacuum without needing any additional energy, greatly increasing the efficiency of
electrons emitted into the vacuum from the photocathode. The PMT can be used
in a panchromatic mode or can be used to acquire a spectrum when used with
a monochromator consisting of a rotatable diffraction grating. Slits of a variable
width on either side of the grating act as band pass filter. The slits determine
the width of the pass band and rotating the diffraction grating selects the pass
band centre. Fig. A.5 provides an illustration. The MonoCL also has optional red,
green and blue optical filters immediately before the PMT, these can be used in
conjunction with PMT to produce an approximate ‘tricolour’ image.

Quantum efficiency

0.5
0.4
0.3
0.2
0.1
200

300

400

500

600

700

800

900

1,000

Wavelength (nm)
Figure A.3: PMT response

The second detector is a silicon front illuminated CCD (Princeton Instruments
PIXIS:100F) which is 100 by 1340 pixels. This detector has a bandwidth of 400nm
to 1100nm, figure A.4. By using the diffraction grating light can be spread spatially
across the CCD. Fig. A.5(c). The signal received from each 100 pixel column
then corresponds to a particular wavelength. The camera has a function to ‘dark
subtract’, this allows the camera to remove any persistent bias in the CCD by
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taking an image whilst the CCD is blanked by a shutter. This image is then
subtracted from actual images taken.
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Figure A.4: CCD Response

The MonoCL system is fitted with two gratings at 300 lines per millimeter and
1200 lines per millimeter. Narrowing the entrance and exit slits will increase the
spectral resolution at the cost of signal. The spectral resolution is therefore a
function of slit width; 10.8 nm/mm for the 300 line grating and 2.7nm/mm for
1200 lines. Calibration of the monochromator and CCD was performed using a
mercury lamp, the lamp has well characterised narrow peaks, with very narrow 10
µm slits the grating can be calibrated to give correct values.
Light is collected from a sample using a parabolic mirror placed directly below
the imaging column. A small hole in the top allows the charged particle beam to
pass thorough to the sample, illustrated in figure. A.5. The sample needs to be
positioned ∼ 1mm under the mirror in order for sample to be at the focus of the
parabola and therefore efficiently collect the light . The ability to repeatedly focus
the mirror is shown in figure A.7, the standard deviation in mirror height is 5 5µm
and the standard deviation in CCD counts is 84.4 with a mean for this sample
of 5398 CCD counts. This shows that the mirror can be focused with fairly high
accuracy and the difference in collected intensity is small. The collection efficiency
across the sample scan can be illustrated on samples with a uniformly luminescent
flat surface, figure A.6. The need to position the mirror so close to the sample
surface introduces the risk of the mirror fouling the sample. This can lead to the
loss of the sample or worse still, the damaging of the mirror surface.
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(a)

(b)

(c)

Figure A.5: Diagram of MonoCL4 imaging modes (a) Panchromatic mode; (b)
Monochromatic mode; (c) Parallel spectrum acquisition;

(a)

(b)

(c)

Figure A.6: Images of mirror focus (a) Below focal point; (b) On focal point; (c)
Above focal point;
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Figure A.7: Collected light intensity against mirror height.

A.3

EVO LS25

The EVO LS25 [3] is an environmental SEM with a LaB6 cathode. The cathode,
whilst not producing as small source diameter as a FEGSEM, does provide a large
amount of current (∼ 1µA). The resolution of the microscope under high vacuum
with the smallest aperture can achieve 2 nm.
Detection of secondary electrons at high vacuum is achieved by an ET detector,
although CL imaging of phosphors has been shown to work at environmental
pressure, none of the samples have been imaged in the mode since the ORION R
PLUS lacks a comparable technique. The EVO is equipped with a VPSE detector,
the detector is designed to operate in environmental mode with a chamber pressure
between 10 Pa and 200 Pa. The VPSE detector is very similar to a standard ET
detector. However, the VPSE does not have a scintillator, instead the VPSE relies
on luminescence caused by secondary electrons interacting with the chamber gas.
With some ingenuity it is possible to use the VPSE detector as a crude CL detector.
Firstly, the microscope must be operated in high vacuum mode. Secondly, the grid
bias on the VPSE detector must be switched off. It is also beneficial to positively
bias the ET detector grid in order to prevent interference from light generated by
secondary electrons interacting with the ET scintillator.
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Figure A.8: Diagram of VPSE detector

The EVO does not measure beam current, instead it gives and estimation of beam
current based on the operating conditions. It is therefore necessary to measure
the beam current using a faraday cup and picoammeter.
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Appendix B

Nuclear collisions
This appendix is intended to complement section 4.1.2.2 and begins with a more
through explanation of the kinematics to two colliding charged particles.

