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Abstract

Material characterization is of great importance in various fields of research. Ex-
isting ion beam analysis methods that are used to characterize thin films exhibit
certain limitations for the detection of light and similar atomic mass elements.
This is for example the case in thin films containing the InGaZnO (IGZO) ele-
mental combination. IGZO-thin films have the potential to counter the low device
performances in future small-scale transistors. State of the art particle induced
X-ray emission spectroscopy (PIXE) can be used to distinguish between similar
mass elements and has the potential to detect low concentrations of light elements,
but suffers from a continuous background. To solve these problems there is a need
for new approaches to investigate semiconducting thin films with high-energy ion
beams. In this thesis, the ability of state of the art PIXE to characterize IGZO
and GeAsSe thin films is investigated. The work is focused on investigating po-
tential improvements for the analysis of these types of samples using PIXE with
self-supporting thin films, which has the potential to significantly reduce the back-
ground.
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Chapter 1

Motivation

1.1 The importance of material characterization

Semiconductors have become an important building stone for innovative technol-
ogy in today’s society. The rapid need for more energy efficient, more robust and
faster devices challenges the Si-based technologies of today. This led to the fall of
Moore’s law that scientists currently observe. Moore [I} 2] predicted in 1975 that
the complexity of electrical circuits would double every two years, which caused
the exponential trend that is shown in Figure [1.1l Devices became more energy
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Figure 1.1: The decline of Moore’s law. Taken from [3].

efficient due to the lower switching energies that were obtained by scaling down the
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size of the transistors that were used in the circuits. The devices also possessed an
improved clock speed. One of the reasons for the end of the exponential trend was
that devices based on small scale Si-based transistors exhibited low performances
[4, 5], 6]. Some of these performance problems are caused by the low electron mo-
bility in the thin silicon conductive channels.

Scientists at R&D facilities such as Imec are investigating the performance of de-
vices based on novel semiconducting materials that have the potential to counter
the low conductivity of silicon. Thin film transistors fabricated with a thin layer
of InGaZnO (IGZO) [7, 8] are components based on one of these novel materials.
The influence of the relative concentrations of gallium and zinc on the performance
of IGZO-based devices is still a part of modern day research [9]. This concentra-
tion ratio offers the possibility to change and tune the electron mobility. In order
to quantify the concentrations of the IGZO elements, material characterization
methods that can distinguish the corresponding signals are required.

On the other hand, the rise of big data impacts the demand for innovative storage
systems. A three-dimensional memory with structures of large crossbar arrays has
proven to be extremely efficient [I0]. An example of such a 3D array is visualized
in Figure[I.2, An important aspect of this memory technology is the selectors that
are serially connected to their respective memory cell. These selectors are made of
ovonic treshold switching (OTS) [I1] materials that have a unique IV-curve. An
OTS material starts in a high-resistive state when it is biased with a voltage lower
than the critical voltage V};,. After surpassing V;;,, the OTS material will transition
to a conductive low-resistive state [IT]. This principle is used in 3D memory arrays
to prevent leakage currents to the unselected cells.
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Figure 1.2: Cross-point architecture with resistive memory elements. Selected
memory cell is shown in light blue while the unselected cells are dark blue. Taken

from [12].



The OTS-selectors [12] of the unselected memory cells are biased with a voltage
Vin/2 such that they block any leakage current. This makes the memory array
more energy efficient. The OTS principle is still an active area of research and
recently there has been an increased interest for GeAsSe (GAS) [11], 13| 14]. GAS
exhibits a low leakage current and high endurance performance compared to other
OTS materials. This is shown in Figure [1.3]
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Figure 1.3: Endurance and leakage current comparison of different OTS-materials.
Taken from [I1].

The influence of the elemental concentrations of GAS on these properties is not
yet fully understood. Material characterization is again an important part of
future GAS research. IGZO and GAS thin films can thus be seen as examples of
the importance of material characterization. The accuracy of the analysis is then
determined by the ion beam analysis (IBA) technique used for the characterization.

1.2 Material characterization techniques

Particle induced X-ray emission spectroscopy (PIXE) [15] is an ion beam analysis
technique which uses the characteristic X-rays from the elements in a target to
determine the elemental composition [16]. These X-rays are created when a MeV
proton beam impinges on the target under investigation. Today, PIXE has many
applications in archaeology, painting dating and environmental studies [17, [I§].
The goal of this work is to investigate the benefits that PIXE could offer for the
semiconductor industry, in terms of sample characterization.



Currently, Rutherford backscattering spectrometry (RBS) [19] is routinely used
for the characterization of thin films [20]. This technique utilizes a MeV He-ion
beam to probe the elemental composition of the thin film. Here, the energy of the
backscattered He-ions is used as a parameter to obtain the elemental information,
but this results in poor mass resolution. This is especially important for a thin film
with Ga and Zn atoms because of their similar mass. PIXE has the potential to
overcome these limitations by using the characteristic X-rays of the similar atomic
mass elements.

Additionally, to obtain information about the light elements inside a film, elastic
recoil detection (ERD)[21] measurements are typically performed. This technique
uses a heavy ion beam to eject the nuclei of different elements from the material.
These nuclei are then characterized based on their energy and velocity. The cur-
rent use of ERD is supported by the fact that RBS is not sensitive to light elements
inside a thin film. However, PIXE has the potential to surpass the sensitivity of
RBS and ERD to oxygen, Cl and other light elements.

Conventional PIXE is limited in the characterization of these light elements by
an intense experimental background, which hinders the analysis of their X-rays.
Thus, in addition to investigating the potential of conventional PIXE to char-
acterize semiconducting thin films, this thesis also aims to construct a modified
setup that eliminates the background contribution. This as an attempt to push
the current state of the art of PIXE and could allow one to use the full potential
of PIXE.



Chapter 2

Elemental analysis with PIXE

The discussion of this chapter is oriented towards a general understanding of how
particle induced X-ray emission can be used to characterize a semiconducting thin
film. First, the basic picture of PIXE is introduced together with its ability to
convert characteristic X-ray counts or yields to elemental concentrations. Next,
the ionization cross section and the fluorescence yield, which make up the total X-
ray production cross section, are discussed. Lastly, the chapter ends by illustrating
the current understanding of the continuous X-ray background that is observed in
PIXE spectra.

2.1 Basic picture

The focus of this work is to investigate particle induced X-ray emission (PIXE)
spectroscopy, which is an ion beam analysis method used for characterization of
elemental concentrations inside a thin film. A typical PIXE experiment is per-
formed using a MeV proton or He-ion beam that is made to impinge the target
sample. As opposed to RBS, the messengers that are used for the characterization
are characteristic X-rays instead of elastically backscattered He-ions. A simplified
picture of the underlying X-ray production process is illustrated in Figure [2.1}

Here, the MeV proton ionizes a K-shell electron while passing through the tar-
get and leaves behind a vacancy or hole in the K-shell. The vacancy can be filled
through a deexcitation process where an electron from the L-shell transitions to
the K-shell. This would be followed by the emission of a characteristic X-ray with
an energy that is determined by the binding energy difference between the two
participating shells. The characteristic X-ray that is emitted in this case is re-
ferred to as K, radiation due to the initially created K-shell vacancy. The unique
energies that correspond to the characteristic X-rays from different target atoms



provide a fingerprint that can be used to identify the different elements that are
present in the target sample.
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Figure 2.1: Simplified picture of the mechanisms which are behind the production
of characteristic X-rays.

There is however a competing process in the deexcitation phase of the atom, where
the excess in energy is transferred to an orbital electron that is then ejected from
the atom. This electron is called an Auger electron which is shown on the bottom
right of Figure [2.1}

Measuring the energy of the characteristic X-rays with a silicon drift detector
or HPGe detector allows for the characterization of the target sample based on
the amount of measured characteristic X-rays from each element.

The intensity of the signals in a PIXE spectrum are determined by the X-ray pro-
duction cross section oprxg. Experimental values of this cross section are shown
in Figure|2.2| as a function of atomic number Z. Important to note from Figure
is the comparison with the cross section from RBS. First of all, PIXE can be done
using X-rays that were created from a K-shell, L-shell or M-shell vacancy which
each have their own production cross section. This enables PIXE to be sensitive
to elements across a wide range of atomic numbers Z. Here, the K-shell X-rays
provide the most accurate results in a quantitative analysis due to the low uncer-
tainties in the production cross section databases [22]. The L-lines and M-lines
can still be used for the heavier elements but due to the complex nature of the
X-ray production mechanism for these cases the databases show uncertainties be-
tween 5-15 % [23]. The large X-ray production cross section for the K-shell of light
elements could make PIXE a strong candidate to characterize the light elements
inside a sample. The cross section dependence on the material shows again that



RBS is mostly sensitive to the heavier elements.
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Figure 2.2: X-ray production cross section as a function of atomic number Z.
Taken from [19].

The X-ray production cross section op;xp is defined as [24]

OPIXE = WX * Oion,

where wy is the fluorescence yield which is related to the deexcitation process and
Oion the ionization cross section for an inner shell electron. Quantification of the
elements inside a sample is obtained from the intensity of the characteristic X-ray
signals. The intensity or yields from a K-shell X-ray signal of element with atomic
number Z can be converted into elemental concentrations using the expression [24]

Y(Z) =

dE,  (2.1)

Nava,ZbK,ZtK,ZSiZ (Q/47r)N c, /EF Gion,z(E)T7(E)
Ay P o Su(E)

where ¢z is the transmission through a possible absorber, €, is the detector detec-
tion efficiency, €2 the detector solid angle and o, the ionization cross section of
the shell that was involved in the production process. wg is the fluorescence yield
for the shell and b is the branching ratio. N,, is the Avogadro’s number, Az the
atomic mass of the element, Np the number of incident ions, Fy the initial energy
ions and E; the final energy. The integral over these energies takes into account
that the ions experience energy loss which is determined by the global stopping
cross section Sy/(E) of the sample. Lastly, 77 (FE) accounts for the fact that the
emitted X-rays can be attenuated while leaving the material.

An example of a typical PIXE spectrum from an unknown sample is shown in



Figure 2.3l Note that the K-lines of the lighter element appear at the lower en-
ergies while the higher energy characteristic X-rays correspond to the heavier ele-
ment. Additionally, there is also a continuous background which is clearly visible
in Figure together with a strong Si X-ray signal. This background limits the
detection of the low energy X-rays that correspond to the lighter elements and
is the result of the fact that thin films are generally fabricated on a thick silicon
substrate. On the other hand, conventional PIXE is able to distinguish the signals
from the similar mass elements which is not possible with RBS due to a poor mass
resolution.
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Figure 2.3: Conventional PIXE spectrum of an arbitrary thin film which is
mounted on a silicon substrate.

2.2 lonization cross section

The first part of the X-ray production mechanism is the ionization of an inner
shell electron. Understanding the physics of this ionization process is crucial to
determine the optimal conditions for X-ray production. There are two different
frameworks that are used to describe the ionization cross section. The first one is
based on a semi-empirical scaling law, which suggests that there is some under-
lying mechanism in the ionization process that is valid for each target-ion beam
combination. The second framework is based on the current best theory for the
ionization cross section. Here, only the semi-empirical model is introduced be-
cause it offers a fundamental understanding of the parameters that influence the



ionization cross section. The theoretical model will be introduced in Chapter [5]

For simplicity one can start by considering the case of an inelastic collision be-
tween an impinging electron and an inner shell electron. It can be shown for the
scattering of an electron with velocity v in a central force field that the amount of

transferred momentum AP to the target electron is given by [19]

_2¢?

AP = —
bv '’

where b is the impact parameter. This inelastic scattering process is illustrated in

Figure 2.4]
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Figure 2.4: The inelastic scattering of a beam electron (black) and an atomic inner
shell electron (blue). Inspired from [19].
The energy that is transferred by the electron can be written as

2m Eb?

(2.2)

which allows for the definition of the differential cross section o(T) for an energy

transferred between T and T + dT" as [19]
do(T) = —27bdb. (2.3)

Rewriting Equation (2.2) to an expression for the impact parameter b, inserting
this in Equation (2.3) and integrating over the allowed energy transfers results in

the total cross section for ionization by an electron with energy E given by [19]

Tmae red T B et (2.4)

_/Tmazd (T)—/ ! !
e = ’ B E T2 B E Tmln Tma:p

Tmin Tmin



Here, T),.. can be seen as the initial energy of the beam particle in the case of
an electron. This is typically much larger than 7},;,, = Ep, which allows one to

approximate Equation (2.4]) as

’7T€4 7T64

EE; UEZ

O &

where U = E/Ep and Ep is the binding energy of the orbital electron. This
approximation shows that the ionization cross section for an electron beam with
E>>FEp decreases for the higher beam energies.

In general, the ionization cross section becomes maximal for an electron beam
with a beam energy that is two or three times larger than the binding energy of
the inner shell electron [19]. Taking into account the general magnitude of the
binding energies for different elements, this corresponds to an electron beam with
an energy of order keV. The energy dependence of the ionization cross section is
shown in Figure[2.5] This energy dependence implies that heavier atoms would re-
quire a higher beam energy because the binding energy for K-shell electrons scales
with Z2 [19].

CROSS SECTION FOR
IONIZATION
(ARBITRARY UNITS)

g¢ & & &8 4 5 6 & B
u=E/Eg

o

Figure 2.5: Electron ionization cross section as a function of reduced energy U.
Taken from [25].

One can now use these dependencies that show up in the calculation of the elec-
tron ionization cross section to obtain a semi-empirical description of the ionization
cross section for a proton beam [I9]. This method is based on the idea that the
time-dependent electric field created by a charge passing near an atom will be the
same for a proton and electron of the same velocity. Using the electron and pro-
ton mass this corresponds to protons that have an energy which is a factor 1836
larger than the electron energy. This implies that the ionization cross section for
a proton beam will be maximal at beam energies of a few MeV instead of keV.
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Starting from experimental K-shell ionization cross sections for different elements
and rescaling them using the K-shell binding energy of the corresponding element,
one can study the energy dependence of these cross sections as shown in Figure
2.6l
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Figure 2.6: Semi-empirical model for the K-shell ionization cross section of different
elements with different ionizing particles as a function of beam energy. F% is the
binding energy of the K-shell electrons from different elements. Taken from [19].

Here, the experimental proton beam ionization cross sections for different elements
seem to follow the same behavior in terms of the reduced beam energy. For the
proton beam case one has Z; = 1 and M,/M; = 1, which implies that the ioniza-
tion cross section becomes maximal for proton beam energies of a few MeV. This
universal behavior allows one to determine a semi-empirical parameterization of
the ionization cross sections of different elements as a function of the reduced beam
energy U by means of a fit to the scaled experimental data. For the case of a He-ion
beam, one would have M, /M ~ 1/4 for the scaling of the x-axis. This means that
heavier ion beams require a higher beam energy E to achieve the maximal value of
their ionization cross section. At the maximal value however, the ionization cross
section for a given element would be larger compared to the proton beam case due
to the larger value of Z;. Similar methods can be used for L-shell and M-shell
electron ionization and the current databases for these semi-empirical models can
be found in the literature [26, 27].
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2.3 Fluorescence yield

After the ionization of a specific inner shell, the ionized atom is left with a primary
vacancy. When this vacancy is filled by the transition of an electron from a higher
energy level, it is called a radiative transition [24]. There are different transitions
possible depending on the deep electron structure of the atom, which are shown in
Figure 2.7 The characteristic X-rays that are emitted in the transition processes
are labeled according to the shell in which the primary vacancy was located. Figure
2.7| also shows that this shell label is accompanied by alpha or beta which refers
to the initial state of the transitioned electron.

