Focused ion beam technology, capabilities

and applications

A focused ion beam system (FIB) is a relatively new tool that has a high degree of analogy with a focused

electron beam system such as a scanning electron microscope or a transmission electron microscope.

In these systems the electron beam is directed towards the sample, and upon interaction it generates

signals that are used to create high magnification images of the sample. As the beam is well controlled in

size and position and the signals are strong enough to be detected without excessive noise, these kinds

of tools are very powerful to analyze samples in great detail over a wide range of magnifications.

The major difference with a focused ion beam
system is the use of a different particle to create
the primary beam that interacts with the sample.
As the name FIB indicates, ions are used instead of

electrons.

In a scanning electron microscope (SEM), electrons
are accelerated and focused onto the sample
surface. The beam can be scanned over the sample
surface to create an image, or can be controlled
by a patterning function to locally expose the sam-
ple to the beam, as for example used in e-beam
lithography. These same basic functionalities are

found in a focused ion beam system.

Figure 1: lon beam induced SE image of a Figure 2: SE image (low current FIB) of an Figure 3: Phase of TEM sample preparation
tungsten defect underneath an aluminum uncoated pollen grain, cut by the ion beam on a sample of a voided SiC composite

layer on a semi-conductor device. (at high current).

material.




Technology

Electrons replaced by ions

The most fundamental difference between SEM/TEM
and FIB is the use of ions and this has major conse-
quences for the interactions that occur at the sample
surface. A more detailed overview between electrons
and ions is given in the intermezzo. The most impor-
tant characteristics and the consequences for the

sample interaction are:

ions are larger than electrons

¢ Because ions are much larger than electrons, they

cannot easily penetrate within individual atoms of the

sample. Interaction mainly involves outer shell inter-
action resulting in atomic ionization and breaking of
chemical bonds of the substrate atoms. This is how
secondary electrons and change of chemical state are
created. Similarly inner shell electrons of the sample
cannot be reached by the incoming ion and as a
consequence inner shell excitation does not occur.
Therefore, in contrast to the small electron that can
easily penetrate in the electron cloud of the target
atom there is no x-ray emission when the sample is

irradiated with an ion beam.

The large ion size also indicates that the probability
of an interaction with atoms from the sample is far
higher, and as a consequence the ion rapidly loses its
energy. The result is that the penetration depth of the
ions is much lower than the penetration of electrons

of the same energy.

When the ion has come to a stop within the material,
it is caught in the matrix of the material. Contrary to
electrons that can disappear in the conductance band
of the material, the ions are trapped between the
atoms of the sample, i.e. the sample is doped with

Ga ions roughly along the total penetration depth of
the beam for given energy and material.

ions are heavier than electrons

* Because ions are far heavier than electrons, ions can
gain a high momentum. For the same energy, the
momentum of the ion is about 370 times larger. In
the case where an electron collides with an atom,
it can penetrate the electron cloud and reach the
nucleus of the atom. Due to the strong nuclear forces

the electron will be rejected, its velocity will be

reversed, and the result is a high energy back scattered
electron. As the electron mass is low compared to the
mass of the sample atoms, the sample atom will
hardly move at all (like a ping-pong ball hitting a
football). When the ion hits an atom, its mass is
comparable to the mass of the sample atom and as a
consequence it will transfer a large amount of its
momentum, i.e. the sample atom starts to move with
a speed and energy high enough to remove it from its
matrix (like a football hitting another football). The
removal of atoms from their matrix is a phenomenon
known as sputtering or milling. This elementary
process works for all elements of the periodic table.
The milling efficiency is typically a few um*/nC and is
higher for some materials and lower for others. The
actual rate will depend on the mass of the target
atom, its binding energy to the matrix and matrix
orientation with respect to the incident direction of

the beam.

For the same energy ions move a lot slower than
electrons. However, they are still fast compared to the
image collection mode and in practice this has no real
consequences (image shift of a few pixels taken into
account). For highest speed milling, when the beam
moves around quickly including blanking, this effect

is compensated in the instrument.

