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Abstract

High spatial resolution X-ray microscopy has become a dedicated tool to study
nanocrystals and nanostructure devices in recent years. In general, the spatial
resolution of X-ray microscopy depends on the spot size of the X-ray beam and the
pixel size of X-ray detectors. High-resolution X-ray detection ideally requires a
minimal active region with a sufficient thickness for the X-ray absorption, which
leads to nanowire-shaped structures. This thesis made use of semiconductor
nanowires to create a single-pixel X-ray detector at nanoscale resolution.

The basic interaction between X-rays and nanowire devices can best be investigated
by choosing a sample geometry where the nanowire is oriented in-plane with the
substrate and orthogonal to the beam. X-ray beam induced current (XBIC), which
is the physical process used in X-ray detectors, was used as the primary method to
investigate the electrical response from nanowire devices. Different aspects of the
XBIC process were investigated in two nanowire materials, InP and InGaP, with
two types of doping profiles, n-i-n and p-i-n.

The spectrally resolved XBIC measurements shed light on the underlying XBIC
signal generation process in nanowire devices, showing that the XBIC signal
originates at the atomic level with photoelectric absorption. Then, the X-ray flux
variation revealed that the n"-i-n" doped InGaP nanowire devices were affected by
charge trapping leading to photogating and photodoping effects. In contrast, both
kinds of p-i-n doped nanowire devices illustrated a linear response as function of
the X-ray photon flux, which makes this doping profile more suitable for X-ray
detectors. The XBIC measurements of this thesis could reveal the spatially resolved
charge collection efficiency (CCE) or internal quantum efficiency (IQE) of the
nanowire device. This result emphasizes the key ability of XBIC to be used in the
development of nanowire solar cells. Furthermore, calculations based on the finite
element method (FEM) was used to get a better understanding of the XBIC results.

Although the in-plane nanowire devices can be used for understanding of the XBIC
process at the nanoscale, they are not ideal for X-ray detection. The spatial
resolution is still limited by the length of the active region, and the diameter of the
nanowire limits the absorbing length. A novel fabrication process was therefore
developed for a single vertical nanowire device where standing as-grown nanowires
were turned into single pixel devices. With this configuration, the incident X-rays
can be absorbed along the nanowire axis instead of the diameter. The nanowire used
for this device is a p-i-n doped InP nanowire with a diameter of 60 nm as pixel size.
Unlike the horizontal NW devices, the flux variation XBIC measurement reveals a
sub-linear behaviour.

The vertical nanowire device was used to make a high-resolution 3D image of a 90
nm nanofocused X-ray beam by scanning the device in different planes along the



beam. The measurements reveal details of the intensity distribution that agree well
with calculations based on ptychography. Instead of the nanowire diameter, the
spatial detection was limited to about 100 nm due to the stability of the measurement
system and X-ray absorption in the top contact. In the future, the device design with
as-grown nanowires could scale up into multi-pixel array detectors operating much
like conventional X-ray detectors.
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Popular science

One of the most powerful tools in scientific research is X-rays. Similar to radio
waves, microwaves, and visible or ultraviolet light, X-rays are also electromagnetic
waves, but with a very short wavelength and high energy. The wavelength of X-
rays can be as short as 0.01 nanometer (1 nm = 0.000 000 001 m), which is less than
the size of atoms. The short wavelength allows the X-ray to penetrate through most
kinds of materials. In addition, the X-ray energy can be as high as the binding energy
of the electrons within atoms. With these properties, X-rays can interact with
materials at the atomic level in a unique way.

X-rays are best known from their clinical applications, where they are used
extensively to diagnose patients. Broken bones or cancer can be observed in patients
using radiography and computing tomography (CT). Another example of X-ray
applications is the use at security checks at airports. X-ray images from these
applications originate from the different X-ray absorption of materials. The X-ray
absorption can also lead to characteristic radiation, known as X-ray fluorescence,
which has a unique energy for each element. However, the interaction between X-
rays and materials is not limited only to the absorption. In the case of solid-state
materials, the periodic atomic structure scatter X-rays at a certain angle, known as
the Bragg angle, unveiling the crystal structure of materials. These interactions
make X-rays a powerful tool for scientific research in many fields.

(b) X-ray (c) -

\
[

Figure 1 Scanning electron microscopy (SEM) images and schematic of semiconductors nanowires and
nanowire devices. a) Single semiconductor nanowire. Scale bar 200 nm. The top schematic drawing shows the
structure of the NW where there is a gold particle at one end. b) Horizontal single contacted nanowire device, in which
there are metal contacts on both ends of the nanowire. c) Vertical single nanowire device with the metal top contact.

il



High spatial resolution X-ray images are required to observe small details of objects.
For instance, a high-resolution CT scan could map a full three-dimensional neural
network improving the understanding of how our brain and nervous system operate.
This requires a small focused X-ray beam with an X-ray detector that has a relevant
resolution. X-ray beams can be focused down to 5 nm by state-of-the-art X-ray
lenses. However, X-ray detectors currently only have a resolution of about 0.5
micrometer (um), which is a hundred times larger than the size of the focused X-
ray beam.

The ideal high-resolution X-ray detection requires a minimal active area with a
sufficient thickness for X-ray absorption. These requirements lead to a shape known
as semiconductor nanowire. Nanowires are formed as a cylinder with a diameter
from a few tens to a few hundreds of nm with a length that could be more than
hundreds of pm. Figure 1(a) shows a scanning electron microscopy (SEM) image
and schematic drawing of a nanowire. On the right side of this nanowire, there is a
gold particle that was used in the nanowire synthesis. Due to their promising optical
and electrical properties, nanowires have extensively been studied and developed
for many advanced electronic devices, such as light emitting diodes (LED), lasers,
transistors, photodetectors, and solar cells.

The first studies in this thesis use a nanowire device in a horizontal configuration
where the nanowire was oriented in-plane to the surface, as shown in Figure 1(b).
The horizontal nanowire devices were prepared by making metal contacts on both
ends of the nanowire for electrical measurements. The interaction between
nanowires and X-rays was evaluated in terms of an electrical response using the
technique called X-ray beam induced current (XBIC). The XBIC measurement was
done by scanning the sample through the X-ray beam. At each position of the scan,
the X-ray beam would locally generate an electrical signal. The XBIC was measured
as a function of time, X-ray energy, X-ray photon flux (photons per second), and
applied voltage on the nanowire. Three kinds of nanowires, which have different
material compositions, were investigated in the studies. In turn, XBIC could also
reveal spatially resolved functionalities of those nanowire devices, such as
generation and collection mechanisms of the induced signal.