M- levels
By By oy oy By B3 By m L
L-levels
dy dy
K-levels l

«—Kseries —> <———| series ——>

Figure 2.7: General definition of characteristic X-rays that result from different
atomic transitions. Taken from [24].

Using these radiative transition definitions one is able to define the fluorescence
yield for each shell. The radiative deexcitation process involving a primary vacancy
in shell ¢ is described using the fluorescence yield wx ;. The fluorescence yield of
the K-shell wy is defined as [2§]

W
Wx K

KW+ Wy

where Wy is the radiative transition rate and W, the Auger electron transition
rate. The K-shell fluorescence yield can be experimentally determined by mea-
suring the amount of K-shell characteristic X-rays and Auger electrons that are
emitted against the total created vacancies. Measuring the fluorescence yields for
different elements results in the experimental values [29] that are shown in Figure
2.8l The experimental values are shown together with measured fluorescence yields
from the other shells and compared with a semi empirical model [29]. First, it is

12



important to note that the K-shell fluorescence yield increases for the heavier ele-
ments, which means that they will undergo more radiative transitions compared to
the lighter elements. The L-shell fluorescence yields are only shown for the heavier
elements but this is due to the fact that an atom needs to have electrons in the M
subshells for these radiative transitions. A similar thing can be concluded about
the reported M fluorescence yields but it is most important to notice the small
magnitude of these L- and M-shell fluorescence yields. They imply that secondary
effects which are produced after the emission of a K-shell X-ray are relatively
small. An example of this is the case of K, emission, where a secondary vacancy
is created in the Lj subshell. This vacancy would then most often be compensated
by the ejection of an Auger electron instead of an X-ray. Secondary X-rays that
don’t directly result from the primary vacancy would otherwise serve as a strong
secondary effect in a PIXE measurement.
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Figure 2.8: Experimental fluorescence yield values for the K-shell and L-shell as a
function of atomic number Z.

One notices the different behavior of the K-shell X-ray production cross sec-
tion from Figure compared to the K-shell fluorescence yields from Figure [2.8
Lighter elements are intrinsically less likely to undergo radiative transitions com-
pared to heavier elements. However, at the start of this section it was stated that
PIXE could be very sensitive to light elements, which could seem contradicting at
first sight. This difference illustrates how the ionization cross section must have
an even stronger dependence on the atomic number to compensate for the small
fluorescence yield values. For the elements lighter than oxygen one can observe
that the small fluorescence yield values start to overcome the large ionization cross

13



section corresponding to the lighter elements.

Figure may seem to show the fluorescence yield of different atomic shells but
one should be careful with the way that these are defined. The K-shell fluorescence
yield was straight forward to define but things become more complex when trying
to do the same for the L-shell. In this case, the fluorescence yield is defined as an
average fluorescence yield Wy, given by [2§]

wy, = N1w1 -+ NQU)Q -+ NgCL)g, (25)

where NN; is the amount of primary vacancies in subshell 7 relative to the amount
of total L-shell primary vacancies. The L-shell fluorescence yield can not be de-
fined in the same manner as the K-shell case because it is very hard to ionize only
one of the three subshells from the L-shell. This different definition also makes it
harder to measure the fluorescence yields of X-rays that are created from primary
vacancies in the different subshells. From the definition of Equation (2.5), one can
conclude that N+ Ny + N3 = 1 so the average fluorescence yield is consistent with
the general fluorescence yield definition [28].

In order to measure the w;, wy and w3 quantities, one needs to perform three
different measurements [28] of the average L-shell fluorescence yield. With these
three measurements it is possible to obtain the w; quantities from the three equa-
tions that are given by the average fluorescence definition. This is only possible
if the primary vacancy distributions Ny, Ny and N3 are known for the three ex-
periments. However, the situation is more complex than mentioned so far because
in the case of primary L-shell vacancies there is an additional competing process
other than deexcitation through the emission of Auger electrons. The additional
competing transitions are called Coster-Kronig (CK) transitions [30] which are de-
fined as electron transitions between subshells of the same shell. These transitions
don’t result in the ejection of an electron or the emission of X-rays. Together, the
complex nature of the L-shell fluorescence yield and the possibility of CK transi-
tions cause large uncertainties [30, 31] in the databases of these quantities which
are larger compared to the K-shell fluorescence yield. This is one of the reasons
why K-shell X-rays result in a more accurate quantitative analysis of the elemental
concentrations inside a thin film.

2.4 Background radiation

Having acquired an understanding of the quantities which determine the intensity
of the signals in a PIXE spectrum, it is also important to introduce the background
contributions of a measurement. In experiments where a beam of charged particles
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is used to ionize the inner shell electrons, there will always be a contribution from
bremsstrahlung X-rays [32] that are produced by the slowing down of the beam
particles. The deceleration is caused by the interaction between the ions and the
target nuclei. The probability for bremsstrahlung P behaves as P =~ 1/M? [33],
where M is the mass of the radiating beam particle. This mass dependence im-
plies that there will be intense bremsstrahlung production in experiments where
an electron beam is used to ionize the inner shell electrons. This is for example
the case in scanning electron microscopy (SEM) [19], which is typically performed
with keV electrons. In the case of PIXE, one utilizes a proton beam which re-
duces the bremsstrahlung contribution drastically. Comparing the intensity of the
bremsstrahlung for experiments with a MeV proton to a keV electron beam re-
sults in an intensity that is reduced by a factor of 1/(1836)%. However, there is
still a continuum background contribution in PIXE experiments. The difference
is that this background comes from the interaction between the ion beam and the
electrons in the silicon substrate on which the thin film is mounted.

The remaining background has been the focus of many different studies [34] 35}, [36]
aimed at finding the processes that contribute to it. This resulted in the conclu-
sion that the total background, in experiments with a proton beam up to 3 MeV,
can consist of three different physical processes. They are referred to as quasi-free
electron bremsstrahlung (QFEB), secondary electron bremsstrahlung (SEB) and
atomic bremsstrahlung (AB). The relative intensities of each contributing process
are illustrated in Figure 2.9

Intensity

X - ray energy

Figure 2.9: Intensity of the tree main electron bremsstrahlung processes for a
proton beam with energy E,. Taken from [24].
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QFEB [37] involves the production of X-rays due to the interaction between the
quasi free electrons in the sample and the proton beam. The process only has
a contribution when the velocity of the electrons is negligible compared to the
beam particle energy E,. The process is then described in the rest frame of the
proton such that the electrons are quasi free with respect to the beam particle
at rest. Figure [2.9| shows that this contribution is dominant at very low X-ray
energies but becomes negligible for X-ray energies that are larger than the kinetic
energy T, of the quasi free electrons in the proton rest frame, which is when the
quasi free approximation breaks down. Electrons with a larger energy can thus
not contribute to the production of X-rays which sets a limit for the QFEB X-rays
because bremsstrahlung X-rays can not have a larger energy than the energy of
the quasi free electron due to energy conservation.

SEB arises from electrons, ionized from their shell, that interact with the nuclei
of the target material [24]. This causes the electrons to slow down and produce
a continuum of secondary electron bremsstrahlung X-rays. Figure indicates
that this is the dominant contribution over a wide range of X-ray energies which
means that it will largely determine the shape of the bremsstrahlung background.
The intensity of the SEB contribution starts to fall off at an energy F,,, which is
the maximal energy that a proton of energy E can transfer to an electron at rest.
The literature describes the bremsstrahlung X-rays with higher energies than this
value to be the product of electrons that already had a significant energy.

The last contribution of AB is a complex process arising from the atomic struc-
ture inside the target material. It is described as the radiation that is produced
when an electron is excited to a continuum of energy states and then eventually
transitions back to the initial energy state [38]. The promotion to a continuum
of states implies that AB also produces a continuum of X-rays. Although there
is a good agreement between theoretical and experimental cross sections of these
background processes, this has not resulted in a model that can be used to subtract
the background from PIXE measurements [24].

In this research, one of the goals is to investigate the effect that substrateless
PIXE could have on this bremsstrahlung background. Eliminating the substrate
could reduce the bremsstrahlung continuum background and potentially also re-
duce the intense Si X-ray that was shown in the conventional PIXE measurement
from Figure With less intense background, one could utilize the large X-
ray production cross section that was mentioned at the start of this section to
characterize the light elements in a thin film.
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Chapter 3

PIXE measurement

The energy deposition process that the X-rays undergo in the detector can be
complex. This third chapter starts by covering the X-ray interaction mechanisms
with matter that govern the energy measurement. Understanding the interac-
tion between X-rays and the detector medium is crucial to describe the detection
mechanism. Then, two important detector types are introduced. Combining the
fundamental aspects of these sections allows for the introduction of the initial test
setup that was constructed to perform PIXE measurements. Lastly, the chapter
ends with a discussion of the first scientific results that were obtained with this
setup.

3.1 Interaction of X-rays with matter

3.1.1 Photoelectric effect

Detection systems [39] often rely on the interaction of the particle or radiation of
interest with some kind of detector medium. A charged particle will ionize the
active detector medium of a semiconductor detector to create electron-hole pairs
that induce a signal in the electronic circuit of the detector. X-rays however, don’t
carry a charge and can thus not deposit their energy in the same manner as a
charged particle can. One of the interaction mechanisms that is fundamental for
the detection of X-rays is the photoelectric effect.

Here, the X-ray is absorbed in the material and a photoelectron is ejected. This
photoelectron carries a large fraction of the energy of the absorbed X-ray and will
create charge carriers in the detector medium. In order to maximize the detection
efficiency, one needs to understand how certain parameters influence the photo-
electric cross section. A simplified way of thinking of the photoelectric effect [19]
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is to approximate the atomic potential that acts on the bound electron to be a 1D
potential square well, as shown in Figure |3.1]

o

X-I"ay ‘ g

Figure 3.1: Simplified illustration of the photoelectric effect.

The depth of the well would reflect the binding energy of the specific atomic shell.
For a K-shell electron, the incoming X-ray energy should be sufficient enough
to overcome the K-shell binding energy in order to break the bound state. The
photoelectric cross section can be estimated using the square well approximation
[T9] which yields an expression that indicates the dependency of the cross section
on the energy of the photon and the binding energy of the K-shell. To obtain
a more complete expression for the photoelectric cross section, one needs to use
the 3D hydrogenic wave function to describe the initial bound state of the electron.

Consider a K-shell electron in an atom with atomic number Z, that is being ejected
after the absorption of an X-ray with energy hw [40]. One can assume that hw
> Ej, which results in an ejected electron energy of h%k*/2m = hw-FE,. Here, the
photoelectric cross section can be derived using first order time dependent pertur-
bation theory. In this framework one can define the transition probability w using
Fermi’s golden rule [40] given by

_27T

w = Ep(k) <¢f|Hl|¢z’>2 )

where p(k) is the density of final states, k is related to the momentum of the final
state electron p = hk and the final factor is the matrix element of the transition.
The initial state 1); of the bound electron is described by the hydronic wave function
[19]

Wy = male e,
where a = ag/Z and ag = h?/(me?) with the electron mass m. The electron
final state 1 in the matrix element can be approximated by a planar wave ¢y =

L=3/? exp(z’lz -7). This approximation is called the planar wave Born approximation
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(PWBA) [40] and is only valid for high energy photons and for light to medium
atomic number elements. The transition between these states is induced by the
perturbation Hamiltonian that contains the description of the X-ray as an EM-
wave. This perturbation Hamiltonian is the first order perturbation term in the
total Hamiltonian from a charge inside an electric field that is described by the
vector potential A. From this transition probability per unit time one obtains the
total cross section o, for a K-shell electron given by [40]

_w  128whe® By
T T T 3me B2

where /= hw is the energy of the interacting X-ray and Ep is the binding energy
of the K-shell of an element with atomic number Z. I represents the incident
photon flux determined by dividing the Poynting vector, defined by the vector
potential, by one energy quanta. Two main conclusions can be obtained from
the photoelectric effect cross section of Equation . First of all, the ability
of a detector material to detect an X-ray through the photoelectric effect, will
depend on the atomic number of the material because the binding energy of the
K-shell increases as a function of atomic number Z2. Secondly, each given material
will become less efficient in detecting X-rays that have a large energy. The strong
binding energy dependence also implies that a photon will have a higher probability
to be absorbed by a K-shell electron instead of a L-shell electron. The derivation of
Equation (3.1]) was performed using PBWA and specifically for K-shell electrons,
but generally the relation [39)

(3.1)

Z4
7~

is valid for X-rays in the keV regime.

3.1.2 Compton scattering and pair creation

Other than the photoelectric effect, the X-ray can also interact with the detector
medium through Compton scattering or pair creation [39]. The case of Compton
scattering on an electron at rest in the lab frame is shown in Figure|3.2] Here, the
photon starts with an energy hr and after the scattering this changes to hv'. A
certain fraction of the X-ray energy is transferred to the electron which can deposit
its energy in the detector material and the scattered X-ray could again interact
via the photoelectric effect or Compton scattering. The different energies that the
scattered X-ray can have are dictated by Compton’s formula which can be derived
by utilizing conservation of energy and momentum. This formula is given by [39]

hv

hy' = ,
1+ %(1 — cos @)
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where 6 is the scattering angle of the interacting X-ray in the rest frame of the
electron, as shown in Figure Compton scattering can in theory happen but
the probability is very low.

hv'

hv

0
o %_)...... ........

X-ray
®

Figure 3.2: The process of compton scattering in the rest frame of a target electron.

For pair creation to occur, the interacting X-ray needs to be able to create
an electron-positron pair that then interacts gradually with the detector medium.
However, energy conservation implies that this can only occur when the X-ray has
an energy that is twice the rest mass of the electron. The characteristic X-rays
from a PIXE experiment typically have energies below 20 keV, which implies that
they will never be able to interact via this mechanism. The absorber material and
X-ray energy regimes in which each of the three mechanisms are dominant are
illustrated in Figure [3.3|

100 - PHOTOELECTRIC PAIR 7
T EFFECT PRODUCTION ]|
g 80  pOMINANT DOMINANT ]
% 60 -
< 4ol COMPTON
L [ EFFECT
N 20 - DOMINANT |
0 L 1 L 1 ' 1 '
0.01  0.05 0.1 0.5 1 5 10 50 100
hv in MeV

Figure 3.3: Classification of the dominant X-ray interaction process for different

combinations of material atomic numbers and the energy of the interacting X-ray.
Taken from [19].
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Figure illustrates how the combination of a Ge or Si detector for the de-
tection of X-rays with an energy of a few keV implies that the photoelectric effect
is the dominant interaction mechanism in the case of PIXE. Apart from Compton
scattering, there also exists a small probability that the X-ray scatters in a coher-
ent way with an atom of the detector material [39]. Here, there would not be any
energy loss and only a change in direction of the scattered X-ray. This effect is
often ignored because it is very unlikely to happen in a Ge or Si crystal, which are
generally used as detector media.

3.1.3 Attenuation coefficient

The attenuation coefficient u; of a given detecting or absorbing material is defined
by the expression [19]
I = Ioe_” NE’

where [ is the incident intensity of an X-ray beam with a certain energy, = the
thickness of the material and I the intensity which is left after traversing a distance
x inside the material. The magnitude of the attenuation coefficient in the case
of keV X-rays, is determined by the photo electric effect cross section that was
previously introduced. Here, the attenuation coefficient u can be defined in terms
of the photo electric cross section o, as [19]

N:ns'o-ph'Nv

where ng is the number of electrons in shell s and NV is the areal density of the ele-
ment inside the detecting or absorbing material. This relation is valid because the
cross section does not take into account that there are multiple bound electrons in
a given shell. The total amount of scattering centers in the case of this interaction
is the total number of bound electrons which also motivates the multiplication
with the atomic areal density. Important to note is that the previous discussion
of the cross section in terms of the K-shell and L-shell electrons did not take into
account that there are generally more bound electrons in the L-subshells compared
to the K. The attenuation coefficient does take this into account but the strong
binding energy dependence of the ionization cross section still results in a higher
probability for the ionization of a K-shell electron.