In both SEM and TEM magnetic lenses are used to
focus the beam. As ions are far heavier and therefore
move slower, the corresponding Lorenz force is lower.
The magnetic lenses are thus less effective on ions
than they would be on electrons with the same ener-
gy. As a consequence the focused ion beam system is
equipped with electro-static lenses and not with

magnetic lenses.

ions are positive and electrons are negative

e This difference has negligible consequences and is
taken care of by the polarity of fields to control the
beam and accelerate the ions.

* The sign of the particle is only relevant when dis-
cussing charging phenomena on isolating samples but
to understand it, all generated charged particles must
be taken into account. As shown in the table, the
following particles leave the sample when irradiated

with ions: neutral atoms, positive and negative ions,



SEM

Particle

type

Ga+ ion

electron

elementary charge

+1

-1

particle size

0.2 nm

0.00001 nm

mass

1.2.10% kg

9.1.10" kg

velocity at 30 kV

2.8.10° m/s

1.0 10° m/s

velocity at 2 kV

7.3.10* m/s

2.6.10' m/s

momentum at 30 kV

3.4.10® kgm/s

9.1.10* kgm/s

momentum at 2 kV

8.8.10* kgm/s

2.4.10% kgm/s

size

nm range

nm range

energy

up to 30 kV

up to 30 kV

current

PA to nA range

PA to uA range

Penetration depth In polymer at 30 kV/

60 nm 12000 nm

In polymer at 2 kV

12 nm 100 nm

In iron at 30 kV

20 nm 1800 nm

In iron at 2 kV

4 nm 25 nm

Average electrons secondary electrons

100 - 200 50-75

signal per 100

particles at 20 kV back scattered electron

30 - 50

substrate atom

0

secondary ion

0

X-ray

and electrons. On average a
completely isolating sample such as
glass will charge up positively
because of the incoming positive
ion AND the outgoing negative
secondary electrons. This charge
build-up can be compensated by an
additional, in-chamber low energy
electron gun that sprays electrons

over the surface.

In summary, ions are positive, large,
heavy and slow whereas electrons
are negative, small, light and fast.
The most important consequence of
the properties listed above is that ion
beams will remove atoms from the
substrate and because the beam
position, dwell time and size are so
well controlled it can be applied to
remove material locally in a highly
controlled manner, down to the

nanometer scale.

The choice of Ga* ions
As a source, Ga* ions are used in a FIB

for various reasons:

0.7

* The element Ga is metallic and has
a low melting temperature and
hence it is a very convenient
material to construct a compact
gun with limited heating. The Ga
can be contained in a very small
volume so the gun has a long
practical life-time. During operation
the gallium is in a liquid phase, and
so the source is referred to as a

liquid metal ion source (LMIS)

A high brightness is obtained due
to the surface potential, the flow
properties of the Ga, the sharpness
of the tip, and the construction of
the gun which results in both
ionization and field emission. This
result is essential for the focused
ion beam. Although other materials
such as Ar (gas) can in theory also
be used, the brightness of such a
gun would be far lower and a Ar
focused beam of the same size
would not be very intense. Note
that whatever material is chosen, it
needs to be (singly) ionized prior to

beam formation and then accelera-

A more detailed comparison
between FIB and SEM is given in
this table. The comparison inclu-
des particles, beams and signals.
Some of the figures are averages
and only serve as a guideline to
get a feeling for the relevant
scale. This is because the actual

value is dependent on the materi-

als involved. The basic interaction
of a focused ion beam with atoms
from the sample and hence the
basic capabilities that such a tech-
nology can offer can be under-
stood from the values in the tab

ted. FIB require a high brightness
whereas, for example in the clea-
ning of ion flood guns, the current
is more important and the actual

source size is not relevant.

The element Ga is nicely positioned
in the center of the periodic table
(element number 31) and its
momentum transfer capability is
optimal for a wide variety of mate-
rials. A lighter element such as Li
would be less sufficient in milling

heavier elements.

A consequence of the choice of Ga
is that this element will always be
present in the sample after expo-
sure (dopant). The depth of the
penetration is shown in the inter-
mezzo, and by x-ray analysis this
element is easily traced back as its
K-lines are nicely separated from
other elements and hardly overlap
with other L lines. In other words:
the analytical interference of the

element Ga is very low.
