With the horizontal nanowire devices as X-ray detectors, the spatial resolution and
the absorption length is still limited by nanowire’s length and diameter,
respectively. However, nanowire devices can be made in a vertical configuration,
where a standing as-grown nanowire is turned into a device, as shown in Figure
1(c). The nanowire is parallel to the X-ray beam during the measurement. With this
configuration, the diameter of the nanowire limits the spatial resolution of the
measurement. Furthermore, X-ray absorption can take place through the length of
the nanowire instead of the diameter in the horizontal nanowire device.
Consequently, both higher spatial resolution and higher X-ray absorption can be
expected from vertical nanowire devices for X-ray detectors.

v



The vertical nanowire devices were fabricated from nanowires with a diameter of
60 nm, and were tested by mapping them in a 90 nm-diameter focused X-ray beam.
Then, the vertical nanowire device was used to two-dimensionally scan various
planes along the optical axis resulting in a high-resolution 3D image of the X-ray
beam. The result showed the distribution of the beam intensity, which has never
been measured at this length scale before. In the future, these devices could be made
with even smaller diameters for higher spatial resolution, and formed into arrays for
multi-pixel devices.
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1 Introduction

One of the most useful tools in scientific research is X-rays, which is used to study
advanced materials down to the atomic level. X-rays, which are electromagnetic
waves with relatively high energy (1-100 keV), were discovered and named by
Wilhelm Rontgen in 1895 [1]. Later, he was awarded the first Nobel prize in physics
in 1901 for this discovery. Since then, X-rays have been applied in clinical use with
radiography and later tomography. Thanks to the difference in X-ray absorption
between bones and soft tissue, radiography helps doctors to diagnose patients in
vivo observing bone and internal organs. In terms of solid materials, the diffraction
of X-rays was key for understanding the crystalline structure with Bragg’s law and
the Laue equation. Finally, the high energy of X-rays is also sufficient to interact
with the core electron states of atoms, which can be investigated by controlling the
energy of the exciting and emitted X-rays. This method is called X-ray spectroscopy
and was pioneered by Manne Siegbahn during his time at Lund University.

The examples mentioned above of X-rays’ applications are based on four main
interactions between X-rays and matter: photoelectric absorption, Thomson (elastic)
scattering, Compton (inelastic) scattering, and pair production [2]. In photoelectric
absorption, the X-ray energy is absorbed by an inner core electron of an atom,
exciting this core electron from the atom through photoelectric emission.
Alternatively, an X-ray photon can scatter with an electron bound to the atom. In
the elastic scattering, the X-ray photon energy is unchanged after the scattering. In
contrast, some of the energy of the X-ray photon is transferred to an electron in the
inelastic scattering. Finally, very high energy X-rays can lead to pair production of
an electron and its antiparticle, a positron.

In the discovery of W. Rontgen, the X-rays originated in his electrical experiment
with a vacuum tube, and later this kind of generation source became known as an
X-ray tube. Electrons are emitted from the cathode of the X-ray tube and hit the
target material at the anode to generate X-rays. Nowadays, X-ray tubes are still used
in laboratories and hospitals. Much more powerful X-ray beams are generated from
large facilities known as synchrotrons. The radiation is generated by electrons
traveling at a relativistic speed, which are forced to travel along a curved path by
magnetic fields [2]. Synchrotron radiation sources have become one of the
backbones of modern scientific research during the past decades. For instance, the
wide range of X-ray energy from synchrotrons allows us to investigate a broader



range of atomic structures and interactions, advancing the development of materials,
electronic devices [3], and medicine [4].

The demand for improved spatial resolution of X-ray microscopy is increasing due
to the substantial interest in nanostructured materials [5-11]. High-resolution X-ray
imaging for studies of nanostructures requires X-ray nanofocusing methods, which
is challenging due to the weak interaction between X-rays and focusing optics.
Despite these difficulties, nanofocused X-ray beams can be achieved thanks to the
development of Kirkpatrick-Baez (KB) mirrors and zone plates, which have been
used for focusing X-ray beams to less than 5 nm in state-of-the-art experiments
[12,13]. There are now many synchrotron beamlines that can routinely deliver
nanofocused X-ray beams below 100 nm [13-16].

High-resolution X-ray imaging also creates challenges for X-ray detection. The first
type of X-ray detectors — indirect X-ray detectors — uses scintillators to convert X-
rays into lower-energy light before converting into an electronic signal. The spatial
resolution is theoretically limited to about 0.5 um [17] due to the Abbe diffraction
limit of the lower-energy light. The second type of X-ray detectors — direct X-ray
detectors — converts the absorbed X-ray photon directly into an electrical signal. For
commercial direct X-ray detectors, the pixel size is limited to about 50 — 200 um
[18-20] due to the electrical components necessary for each pixel.

Since X-rays can penetrate through a lot of material, apart from a minimal pixel
area, the ideal high-resolution X-ray detector should also have a sufficient thickness
to absorb the X-rays. The two challenging requirements of a small cross-section but
a large thickness along the optical axis lead to a nanowire-shaped structure of the
pixels.

Semiconductor nanowires (NWs) have a cylindrical shape with a diameter of a few
tens to a few hundreds of nm, and a length that is almost unlimited [21]. This
geometry of NWs is considered as a one-dimensional nanostructure, which makes
optical and electrical properties of NWs different from bulk materials. Various
material compositions are available in NWs, which can be synthesized on a reusable
substrate reducing the cost of manufacturing [22,23]. These properties make NWs a
promising building block of advanced electronic devices, such as quantum devices
[24], light emitting diodes (LED) [25,26], transistors [27-29], lasers [30,31],
photodetectors [32-34], and solar cells [35-38].

The same mechanism as in direct detectors can also be used to characterise materials
in the X-ray microscopy technique called X-ray beam induced current (XBIC)
[39,40]. There are only a few studies of NWs using XBIC aside from this work
[9,41,42], although XBIC has been used extensively to study materials for solar cells
[43-45]. The results of the early XBIC studies on single NW devices show that,
despite a small volume of X-ray absorption, NW devices still have a strong electrical
response to hard X-ray exposure. The NWs studied in ref. [41] were n™-i-n" doped
InP NWs, which were turned into a horizontally single contacted NW device, such



Figure 1-1 SEM images of a single NW device for X-ray detectors: a) Horizontal (in-plane) configuration and
b) Vertical configuration. The scale bars are 1 um.

as the one shown in Figure 1-1(a). With this in-plane configuration, a single NW is
oriented parallel with the substrate. The XBIC signal from this NW device showed
a long saturation time with the X-ray exposure due to the charge trapping at surface
states, which could also lead to photogating and photodoping effects [46].
Nonetheless, that study demonstrated the possibility of the single NW device to
image nanofocused X-rays.

The main question of this thesis is how NW devices could be further improved for
high-resolution X-ray detection. To answer this question, XBIC measurements have
been employed as a primary tool to further enhance the understanding of the
electrical interaction between X-rays and NW devices. First, NW devices similar to
the one in ref. [41] — horizontal single contact n"-i-n" doped InGaP NW devices —
were studied with the spectrally resolved measurement of XBIC and XRF to shed
light on the underlying atomic process of the XBIC signal (Paper I).