With the definition of the attenuation coefficient, it is possible to introduce the
concept of an absorption edge [19]. Figure shows the attenuation coefficients
of different elements as a function of X-ray energy. Each attenuation coefficient
seems to show a discontinuous increase at certain X-ray energies, which diverges
from the general 1/FE* behavior. These features are called absorption edges and
characterize the energy at which the interacting X-ray would have enough energy
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Figure 3.4: Attenuation coefficients from different detection or absorber materials
as a function of X-ray energy. Taken from [19].

to overcome the binding energy of a shell that it was not able to ionize before.
This causes a sudden increase in the attenuation coefficient after which the en-
ergy behavior restores to the expected 1/E* shape of the attenuation coefficient.
These absorption edges can be utilized in absorbers for the intense attenuation of
characteristic X-rays that have an energy which is slightly higher than one of the
absorption edges of the absorber material.

3.2 Detection mechanism

With the photoelectric effect as the dominant interaction, the X-ray detection
mechanism is determined by the measurement of the energy of the photoelectron.
The general layout of a planar semiconducting X-ray detector is shown in Figure
3.5l The detector consists of a p doped anode, a n doped cathode and a region
which is less heavily doped in between them. This region becomes the active
detector area when a reverse bias is applied to the pn junction [39]. With the
reverse bias applied, a depletion region is created which extends into the intrinsic
part where no remaining free charge carriers are left. The absence of free charge
carriers is what makes this intrinsic region the active area of the detector.
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Figure 3.5: Detection principle of keV X-rays in a semiconducting Ge detector.

The X-ray detection principle is also illustrated in Figure [3.5] where an X-ray
interacts in the active area through the photoelectric effect. The generated photo-
electron slowly ionizes the atoms in the detector crystal and creates electron hole
pairs in the process. The electric field in the depletion region, which results from
the applied bias voltage, will cause the electrons to drift towards the anode and the
holes towards the cathode. The amount of electron-hole pairs is proportional to
the energy of the photoelectron [39] and the drift of these induced charge carriers
will generate a charge pulse or current in the detector electronics.

However, the X-ray will not transfer all of the energy to the photoelectron. Here,
the remaining excess of energy is given to Auger electrons which also generate
charge carriers that contribute to the total amplitude of the charge pulse. De-
pending on the detector material and the initial X-ray energy, it is also possible
that the remaining energy results in the emission of a characteristic X-ray. In the
case of the Ge-crystal shown in Figure [3.5] this can be the L, X-ray which has the
possibility to undergo the same energy deposition process as the initial X-ray and
thus also contribute to the total charge pulse amplitude.

3.3 Data acquisition and electronics

3.3.1 Detector electronics

The charge pulse that is produced by the drifting of the created charge carriers is
integrated over a charge sensitive capacitor. This is done using the preamplifier
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circuit shown in Figure [3.6] Here, the integrated charge pulse from a given X-ray
results in a voltage increase across the charge sensitive capacitor. The capacitor
voltage as a function is the output of this preamp circuit. Figure [3.6| also shows
that the capacitor voltage seems to have a strong reset behavior. This is caused
by a switch that resets the capacitor voltage by grounding the system for a very
short time, when the dynamic range of the capacitor is reached. This circuit is
called a transistor reset preamplifier (TRP) [39] and is often used for the detection
of low energy X-rays. The TRP also has limitations because the reset causes the

H.V. Bias integrator |
— - —— — time

S

l detector energy output

switch

Figure 3.6: The electronic circuit connected to a semiconducting X-ray detector.

system to be inactive for a small amount of time. This reset occurs in a time of
less than 2 us which allows the electronic circuit to resume the measuring process
in a quick manner. However, the dynamical range of the capacitor can be swiftly
reached in the case of high energy X-rays or large event throughput. The effect of
the reset frequency is quantified in the detector dead time DT given by

DT — Real time — 'Live time % 100,
Real time

where Live time is the active measuring time of the detector and Real time is the
total time which also includes the detector dead time due to the reset process. A
measurement with a detector dead time of 0 % is the ideal case because the Real
time would be the same as the Live time. In the case of PIXE with keV X-rays,
one can generally interpret a detector dead time of around 1 % to not significantly
affect the measurement. The TRP is able to process almost 1000 pulses between
resets in the case of 5.9 keV /event .
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3.3.2 Digital signal analyzer

The voltage pulses that are acquired from the TRP preamplifier have to be dis-
critized in order to determine the corresponding voltage increase which is propor-
tional to the energy of the initial X-ray. This is done using a trapezoidal filter [41]
which computes a trapezoidal pulse for each voltage step which has a magnitude
above a certain threshold value. An example of this conversion is shown in Figure
3.7 The flat top part of this trapezoidal pulse is very important because this
corresponds to the digitization of the voltage pulse amplitude.
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Figure 3.7: Digitization of a voltage step across the charge sensitive capacitor.
The voltage is digitized at the flat top part of the converted trapezoidal pulse.

The trapezoidal pulse from Figure is characterized by a certain rise and
flat top time which dictate the shape of the pulse. This pulse is obtained by
the subtraction of two moving averages [41] that the data acquisition software will
calculate while the time series of the preamp voltage is being received. The output
Vot 1s then calculated as

Vout (1) = Vina1 (1) — Vinaa(4),

where V,,,41(7) is the result of a moving average that averages the preamp voltage
in a fixed interval while it goes over the signal. V},,2(7) is a second moving average
which is offset by a well defined time t; with respect to the first moving average.
A simplified illustration of the trapezoidal pulse conversion based on two moving
averages is shown in Figure 3.8 Initially, the two moving averages are both aver-
aging the preamp voltage in a regime where there is no voltage step. This results
in V,,; = 0 which can also be observed in Figure [3.7. Then, the rising part of the
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trapezoid starts to form because the averaging interval of V,,,; starts to include
some of the increased voltage values which results in an increasing V,,; voltage.
This rising part is defined by the time t,, after which the first moving average will
only average the preamp voltage after the voltage step. Here, the flat top part
of the trapezoidal pulse is generated which is defined by the offset between the
two moving averages. At some point, the second moving average will also start
to average a part of the voltage step resulting in a decrease in the voltage V,,;
towards the baseline value of V,,; = 0. This process keeps repeating for every
voltage increase in the preamp voltage.

vmaZ(t)

Figure 3.8: Schematic illustration of the moving average differentiator that is used
in the trapezoidal filter.

The digitized voltage values from each pulse are then stored in different chan-
nels according to their voltage value. For PIXE measurements with the Ge-detector
from Figure , the literature [42] illustrates that a flat top time ¢; = 0.8 ps and
rise time ¢, = 5.6 us result in a good measurement performance. These are also the
data acquisition parameters that are used in this work. Important to note is that
a long rise time can cause interference between two or multiple voltage increases
due to the large averaging window of the filter, whereas a short rise time can cause
the measurement to become extremely sensitive to electronic noise.

26



3.4 SSD versus HPGe detectors

3.4.1 Detector build

The detector that was shown in Figure [3.5is the Canberra GUL0055 high-purity
germanium (HPGe) detector [43]. It contains a 25.4 pm Be entrance window that
protects the detector from any outside contamination. This entrance window al-
ready affects the low energy X-rays significantly. An alternative option to the
HPGe detector is the silicon drift detector (SDD) from rayspec [44]. The SDD is
not available during the time frame of this work but will be available for future
research, which makes it interesting to compare it to the HPGe detector that is
used in this research. The build and detection mechanism are shown in Figure|3.9
[44], which is a bit different compared to the HPGe. It contains a small anode
which is surrounded by thin circular metal strips to which a voltage is applied.
The voltage is applied with a gradient, starting from the inside strip towards the
outside strip, that will induce a non-uniform electric field in the active area of the
detector. This is what allows the small dimensions of the anode as can be seen
in Figure [3.9] where the charge carriers are guided along the electric field lines
towards the anode.
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Figure 3.9: Schematic overview of the detection of an X-ray in a SDD detector.

One of the reasons as to why SDD are used in PIXE experiments is the small
detector capacitance [45]. This is the result of the small anode and is important
because the electronic noise that impacts the performance of the detector scales
with this capacitance. Another thing that can make the SDD from rayspec useful

27



is the thin 1 ym CH entrance window. This implies that the detector is intrin-
sically designed to be able to measure low energy X-ray better than the HPGe
detector. The small detector capacitance can also allow the SDD to measure the
signals from these low energy X-rays.

The detection mechanism that was described in Section only performs well if
the active area is free of any free charges. However, due to the small Ge bandgap
of 0.66 eV, valence electrons can promote from the valence band to the conduc-
tion band. These free charges could cause recombination with the charge carriers
from the X-ray or produce a dead current under the influence of the electric field
across the depletion region. The Ge detector is cooled to —185°C (88 K) in order
to reduce the probability of thermal excitation [39]. This is done using a cooltip
[46] that is built in with the detector. The cooltip system consists of a cold head
that transfers heat away from the Ge detector. The Si detector on the other hand
has a bandgap of 1.5 eV which is larger than the Ge case. Nonetheless, the SDD
from rayspec also has a cooling system which cools it to 15°C. Both of these
temperatures of the Ge and SDD are preset by the manufacturer and can not be
changed.

3.4.2 Detection efficiency

The detector efficiency can be determined as a function of X-ray energy with the
expression [24]

[[T5 exp(—piz:)] - [L — exp(—peeD)] - fx
(1+2/d)? ’

€ =

(3.2)

where p; denotes the absorption coefficients from a layer of element ¢ and D is
the thickness of the HPGe active layer. fg accounts for the potential escape of
X-rays from the active area. Absorption coefficients are energy dependent and are
retrieved from the XCOM database [47] of NIST. The first layer is the 25.4 pum
Be window and the second and third layer are respectively a 100 nm Al electrode
and a 10 nm Ge dead layer. A possible ice layer on top of the detector is neglected
in this expression [24]. An important part of the expression from Equation (3.2))
is the Ge absorption coefficient. The high density of Ge results in a good detector
efficiency over a wide range of X-ray energies. This is illustrated in Figure [3.10]
where the efficiency of the Ge detector is compared to a Si detector.

The Si attenuation coefficients will be lower for the higher X-ray energies. In the
lower energy regime, the detector efficiency is limited by the layers in front of the
detector active area.

28



1.0 -
J.’f"______-—-'—_ —

0.8
)
c 0.6 -
@
(.
u: 04 A
W]

0.2 4

- HPGe detector
0.0 - —— 5j detector
0 5 10 15 20 25 30

X-ray energy [keV]

Figure 3.10: Efficiency comparison between a HPGe detector and a Si detector of
the same thickness.

3.4.3 Detector lineshape

The expected result of measurement with an X-ray detector which stores the am-
plitudes of the voltage pulses, originating from each X-ray, in discrete channels is
illustrated in Figure [3.11] In this figure, the channel numbers have already been
converted to X-ray energies which make up the X-axis of the PIXE spectrum. The
vertical axis indicates the amount of counts that were obtained in each channel.
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X-ray energy

Figure 3.11: The expected detector lineshape from a monochromatic X-ray beam
in the case of detection through the photoelectric effect. Inspired from [4§].
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Important to note is that the theoretical measurement from Figure [3.11] resembles
a measurement of a monochromatic X-ray beam, where no other X-ray energies are
present, that interacts with the detector medium through the photoelectric effect.
The resulting shape of the signal is referred to as the lineshape [48] of the detector.
The main feature of the lineshape is called the photopeak which is centered around
the energy Ex.ay of the monochromatic X-ray beam. However, the lineshape also
contains an exponential low energy tail that extends from the photopeak onto a
shelf with a more or less constant height. This low energy feature is caused by
the incomplete charge collection (ICC) [48] that occurs when the Auger electrons
or photoelectrons that originate from the X-ray escape the detector medium. The
intensity of the shelf and low energy tail is expected to be below 1 % of the total
intensity of the photopeak when the detector is designed to measure the energy
Ex_ 1y with a good performance.

The final feature from Figure is referred to as an escape peak [48]. This
signal is the result of an escaping characteristic X-ray that is created in the en-
ergy deposition process. The discrete energies of the characteristic X-rays is what
results in a discrete signal instead of a continuous signal. To illustrate this, one
has to start from Figure [3.5] where the characteristic Ge L-shell X-ray can es-
cape the detector medium without contributing to the induced charge pulse in the
electronics. This results in the escape signal centered around an X-ray energy of
Ex.ay — F,,,. The escape signals are expected to be more intense than the shelf
due to the large attenuation lengths of X-rays.

The photopeak from Figure [3.11] exhibits a certain width which defines the en-
ergy resolution of the detector. The energy resolution reflects the ability of the
detector to separate similar energy values from different X-rays. Generally, the
detector energy resolution AE can be written as [49)

AE = \/AE?% + AE2,

where AFEy; reflects the statistical nature of the charge carrier formation process
and AFE,; resembles the contribution from the electronic noise. The lower limit of
the energy resolution is mostly defined by the statistical fluctuation in the amount
of charge carriers that X-ray of the same energy produce in the detector medium.
This statistical contribution is defined as [49)

AE, =2.355VF -w - F,

where F'is the Fano factor, w the energy that is needed to produce an electron-hole
pair in the detector medium and F the energy of the interacting X-ray. The Fano
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factor [39] describes how significantly the fluctuation in charge carrier production
differ from what is expected from Poisson statistics. The Fano factors of a HPGe
and SDD detector are respectively 0.12 and 0.08 [50]. Additionally, the values for
w [39] are 2.96 eV in the HPGe case and 3.5 eV for the SDD. These similar values
result in a lower limit for the energy resolution of these detectors which is just
above 100 eV. However, it is important to note that the total energy resolution
of the SDD is expected to be smaller than the HPGe detector due to the smaller
detector capacitance. This results in a lower contribution from detector noise to
the energy resolution.

In terms of the intensity of the escape peaks it is possible to make a clear dis-
tinction between the HPGe and the SDD case. In the case of a SDD, the X-rays
will generally have enough energy to overcome the binding energy of the Si K-shell
which is only 1.8 keV [19]. But, due to the very small fluorescence yield of a Si
atom this vacancy will have a small probability to be filled through the emission
of a characteristic K, Si X-ray. A similar thing can be said about the L, X-rays
from the Ge crystal case. This is important because these characteristic X-rays
would otherwise create intense escape peaks next to the X-ray signal because they
have a high probability to escape. However, X-rays with an energy that is large
enough to overcome the Ge K-shell binding energy of 11 keV [19], can produce Ge
K, characteristic X-rays which have a large probability to escape the system due
to their energy of around 11 keV. Additionally, the K-shell fluorescence yield of
Ge has a larger magnitude compared to the K-shell of Si which means that the
escape peaks induced by the escape of the K, Ge X-rays will be more intense.
Note that this will only significantly affect the PIXE X-rays that have an energy
above 10 keV.

To conclude this subsection, it is important to note that every X-ray signal in
a PIXE spectrum will have a lineshape that resembles the theoretical illustration
from Figure [3.11}
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3.5 Conventional PIXE setup

3.5.1 Setup layout

During the time of this research, the lab only had access to the HPGe detector that
was described in the previous sections. With this detector and the corresponding
electronics and data acquisition system that were described in Section [3.3] the
experimental setup shown in Figure [3.12] was constructed during this research.
Here, an existing vacuum setup was used such that the detector could be attached
to one of the connection points of the experiment chamber. The angle between
the beamline and the detector is 30°, which is important to minimize the intensity
of the electron bremsstrahlung.

ion-beam\v

[ 1

detector

sample

Figure 3.12: Top view of the experimental chamber in which the HPGe detector
was installed to create a conventional PIXE setup.