B.1

Classical Two Particle Scattering

In the laboratory frame of reference, figure B.1(a) the conservation of energy is
given as equation B.1, where E0 is the moving ion’s initial kinetic energy, v0 is the
incident ion velocity with mass M1 . v1 is the incident ion velocity after striking
a atom with mass M2 which will then recoil with velocity v2 . The corresponding conservation of momentum is given in equation B.2 where ϑ is the angle of
deflection of the ion and φ is the recoil angle of the target atom.
1
1
1
E0 = M1 v02 = M1 v12 + M2 v22
2
2
2

(B.1)

M1 v0 = M1 v1 cos ϑ + M2 v2 cos φ

(B.2a)

0 = M1 v1 sin ϑ + M2 v2 sin φ

(B.2b)

Reforming the problem into the center of mass (CM) coordinate system, figure
B.1(b) has the major advantage of expressing the problem as a moving particle
interacting with a potential that is positioned at the origin on the centre of mass
system. As long as the force between the particles acts only along the line joining
them, then the interaction can be described by a field V (r), where r is the separation between the two particles. This field is known as the ’interatomic potential’.
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(a)

(b)

Figure B.1: Two body collisions in; (a) Laboratory coordinates; (b) Centre of mass
coordinates.

The system velocity vc in the centre of mass system can be described as equation
B.3. A reduced mass can also be defined, equation B.4. Therefore the CM velocity
can be described as equation B.5, the ion and atom velocities can be described in
terms of the system velocity by equation B.6.
M1 v0 = (M1 + M2 )vc

1
1
1
=
+
Mc
M1 M2
M1 M2
Mc =
M1 + M2

(B.3)

(B.4a)
(B.4b)

vc = v0 Mc /M2

(B.5)

vion = v0 − vc = v0 Mc /M1

(B.6a)

vatom = vc = v0 Mc /M2

(B.6b)

The advantage of this approach is that the system velocity remains constant and
is independent of the final scattering angle, therefore linear momentum is always
zero. The particle velocities are always proportional to their masses, equation B.7
and the CM total energy Ec is equal to the CM initial kinetic energy, equation B.8.
The angular momentum Jc is identical under both Laboratory and CM systems
and is given by eqn.B.9.

174

Appendix B Nuclear collisions

M2
v0 − vc
=
vc
M1

(B.7)

1
Ec = Mc v02
2

(B.8)

Jc = Mc vo p

(B.9)

The relationships between incident and recoil angles in the two coordinate systems
is illustrated for the target atom, figure B.2(a) and for the projectile ion in figure
B.2(b). For the target atom the CM recoil angle relates to the laboratory recoil
angle by Φ = 2φ, eqn.B.10. Using the law of cosines it is possible to relate the
target recoil velocity to the projectile recoil angle Θ, eqn.B.11. The recoil velocity
can also be found from the target recoil angle, eqn.B.12.

(a)

(b)

Figure B.2: Conversion between laboratory and centre of mass coordinates of the
recoil angles between; (a) target; (b) projectile.

Φ = (π − Θ) = 2φ

(B.10)

v22 = vc2 + vc2 − 2vc2 cos(φ − Θ) = 2vc2 (1 − cos Θ)

(B.11)

v2 = 2v0

Mc
cos φ
M2

(B.12)

It is now possible to use these relations to find the energy transferred to the target
particle given the target recoil angle, eqnB.13. Substituting in equation B.10 into
eqnB.13 it is possible to get the energy transferred to the target given the projectile
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recoil angle, equation B.14. Eqn.B.14 is vital as it leads to the total energy lost by
the projectile and therefore will lead to the stopping power, but also provides the
scattering angle of the projectile required to calculate the path of the projectile
ion, this can be related to the scattering angle in the lab frame by equation B.15.

1
T ≡ M2 v22
2
!2
M2 2v0 Mc cos φ
T =
2
M2
2
T =
(v0 Mc cos φ)2
M2
2
Θ
T =
v0 Mc sin
M2
2

!2

=

Θ
4Ec Mc
4M1 M2
2 Θ
sin2 =
E
sin
0
M2
2
(M1 + M2 )2
2


(B.13a)
(B.13b)
(B.13c)

(B.14)



sin Θ 
ϑ = tan−1 
1
cos Θ + M
M2

(B.15)

In head on collision the minimum separation between the two particles can be
calculated in equation B.16, d is termed the collision diameter. The minimum
distance of approach at any scattering angle can be found by equation B.17. For
a head on collision Θ = π and equation B.17 becomes equation B.18.
2Z1 Z2 e2
1
Mc v02 =
2
d

(B.16)

d
Θ
=
csc ± 1
2
2

!

rmin

rmin = d

(B.17)

(B.18)