Then, the NWs were modified to a p-i-n doping profile, which is extensively used
in nanowire photodetectors [32-34] and solar cells [35-38]. The time-resolved and
flux variation XBIC measurements revealed a better electronic response from the p-
i-n doped NW devices (Paper II). In addition, the measurements with applied bias
dependence showed the ability of the XBIC technique to spatially resolve the charge
collection efficiency (CCE), which is related to the internal quantum efficiency
(IQE), in the study of NW solar cells. Simulations based on the finite element
method (FEM) also helped to understand the carrier collection mechanism of XBIC
results from these NWs.

Due to the geometry of horizontal NW devices, the resolution of the X-ray detection
was still limited by the active region along the length of the NW, and the absorption
was limited to the nanowire diameter. Another aim in this thesis was therefore to
take advantage of the NW geometry to further improve the spatial resolution. Hence,
the vertical configuration (Figure 1-1(b)) was developed, as demonstrated in Paper
IV. With the vertical NW device, the spatial resolution of the detector will be limited
by the diameter of the NW, and the X-rays can be absorbed along the NW axis.
Moreover, the device design with as-grown NWs could scale up into a multi-pixel
array detector similar to those conventional X-ray detectors.



To give an overview of the thesis, the general concept of X-ray detectors is
described in chapter 2, which includes the interaction between X-rays and materials,
the charge generation, and the charge collection processes of the detectors. Then,
chapter 3 shows the fabrication processes of the NW devices. In this chapter, the
more challenging process to fabricate vertical NW devices with the NW diameter
of about 60 nm is discussed. The preliminary characterization of the devices is also
included in this chapter. After that, the XBIC measurement method, as well as the
multimodal X-ray imaging at different synchrotron beamlines (Paper III), is
discussed in chapter 4. This chapter also describes how FEM was used for the XBIC
simulation.

Chapter 5 presents the XBIC results from the investigation of both single horizontal
and vertical NW devices to get a better understanding of the X-ray interaction with
NW devices. The results demonstrating the NW device for X-ray detections are
presented and discussed in chapter 6, where both horizontal and vertical NW
devices were used to map the nanofocused X-ray beams. In the case of horizontal
NW devices, the beam waist from the off-axis multilayer zone plate (MZP) was
two-dimensionally mapped. Then, the vertical single NW device three-
dimensionally mapped the intensity of the focus from the KB mirrors at the
NanoMax beamline, MAX IV synchrotron (Paper V). Finally, chapter 7 contains
the conclusions of this thesis as well as the outlook for future development.



2 X-ray detectors

After the X-ray discovery, a phosphor screen or film was used to collect the X-rays,
similarly to how W. Rontgen acquired his first X-ray image. Nowadays, digital
X-ray detectors have become standard. A digital X-ray detector allows X-ray
images, such as STXM, computed tomography (CT) and ptychography, to be
analyzed in real-time.

In this chapter, some background of relevant X-ray interactions and how
photodetectors operate are introduced, before discussing X-ray detectors. Digital X-
ray detectors can be separated into two categories according to the underlying
process: indirect and direct X-ray detectors. Although the main focus of this thesis
is direct X-ray detectors, indirect X-ray detectors will be briefly mentioned in this
chapter as well. These concepts are crucial to understand electrical performance and
X-ray response of the developed NW devices later in this thesis.

2.1 X-rays and refractive index

X-rays are electromagnetic radiation like radio waves, infrared, ultraviolet, and
visible light. The wavelength, A, of X-rays is in the range of 10 nanometers down to
0.1 Angstrom (10 nm — 0.1 A). From a quantum perspective, the energy of
electromagnetic radiation is quantized in particles named photons. The wavelength
of X-rays corresponds to photon energies of 1 keV to 100 keV, according to the
equation E = hc/A, where h is Planck’s constant (h = 6.262x107* J-s) and ¢ is the
speed of light in vacuum (c = 3x10® m/s).

The speed of electromagnetic waves, the phase velocity, v, in materials deviates
from the speed of light, ¢, by the refractive index, n = ¢/v, of that particular material.
In general, electromagnetic waves have a normal dispersion, with n higher than 1.
In contrary, n is less than unity for X-rays [2]. This makes the phase velocity, v,
higher than c¢. However, the envelope of the electromagnetic wave travels with the
group velocity, which is still less than c¢. Thus, the law of relativity is not violated.

The refractive index of matter, n, in the case of X-rays, relates to the scattering and
the absorption properties of the medium represented by J and f, respectively.
Therefore, n can be written as:



n=1-56+ip (1)

Both ¢ and g are positive and small since X-rays generally interact weakly with
matter. Alternatively, the refractive index can be defined in term of the atomic form
factor as:
n=1-"RER(00) + £ +if"} )

where p,; is the atomic density, and 7, is Thomson scattering length. The atomic
form factor determines the scattering amplitude of X-rays by an atom. Here, £°(0)
is the atomic form factor in the case that the scattered wave from an atom with
wavevector, K’, has the same direction as the incident wavevector, K, so that the
scattering vector is Q = k — Kk’ = 0. f" and f"’ are the real and imaginary parts of
the dispersion corrections to the atomic form factor, where f’ is related to the
scattering from the bound electron and f'' represents the absorption [2]. Combining
the above equations, ¢ and £ can be expressed as
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The following section shows how to derive the absorption coefficient, yu, of
materials from the absorption part of the refractive index, f (eq. (4)).
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Figure 2-1 Thomson scattering (black), Compton scattering (red), Photoelectric absorption (blue), pair production
(green) and the total attenuation (purple) cross-sections of Au in barn (1 barn = 102 cm?) from the database website
https://physics.nist.gov/PhysRefData/Xcom/html/xcom1.html.




2.2 X-ray absorption

The atomic cross-section, measured in barn (1 barn = 10* cm?), of the four main
interactions between X-rays and matters — 1) photoelectric absorption, 2) elastic
scattering, 3) inelastic scattering, and 4) pair production — is shown in Figure 2-1.
Note that the relevant energy range in this thesis is 10 — 20 keV. From these four
interactions, this thesis only focuses on photoelectric absorption, which is relevant
to the XBIC measurement and the operation of the X-ray detector. Further
information on the other processes can be found elsewhere [2].

The absorption cross-section of an element is approximately proportional to
o~Z*/E3, where Z is the atomic number and E is the X-ray photon energy.
Therefore, materials with a higher atomic number absorb more X-rays, especially
at low energy.

In an experiment it is often important to be able to calculate the X-ray transmission
through a sample (Paper I — IV). The change in intensity (absorption) of the X-rays
at depth z from the surface, 1(z), in an infinitesimal sheet of thickness dz can be
expressed as

dl = —1(z)udz (5)

where p is the absorption coefficient. This equation is solved with the boundary
condition I(z = 0) = I, so the X-ray intensity transmitted through the sample is

1(z) = [je " 6)
This equation is known as the Beer-Lambert’s law in which the ratio between 1(z)
and I, is the transmission, T(z) = I(z)/I, = e "#. Hence, the X-ray absorption
probability is defined as pgps = 1 — e ##, which is extensively used throughout
this thesis (Paper I — IV). In case of a very thin sample, yuz < 1, eq. (6) can be
approximated as 1(z) = I,(1 — uz) and pgps = Uz.