The angular dependence of the bremsstrahlung has been investigated in many
studies [51] and indicates that the intensity of this background is maximal around
a detector lab frame angle of 90°. The existing IBA setup allows the user to change
the vertical position of the sample holder, which is important when different PIXE
measurements have to be performed on different samples. It is also possible to
rotate the sample holder around the vertical rotation axis such that the angle be-
tween the sample normal and the beam direction can be adjusted. The first goal of
the research is to perform PIXE test measurements and to verify the performance
of the HPGe detector. The existing vacuum chamber provided the ideal option
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for this purpose because one can change certain setup parameters and investigate
whether the expected behavior is observed in the measurement.

Before performing any experiment, it is important to install an additional ab-
sorber layer in front of the detector. As the absorber material, we choose Mylar
due to its composition of CgHgO,4 and because we had the option to increase the
absorber thickness by stacking multiple 13 pum layers. The absorber is necessary
to attenuate the very intense Si signal from the substrate, without affecting the
higher energy X-rays too much. Without an absorber in front of the detector,
the large count rate of the unfiltered Si signal would saturate the detector, cause
large dead times and intense pile up peaks. The second important purpose of
the absorber is to stop any beam particles that are backscattered in the sample
towards the detector. These particles can damage the HPGe detector or induce
signals that influence the measurement. The thickness of the Mylar absorber had
to be just enough to stop the particles and attenuate a larger part of the Si X-rays.
Here, the Ruthelde [52] software was used to simulate the energy loss of a 2 MeV
backscattered proton and He-ion. The result of the simulations is shown in Figure
and indicates that one needs 52 pm absorber thickness in order to perform
experiments with a proton beam.
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Figure 3.13: Energy loss simulations of a 2 MeV He-ion (left) and a 2 MeV proton
(right) in the Mylar absorber with a thickness of 52 pm.

The energy loss calculations are performed using Bragg’s rule [19] and the
SRIM-2013 [53] stopping cross section values. Bragg’s rule states that the total
energy loss that a particle experiences in a compound is determined by the sum of
the energy loss values in their individual components, weighted using the elemental
concentrations. The energy loss that a 2 MeV particle would experience in the
Mylar is determined at the start and is applied over the distance of one monolayer.
This process is repeated with the decreased energy value for the next monolayer,
until the particle is stopped. An experiment with a He-ion beam could allow for a
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thinner absorber thickness but this would not sufficiently attenuate the Si X-rays,
which have an energy of 1.74 keV. This can be seen from the transmission curves
for different absorber thickness values shown in Figure [3.14, Transmission T of
a certain X-ray energy through an absorber is defined as I/Iy, with Iy the initial
intensity of the beam. The curves are obtained using experimental attenuation
coefficients from the XCOM database [47] of NIST.
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Figure 3.14: Transmission curves for different Mylar absorber thickness and for a
thin aluminum absorber.

3.5.2 Setup testing

One of the first experiments was to investigate the influence of the detector solid
angle on the count rate of the detector. The distance between the sample and
the detector could be manually adjusted and was determined using the ruler that
was installed on the detector. The starting distance between the sample and
the detector was (186 £+ 5) mm, when the indication on the detector ruler was
at zero. The uncertainty on this distance is an estimation based on the limited
ability to measure various distances. However, relative distances can be measured
with a precision of 1 mm. By bringing the detector closer to the sample, one
can increase the detector solid angle and perform test measurements at different
detector-sample distances. Here, the detector solid angle can be approximated as
[24]

0= Aactive

)
mr?
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where Aggqive is the detector active area of 50 mm? and r is the distance between
the sample and the detector. The value of r was determined as

r =186 — drulerv

for which different values of d,., between 52 mm and 92 mm were used. A thick
copper sample is used such that the amount of Cu K, X-ray counts could be mon-
itored. The measurements were performed using a 2 MeV He beam and a sample
tilt angle of 10°, which resulted in PIXE spectra that are similar to what is shown
in Figure |3.15]
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Figure 3.15: PIXE measurement of a thick Cu sample for a detector-sample dis-
tance of around 70 mm.

Important to note from Figure [3.15] is the excellent energy resolution that can
be seen in the Cu K, signal. The width of this signal corresponds to an energy
resolution of 150 eV. The integrated counts under this X-ray signal are shown as
a function of the distance between the sample and the detector in Figure [3.16]
The results confirm to have a 1/r?* dependence on the distance as can be seen
with the fitted function. This is as expected from Equation which defines a
linear dependence of the counts under an X-ray signal on the detector solid angle.
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Figure 3.16: X-ray signal intensity dependence on the detector solid angle investi-
gation.

Another experiment that can be done to test the agreement between the mea-
surement and what is expected from the physics, is changing the angle between
the beam direction and the sample normal. Here, the path length of the beam
inside the thin film will be larger. This is expected to increase the number of
counts in the X-ray signals from elements within the thin film and is illustrated in

Figure [3.17]

Thin film \/

Si substrate

Figure 3.17: Tllustration of the tilt angle o defined by the angle between the beam
direction and the sample normal.

A thin film of FeCo on a Si substrate is used in the sample tilt angle experiment,
where tilt angles of 10° and 80° are used. The expected increase in X-ray count
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related to the larger path is determined by the 1/cos(«) ratio [24]. The two
measured spectra are shown in Figure [3.18, where there is a clear increase in the
intensity of FeCo signals from the thin film. The counts increased by a factor of
igzégz = 5.6, which is as expected from the increased path length. This implies
that one can increase the measured signal intensity for a layer near the surface
with a factor 5, when the sample tilt angle is changed from 10° to 80°. The low
detector dead time of 1 % also confirms that the absorber is sufficient to attenuate

the strong signal from the Si substrate.
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Figure 3.18: PIXE measurements of the same FeCo sample with different experi-
mental tilt angles a.

The final performance experiment was a measurement of the detector dark cur-
rent or leakage current. It is typical for semiconductor detectors to exhibit small
detector currents that originate from free charges that are thermally excited from
the valence band into the conduction band. The cooling that was introduced in
the previous part already decreases the intensity of this current, but one should
still inspect this due to the small Ge bandgap of 0.66 eV [19].

A data acquisition of 30 minutes without the presence of the ion beam in the
chamber results in 3 counts for the energies higher than 1 keV. However, the spec-
trum does shows a small signal from dark current and electrical noise at a detector
channel 10 which would correspond to an X-ray energy of 200 eV. The intensity of
this signal is low and agrees with the expectations. The ramp frequency which is
the time between two resets of the preamplifier voltage was around 4 to 5 seconds,
depending on how long the bias voltage had been applied. This voltage increase
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represents the noise and dead current that the detector is experiencing, as men-
tioned in Section [3.4]

The different detector performance tests that were performed show that the de-
tector is behaving as expected. This means that the data acquisition parameters
that were mentioned in Section [3.3] result in a setup that can be used to measure
the X-ray signals from a thin film.
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Chapter 4

Analysis software for PIXE
spectra

This chapter discusses the process of analyzing PIXE spectra and converting the
intensity of X-ray signals into elemental concentrations. Scientists at Guelph have
developed a data analysis software called GUPIX that can be used for this exact
task. To understand how this software can be used for the analysis of PIXE spectra,
the fitting procedure is introduced in the first section. The counts under the fitted
signal also need to be converted into concentrations. This standardization process
is covered in the second section together with the uncertainty evaluation. The
software abilities that are covered in both sections also motivate the choice to use
GUPIX for this research.

4.1 Fitting procedure

The analysis of a PIXE spectrum is done with a computational method. Here, a
model that represents the geometry, detector properties and theoretical yields can
be fitted to the spectrum. The model that GUPIX [54] 55 56l 57, 58] offers is
based on the lineshape of the detector and the energy calibration parameters. This
means that GUPIX does not fit a theoretical simulation to the data but either a
Gaussian determined by the detector parameters. This Gaussian is used to model
the detector broadening on the natural lineshape of the X-ray signal. The natural
lineshape of a characteristic X-ray can be represented as a Lorentzian L defined

as r
L= -, 4.1
(x —20)2 + (%) 1)

where x( is the energy of the characteristic X-ray and I' the natural width of the
signal obtained from [59]. The detector broadening is modeled by convoluting the
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Lorentzian from Equation (4.1)) with a Gaussian which has a width that reflects
the energy resolution of the detector [54]. The natural lineshape of the Ga K, X-
ray is shown in Figure together with the modeled detector broadening. Note
that the software needs predefined experimental details about the elements that
are present inside the thin film, before a fit can be performed.

—— Natural lineshape
—— Detector broadening

Intensity

L

9.0 9.1 9.2 9.3 9.4 9.5

X-ray energy [keV]

Figure 4.1: Natural lineshape of the Ga K, X-ray and the resulting signal in the
detector as the convolution of the lineshape with a Gaussian. For clarity, the
intensity is normalized to have the same maximum, not the same total intensity.

The fitting procedure [54] starts by generating a Gaussian shaped signal centered
around the energy of the m-th X-ray of element n. This is referred to as the
principle line of the element and is defined by the user. The location of the central
channel X of the Gaussian is determined by the energy calibration parameters P,
and P, of the detector which are defined as [54]

XOZPa+Pb'Ex7

where E, is the actual X-ray energy. The width of the Gaussian is defined as [54]

0 = \/Pc+Pd'Ez>

where P, and P, resemble the noise and the statistical nature of the charge forma-
tion that both determine the detector resolution. Generally, for HPGe detectors it
has been shown [54] that P; = 4.6-107* P, which eliminates one of the parameters.
The parameters P,, P, and P, are already three of the four fit parameters that are
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optimized to fit the position and width of the Gaussian’s to the data. The last fit
parameter in the fitting procedure is the height h of the Gaussian. GUPIX also
offers the possibility to include an exponential low energy tail and a shelf in the
model of the lineshape. The model parameters are then optimized by means of a

conventional least-square fit to the principle peak of the element. The chi-squared
for the fit is defined as [54]

1 (Y = Yioa)?
X° = d Z T2 (4.2)

where d is the number of degrees of freedom and o, is the variance of the counts or
yields Y in channel x. When the principle peak area is determined, the sub-peaks
of the element are also simulated. Here, the software starts from the fitted principle
line and converts this fitted Gaussian according to the relative fluorescence yield
of each sub peak. The intensity ratio R,,,1 of the m-th line of element n to the
principle line is defined as [54]

Rmnl =N- Rmn : Tmn * €mn,

where R,,, is the relative emission rate, T},, the transmission of the m-th X-ray
line through the absorber and ¢,,, the detector efficiency for the energy of the
m-th line. N is a renormalization parameter in this definition. The software also
needs the absorber thickness and detector details for this conversion.

An important detail of the expression from Equation , is that the experi-
mental X-ray signals will be superimposed on a slowly varying background caused
by bremsstrahlung. GUPIX gets around this background by using a top-hat filter
[54] that is optimized to filter out the slowly varying component. The filter func-
tion is shown in Figure 1.2 where UW and LW define respectively the positive
filter coefficients f; = 1/UW and the negative coefficient f; = —ﬁ. It has been
shown [54] that UW = 1 FWHM and LW = 0.5 FWHM are the optimal filter

dimensions, where FWHM represents the full width at half max of the Gaussian.

uw

T
7/

LW

Figure 4.2: Top-hat filter function. Inspired from [54].
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These filter functions are then applied to the measured data by the convolution
defined as

s=t
Filter(Y (x)) = Z fY(z+s),

s=—1
where t = UW /2 4+ LW. The effect of this convolution on the raw data is illustrated
in Figure 4.3l The top part of this figure represents a Gaussian shaped X-ray signal
on some linear background and the bottom part is the filtered result. The fitting
procedure starts by applying this filter to the spectrum after which the principle
line fitting process, described at the start of this section, is applied. For this, the
software needs some starting values for the calibration parameters P,, P, and P,
of the model which are obtained by performing a linear channel-energy fit using
two visible X-ray signals in the spectrum.

o
N)
IS
o
@
=
5]

Figure 4.3: Top: Gaussian imposed on a linear background. Bottom: Result after
applying the top hat filter to the blue curve. Inspired from [54].

An example of this is shown in Figure [1.4] where the spectrum had a Si K,
X-ray signal and a Ge K, X-ray signal. The fit uses the channel number that
the detector assigned to both X-ray energies and obtains a good estimation of P,
and P, from the linear fit coefficients. These energy calibration parameters allow
the software to locate the central channel of the principle X-ray line of each ele-
ment. An initial guess for the height of the modeled Gaussian is obtained from the
amount of counts in the peak channel of the principle line [54]. The areas of the
principle lines corresponding to the elements in the thin film are then the essential
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result of the fitting procedure. Applying a filter to the spectrum can affect the
uncertainties of a fitting process. It is therefore important to define the uncer-
tainties that arise from the GUPIX fitting process. In a regular unfiltered fitting
procedure, one can view the variance of Y from Equation as 02 =Y (x) which
is given by the statistical nature of the X-ray counts. However, the filter procedure
implies that this variance should be modified. According to Schamber [60], the
correct modification is obtained when replacing the variance in the denominator
of Equation (4.2)) by the approximation

=3 Y ts)

s=—1

The f, coefficients from this expression are again the filter coefficients defined by
the filter function that is applied to the unfiltered spectrum.
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Figure 4.4: Energy calibration by means of a linear fit to the channel values of
well defined X-rays in a PIXE measurement.

4.2 Uncertainty analysis

GUPIX offers two uncertainty estimates on the determined area of the principle
peak. The first uncertainty is the fit uncertainty, which is determined from the
squares of the diagonal element of the error matrix [54]. The filter effect on these
error matrix elements corresponds to a scaling correction determined by the values
of UW and LW. This fit uncertainty reflects the uncertainties in the peak height
and width parameters. The second uncertainty is the statistical uncertainty, which
is generally reflected by the square root of the peak area. However, this can
significantly differ for peaks that have a slight overlap. The statistical uncertainty
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that the software determines offers an alternative measure for the statistical error
in the peak area as an attempt to take these effects into account. First, a region of
interest is defined around the peak, corresponding to 2-FWHM about the central
part. The total area NN in this region can be written as [54]

N=P+0+B,

where P is the peak intensity, O the area of partly overlapping peaks and B the
continuum background intensity. The statistical error on the determined peak area
P is then defined as [54]

op =P +20+ 2B +0.01(0/P),

where the factor two contribution of the background reflects the error in the es-
timation and the subtraction. The second term in this uncertainty reflects the
systematic error involved in the slight peak overlap, which is estimated as £1 % of
the overlapping area relative to the determined peak area. After performing a fit,
one should always inspect the provided fit and statistical uncertainties and then
combine them to obtain a total uncertainty on the fitted principle peak area.

4.3 Pile up and escape peaks

The previous discussion of the peak area fit procedure did not take into account
that a fraction of the signal can also appear at different energies in the spectrum.
This can happen due to pile up peaks or escape peaks which were introduced in
Chapter (3] of this work. It is important that these effects are taken into account in
the final peak area determination to prevent an underestimation of the elemental
concentration.