Finding the complete path scattering angle is achieved using Lagrange mechanics
in polar coordinates. Since the problem is two dimensional we can define the radial
azimuthal coordinate Θ and the radial coordinate r. From conservation of energy
we then have equation B.19. The angular momentum in the CM system in polar
coordinates then becomes equation B.20. As the angular momentum is constant
in this system it is possible to set equation B.20 to be equal to equation B.9. Using
this relationship it is possible to find Θ̇, equation B.21 and substituting equation

176

Appendix B Nuclear collisions

B.8 into equation B.19 it is possible to find ṙ, equation B.22. By combining these
two equations, equation B.23 and integrating from ∞ to rmin it is possible to find
the scattering angle using just the impact parameter b and total energy Ec for any
given interatomic potential function.
1
Ec = Mc (ṙ2 + r2 Θ̇2 ) + V (r)
2

(B.19)

Jc = Mc r2 Θ̇

(B.20)

Θ̇ =

dΘ
v0 b
= 2
dt
r

(B.21)



b
V (r)
dr
−
= v0 1 −
ṙ =
dt
Ec
r
dΘ
dΘ dt
Θ̇
=
=
=
dr
dt dr
ṙ

Θ=π−

B.2

»

∞

−∞

bdr
r2 1 −
h

V (r)
Ec

−



i1/2
2

b
r2

!2 1/2

(B.22)



p


V (r)
Ec

r2 1 −

=π−2

»

−

b
r

∞

rmin

(B.23)

 2 1/2

bdr
r2 1 −
h

V (r)
Ec

−



b2
r2

i1/2

(B.24)

Quick calculations of scattering angle

This appendix first deals with some mathematical tricks for the calculation of
the nuclear scattering angle. This is purely to eliminate the need for doing the
computationally costly integration in equation B.24.
Taking equation 4.43 and rewriting it in the laboratory frame of reference as
equation B.25, where p is the impact parameter, r0 is the distance of closest
approach, defined in equation B.26, ρ1 , ρ2 are the radii of curvature at the closest
approach, which can be calculated by applying the elementary rule of centrifugal
force, fc , equation B.27 or in terms of the system kinetic energy and interatomic
potential, equation B.28, and δ = δ1 + δ2 are correction terms. The substitution of
B = b/aU , R0 = r0 /aU , Rc = ρ/aU and ∆ = δ/aU can be made to equation B.25
to yield equation B.29. To make the result of equation B.29 match the result in
equation 4.43, it is necessary to find a suitable correction term, ∆ equation B.30,
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with A and G given in equation B.31 with α, β and γ given in equation B.32 with
fitting constants C1 to C5 given in table. B.1.

cos





ρ = ρ1 + ρ2
θ
ρ+b+δ
=
, with

2
ρ + r0
 δ = δ1 + δ2
p
V (r0 )
−
1−
Ec
r0


2

=0

ρ = ρ1 + ρ2 = (M1 v12 + M2 v22 )/fc

ρ=2

cos

[Ec − V (r0 )]
−V 0 (r0 )

B + Rc + ∆
θ
=
2
R0 + Rc

∆=A

R0 − B
1+G

(B.25)

(B.26)

(B.27)

(B.28)

(B.29)

(B.30)

A = 2αεB β

(B.31a)

G = γ[(1 + A2 )1/2 − A]−1

(B.31b)

α = 1 + C1 ε−1/2

(B.32a)

C2 + ε1/2
C3 + ε1/2
C4 + ε
γ=
C5 + ε

β=

(B.32b)
(B.32c)
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Constant
C1
C2
C3
C4
C5