Since Sk = u/2 [2], eq. (4) becomes

p= (471,(::tr0)f” 7

For a compound consisting of j atom types, the absorption coefficient, u, can be
calculated as the product of the respective atomic densities, pg; ;, and the atomic
absorption cross-sections, d;:

u= Z Pat,j 9j (8)
J

Therefore,
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Eq. (9) is used to calculated u for different materials of the studied NWs, and then
used to attain p,;,¢ as discussed above.

2.2.1 X-ray fluorescence (XRF)

Upon the X-ray absorption at the atomic level, an inner shell electron of an atom is
excited, emitting a high energy electron and leaving a vacant state called a core hole.
This process is known as the photoelectric emission (Figure 2-2). The core hole is
then filled by relaxation of a second, higher state, electron. Consequently, there is
an emission of excessive energy, which can be in the form of a lower energy
secondary X-ray photon, known as X-ray fluorescence (XRF). This XRF emission
is more efficient for heavy elements [47]. Alternatively, the excess energy can excite
a third electron in the outer shell of the atom, which is known as Auger electron
emission (Figure 2-2).

Each transition between different energy states of the XRF process results in a
specific energy of the XRF photon, which is also characteristic for the element. The
Siegbahn notation is used to define each of these XRF transitions. The XRF energy
of various transitions of elements and their relative intensities can be found in the
X-ray data booklet [48].

Figure 2-3 shows the XRF spectrum measured from a vertical nanowire device,
using an X-ray energy of 10 keV. The spectrum reveals the energy of the electronic
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Figure 2-2 Photoelectric absorption. The X-ray absorption excites an inner core electron of an atom which results
in a photoelectron emission. Consequently, there is a vacant state, called a core hole. The relaxation of an electron
from a higher state fills the core hole. This process releases excess energy, either in the form of a lower energy X-ray
photon, X-ray fluorescence (XRF), or excitation and emission of a higher state electron, Auger electron emission.
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Figure 2-3 X-ray fluorescence (XRF) spectrum from a nanowire device. Multiple peaks in the spectrum correspond
to various transitions in elements inside the sample. This spectrum was attained by the use of a 10 keV X-ray beam.
Au Mq and Ti Kq are emitted from metal contacts of the nanowire device, and In Lo comes from the InP substrate.

transition from various elements within the sample. For instance, the XRF emission
from the In L, transition, which comes from the NW and the InP substrate, appears
as a peak at about 3.28 keV. The emission from Au M, and Ti K, transitions at 2.12
keV and 4.51 keV, respectively, can also be observed. These elements are part of
the metal contacts in the vertical NW devices (Paper IV). The rightmost peak
corresponds to the scattered incident X-ray beam.

The intensities of these peaks on the XRF spectrum (Figure 2-3) can be used to
determine the relative or even the absolute concentration of the measured elements.
For instance, the intensity of In L, in Figure 2-3 is relatively higher than Au M, and
Ti K, since there is much more absorption in the InP substrate than the 20 nm/200
nm thick Ti/Au layer in the metal contact. The absolute concentration from the XRF
spectrum could be attained by considering the XRF yield, air absorption, and the
quantum efficiency of the detector. By scanning the sample in a focused beam, the
spatial distribution of elements can be imaged. Details of this scanning XRF method
will be mentioned later in section 4.2.2.

2.2.2 X-ray absorption spectroscopy (XAS)

The photoelectron emission can occur when the exciting X-ray energy is higher than
the binding energy of an electron, and the X-ray energy therefore affects the
absorption cross-section. This can be observed as a step in the spectrum in X-ray
absorption spectroscopy (XAS), as shown in Figure 2-1. The energy at this step is
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Figure 2-4 X-ray absorption spectroscopy (XAS). a) The blue area corresponds to the X-ray absorption near edge
spectroscopy (XANES) which is a range of about 50 eV around the edge energy, in this case the Ga K edge in the
nanowire. The extended X-ray absorption fine structure (EXAFS) region of the X-ray absorption spectrum is > 50 eV
from the edge energy. Note that the energy range here is limited, so the oscillations are not clearly seen. b) Schematic
showing energy levels of a Ga atom with the possible transitions that are indicated as peak A (red) and B (green) in
(a). c) The backscattered waves (red spheres) from the neighboring atoms are the result of the photoelectric emission
(blue sphere). Interference of these waves affects the absorption cross-section and appears as an oscillation in the
EXAFS spectrum. [Panel (a) is adapted from Paper |.]

called the edge energy, which corresponds to the energy of emitted photoelectrons
from a specific bound state of the atom.

Since the XRF emission is a consequence of the process above, one can use the
spectrally resolved XRF detector to monitor XAS instead of the absorption cross-
section (Paper I), which is typically measured by the transmitted X-ray intensity
[49]. In contrast to the XRF emission spectrum in Figure 2-3, the XRF spectrum in
this case is attained by monitoring a specific XRF transition, as a function of the
primary X-ray energy, as showed in Figure 2-4(a). Later in this thesis, the spectrally
resolved XBIC is used to investigate XAS as discussed in section 5.2.
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The spectrum around the edge energy in the XAS spectrum is separated into two
main regions (Figure 2-4), known as the X-ray absorption near edge spectroscopy
(XANES) and the extended X-ray absorption fine structure (EXAFS). XANES
concerns the pre-edge and edge region, which covers a range of about 50 eV above
and below the edge energy. The energy more than 50 eV above the edge energy is
the EXAFS region.

In the pre-edge region (Figure 2-4(a)), the X-ray energy is not enough to excite the
electron from the atom to the continuum state, i.e. photoelectric emission. However,
absorption peaks in this region can occur, corresponding to the transition to
available states just below the continuum, e.g. oxidation states (Figure 2-4(b)).

Beyond the edge energy (Figure 2-4(a)), emitted photoelectrons can be considered
as propagating waves from the excited atom. This wave generates backscattered
waves by scattering with the neighbouring atoms in the lattice, and the backscattered
waves interfere with each other (Figure 2-4(c)). Depending on the absorbed X-ray
energy, the electron wave has different wavelengths and the interference can be
either constructive or destructive, which predetermines the X-ray absorption
probability and cross-section. This phenomenon can be observed as an oscillation
in the EXAFS region. In order to analyse the EXAFS spectrum, one can Fourier
transform the X-ray energy in terms of wavenumber into the real space distance to
the surrounding atoms [2].

2.2.3 Photogenerated secondary electrons in semiconductors

ngh energy Figure 2-5 Generation of conduction band

electron electrons in X-ray beam induced current (XBIC).
The process starts with a high energy Auger electron
or photoelectron, which transfers energy to valence
band electrons and excite them to the conduction
band. The excited electrons can in turn excite other
electrons, in a cascade process of impact ionization
that can lead to thousands of excited electrons. The
excited electrons quickly thermalize to the band edge.