GUPIX models the escape peaks from the Ge medium by providing each X-ray
parent peak with an additional Gaussian displaced by the binding energy of the
shell that caused the characteristic Ge X-ray. The relative intensity of the escape
peak to the parent peak is determined by the fraction 7 of emitted Ge K or Ge L
radiation which escapes from the detector defined as [61]

1 e 7
n:—(l—uG 1n<1—|— a ))
2 i HGe

Here, p; is the mass absorption coefficient in the Ge detector medium for a given
incident X-ray energy and pg. is the mass absorption coefficient in Ge for the
energy of the characteristic Ge X-ray that could cause the escape peak. This ex-
pression reflects the fact that X-rays with a higher attenuation coefficient interact
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closer to the detector surface such that the attenuation coefficient of the emitted
Ge X-ray is not large enough to prevent it from escaping.

Pile up is not a detection effect but rather an artifact from the signal handling.
GUPIX models this by adding an artificial element to the spectra that can have
N(N + 1)/2 lines in the case of a spectrum with N X-ray lines [54]. Each line
from this artificial element can have an energy determined by the different possible
combination of the X-ray energies from these N lines. Due to the fact that GUPIX
takes the thin film elements as an input, it can try to fit a Gaussian pile up peak
to signals that appear to be a superposition of two X-ray energies. Combining
the area from the modeled escape and pile up peaks with the fitted principle peak
areas, results in a more accurate area estimation of the peak from each element.

4.4 Conversion to elemental concentrations

GUPIX offers different elemental analysis schemes [55] depending on the nature
of the measured sample. For PIXE measurements with thin films, it is possible
to determine the theoretical X-ray yields using the X-ray production cross section
calculated at the initial energy of the ion beam. This approximation can be made
as long as the energy loss in the layer is only a small fraction of the initial energy.
In the case of a 10 nm IGZO thin film, the energy loss of an impinging 2 MeV
proton is only 0.03 % of the initial energy, which is why this approximation can
be used for the measurements of this work. The conversion of the fitted principle
peak area to elemental concentration is based on

Yy =Cz-1(2)-e(Z) - Y1(Z2)-Q-Q, (4.3)

which is obtained by using the thin film approximation to simplify the integral
from Equation (2.1)) and combining the ionization cross section and fluorescence
yield in the theoretical yields Y;(Z). As noted in Chapter , an accurate charge
measurement, detector efficiency, and transmission parametrization can allow one
to convert the yields or fitted principle peak into the areal density of the element.
Important to note is that the setup from Chapter [3| only provides a beam charge
measurement before passing through beam defining slits. This means that only an
estimation of the beam charge can be provided to GUPIX which does not allow
for the conversion of peak area to accurate areal densities. In this work, we are
mostly interested in obtaining relative concentrations which can be seen as relative
areal densities from different elements. This can be obtained from the ratio of the
fitted peak areas that correspond to the different elements which results in

Yz, _ Cz - e(Zh) -Yi(Z4h) - t(Z1)
Yz,  Cg - €(Zy) - Yi(Z2) - t(Z2)

(4.4)
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The fact that the beam charge and the detector solid angle have the same influence
on every X-ray line from the different elements, allows one to use the expression
from Equation to convert the relative peak areas into elemental concentra-
tions.

An example of the above described procedure is the determination of the con-
centrations of W and Pt in a sample with a PtW thin film layer. Here, two
measurements are performed with a 2 MeV proton beam on a PtW thin film and
the results are shown in Figure [4.5]
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Figure 4.5: Analysis of the measured PIXE spectra from two thin film PtW samples
with different concentrations. The setup from Chapter [3| was used.
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Each measurement involves a PtW sample which had different Pt and W concen-
trations in the thin PtW layer. The spectra are obtained using the experimental
setup described in Chapter [3] The fit to the spectra which used the detector
parameters from the detector file of a GUL detector and the Mylar absorber thick-
ness as input is also shown on this figure. Using the thin film approximation to
convert the fitted areas into elemental concentrations, one can conclude that the
experimental setup is able to capture the different Pt and W concentrations inside
the two thin films. Figure [4.5| also shows that GUPIX was successful in fitting
the experimental data and the uncertainties on the obtained concentrations have
a realistic magnitude for a PIXE analysis.

4.5 Limit of detection

The definition of the limit detection (LOD) for PIXE has been investigated in the
literature [51]. Here, the limit of detection can be understood by starting from the
instrumental detection limit (IDL) defined as

IDL = I;l + k,‘Ubl, (45)

where I, and oy are respectively the number of counts in the principle peak of the
X-ray and the standard deviation of the background intensity. If one defines k =
3 in Equation , then this implies that there is a 99% confidence level that the
remaining signal after background subtraction is the peak from the characteristic
X-ray. The limit of detection of an element corresponding to an X-ray signal in
the spectrum is also one of the output parameters of a GUPIX spectrum fit. Here,
an estimation of the minimum detectable areas of the principle peaks is provided.
The calculation of this LOD is done using 3 standard deviations of the background
counts in a region that is defined by 1 FWHM from both sides of the center of the
Gaussian.

The background is determined by summing the difference between the spectrum
counts and the modeled Gaussian over each channel in the 1 FWHM region [54].
Here, an average background B,, is determined which is used to limit the individ-
ual background counts in each channel such that fluctuations in individual channel
background are suppressed. Calculating this average background, reducing indi-
vidual channel background counts to this value and recalculating the average, has
the effect of smoothing out any differences between data and fit. This provides
the user with a more accurate representation of the continuum background. An
overlapping peak would also have a negative effect on the LOD. This contribution
is estimated by summing the differences in counts between the filtered spectrum
and the modeled principle line. Combining these contributions one obtains the
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uncertainty in the area which must be overcome by the characteristic X-ray peak
in order to be detected. This uncertainty o, is given as [54]

0, =VB+0+0.01x0, (4.6)

where O is the area of partly overlapping peaks, B the continuum background
intensity and the second term is again reflecting a possible systematical error in
the determined overlap area. The GUPIX software does then provide the LOD for
each fitted principle X-ray line defined as

LOD =3 o4 ~ 3VB, (4.7)
where 30,4 is the minimum detectable area at 99% confidence level [54].

When the thin film elements are inserted into the software, one can also include
elements that are not present in the measured spectrum. The software will then
also provide a LOD for these elements, calculated as 3v/B [54]. The background
parameter B is then determined as the integrated counts in the region where the
X-ray line corresponding to this element would appear. These values for the LOD
are very important because they dictate the minimum amount of an element that
should be present inside a thin film before it can be detected.
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Chapter 5

Signal to background
investigation

Having acquired the necessary scientific knowledge about the test setup from Chap-
ter [3] the next step is to study the observed signals and backgrounds that are
present in the PIXE measurements. This chapter starts by introducing the reader
to the theoretical framework of the ionization cross section which will be used to
interpret the intensity of the X-ray signals. The theory section also discusses a
semi-empirical parameterization for the bremsstrahlung that is produced in PIXE
measurements with a 3 MeV proton beam. These models allow for a better under-
standing of the signal to background ratios that are observed. However, one needs
to verify whether the experimental spectrum is free of any additional background
that could be caused by the experimental setup. The second section will thus
start by studying the external background signals and their dependence on the
beam properties. After having reduced the external background sources, one can
investigate the remaining background using the semi-empirical bremsstrahlung pa-
rameterization from the theory chapter. Lastly, the chapter ends with a combined
picture of the signal to background ratios for PIXE experiments with a proton
beam against the measurements with a He-ion beam.

5.1 Theory
5.1.1 ECPSSR

The most accurate theory for the calculation of inner shell ionization cross sections
is called energy loss coulombian perturbative steady state relativistic (ECPSSR)
theory [62]. The model starts from the PWBA, that was introduced in Chapter ,
to calculate the ionization cross section but now the perturbation Hamiltonian is
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represented by the coulomb field in the interaction between the projectile and the
inner shell electron. In this approximation, the ionizing particle is described by a
planar wave before and after the ionization process. The ionization cross section
in the PWBA behaves as [63]

do(Q e\ ?
% ~ 8m2? (%) : (5.1)

where z is the atomic number of the projectile and v is the relative velocity of
the projectile and the electron. Then, the model uses specific correction factors
[64] to correct for the approximations that were made in this PWBA calculation.
The correction factors consist of a coulomb deflection factor [65] which corrects
the approximation of the initial and final state projectile as planar waves. This
correction is significant in the case of heavy target elements. The model [64] also
corrects for the binding energy, the energy loss of the projectile [66] and relativistic
effects in the wave function of the inner shell electron.

For the study done in this work, the ionization cross section can be determined with
the ISICS software [67, [68] which uses numerical integration methods to calculate
the PWBA cross section and corrects it with correction factors from a database.
The software allows the user to determine ionization cross sections for different
target-projectile combinations as a function of projectile energy, which is useful to
understand the intensity of the signals in a PIXE measurement.

5.1.2 Semi-empirical bremsstrahlung model

The cross sections of the bremsstrahlung background processes, that were intro-
duced in Chapter [2 are complex since they not only depend on the energy of the
projectile but also on the energy of the produced bremsstrahlung X-ray. However,
Murozono and Ishii [35] derived approximate functions that were fitted to the the-
oretical background cross sections induced by a 3 MeV proton beam in different
targets. The functions are given by

5
hl(O'SEB) _ Z PiSEBhwi

=0
5
hl(o_QFEB) _ Z PZQFEBmi (5.2)
=0
1 1
4B = exp (Z Pﬁw> + exp (Z %@M’) ,
=0 1=0
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with PX = Zi:o pi Z*. Here, pi are the obtained fit parameters from the fit to the
theoretical cross section, of bremsstrahlung process X, corresponding to a target
with atomic number Z. The values of the pi. coefficients are given in the literature.
Note that the approximate function of atomic bremsstrahlung in Equation
consists of two terms. These terms represent the AB from K- and L-shell electrons.

This model allows for the quick calculation of the production cross sections from
the bremsstrahlung processes in different target, which is useful for the interpre-
tation of the background that is observed in PIXE measurements. The main
drawback is that these cross sections are only valid for the case of a 3 MeV pro-
ton beam instead of the 2 MeV proton and He-ion beams that is used in this
chapter. However, these cross sections can be seen as an upper limit since the
intensity of the background has been shown to scale with the beam energy [69).
The approximate curves in the case of silicon are shown in Figure |5.1}
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Figure 5.1: Theoretical electron bremsstrahlung production cross sections of
QFEB, SEB and AB for a 3 MeV proton beam in silicon. Calculated using the fit
parameters from [35] in the approximate functions.
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5.2 Proton versus He beam measurements

5.2.1 Experiment chamber background

In the initial PIXE measurements of this work, the spectra always contained very
intense signals from Cr, Fe and Ni X-rays. The signals were present even when
samples were used that did not contain any of these elements, as can for example
be seen in Figure [£.5] Additionally, the signals seemed to decrease in intensity
when a He-ion beam was used. It was recognized that each of these elements can
be present in the walls of the experimental chamber or in the sample holder of
the setup. If this background is the result of X-rays that are created in the walls
of the experiment chamber, then this difference can be understood by considering
two things.

Firstly, a beam particle can only reach the walls of the chamber after one or
multiple scattering events in the sample. An elastic scattering event of a 2 MeV
He-ion or proton on a Si atom results in an energy of respectively 1.1 MeV and
1.7 MeV. The calculation of these energies was done using SIMNRA [70]. This
difference in energy can be explained by the larger mass of the He-ion compared to
the proton, which allows more energy to be transferred to the Si nuclei. Neglecting
any additional energy loss, one can assume that a He-ion and a proton with these
energies reach the walls. The second consideration is the energy dependence of the
ionization cross section. The importance of this energy dependence is illustrated
in Figure[5.2
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Figure 5.2: Theoretical K-shell ionization cross sections of Fe for a He and proton
beam as a function of their energy. Calculated using the ISICS software [6§].
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In an attempt to shield the detector from these external X-rays, a plastic tube
was designed to serve as a shield in front of the detector. This resulted in the PIXE
proton spectra shown in Figure 5.3, where the distance between the shield in front
of the detector and the sample was varied. The spectra illustrate how the shielding
does seem to have some effect on the Fe, Cr and Ni signals when the detector is
brought closer to the sample. The intensity from the signals corresponding to the
elements in the sample did increase for the measurement with a smaller detector-
sample distance which is as expected from the solid angle test of Chapter 3] The
fact that the intensity of the other X-rays decreased does not only prove that the
shield works but also that the Fe, Cr and Ni X-rays do not originate from the
sample.
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Figure 5.3: PIXE measurements of an IGZO sample with an additional shield
in front of the detector. Each measurement has a different distance between the
sample and the shield.

However, the remaining intensity of the external X-ray signals in Figure [5.3
indicates that these X-rays do not only originate from the chamber. The last
possible part of the setup which could contain these elements is the sample holder.
To investigate this hypothesis, a plastic foil was used to cover the sample holder
such that the beam could only produce X-rays from the sample. Ions interacting
with the plastic can only induce characteristic X-rays with an energy below 300 eV
due to the light elements that are present in the plastic. This resulted in the PIXE
spectrum, which is shown in Figure together with the measurement without a
plastic cover.
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Figure 5.4: PIXE measurement of IGZO sample with and without a plastic foil to
cover the sample holder.

Finally, the contribution from the external X-ray signals is significantly re-
duced. This was unexpected because the beam should only interact with the sam-
ple due to the fact that its extent is defined to be~ 1 mm after passing through
beam defining slits. A final test without a plastic cover on the holder and the
slits fully opened, resulted in the same effect as shown in Figure [5.4] This insight
leads to the conclusion that a large part of the external X-rays are the result from
protons interacting with the holder after a small angle scattering event at the slits.
This scattering could increase the extent of the beam. Nevertheless, this origin
is also in agreement with the less intense external X-ray signal that was observed
for the He-ion beam case. This can again be explained by the fact that He-ions
will loose more energy compared to the protons in the small scattering events at
the slits, resulting in small He ionization cross sections due to the large relative
velocity difference between the He ion and the inner shell electron. This effect
comes from the velocity dependence shown in Equation ((5.1]).

With the source of the external background being eliminated, the remaining X-rays

are governed by the elements in the sample and the slowing down of the projectile
in the Si substrate.
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5.2.2 Electron bremsstrahlung

The bremsstrahlung model from the theory section is only valid for a proton beam
energy of 3 MeV. However, since the intensity of the bremsstrahlung background
has been shown to scale with the initial beam energy, one can interpret these cross
sections as an upper limit for the case of 2 MeV proton PIXE measurement. Using
the basic picture that is provided in Chapter [2] the extent of the SEB contribution
is influenced by the amount of energy that a 2 MeV proton can transfer to an elec-
tron at rest. This maximal energy is 6.5 keV but the bremsstrahlung background
from figure |5.4]is present up to 10 keV. The bremsstrahlung X-rays above 6.5 keV
are regarded in the literature as coming from electrons that already had a velocity
before the interaction.

The literature [36] states that SEB is the dominant contribution in between 2
and 6 keV. With this knowledge, one can try to fit an exponential function to the
background in this region. The approach of fitting an exponential to the back-
ground is inspired by the work of Wittmaack [69] and also by the semi empirical
model from the theory section. The result of the fit in the case of an IGZO PIXE
measurement is shown in Figure [5.5
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Figure 5.5: PIXE measurement of an IGZO sample obtained with 2 MeV proton
beam. The low energy bremsstrahlung fit is shown in red together with the data.

One can clearly observe a good agreement between the exponential fit and the
spectrum. However, the intensity of the background starts to decrease at energies
lower than 3 keV and does not follow the expected signature of the SEB cross
section resembled by the exponential fit. This is understood to be the result of the
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Mylar absorber in front of the detector. The total background intensity Bg(E) at
a given X-ray energy F is given by

Bg(E) = oprem(E) - T(E) - €4e1(E),

where 7' is the transmission through the Mylar absorber that was discussed in
Chapter [3| and €4 (E) the detector efficiency. The decrease in background in-
tensity around 3 keV is thus the result of the X-ray energy dependence of the
transmission beginning to overcome the background bremsstrahlung cross section
energy dependence. The absorber influence on the background was not visible in
the fit energy region because the transmission curve from Figure [3.14] reveals that
mostly the low energy X-rays are attenuated.