Value
0.99229
0.011615
0.007122
14.813
9.3066

Table B.1: Constants for equation B.32

Glossary
atomic force microscope The atomic force microscope is a scanning probe technique for atomic resolution surface imaging. A mechanical cantilever is
scanned across the surface of a sample. A laser is then employed to measure
the displacement of the cantilever. As the sample is scanned by the cantilever
a surface profile can be formed. A typical resolution for AFM is 1nm lateral
and 0.1nm depth resolution..
best imaging voltage The best imaging voltage of a field ionization source is
the extraction voltage that gives the greatest current..
cathodoluminescence The light generated by electrons from a cathode interacting with the valence electrons in the sample..
charge coupled device A charge coupled device (CCD) consits of a epitaxial
layer of p type semiconductor, typically silicon. A dielectric is then layered
on top. Finally electrodes are placed on the dielectric forming an array
of capacitors. Photons interacting with the p-type layer generate electronhole pairs, by applying a positive potential the electrons are held below the
electrodes. Reading the CCD is performed by removing the bias on the
electrodes in such a way that charge is moved from one electrode to the
other, the charge enters charge amplifiers at the edges of the CCD and the
voltage is read forming the image.
energy-dispersive X-ray spectroscopy Uses characteristic x-rays generated by
electron interaction with sample atoms to determine elemental makeup.
Everhart-Thornley The most common secondary electron detector found on
scanning electron microscopes..
EVO R An EVO LS 25 enviromental scanning electron microscope from Carl Zeiss
SMT.
field emission The emission of electrons from a surface subjected to a large electric field via the process of electron tunneling..
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field emission gun A field emission gun is an electron source that utilizes field
emission to generate the beam of electrons..
field emission gun scanning electron microscope A SEM with a cold emission cathode. This is typically an atomically sharp tungsten needle. Held at
a high voltage the field density is very high at the tip and causes a significant
current of electrons to tunnel into the vacuum. The small tip size results in
a small beam size allowing resolutions down to 1nm.
field emission microscope A field emission microscope relies on a high voltage
to induce field emission in the tip of a sample. The field emission of electrons
is then detected with a fluorescent screen. The field emission microscope was
one of the first microscopy techniques to give near atomic resolution. The
field emission gun can be seen to ba a direct descendant of this technique..
field ion microscope A field ion microscope images a sample by applying a high
voltage to the sample and injecting either He on Ne gas into the chamber.
The gas will ionize via the effect of electron tunnelling un the presence of a
high electric field. The field strength is greatest at the very tip of a sample
and ions will therefore be produced and accelerated away from the tip to a
fluorescent screen..
field ionization The ionization of atoms in the vicinity of a surface subjected to a
large electric field via the process of valence electrons in the atoms tunneling
to the surface..
focussed ion beam A focused ion beam system consists of a SEM column and a
ion source, typically gallium. The ion source is focused using electron optics
and typically is used to perform atomic milling of a sample. Additionally the
ions can react with gasses from a GIS to deposit layers of material..
full width at half maximum The width of a peak taken at half of the peak
height..
gas field ion source A gas field ion source (GFIS) consits of a tip held at high
voltage, field ionization of gas results in the positively charged ions being
repelled from the positively charged tip and projected towards a target..
ion-beam induced luminescence Ion-beam induced luminescence (IBIL) covers the emission of photons for target excited by an ion beam, typically
100kV+, the technique includes luminescence by sputtered sample material
and with outer shell electrons in a target..
ionoluminescence Ionoluminescence is the ion beam analog of cathodoluminescence. This covers luminescence from ion-electron interactions in a sample..
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light emitting diode A light emiting diode (LED) is a semiconductor diode,
typically made from direct band gap semiconductor material. The LED
emits light when electrons recombine with holes across the diode junction..
liquid metal ion source Source using a tip covered in a film of hot liquid metal
that undergoes field ionization to produce a beam. Typically used in gallium
focussed ion beam systems..
MonoCL R A cathodoluminescence detection system, this system consists of a
PMT and CCD array fronted by a diffraction grating. This allows panchromatic, monochromatic and spectral imaging.
multiple quantum well Multiple two dimensional potential well, has the property of discreet energy states. Frequently used in optoelectronic applications..
noise reduction coefficient Average value of a surfaces sound absorbance over
a wide frequency.
ORION R PLUS A scanning helium ion microscope manufactured by Carl Zeiss
SMT, Currently the only HIM in production.
photomultiplier tube A photomultiplier tube (PMT) is a very sensitive detector of light. A incident photon strikes a scintillator, this generates electrons
which pass through a focusing electrode to a series of dynodes. After each
collisions with each dynode more electrons are generated. The final electrons
strike an anode generating electric current..
scanning electron microscope A scanning electron microscope performs a raster
scan of a sample using an electron beam. Images are formed primarily by
detection of secondary electrons generated by the sample.
scanning helium ion microscope Similar in operation to a SEM, however, uses
a beam of helium ions instead of electrons. Image is still primarily formed
by detection of secondary electrons..
scanning tunnelling microsope A scanning tunneling microscope works by canning a probe just above the surface of a conducting sample. The probe is held
at high voltage, and the rate of tunnelling electrons is heavily dependent on
distance from the sample surface. The resulting tunnelling current can then
be used to form an image. Typical resolution is 0.1nm lateral and 0.01nm
depth..
secondary electron Secondary electrons are the product of ionization within the
targe.t.
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sound pressure level The measure of sound pressure in an environment. It is
generally specified in divisions of full or third octaves.
SPECTRA R detector The Spectra detector is a energy sensitive ion detector.
It consists of a cooled silicon substrate, a backscattered ion will generate
electron-hole pairs roughly in proportion to the ion’s energy. The charge
generated from each ion is then read with high speed electronics..
transmission electron microscope A transmission electron microscope generates a wide beam of 100kV+ electrons that are projected onto a thin sample.
Image formation is provided by a phosphor screen or CCD array detecting
transmitted electrons. The best TEM’s can achieve a 0.05nm resolution..
Wentzel-Kramers-Brillouin The Wentzel-Kramers-Brillouin approximation is
a semiclassical approximation used in quantum mechanics to estimate barrier
penetration probability..