Impact
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The result of the X-ray absorption through the photoelectric, Auger electron, and
XRF emissions are high energy electrons and photons. The high energy photons can
contribute to additional photoelectric absorption and Auger electron emissions.
Simultaneously, the high energy electrons can start a cascade process of impact
ionization, leading to thousands of secondary electrons, as shown in Figure 2-5.
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Eventually, the excited electrons lose their excess energy to the lattice via phonons,
and are thermalized to the edge of the conduction band, leading to thousands of
secondary electrons [50-52].

The final yield of the electron-hole pair generation with this process is 7 = E /e,
where E is the X-ray energy, and € is the ionization energy of the semiconductor
[53]. The latter can be calculated from the band gap energy E; using € = 2.75E, +
0.55 [53]. As an example, for InP with E; = 1.34 eV, a single X-ray photon with
energy of E = 10 keV yields on average n = 2355 electron-hole pairs. Combining
this term with the X-ray absorption probability in section 2.2, the charge generation
rate in m™s™' as a function of the X-ray photon flux @ can be estimated as

Gn,p = npabs(p/Ad (10)

where A is the area of the incident X-ray beam, and d is the thickness of the material.
This generation rate from the X-ray excitation is crucial to be able to compare the
XBIC measurements with other excitation sources, e.g. the excitation with sun
illumination of solar cells (Paper II).

2.3 Semiconductor photodetectors

Direct X-ray detectors are based on semiconductors. Charge carriers can be
generated in semiconductors using the excitation of light, for instance, with photon
energy higher than the bandgap energy, E,. The energy of a photon excites an
electron from the valence band to the conduction band, leaving a hole behind in the
valence band. For X-rays, the excitation relates to the absorption at the atomic level
with subsequent processes, as discussed in the previous section.

The excited or free charge carriers in the lattice of semiconductors can move with
two transport mechanisms, diffusion and drift. Eventually, electrons in the
conduction band are de-excited through recombination with holes in the valence
band. The process is characterized by the charge carrier lifetime, 7.

Generally, diffusion is the movement of the particle from an area with high carrier
concentration to a low concentration area. The diffusion is terminated when
electrons and holes recombine. The characteristic distance of the diffusing charge
carriers can be calculated from

Ln(p),piff = /Dn(p)fn@) (1)

where Dy, is the electron (hole) diffusion coefficient and 7,y is the lifetime of
electrons (holes) [54].
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Figure 2-6 Recombination mechanisms in semiconductors: a) Radiative recombination, b) Auger recombination
and c) Shockley-Read-Hall (SRH) recombination.

The charged particles, like electrons and holes, can also be mobilized by the force
induced by an applied electric field, €. This carrier transport mechanism is known
as drift. The characteristic length of the drift is determined by

Ln(p),Drift = .un(p)Tn(p)g (12)

where iy is the electron (hole) mobility. The mobility describes the carrier
movement under an electric field in different materials. The diffusion coefficient

can be written as a function of mobility as Dy, ) = kq—T Pn(p)-

As mentioned above, the charge transport ends with the recombination process,
which is divided into radiative recombination and non-radiative recombination.
The former case emits the excess energy in the form of photons (Figure 2-6(a)). This
process is known as photoluminescence. In the case that the charge carriers are the
result of an X-ray excitation, the process is called X-ray excited optical
luminescence (XEOL), which can also be used to investigate semiconductors [55].

In contrast, the excess energy is transferred in different processes for the non-
radiative recombination, which can be separated into Auger recombination and
Shockley-Read-Hall (SRH) recombination. In Auger recombination, the excess
energy is transferred to another charge carrier, which is then excited from the band
edge (Figure 2-6(b)). In SRH recombination, the carriers recombine via energy
states within the bandgap, as shown in Figure 2-6(c). These trap states are created
from defects, impurities, and dangling bonds at the surface of semiconductors.

In the case of nanostructured semiconductors, the recombination is usually
dominated by SRH recombination at surface states due to the high surface-to-
volume ratio [56-58]. The surface states can also trap charges in long-lived states.
These trapped charges can generate an electric field that could either attract or repel
electrons from the surface, resulting in photodoping and photogating effects [46,59].
One method that is generally used to reduce the SRH recombination through surface
states is surface passivation.
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2.3.1 Photoconductors

A semiconductor can be used to detect light by just connecting it with electrodes,
which is known as a photoconductor. Photogenerated electron-hole pairs from the
absorbed photons drift from the applied electric field between the electrodes. This,
in turn, creates an electrical current that can be measured in the circuit and alters the
conductivity of the device. The semiconductor should then be low doped so that the
conductivity without light is low.

The induced conductance of photoconductors is given by:

qu
G = Z (13)

where q is the electronic charge constant (1.6 X 1071° C), L is the length of the
semiconductor, and N is number of excited charge carrier. With the X-ray
excitation, N could be calculated from the X-ray photon flux, as N = np,,s Pt [41].
Due to the linear current-voltage relation of photoconductors [60], the conductance
is G = Iyp;c/V where Iyg,c is the X-ray induced current, and V is the applied bias
on the photoconductor. Therefore, eq. (13) becomes

utVv
Ixpic = qnpabs‘l’? (14)
In the XBIC experiment with a nanowire as a photoconductor, the induced current
Iypic 1s first measured under an applied bias V and then converted into the

conductance G for the subsequent analysis (Paper I).

2.3.2 Photodiodes and p-n junctions

Another way to use semiconductor materials in a photodetector is a p-n junction,
known as a photodiode. The mechanism of the charge collection in a photodiode is
also the basis of solar cells (Paper II), commercial X-ray detectors and the nanowire
devices as X-ray detectors (Paper IV).

At the p-n junction, the doping atoms in both regions induce a built-in electric field
within the depletion region. This electric field creates a potential barrier denoted by
¢pi, which maintains equilibrium between the majority and minority carriers in the
p and n regions. ¢j; can be calculated by [54]:

kT (NyNp N,Np
i =—In{—— ] =V;1 15
¢bl q n( niz > t n( niz ( )
where V; = kT /q is defined as the thermal voltage, k is the Boltzmann constant
(8.62x107%eV-K™1), T is the temperature, n; is the intrinsic charge

14



et b
Ef——————ﬂ*\j___TEQ&zVﬂ Ef““‘?‘\\\\L__IzQ@f+VM

1
E,,x Ey 1 |
I 1 | I
I 1 1 ]
<¢— Electron diffusion <— Electron diffusion

= Hole diffusion — Hole diffusion

< -

Figure 2-7 p-n junction under a) forward and b) reverse bias. The corresponding band structures show the change
of the electric potential within the depletion region regarding the applied bias. The arrows below illustrate the direction
of the charge carriers traveling across the junction with different mechanisms (diffusion and drift).

concentration and Nj, (Ny) is the donor (acceptor) concentrations in n-type (p-type)
semiconductors.