The background in the PIXE measurement with a proton beam can be compared
to the measurements with a He-ion beam that are shown in Figure 5.6, The
background shape and intensity from this spectrum is clearly different from the
proton beam case. However, this can be expected from the literature [34]. In the
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Figure 5.6: PIXE measurement of a GeAsSe sample obtained with He ion beams
of different initial energies.

work of Ishii, the cross sections of the electron bremsstrahlung background from
a proton and a He beam were compared as a function of projectile velocity. This
way, Ishii illustrated that the cross sections for the same velocity are similar. This
implies that the difference in background intensity with the proton beam case is
again caused by the fact that the ~ 2 MeV He ions have a smaller velocity than
the 2 MeV protons. The dominant SEB contribution in the bremsstrahlung back-
ground is the result of electrons that are ionized from their shell and the amount of
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these electrons is determined by the ionization cross section from Equation ([5.1).
The velocity dependence of this cross section is thus one of the determining factors
for the background intensity difference in the proton versus He-ion comparison.

Important to note before moving to the next subsection is the low energy back-
ground that is visible at energies below the Si X-ray. This intense background is
visible in both the proton beam case of Figure [5.5| and the He-ion beam case of
Figure 5.6l The interesting thing is that it seems unlikely that this background is
the result of bremsstrahlung, since the energy limit of the QFEB contribution is ex-
pected to be below 1 keV based on the curve from Figure[5.1, More measurements
have to be performed in order to find the exact origin of this background.

5.2.3 Signal to background comparison

The insights from the previous sections can be combined in a general signal to
background comparison between PIXE with a proton and a He ion beam. This
can be done by investigating the signal to background ratios that are observed
in the PIXE measurements from Figure 5.7, The spectra from Figure are
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Figure 5.7: Comparison of proton and He ion beam PIXE measurements of a

SrTiO sample.

measured from a thin film of SrCuTi on a Si substrate, where a 2 MeV proton and
He-ion beam are used. The bremsstrahlung background is less intense in the He-ion
beam case, as was observed in the previous subsection. The strong external X-ray
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signals from Fe, Cr and Ni that were discussed at the start of this section are also
clearly visible in the proton beam PIXE measurement of Figure In order to
investigate the influence of the nature of the beam on the signals from the elements
inside the thin film, one can analyze both spectra with GUPIX and compare the
obtained counts under the respective signals. The results of this analysis for the
spectra of Figure are shown in Figure 5.8, Here, Yp are the X-ray signal counts
in the proton case and Yp. in the He-ion beam case. The results in this figure are
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Figure 5.8: Ratio of the 2 MeV proton and He-ion beam X-ray counts under the
PIXE signals from the elements inside a SrCuTi thin film.

crucial to understand the beam influence on the characteristic X-ray signals. The
ratio Y,/ Yy, for a given thin film element with atomic number Z is determined by

Y, = Qp-0y(2)
YHe B QH@ : O-He(Z)7

where () is the beam charge and o, the ionization cross section for the K-shell
of an element with atomic number Z. The expression from Equation (5.3 is ob-
tained using the relation from Equation . The conventional PIXE setup from
Chapter 3| does not provide an accurate beam charge measurement but both of the
measurements from Figure had a similar beam charge before passing through
the slits. Nevertheless, the decreasing trend in the yield ratio’s for the lighter ele-
ments in Figure [5.8 can only be the result of a changing ionization cross section.
This is the case because the beam charge ratio for each element remains constant
because the beam current has the same effect on every signal from an element
that is present inside the thin film. For the heavier elements, one observes that
the proton beam measurement has the advantage. This is expected from the fact

(5.3)
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that a proton of 2 MeV will have a larger velocity than a He-ion of the same energy
combined with the relative velocity dependence from Equation . However, the
significance of the advantage that the proton beam offers compared to the He-ion
beam seems to decrease for the lighter elements. A possible explanation for this
behavior is the fact that the inner shell electrons of hydrogen like atoms have a
velocity v that scales as v ~ Z [19]. This implies that the lower velocity of the 2
MeV He-ion becomes more comparable to the velocity of the inner shell electrons,
causing the ionization probability to increase. Here, the dependence of Equation
on the projectile atomic number starts to overcome the velocity dependence.

The results from Figure [5.§8] indicate how a He-ion beam can become more use-
ful for the characterization of light elements with PIXE measurements. However,
the inability of the conventional PIXE setup to measure the beam current makes
it hard to accurately determine the atomic numbers range for which the He-ion
beam is more efficient compared to the proton beam. On the other hand, the
background comparison from the previous section indicates that He-ions do in-
duce a less intense bremsstrahlung background compared to the protons. From
these two insights, one can conclude that PIXE measurements with 2 MeV He-ion
beam would result in an improved signal to background ratio for the elements
with an atomic number below Z = 21. The large ionization cross section of the
2 MeV proton beam is expected to result in a better signal to background ratio for
elements between Z=25-49 due to the low background intensity at the energies of
their K-lines. Generally, the signal to background ratio is not a good parameter to
investigate the influence of the beam nature on PIXE measurements because the
signal of a characteristic X-ray is dependent on the concentration inside the thin
film, while the background at the same energies is not. This is why the ranges
that are stated in this paragraph are mostly based on the comparison of the char-
acteristic X-ray signals. These ranges are also based on the fact that the larger
ionization cross section of the proton beam allows the experimentalist to measure
for a shorter amount without affecting the counting statistics of the experiment.

The atomic number ranges stated from the previous paragraph have to be more
accurately defined in further research. In this context, a setup that can provide
a more accurate beam current measurement can be used such that it becomes
possible to compare the signal intensities from the proton and He beam PIXE
measurements.
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Chapter 6

Conventional PIXE applications

After investigating the influence of the beam on the signals and the background
of the PIXE measurements, the setup from Chapter [3| can be used to determine
elemental concentrations inside a thin film. The GUPIX software from Chapter
can again be utilized for the analysis of the PIXE measurement. To illustrate the
strength of PIXE, the research focus is on the characterization of IGZO and Ge-
AsSe thin films that were described in Chapter [1l However, in order to determine
accurate values of absolute concentrations instead of relative concentrations, one
needs to first calibrate the PIXE setup. The setup calibration process is discussed
in the first section of this chapter, as one of the approaches in state of the art
PIXE. The second section discusses the analysis of a GeAsSe thin film using a self-
consistent approach. Here, the strength of conventional PIXE is used to extend
the characterization results that were obtained with RBS and ERD. This results in
an accurate characterization of a GeAsSe thin film which is an important example
of how conventional PIXE can already be used without moving to a substrateless
setup.

6.1 Setup calibration for IGZO sample analysis

In Chapter [2] it was stated that PIXE can be used to determine concentrations
of elements in a thin film. However, this can only be done when accurate beam
charge measurements and solid angle values are provided. The conventional PIXE
setup that was built for this work does not offer these properties. In addition, large
uncertainties in the ionization cross section and fluorescence yields databases cause
the need for standard measurements that are used as a reference. Here, one can
use RBS measurements to calibrate the PIXE setup such that the obtained con-
centrations are converted in absolute concentrations. For this, a sample containing
the element of interest and a reference element is used. The same technique of

60



elemental calibration has previously been done in the work of Harayama et al. [71]
but this calibration is unique for every PIXE setup.

In order to calibrate the PIXE setup, one has to define the correction factor h
for a given element as

CPIXE(el) CRBS(ref)
C’pIXE(ref) CRBs(el) .

Here, Cpixg(el) and Cprxg(ref) are the concentrations that are derived from a
GUPIX fit to the PIXE measurement of a sample containing a thin film of the ele-
ment of interest and the reference element. The analysis procedure is the same as
discussed in Chapter 4} The other concentrations in Equation are from RBS
measurements of the same sample. Important to note is that a well-calibrated
PIXE setup would yield hejjref = 1 for every element present in a measurement
because the concentration of the element would be the same as that obtained from
the RBS measurement. The definition from Equation assumes that RBS can
determine absolute concentrations because the correction factor is then used to
correct the PIXE concentration.

hel/ref = (61)

In this section, the discussion is directed towards the calibration of the conventional
PIXE setup from Chapter 3] for the accurate characterization of IGZO samples.
To achieve this, three samples have to be analyzed, one for each of the InGaZn
elements, with PIXE and RBS measurements. Each sample will contain an addi-
tional Ti layer as the reference element which was specified in Equation (6.1)). The
PIXE experiments are performed with a 2.3 MeV proton beam and the RBS mea-
surements use a 1.52 MeV He-ion beam. Examples of the results from the PIXE
measurement on the Ti/Zn calibration sample and the RBS measurement on the
Ti/Ga calibration sample are shown in Figure [6.1] These spectra illustrate the
choice of Ti as the reference element for the calibration procedure. The Ti signal
in the RBS and PIXE spectra does not overlap with any of the other elemental
signals.

The elemental concentrations which are determined from the PIXE spectra of
the Ti/Zn, Ti/Ga and Ti/In calibration samples are shown in Table These
are the concentrations that are used for the calculation of hyzy, i, hga i and Ay, /i
With the concentrations obtained from the RBS results on the same samples, the
calibration factors can be calculated. The relative uncertainties on these correction
factors are obtained using the expression

Ahel/ref _ (ACPIXE (el) ) 2 + (ACPIXE (ref) ) 2 i (ACRBS (el) ) 2 i (ACRBS (ref) ) 2
hel/ref Cpixe (el) Cpixe (ref) Cras (el) CRras (ref) ’
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where ACpixg(el) and ACpixg/(ref) are the uncertainties which are stated in Table
6. 11
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Figure 6.1: Right: RBS measurement of the Ti/Ga calibration sample together
with the simulated spectrum. Left: PIXE spectrum of the calibration sample with
Ti on top of Zn. Ti is the reference element for the calibration procedure.

ref/el sample | Cpixr(el) [%)] | Cprxr(ref) [%)
Ti/Zn sample | 31.36 + 1.62 | 68.64 + 1.62
Ti/Ga sample | 27.50 &+ 1.84 | 72.50 + 1.84
Ti/In sample | 17.76 £ 1.63 | 82.24 + 1.63

Table 6.1: Obtained concentrations from the PIXE measurements of the three
calibration samples.

For the accurate characterization of an IGZO sample, the obtained elemental
concentrations need to be corrected with respect to an element that is present in
the thin film and not with respect to Ti. However, the definition of the correction
factor from Equation ([6.1)) allows one to use the relation

hGa/Ti

hGa/Zn th/Ti .
From the calculated values of hzy 7i, hga/ri and hp, 7y one can determine hga/zn
and Ay, /7. Applying these correction factors to the concentrations of Ga and In,
obtained from a PIXE measurement with the conventional PIXE setup from Chap-
ter [3) would result in accurately determined concentrations. The concentration of
Zn remains uncorrected because concentrations are relative to each other. The
obtained correction factors for IGZO samples are shown in Table

62



hGa/Zn hIn/Zn
1.024 £ 0.030 | 0.664 £+ 0.020

Table 6.2: Results of the calibration process for the accurate characterization of
IGZO thin films.

The correction factors from Table give an indication of how well the detector
efficiency and the transmission through the absorber were modeled. The hga/zn
correction factor is close to unity and indicates a correction of 2.4 % to the ob-
tained Ga concentration of an IGZO sample. The magnitude of this correction
is expected from the 1-3 % uncertainty in the database for the K-shell ionization
cross section that GUPIX uses for the analysis. However, the hy, /7, correction fac-
tor suggests that a correction of 43.6 % should be applied to the In concentration.
One aspect that could account for this large correction is the 5-15 % uncertainty
in the database for L-shell ionization cross sections. This is the case because the
L-lines of indium were used to determine the concentration of indium in the cali-
bration sample.

On the other hand, the large correction could also reflect an improper detector
efficiency modeling. This can be understood by inserting the PIXE yield expres-
sion from Equation (4.3]) in Equation (/6.1]), which results in

b _ Y(El) e(Ref) - t(Ref) - Yi(Ref) Agps(Ref)
EUReS = YV (Ref)  e(El) -t(El) - V1(El)  Apps(Bl)

The previous paragraph discussed the influence of the theoretical yields Y; on the
correction factor but did not take the detector efficiency and absorber transmis-
sion into account. The incorrect modeling of the detector efficiency would not be
noticeable in the hga/zn correction factor because the X-rays energies from Ga and
Zn are comparable to each other. The fact that these X-ray energies are already
in the regime where the detector efficiency is close to unity also support this state-
ment. On the other hand, the indium L-line that was used for the calibration has
an energy of 3.24 keV compared to the 8.62 keV energy of the Zn K-line. The
detection efficiency of these low energy X-rays starts to heavily depend on the
thickness of a possible Ge dead layer or of the metal detector contacts. It is thus
possible that the large correction factor is related to the fact that the Ge dead
layer value that was mentioned in Chapter [3] is rather an underestimation of the
reality.
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6.2 Self-consistent approach

In the case of sample characterization it is often beneficial to combine the obtained
results from different IBA analysis experiments of the investigated sample. This
is most effective when done in a self-consistent way, where the strengths of each
IBA technique are utilized to obtain a complete and accurate characterization of
the sample. The concept of a self-consistent approach has been investigated in the
literature |72, [73] and is sometimes also referred to as Total-IBA. In this section,
the aim is to apply this approach for the analysis of a GeAsSe thin film using the
conventional PIXE setup from Chapter [3] The approach will involve the combi-
nation of RBS, ERD, and PIXE measurements of the GeAsSe thin film but the
discussion is mostly oriented toward the usefulness of PIXE, rather than a detailed
discussion of the RBS and ERD results.

The RBS experiment was performed with a 1.52 MeV He-ion beam and the en-
ergies of the backscattered He-ions are shown in the RBS spectrum of Figure [6.2]
The bottom part of Figure shows the result of the conventional PIXE measure-
ment of the same GeAsSe sample with a 2.3 MeV proton beam. From the RBS
spectrum, one can clearly observe how the energies of the backscattered He-ions
from Ge, As and Se atoms do not serve as a suitable parameter to distinguish the
individual contributions to the spectrum. The signals corresponding to the three
elements result in a combined signal from which the total integrated counts can
be used to determine the combined areal density of the three elements or, in other
words, the total number of atoms per square centimeter. This is illustrated by the
simulated fit to the experimental data which is also shown in Figure [6.2] where
the individual simulated contributions from Ge, As and Se are shown in different
colors. There is no guarantee that these individual signals resemble the reality
because the simulation only has the combined signal to fit.

However, the characteristic X-rays prove their worth as unique atomic fingerprints,
because the individual contributions from Ge, As and Se to the PIXE spectrum
from Figure can be distinguished. The extent of the background in this PIXE
spectrum clearly illustrates the use of the proton beam in the measurement. The
characteristic X-ray signals from these elements are fitted using GUPIX as de-
scribed in Chapter [4l The fitted principle peak areas are converted to individual
concentrations, resulting in the quantitative values shown in Table[6.3] The uncer-
tainties on the concentrations are obtained by propagating the fit and statistical
uncertainty from GUPIX. Note that the PIXE spectrum also exhibits a signal from
Cl, which is also present in the RBS spectrum. The large background on which
it is superimposed proves to be difficult for quantification, which is why the RBS
data is used for the quantification of this element.
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The concentrations from Table [6.3| clearly manifest how the simulation of the RBS
spectrum underestimates the Ge signal compared to the As signal. The RBS Ge
signal, from backscattered He ions on Ge atoms, should be stronger than the Se

signal.
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Figure 6.2: Top: RBS measuerment of the GeAsSe sample. Bottom: Conventional
PIXE measurement of the same sample.