The electric field of the depletion region can be calculated from the fixed charge
using a one-dimensional Poisson’s equation,

PP00) __dE®) __p)
dx? dx €

where ¢(x) is the electric potential, £(x) is the electric field, p(x) is the charge
density and €, is the permittivity of the semiconductor.

(16)

The p-n junction is no longer in equilibrium condition when a potential bias, V, is
applied between the p and n regions. Thus, the total potential barrier, indicated by
Viot, becomes Vior = ¢p; — V. V is positive (V > 0) when a positive bias is applied
to the p region with respect to the n region. In this case, the p-n junction is in the
forward bias regime, so V = V. in Figure 2-7(a). In contrast, it is in the reverse bias
regime when a negative bias (V < 0) is applied to the p region with respect to the
region, so V = =V, in Figure 2-7(b). These bias regimes change the depletion
region and thereby the charge transport, as shown in Figure 2-7.

The total current through the p-n junction as function of the applied bias can be
derived from the total current density of the carriers in each region of the junction
(Figure 2-7). The detailed discussion of this calculation can be found elsewhere [54].
In general, the current-voltage relationship of the p-n junction can be written as:

)
=1 —) -1 17
$ [exp (nkT {17
where I is the reverse saturation current, and n is known as the ideality factor.

The ideality factor n is a figure of merit used to characterize the p-n junction, and it
is expected to be in the range of 1 < n < 2. An ideality factor of n = 1 implies that

15



diffusion dominates the current, while n = 2 indicates that the current is dominated
by recombination in the depletion region [61]. The ideality factor was used to assess
the NW device before testing with X-rays (section 3.5.3).

The process of charge generation within the photodiode is illustrated in Figure 2-8.
Upon absorption within the depletion region, the photogenerated electron-hole pairs
will be separated by the built-in electric field. For instance, electrons (holes) are
attracted toward the positive (negative) polarity of the electric field within the n-
type (p-type) material. The drift then dominates the transport mechanism within the
depletion region. These electrons then become excess majority carriers on that side
of the junction. For electron-hole pairs generated within either n- or p-type material,
the charge carriers with the same polarity as the majority carrier become excess
majority carriers. The minority carriers recombine or diffuse into the depletion
region before drifting to the other side to become excess majority carriers there.
However, the lifetime and diffusion lengths of the minority carriers is very low in
the highly doped p- and n-segments, so the net current generated by excitation in
these regions will be small.

By connecting this photodiode to the external circuit, as shown in Figure 2-8, the
charge carriers can travel as a current to recombine on the other side of the device.
The transport of these charges can generate power to the load in the external circuit,
which is the principle of solar cells. The same principle is applied to XBIC. After
the charge carrier have been excited through the process discussed in section 2.2.3,
they thermalize to the band edge of the semiconductor, and are collected with the
process discussed in the previous paragraph.

The ratio between the photocurrent and the incident photon flux of a photodiode
represents the performance of the device in terms of the external quantum efficiency

Figure 2-8 Photodiodes. The photogenerated electron-hole pairs in the depletion region (1) are separated by the
electric field and the carriers drift toward the corresponding side of the p-n junction. For the electron-hole pairs
generated within the doped regions (2), only the photogenerated minority carriers that randomly diffuse to the depletion
region before recombination will generate a net current. With the connected circuit, the excess majority carrier can
travel through the circuit (3) to recombine with the majority carrier on the other side of the junction.
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(EQE). The efficiency of the photodiode to collect photogenerated charge carriers
is known as the internal quantum efficiency (IQE). In this thesis (Paper II), the term
charge collection efficiency (CCE), which is closely related to the IQE, is used
instead to quantify how well the device collects the generated charges from the
absorbed X-ray photons [62]. The CCE is spatially dependent, denoted by S(x, y, z),
due to the local variation of material, doping and geometry. For our X-ray detectors,
EQE can be expressed as a function of CCE as

Ipn
EQE = 0 = MPabsS(%,.2) (18)

where [, is the generated photocurrent. In the case of XBIC, the generated
photocurrent as a function of CCE is

Lyn = qPNPapsS(x,y,2) (19)

Note that in the case of solar cells, the reflectivity, and therefore the wavelength of
the light, needs to be considered to determine the IQE of solar cells [60]. In contrast,
the reflectivity of the X-ray detector in the studied energy range can be ignored.
Therefore, the CCE was introduced for X-ray detectors, not to confuse it with IQE
as it is used in the study of solar cells.

The charge collection in photodiodes is expected to be high within the depletion
region. In order to improve the charge collection, one can increase the built-in
electric field or extend the depletion region [54]. By having an intrinsic
semiconductor known as i-region in between the p-n junction, the depletion region
width can be extended. This kind of photodiode is called a p-i-n diode (Paper II).

2.4 Indirect and direct X-ray detectors

At this point, some background of relevant X-ray interactions and how
photodetectors operate have already been introduced. How these principles are
combined for X-ray detectors will be briefly discussed below.

For indirect or scintillator X-ray detectors, X-ray photons are converted to lower
energy photons, i.e. UV or visible light, by a scintillator [63]. The X-ray absorption
in the scintillator generates secondary electrons, which recombine via the radiative
recombination process [51]. This visible light is detected using conventional
detectors, e.g. photodiodes, photomultiplier tubes, or charge coupled device (CCD)
cameras. The scintillation spreads photons isotropically from the initial point of the
X-ray interaction, which leads to a loss of spatial resolution. An optical system can
be included in the indirect X-ray detectors to optimize the spatial resolution of the
detector. The spatial resolution of indirect detectors is theoretically limited to about
0.5 pm as mentioned in chapter 1.
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Figure 2-9 Photoelectric absorption cross section in barn of InP (black), InGaP (red), CdTe (blue) and Si (green). The
data in the plot was attained from https://physics.nist.gov/PhysRefData/Xcom/html/xcom1.html.

In contrast, photogenerated electron-hole pairs, as discussed in section 2.2.3,
directly contribute to the detected signal in the case of direct X-ray detectors. Unlike
in scintillators, these charges should be collected prior to recombination. Since the
signal is generated and collected within the detector, there is less noise in the process
compared with the indirect detector. Furthermore, the direct detector has an
advantage in terms of the linearity and the dynamic range [64]. However, as
mentioned in chapter 1, the finest spatial resolution of direct X-ray detectors is a
few tens of um. The relatively complex readout electronics with hundreds of
transistors per pixels means that it is difficult to make the pixels very small, and also
makes direct detectors much more expensive than indirect detectors.

The direct detectors require high-quality semiconductor material with very few trap
states, so that the carriers can be collected before recombining through the SRH
process. Generally, materials such as Si and CdTe are used for the direct X-ray
detector. The well-developed crystal growth of Si yields high quality single crystals
with sufficient thickness for high efficient X-ray detectors at moderate X-ray
energies [65]. Si has a much lower absorption cross-section than CdTe, but superior
crystal quality, so its use is limited to modest energies up to about 20 keV (Figure
2-9). In this thesis, InP and InGaP nanowires, which can also be synthesised with
high crystal quality [66], were used to develop X-ray detectors. The absorption
cross-sections of InP and InGaP are almost as high as CdTe, so there should be no
significant difference in terms of the quantum efficiency of these materials, as
shown in Figure 2-9.
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3 Nanowire device fabrication and
preliminary evaluation

The methods used for device fabrication and their preliminary evaluation are
described in this chapter. The first section gives a brief explanation of the NW
synthesis, although this is not the focus of this thesis. The following sections
describe the nanofabrication techniques that were employed to create both
horizontal and vertical nanowire devices. Finally, some aspects of the electrical
characterization are presented.

3.1 Nanowire synthesis

There are four different kinds of NWs studied in this thesis. These NWs were
synthesized by the vapor-liquid-solid (VLS) growth mechanism with the technique
known as metalorganic chemical vapor phase deposition (MOCVD), which was
done by M.T. Borgstrom’s group at NanoLund, Lund University, Sweden. More
detail of MOCVD can be found elsewhere [67-72].

The NW synthesis starts with the deposition of the Au seed particle on the growth
substrate, which is an InP (111)B wafer. The deposition is typically done with nano-
imprint lithography (NIL) to create a structure for a dense array of Au particles [73-
75]. Alternatively, a patterning technique using electron beam lithography (EBL)
can be used, as discussed later in this chapter (section 3.3.1).

The growth substrate with Au seed particles is then placed in the reaction chamber,
where the temperature is raised. Then, precursor gases, such as trimethylindium
(TMlIn), trimethylgallium (TMGa), and phosphine (PH3), are fed into the chamber.
The concentration of these gases depends on the required composition of the NW;
for instance, TMGa was omitted for the InP NW growth. The precursor vapor is
absorbed on the heated surface where it decomposes, so that atoms of the interesting
elements In, Ga and P are released. The atoms collect within the liquid phase Au
particle, and then incorporate in the crystal growth of the NW. Diethyl zinc (DEZn)
or tetraethyl tin (TESn) are also introduced into the chamber to create the p- or n-
doped segments, respectively. Figure 3-1(a) schematically shows the synthesis of
the n-i-n doped InGaP nanowire. In addition, hydrogen chloride (HCI) is added
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Figure 3-1 Nanowire synthesis a) Schematic showing the NW growth process, with a n-i-n doped InGaP NW as
example. 1) Au seed particle deposition on InP substrate 2) InP stub growth in case of the InGaP NW on the InP
substrate. 3) n-doped InGaP segment grown with TESn 4) Intrinsic segment growth of the InGaP. 5) Completed n-i-n
doped NW. b) SEM image of a NW array at the end of the growth process. c) A larger pitch NW array, where the Au
particles were prepared by the electron beam lithography (EBL) process, for the vertical nanowire devices.

during the synthesis to prevent radial growth [76,77]. The length of each segment in
the NW could be monitored in situ by optical reflectometry [70,78].

SEM images of NW arrays from this growth process are shown in Figure 3-1(b) and
(c). Figure 3-1(c) is a large pitch NW array for the vertical NW device. These NWs
are p-i-n doped InP with a diameter of about 60 nm and a total length of about 2.2
um. The large pitch allows the metal contact to be connected to a particular NW in
the array, as discussed later in section 3.3.

3.2 Horizontal single contacted nanowire devices

Figure 3-2 shows the fabrication process for horizontal single contacted NW
devices. Although most of this process was developed in Lund years ago [79], there
was still a challenge in this project to create such a device on a fragile silicon nitride
(Si3N4) membrane. The use of such an X-ray transparent substrate was necessary
for XRD experiments, and special treatment of this fragile membrane during the
fabrication was required.
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Figure 3-2 Fabrication process for horizontal single contacted nanowire devices. a) The SisN4 membrane
substrate and its cross-section. b) First spin coating and EBL process, to create a mask for the bond pads. c) First
metal evaporation for the bond pad. d) NWs are deposited randomly on the SisN4 membrane window. e) Second spin-
coating and EBL for the metal contacts the ends of a single NW. f) The second evaporation for the metal contacts.

N

3.2.1 Predefined SizNs membrane substrate

The substrate for the horizontal single contacted NW devices was a suspended Si3Na
membrane, which was purchased from Silson Ltd., Warwickshire, England. The
Si3sNs membrane is supported by a 3x5 mm? Si wafer frame, as schematically shown
in Figure 3-2(a). The size of the membrane window is 250x250 pm? and is
positioned in the center of the supporting frame. The thicknesses of the membrane
and the supporting frame are 1 pm and 381 um, respectively. This membrane is
transparent for X-rays, so it is typically used as a sample holder in transmission
experiments (Paper I1I), such as STXM, XRD, etc.

The structure of bond pads and alignment marks was created around the membrane
window using electron beam lithography (EBL) followed by metal evaporation.
Depending on the requirement of the experiment, the structure of bond pads (Figure
3-3(a)) could be changed accordingly using the EBL software to draw different
patterns. For instance, two different patterns of the bond pads were used for the
devices tested at beamlines using different X-ray focusing lenses (section 4.3.3).

21



Figure 3-3 Horizontal single contacted NW devices. a) Microscope image of the SisN4 window with the surrounding
bond pads. b) SEM image showing a horizontal NW device (A) with Siemens stars (B) next to it on the SisN4
membrane. c) High-resolution SEM image of a horizontal (in-plane) single contacted NW. d) Siemens stars that can
be used for ptychographic reconstruction evaluating the beam during the experiment. The smallest features of the
Siemens stars are about 100 nm.

At the beginning of the fabrication, the photoresist was spin-coated on the Si3Ny4
membrane. A fragile SisN4s membrane is not suitable for the available spin-coating
system at Lund Nano Lab, which fastens the sample with vacuum. Therefore, a
dedicated process, which uses a 2” Si wafer as a carrier for the Si3N4 membrane, has
been developed to spin-coat on this SizNs membrane [80]. This carrier wafer was
first spin-coated by 950K polymethyl methacrylate (PMMA) A6 at 1000 rpm. With
this photoresist as an adhesive layer, the Si3N4 membrane substrate could adhere to
the top of the carrier wafer. Then, the carrier wafer, together with the SizNy4
membrane substrate, was baked at 180 °C for 5 min to harden the photoresist. At
this point, the SisNsmembrane substrate could stay on the rotating chuck while spin-
coating. After applying the designated photoresist on the top of the SisN4membrane,
it could be separated using a tweezer with a slightly push on the side of the SizN4
membrane frame.

For the EBL process, a double-layer photoresist was used with 200K PMMA A5
and 950K PMMA A6 as bottom and top layers, respectively. The number in front
of the photoresist name indicates the molecular weight (MW) of the photoresist,
where the lower number is the more electron beam sensitive. In this double layer,
the higher photosensitivity resist is used as a bottom layer. Since the bottom layer
reacts more with the light or the electron beam, the exposure results in an undercut
profile creating a discontinuity of the deposited material between the photoresist
and the substrate. Hence, the deposited material on the substrate will not be lifted-
off together with those excess materials, ensuring a successful lift-off process.