Ge concentration [%]

As concentration [%]

Se concentration [%]

35.33 £ 1.62

20.35 £ 1.62

44.32 £ 1.62

Table 6.3: Individual Ge, As and Se concentrations in the investigated GeAsSe
sample obtained from the conventional PIXE measurement.
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The bremsstrahlung background of the conventional PIXE measurement pre-
vents the characterization of the lighter elements. To complement the RBS and
PIXE analysis, an ERD experiment is performed with a 11 MeV Br*°-beam to
eject the oxygen, carbon and hydrogen nuclei from the sample. The use of a Br
beam is motivated by the fact that it is a heavier element than Ge, As and Se
which makes it kinematically possible to eject them from the target together with
the lighter elements. Measuring the energy of each of the ejected nuclei together
with the time that they needed to travel a fixed distance, results in the ERD
spectrum shown in Figure [6.3] The definition of classical kinetic energy dictates
that nuclei with different mass will define different curves in this 2D parameter
space. Thus, measuring the additional time parameter allows ERD to distinguish
individual elemental contributions, as clearly illustrated in Figure [6.3]
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Figure 6.3: ERD measurement of the GeAsSe sample. The horizontal axis is the
time that each ejected ion needed to travel a fixed distance and the vertical axis
is the measured energy that was matched to each time measurement. (Spectrum
recorded by K. Kantre)

Apart from the overlap of the Ge, As, Se and Br signals, one can also observe
the concentrated signals from O, C and H. The amount of counts in the signals
of O, C and H can be converted into elemental concentrations or areal densities.
Data analysis software does this by interpreting the counts, corresponding to an
element, with different energies as coming from different depths inside the sample.
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Combining the total areal density of Ge+As+Se from the RBS analysis and the
elemental concentrations obtained with the conventional PIXE setup from Chap-
ter 3], allows the total areal density of Ge+As+Se to be converted into individual
elemental areal densities. The concentrations for the light elements are then ob-
tained from ERD. Combining the resulting elemental areal densities in a simulated
fit to the RBS data results in the spectrum shown in Figure[6.4. The figure shows
that the individual contributions of the Ge, As and Se signals are now correctly
modeled. The simulated Ge signal is more intense than the As signal which is
expected from the PIXE concentrations of Table [6.3]
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Figure 6.4: Improved fit to the RBS data where the PIXE concentrations of Ge-
AsSe and the ERD concentrations H,C and O were input parameters. (RBS spec-
trum recorded by M. Bejide)

In addition to providing an important application for the conventional PIXE setup
from Chapter [3] this self-consistent analysis also illustrates how powerful sub-
strateless PIXE could be. Without the background from the substrate it would be
possible to determine the concentrations of Cl, oxygen and other light elements.
Thus, substrateless PIXE could not only serve as a verification method for the
ERD results but also provide information for which one would normally need the
combination of three different IBA methods.
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Chapter 7

Demonstration of PIXE with
self-supporting thin films

Combining the insights acquired from the investigation of the PIXE learning setup
of the previous chapters allows the development of a new demo setup that can
explore the capabilities of PIXE with self-supporting thin films or substrateless
PIXE. This final chapter begins with discussing the process that is needed to guide
the beam towards the new setup. Next, the fabrication process of a substrateless
sample is introduced. With the substrateless sample, the necessary adjustments to
the newly developed setup are introduced together with the setup layout. Lastly,
the first experimental results of this demo setup are analyzed and interpreted,
resulting in improvements in the current defined limit of detection.

7.1 Accessing the ion beam

The demo setup is constructed at the end of an existing beamline which is equipped
with the beam steering mechanism that is shown in Figure [7.1] The accelerated
MeV ion beam has to be steered towards the correct beamline in order to reach the
experimental setup. This is done using a beamline selection magnet which creates
a magnetic field that causes the ion beam to bend towards the PIXE beamline.
The magnitude of the magnetic field can be tuned by changing the current that
is used to generate the magnetic field by means of a coil. The challenge for the
steering mechanism shown in Figure is to guide the beam through the slits at
the entrance of the PIXE beamline. The performance of the beam treatment can be
monitored using the Faraday cup [74] which is positioned right after the entrance
slit. It consists of a cylindrical cup which has a circular diaphragm attached to
the entrance part. The beam particles would be stopped inside the Faraday cup
(FC) and induce a current which is proportional to the beam intensity. Applying
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a negative voltage to the diaphragm at the entrance increases the accuracy of
the beam charge measurement because it reduces the probability that secondary
electrons could escape the cup. Note that this is a destructive method of measuring
the beam charge so it is not possible to do an experiment in the setup when the
FC is inserted in the beamline. This is handled by a system that can retract the
cup.

Selection magnet

Quadrupole o —

=—— ED ““- _\

7 =
PIXE beamline: slit — FC| — Xsteering — slit — experiment — FC2 \

Figure 7.1: Layout of the beam steering part of the beamline.

The first step is thus to optimize the FC current signal by varying the current
of the selection magnet. The centralized position of the cup also allows the experi-
mentalist to optimize the vertical position of the beam with respect to the edge of
the beamline. This can be done using the electrostatic Y-steerer positioned before
the magnet. Once a signal is obtained in the cup, the measured current can be
optimized by varying the voltage difference across the Y-steerer and the magnetic
field of the quadrupole magnet which is used to focus the beam.

With the optimized beam in the entrance of the PIXE beamline, the cup is re-
tracted after which the X-steerer is used to guide the beam through a beam profile
monitor. The beam profile monitor is a complex device which uses a rotating wire
to indicate how focused the beam is. This final X-steerer is very important in
the process of guiding the beam towards the experimental setup. A well aligned
experimental setup would not need any correction in the x-direction.

69



7.2 Experimental setup

7.2.1 Substrateless sample

The innovative approach of substrateless PIXE is that a large part of the Si sub-
strate is removed. This is done by using a method called selective wet etching [75],
which results in the substrateless or self-supporting thin film that is shown on the
right hand side of Figure [7.2]

AW

Figure 7.2: On the left side: The thin film on a Si substrate. On the right side:
The obtained self-supporting thin film which rests on top of a pellicle.

The resulting central part of the sample is also called the pellicle. The process
that is used to fabricate this pellicle is shown in Figure Here, one starts with a
Si substrate that has an additional layer of SisN, on the top and bottom surfaces.
First, a part of the bottom SizNy layer is etched away by using a photoresist screen
that is partly exposed to light. This selectively removed part of the photoresist
enables the dry etching processes to create a well-defined cavity in the SigNy layer.

Figure 7.3: Fabrication process of the pellicle on which the thin film supports.
The next step in the process is to extend this cavity into the Si substrate. For this
step, selective wet etching with KOH is used as an anisotropic wet etch technique.

Anisotropic wet etching means that the chemicals will interact with the material
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in a preferred direction. In our case, hydroxides are very efficient in breaking the
Si bonds in the substrate, which will be the most efficient in the (100)-direction
of the silicon crystal [75]. The high etching rates of the {100} planes is due to the
diamond like crystal structure of Si, which is shown Figure . Here, the (100),
(110) and (111) planes are also shown, which illustrates how the (100)-planes in
the Si crystal are less densely packed compared to the (111)-planes. This difference
in packing explains the anisotropic behavior of the KOH wet etch process. Having
a mono-crystal silicon substrate that is oriented along the (100)-direction will thus
allow the cavity to be extended towards the final SisNy layer.

Si(100) Si(110) Si(111)

Figure 7.4: Crystallographic structure of a silcone crystal. Taken from [75].

The process will not have an effect on this SizNy layer due to the different bonds
that are present in the material, creating a mask to protect the IGZO thin layer
at the top. In the end, one obtains a self-supporting sample that can be used to
analyze the thin film in transmission mode. This means that the ion will be able
to traverse through the sample, after which it has to be collected in a proper way
without the creation of any additional X-rays. For this reason, we developed a
new demo setup to perform PIXE with self-supporting thin films.

7.2.2 Setup layout

After having fabricated the pellicles using the process that was described in the
previous part, one needs an experimental setup to perform a PIXE measurement.
The setup that was introduced in Chapter [3 is only optimized for PIXE mea-
surements of a thin film that is mounted on a Si substrate. When the substrate
is removed the beam will be able to penetrate through the sample and cause Fe,
Cr and Ni X-ray excitation in the back of the experimental chamber. The sam-
ple holder with which the setup is equipped is also not optimized for substratless
PIXE because the beam would be stopped in the sample holder which would act
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as an artificial substrate. Additionally, the slit setup has been proven to cause
background X-ray signals from the sample holder due to small angle scattering.
Taking all of these factors into account, the self-supporting or substratless PIXE
setup that is constructed during this work is shown In Figure
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Figure 7.5: Layout of the substrateless PIXE demo setup.

The first thing that can be noticed about the layout from Figure is the com-
bination of three beam defining slits. In this layout, only the first two are used
to define the extent of the ion beam, while the third slits are optimized such that
only the small angle scattered beam particles are stopped. However, one of the
two beam-defining slits eventually needed to be removed because it was not cen-
tralized inside the beamline and the fact that there was no additional Faraday
cup in-between the second and third slits made the beam guiding complicated.
The first slit on the left is the PIXE beamline entrance slit that was also shown
in Figure [7.1 This figure already indicated the dual slit configuration that was
used in the end. Note that Figure does not consider the X-steerer which is
stationed after the entrance slit. The Faraday cup at the end of the experimental
chamber allows for a measurement of the beam current which is representative for
the experiment in the case of a stable beam. Lastly, there is a long tube that is
connected at the end of the setup which is used to collect the ion beam. The di-
mensions of this tube will make it very hard for any beam particles to backscatter
towards the experiment chamber.

Using the dual slit setup, the beam was guided through the second slit and de-
tected in the final Faraday cup at the end of the chamber. The end of the beam
collection tube had a window with a fluorescence sample attached to it. This al-
lows one to see the fluorescence light when the beam interacts with the sample,
creating a light spot of the extent of the beam. The ion beam travels from the
entrance of the PIXE beamline through meters of beamline all the way to the end
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of the small tube at the end of the chamber, which would be impossible with a
misaligned setup. Here, the newly constructed setup is first aligned using a laser
that enters from a window on the backside of the selection magnet from Figure
[7.1] After aligning the horizontal and vertical positions of the different parts of
the beamline, the laser spot was visible on the window at the end of the tube from

Figure

Having aligned the beamline and optimized the beam in the final FC, the next step
is to transfer the substrateless sample into the experiment chamber. The sample
is mounted onto a sample holder as shown on the left part of Figure It is
important to note that the sample holder is rotated such that sample is on the
backside which is facing towards the end of the chamber.

Transfer chamber
——  Sampl . -
| a'ﬁpe Experiment
_L 10 mbar chamber
[108mbar _ ___ _
| Turbo
10 mbar
| pump
102 mbar
= \/alve

Rotary
pump

Figure 7.6: Left: Substrateless sample mounted on backside of sample holder.
Right: Sample transferring and vacuum system.

The reason for this decision is as follows, the transparent pellicle part of the sample
is extremely fragile which means that it is not possible to safely install a shield-
ing plastic over the edges. This plastic shielding is crucial to reduce the possible
background contribution from small angle scattering at the slits, as was shown in
Chapter 5] Additionally, it would be very hard to determine whether the measured
PIXE spectrum is the result of the beam impinging on the substrate part on the
edges of the sample or the substrateless part at the center. Attaching the sample
on the backside of the sample holder allows one to create a hole in the holder such
that the beam can pass through and impinge only the central substrateless part of
the sample. The plastic shielding covers the frontside of the holder such that no
additional X-rays from the sample are created which allows the experimentalist to
verify the position of the beam on the pellicle by measuring the thin film X-rays.
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The sample is transferred inside the experiment chamber using the mechanism
that is shown on the right part of Figure [7.6]

Important to keep in mind during the transfer process, is that one has to con-
sider the pumping system that was constructed with the demo setup, which is also
shown on the right of Figure [7.6] Two pumps are used to create a vacuum with a
pressure of 107® mbar inside the experiment chamber. The rotary pump is capable
of providing a minimal pressure of 1072 mbar [74] inside the experiment chamber,
after which the turbo-molecular pump [74] is turned on to decrease the pressure
further to the desired value. The valves that connect the transfer chamber to the
experiment chamber and the rotary pump are closed during this process. Then,
the sample holder is brought into the transfer chamber and closed off from the
outside room pressure. Next, the valve connecting the experiment chamber to
the rotary pump is closed and the rotary pump is exposed to the pressure in the
transfer chamber as shown on the right in Figure [7.6] The obtained pressure of
102 mbar in the small transfer chamber allows one to open the valve to the ex-
periment chamber without significantly reducing the pressure there. This sample
transfer system allow the experimentalist to transfer the sample inside and outside
the experiment chamber without breaking the vacuum.

Finally, the demo setup from Figure is ready to push the current state of
the art of PIXE and investigate the potential of substrateless PIXE. As an ad-
ditional safety measure, the HPGe detector is installed at the very end of the
preparation process such that the connection port can be used to make sure that
the alignment laser, which represents the beam, is visible on the sample in the
experiment chamber.
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7.3 Experimental results

7.3.1 Substrateless IGZO

With the substrateless IGZO sample installed in the center of the experimental
chamber from Figure [7.5] the first experiments could be performed. Initially, two
measurements are made using a 2.3 MeV He-ion beam which induced a current of
20 nA in the final Faraday cup. This Faraday cup was retracted during the mea-
surements to prevent any beam particles from backscattering towards the sample.
One of the PIXE measurements is performed on a conventional IGZO thin film
with a Si substrate, while the other uses the substrateless sample on the left of
the figure [7.6] The obtained PIXE spectra from both of these measurements are
shown in Figure [7.7]
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Figure 7.7: Top: Conventional PIXE measurement of a IGZO thin film sample.
Bottom: Substrateless PIXE measurement of IGZO thin film on a pellicle.
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The top part of the figure is the measurement in the manner of conventional
PIXE, which shows the intense signal from the substrate, and the bottom part
is the substrateless PIXE measurement. Both spectra are shown with the X-ray
counts on linear scale to indicate the large intensity difference between signals of
the Si X-ray and the X-rays that originate from the elements inside the IGZO
thin film. In the case of the substratless PIXE result, one can clearly observe that
the intensity of the Si X-ray has decreased with a factor of 25, together with the
bremsstrahlung intensity compared to the conventional PIXE measurment. The
L-lines from indium are now the dominant contribution in the spectrum and the
remaining Si signal is the result of the 120 nm SizN, layer on which the IGZO thin
film supports.

The intense L-line signal can be understood from the large X-ray production cross
sections of L-shell X-rays. However, the oxygen K, X-ray which should result from
the oxygen in the IGZO sample is not visible yet in the bottom spectrum of Figure
[7.7 This might seem problematic at first sight but can be explained by the 52 um
Mylar absorber that is still positioned in front of the detector. One of the original
functions of this absorber in the sense of conventional PIXE was to attenuate the
intense Si K, and low energy bremsstrahlung background that originated from the
Si substrate. Without this absorber, the detector would oversaturate, negatively
impacting the measurement of the IGZO signals. The large absorber attenuation
coefficient for the low energy X-rays is expected to prevent the 520 eV oxygen K|,
X-rays from reaching the HPGe detector.

The substratless measurement seems to indicate that the thickness of the ab-
sorber can be reduced and the high energy loss of the potentially backscattered
He-ions also allows a thinner absorber to be used. To investigate this, additional
measurements are performed with a Mylar absorber of 26 ym. The results of these
measurements are shown in Figure[7.8] Here, the conventional PIXE measurement
is again compared to the substrateless PIXE result. Interesting to observe is the
conventional PIXE measurement which is influenced by a detector dead time of
20 %. The low energy background from the substrate has increased significantly
in intensity as one would expect. This can also be concluded in the substrateless
case where the Si signal is now of comparable magnitude as the L-line signal from
indium. The main conclusion from Figure is the fact that the true intensity
of the Si substrate has been underestimated. Reducing the substrate of 1 mm to
a SIN pellicle of 120 nm, does decrease the intensity of the Si substrate signal by
almost two orders of magnitude but the initial signal was already heavily attenu-
ated by the 26 um Mylar absorber. The remaining intensity of the Si signal can be
explained by two limiting factors. First, the SigN, pellicle still has a thickness of
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120 nm compared to the 10 nm of the IGZO thin film so it should be expected that
the Si X-ray signal is more intense than the IGZO X-ray signals. Intuitively, one
may expect the large substrate reduction to impact the intensity of the background
more significantly but the strong beam energy dependence of the X-ray produc-
tion cross section prevents this. The fact that the cross section decreases for the
lower beam energies implies that a significant part of the Si K, contribution is
induced in the first small part of the original Si substrate. Reducing the substrate
thickness will thus only eliminate the Si X-rays which intrinsically already had a
lower production cross section. In some sense, the large X-ray production cross
section for the light elements which has the potential to make PIXE sensitive to
light elements, is the very thing that in the end also limits the reduction of the
substrate background.
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Figure 7.8: Comparison of conventional and substrateless PIXE measurement of
an IGZO thin film. The Myler absorber thickness was reduced to 26 pm.

There is however more to learn from the substrateless result of Figure 7.8, The
bremsstrahlung background has significantly been reduced between 2 keV and
8 keV which allows one to observe all the features of the indium L-line signals. This
decrease is expected to make substrateless PIXE more sensitive to the elements
heavier than Si, which can already be seen from the chlorine signal. On the other
hand, one can observe a background between 2 keV and 4 keV which seems to have
a different X-ray energy dependence than the original bremsstrahlung background.
More measurements have to be performed to deduce the origin of the background.
Additionally, the low energy background below 1.74 keV seems to have scaled down
with the same magnitude as the Si K, X-rays. This background was previously
denoted to low energy bremsstrahlung processes but it still seems to prevent the
measurement of the oxygen signal. Lastly, the strong cut off below an X-ray energy
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of 500 eV, expected to be the result of the low energy absorption edges of H and C
in the Mylar absorber, was still present in a final substrateless IGZO measurement
without the Mylar absorber. One can thus conclude that the cutt off is the result
of a lower energy limit that is set by the electronics of the detector. The X-rays of
these low energies correspond to voltage pulse signals with such a low amplitude
that they are filtered out with the detector noise.

7.3.2 Substrateless STO

The previous section revealed that the substratless PIXE results indicate a larger
sensitivity to the elements heavier than silicon, compared to what could be achieved
with conventional PIXE. To investigate this further, measurements were performed
on a SrTiO (STO) substrateless sample. This sample had the same build as the
substratless IGZO sample. Similar to the measurements from Figure[7.8] the Myler
thickness of 26 um was used. The results of the measurements are shown in Figure
[7.9] At first sight, the results of Figure[7.9 seem to lead to the same conclusions as
the results from Figure [7.9} However, upon further investigation one can observe
some differences. First of all, the conventional PIXE measurement has an unusual
bremsstrahlung background shape between 2 keV and 8 keV and additional noise
is also present for the higher X-ray energies, especially around the K-line signals
from Sr. This is an appropriate example of what the effect of a large detector
dead time can be on the measured spectrum. The dead time in this case was 30 %
compared to the 1 % dead time of substrateless PIXE measurement which is also

shown in Figure
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Figure 7.9: Comparison of conventional and substrateless PIXE measurement of
an STO thin film. The Myler absorber thickness was 26 pm.
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Secondly, the background between the Si K-line and the In L-lines in Figure [7.§]
seems to be more intense than the substrateless result from Figure [7.9] This com-
parison can be made with respect to the Si K-line intensity which is similar for
both of the substrateless measurements in both figures. This difference suggests
that the background could be unrelated to the 120 nm SizNy pellicle. Regardless,
the substrateless measurement from Figure 7.9 allows one to see the total features
of the Ti K-lines due to the reduced bremsstrahlung background. Next to the Ti
K-lines, there are two small signals which are the result of Ti K, and Kz radiation
which did not fully deposit their energy in the HPGe detector. Instead, one of
the characteristic L, X-rays which were induced in the energy deposition process
escaped the active area of the detector. This conclusion is made due to the energy
at which these escape peaks appear in the spectrum. They each have an energy
that is 1.20 keV lower than their respective Ti K, and Kz mother signals, which
is the energy of the Ge L, X-ray.

The increased sensitivity of substratless PIXE to the elements heavier than sil-
icon is clearly visible in the Cl signal that is manifested in the spectrum of Figure
[7.9] This signal was not visible in the conventional PIXE measurement and could
be an artifact from the deposition process of the thin film. The statement about
the increased sensitivity of substateless PIXE, can be further supported by com-
paring the measurement with the result of an RBS experiment that was obtained
with another setup. The RBS measurement of the same substrateless STO sample
is shown in Figure and consists of the signals from the Ti and Sr inside the
STO layer.
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Figure 7.10: RBS measurement of the substrateless STO sample, obtained using
a different setup that was optimized for RBS experiments.
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Here, the Cl signal is not significant enough for the quantization of the amount of
Cl in the sample. This implies that RBS is not sensitive enough to detect the low
amount of Cl which is present inside the STO sample, but substratless PIXE is.

7.3.3 Improved limit of detection

In order to quantify the sensitivity improvements of substrateless PIXE, one can
determine the limit of detection of the measured thin film signals. The new LOD
values from the substrateless PIXE measurements are shown in Figure [7.11], to-
gether with the RBS LOD and conventional PIXE LOD values from the literature
[76]. The red curve is obtained using the GUPIX procedure of obtaining LOD
values for elements which are not present inside a spectrum, which was described
in Chapter [ The LOD values for chlorine and Ti have vastly improved. One can
expect similar improvement for the other elements between Z = 16 and Z = 28,
which have K-lines that are normally imposed on the bremsstrahlung background
from conventional PIXE. The increase in LOD is now determined by the X-ray
production cross section and no longer by the background.
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Figure 7.11: Comparison of the obtained limit of detection obtained with the demo
setup and literature values [76] for conventional PIXE and RBS.

For Zn and Ga we see a similar LOD compared to conventional PIXE which is due
to the fact that the intensity of the background at the energy of these characteristic
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X-rays was already very low. Investigating substrateless PIXE with a proton beam
in future research can be interesting because one would expect a stronger effect
for Ga and Zn compared to the He-ion beam case. This can be understood from
the fact that the background for PIXE with protons continues to slightly higher
energies and because the X-ray production cross section with a proton beam would
be larger. For Sr, we see that He-ion substrateless PIXE actually does less well
than conventional PIXE with a proton beam, which can be fully explained by the
lower ionization cross section of He relative to protons that was also mentioned
in Chapter | The advantage of substrateless PIXE is no longer valid for these
atomic number ranges because the background intensity was already very low at
these X-ray energies. For Indium one also observes a large improvement and sim-
ilar improvements are expected for the elements between Z = 41 and Z = 50.
This is motivated by the fact that the L-lines of these heavy elements were also
imposed on the bremsstrahlung background from conventional PIXE.

7.3.4 Low energy background

The substrateless PIXE results that have been discussed in this section seem to
indicate that the low-energy tail below the Si X-ray is a definitive limitation for the
detection of oxygen X-rays. However, a further investigation of the substrateless
PIXE measurements results in the comparison that is shown in Figure [7.12] The
top part of the figure compares substrateless PIXE measurements that are obtained
from the same IGZO sample but where a different Mylar absorber thickness was
used. At first sight, it may seem that the measurement with a thicker absorber has
the expected result. The bottom part of the figure shows the same measurement
with a 52 um Mylar absorber, but this spectrum is now compared to the 26 um
Mylar measurement that has been multiplied with the additional transmission that
an extra 26 um of Mylar would induce. This principle is based on

](52 Mm)expected — ]0 . e,u]\/fyla'r'26 . eulﬂylar'26 — IO . eMIVIylar'52 — ](52 ljfm>measureda

where ftaryqr 1S the attenuation coefficient as a function of X-ray energy which is
obtained from the XCOM database [47]. Important to note is that the low energy
tail contribution from the 52 um Mylar absorber measurement does not resemble
the shape that is expected from theory. One can conclude the same thing for
the background between 2 and 4 keV but the intensities of the X-ray signals that
originate from the sample do scale with the expected factor. Thus, the comparison
of the bottom part from Figure[7.12]leads to the conclusion that the low-energy tail
is not the result of the physics of the ion beam interaction with the substrateless
sample, but from the physics of the interaction of the Si X-ray in the detector
medium which takes place after the Mylar absorber.
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Figure 7.12: Top: comparison of substrateless IGZO measurements for two dif-
ferent Mylar absorber thickness values. Bottom: Comparison of theoretically ex-
pected spectrum with an increased absorber thickness, starting from the 26 pum
measuerment, and the experimental obtained 52 ym Mylar spectrum.

The low-energy tail is a part of the Si X-ray lineshape and is attributed to a
significant Ge dead layer at the detector surface. The reason behind the intensity
of this low-energy tail feature can be understood from Figure [7.13] The Si X-ray
with an energy of 1.74 keV will interact very close to the surface of the detector due
to the fact that it has an energy which is just above the Ge L-line absorption edge
of 1.22 KeV [19]. This can be understood from the discussion on absorption edges
from Chapter [3| The large Ge attenuation coefficient will generally cause the X-
rays to interact very close to the detector surface. Here, it produces a photoelectron
as illustrated in Figure [7.13] which can be emitted in different directions. Ge
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detectors that are not optimized for the detection of these low-energy X-rays will
have a Ge dead layer with a significant thickness at the electrical contact. If the
photoelectron or auger electrons can travel a distance in the detector which is
similar to the range shown in Figure [7.13] then a part of their energy will not be
deposited in the active Ge detector area which means that a part of the charge
carriers that contribute to the voltage signal are lost. This process can induce an
intense low energy tail below the characteristic X-ray signals with an energy below
3 keV and the intensity of this tail is expected to increase for the lower energies
[48]. From Figure one can also observe that the indium signal also seems to
have a low-energy tail.
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Figure 7.13: The result of a Gaussian fit to the Si K, signal together with an
exponential curve fit to the low energy tail.

The final insight that leads to the conclusion that the low-energy tail is a
detector effect is the fact that the HPGe detector that has been used is not the
GULO0055 [43] but the GLO055 [77] which is only optimized for the detection of
X-ray with an energy larger than 3 keV. This is a well known problem in Ge
detectors [78, [79], [80] but the literature [80] shows that the intensity of this tail
can be reduced when the electrical contacts are implanted into the Ge crystal. This
also explains the large calibration factor from Chapter [6] because the detector file
that was used as an input for GUPIX| is the detector file for a GUL detector. The
file contains a thin Ge dead layer, whereas the GL HPGe detector is expected to
have a thicker dead layer which results in improper detection efficiency modeling.
This limitation seems to be definitive for the substratless PIXE setup with the
HPGe detector.
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However, the SDD that was mentioned in Chapter [3| has an entrance window
which is optimized for the measurement of X-rays with an energy below 1 keV.
This would allow the 520 eV X-ray to be less intensely attenuated compared to
the HPGe detector entrance window as shown in Figure [7.14] Additionally, the
smaller attenuation coefficient that the low-energy X-rays feel in the Si crystal
compared to the Ge crystal result in an attenuation length which is two orders
of magnitude larger. This implies that the energy deposition process of a 520 eV
X-ray can be less sensitive to detector surface effects of the SDD when compared
to the HPGe detector. The small entrance window also suggests that the SDD is
optimized for the measurement of these low energy X-ray.
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Figure 7.14: The tranmsission curve for the entrance window of the SDD from
rayspec, optimized for measuring low energy X-rays. Data obtained from [44].

In future research, one can optimize the substratless PIXE setup and use both the
SDD and the HPGe detector. This could allow for the measurement of the oxygen
X-ray. If the low energy tail from the Si signal is less intense, then the oxygen
signal could become visible. Another alternative is to reduce the pellicle thickness
in order to suppress the Si X-ray contribution even further.
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Conclusion

The aim of this master thesis was to investigate the performance of PIXE for the
characterization of semiconducting thin films. For this purpose, the research be-
gan with the construction of the conventional PIXE setup described in Chapter [3]
The initial performance experiments with this setup resulted in good agreement
between the measurements and what is expected from the theory. The GUPIX
analysis of two PIXE spectra that were measured from two samples that each con-
tained different concentrations of Pt and W illustrated how the conventional PIXE
setup can determine the difference in Pt and W concentration. Lastly, a detailed
study of the observed signal and background intensities from PIXE measurements
obtained with a proton and He-ion beam of the same energy was performed. This
resulted in the conclusion that a 2 MeV He-ion beam is expected to become more
efficient for the production of characteristic K-shell X-rays for elements that have
an atomic number below Z = 21. The less intense bremsstrahlung background
from the He-ion beam case became less important for the elements with larger
atomic numbers due to the large proton beam ionization cross section for K-shell
X-ray. Further research has to be conducted in order to determine the concrete
atomic numbers of the elements for which the He-ion beam becomes more efficient
to produce K-shell X-rays.

With an understanding of how the beam nature influences the observed signal and
background intensities from conventional PIXE spectra, the experimental setup
from Chapter |3| could be used to investigate the ability of conventional PIXE to
characterize semiconducting thin films. This was discussed in Chapter [6], where the
setup was first calibrated for the accurate determination of elemental concentra-
tions from an IGZO thin film. The calibration was performed with a method from
the literature that used three calibration samples. However, the obtained Ay 7z,
calibration factor suggested that a correction of ~ 40 % should be applied to the
In concentrations of the IGZO samples that are obtained with the conventional
PIXE setup. This could be due to large uncertainties in the theoretical X-ray
production cross sections of L-lines or to improper detection efficiency modeling.
Nevertheless, the hg,/z, calibration factor had a value close to unity. The Total-
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IBA analysis illustrated the importance of conventional PIXE measurements for
the characterization of GeAsSe thin films. This results in accurately modeled RBS
data from the GeAsSe sample, shown in Figure [6.4]

The final goal of this work was to investigate the potential of substrateless PIXE
to characterize light elements inside a thin film. Here, the demo setup described
in Chapter [7] was constructed to perform substrateless PIXE measurements. The
measurements of substrateless IGZO and STO thin films that were obtained with
this setup resulted in an improved limit of detection for Cl, Ti and In. The oxygen
signal was still not visible because of an intense low-energy tail below the Si X-ray.
However, further investigation showed that this low-energy tail is the result of a
detector effect inside the HPGe detector. The effect causing the intense low energy
tail is illustrated in Figure and is the result of the large attenuation coefficient
of the Si X-ray in the Ge detector medium. However, the reduced background and
improved limit of detection values indicate the potential of substrateless PIXE.
The setup has to be optimized in future research, where an SDD with a thinner
entrance window could be used to detect oxygen X-rays. The smaller attenua-
tion coefficient that the low-energy X-rays experience in the Si detector has the
potential to significantly decrease the intensity of the low-energy tail.
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