The subsequent processes used to define the bond pad structure are listed below:
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1. The two layers of PMMA, as mentioned above, were spin-coated at 3500 rpm.
After spin-coating each layer, the sample was baked at 180 °C for 5 min.

2. EBL was used to create the structure of the bond pads, using a 20 kV
accelerating voltage and a 30 um aperture. The dose was at 280 uC/cm>.

3. The sample was dipped in the developer, methyl isobutyl ketone (MIBK) mixed
1:3 with isopropyl alcohol (IPA), for 75 s and IPA for 30 s.

4. A Ti/Au (10/190 nm) layer was deposited using thermal evaporation.

5. The lift-off process was done by soaking the sample in warm acetone (48 °C)
for 30 min following by the rinsing with IPA for 30 s.

A final predefined SizN4 substrate with a structure of bond pads and alignment
marks is shown in Figure 3-3.

3.2.2 Metal contacts for a single horizontal nanowire

The NWs were then transferred from the growth substrate to the predefined SizN,4
membrane (Figure 3-2(d)). A small piece of cleanroom wipe paper was used to pick
up some NWs from the growth substrate and transfer them to the predefined Si3Ny
membrane.

Since the positions of the NWs are random, the alignment marks from the previous
EBL and thermal evaporation processes were used as a reference position for NWs.
To acquire the positions of the NWs, a LabVIEW program developed by C.
Thelander at NanoLund, Lund University, was used. It creates a coordinate system
from the alignment marks, giving the relative positions of the NWs on the substrate.
With the known position of the NW, the resist pattern for the metal contact can be
created using the process steps 1 to 3 listed in the previous section.

After the development process and right before the metal deposition, the sample
was dipped into buffered oxide etch (BOE) mixed 1:10 with deionized (DI) water
for 10 s, followed by rinsing in DI water for 30 s. The BOE step is used to remove
any native oxide covering the exposed surface of the NW, which could affect the
interface between the semiconductor NW and the metal and increase the contact
resistance.

Next, thermal evaporation was used to deposit metals, which could be Ti/Au
(10/230 nm) for n-doped NWs or Pd/Zn/Pd/Au (~10/10/10/170 nm) for p-doped
NWs [81]. However, in the case of the p-i-n doped NWs, which have p-doping on
one end and n-doping on the other end, the Pd/Zn/Pd/Au layer was applied on both
ends to simplify the fabrication process. The performance of the NW devices seems
to be unaffected by using this metal combination, as shown later in section 3.5.3.
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The structure of so-called Siemens stars could also be included next to the NW
devices during this fabrication process, as shown in Figure 3-3(b). A Siemens star
is a structure with many angles and varying dimensions, which is generally used as
the standard object to evaluate X-ray beams with ptychography [82]. The smallest
structure of these Siemens stars was about 100 nm (Figure 3-3(d)). These structures
helped to maintain the NW device in the focal plane during the X-ray imaging
experiment, since the ptychography could be done without swapping the NW device
to dedicated samples with Siemens stars.

(a) Si;N, deposition (e) Spin-coating isolation layer

(b) EBL for Au seed particles () Pattern using UVL

EBL & metal evaporation

(c) Nanowire growth © bond pads

EBL & metal evaporation
top contacts

o

(d)  ALD passivation layer

Figure 3-4 Fabrication process of vertical single nanowire devices. a) A p-doped InP:Zn (111) B substrate is
covered by a ~70 nm SisN4 layer. b) An array of Au seed particles, which was created by EBL, was deposited using
metal evaporation. See next figure for details. c) The NWs were synthesized using MOCVD. d) To passivate the NWs,
a layer of SiO2 was deposited by ALD. e) The isolation layer (photoresist S1828) was spin-coated. f) Some areas of
the isolation layer were removed using UVL following by RIE. The SiO: layer and the Au seed particles on the top of
the exposed NW tip were wet etched away by BOE and Au etchant. g) EBL and metal evaporation created bond pads.
h) The top contacts were created with a third round of EBL and metal evaporation.
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3.3 Vertical single contacted nanowire devices

This section introduces a novel fabrication process for vertical single NW devices.
With this device configuration, the requirements of the high-resolution X-ray
detectors could be achieved, i.e. the minimal active area with the NW cross-section
and sufficient thickness for X-ray absorption with the NW length (Chapter 1). The
fabrication process flow for this NW device is displayed in Figure 3-4. Compared
to the previously described fabrication process for the horizontal NW devices, this
process was significantly more challenging and complicated. Also, more fabrication
techniques such as UV lithography (UVL), atomic layer deposition (ALD), and
reactive ion etching (RIE) were required.

3.3.1 Large pitch array for NW growth using EBL

The large pitch array NW was required for the vertical NW device, where a 1.5 pm
metal line can reach a single NW in the array as a top contact. Therefore, a 2.5 um
x 3.5 um pitch was designed for the NW array (Figure 3-1(c)). EBL was used to
create the pattern of Au seed particles, due to its flexibility.

The Au seed particles on the substrate could move during the growth process [74].
Therefore, a ~70 nm thick Si3N4 layer was deposited on the InP substrate and turned
into a mask, which helps to maintain the pitch size of the NW array (Figure 3-1(c)).
Another purpose of this SizN4layer was to prevent a short circuit between bond pads
and the substrate. By using EBL and RIE processes, holes could be created to
deposit Au particles in direct contact with the substrate (Figure 3-5).

E- beam

SiN + InP E-beam resist

RIE Au Evaporation
Lift-off

Figure 3-5 Schematic of the deposited Au in the SiN hole. a) InP substrate with SiN Iayer on top. b) The e-beam
resist (AR-P 6200.09) is spin-coated on the SiN layer. c) EBL is used to make openings in the resist. d) RIE removes
the SiN layer in the openings. e) Au was deposited with metal evaporation. f) The lift-off process removes the e-beam
resist together with the excess Au material on top of the resist.
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A thin single layer photoresist for the high-resolution structure was chosen instead
of a conventional double-layer PMMA used previously. This sophisticated
photoresist is AR-P 6200.09, which is also a positive e-beam resist, from
ALLRESIST GmbH, Strasburg, Germany. This e-beam resist can achieve high-
resolution structures down to 6 nm with an undercut profile.

The processes to prepare the substrate for the NW synthesis in a large pitch was:

1. Spin-coating of AR-P 6200.09, using a spin speed of 3000 rpm for 1 min, giving
a thickness of about 250 nm (Figure 3-5(b)).

2. For the EBL process (Figure 3-5(c)), the parameters of the electron beam,
including aperture size, accelerating voltage, and current, were set at 20 pm, 20
kV, and ~0.117 pA, respectively. The exposed AR-P 6200.09 was dissolved by
dipping in the developer, Amyl acetate, for 75 s followed by DI water for 10 s.

3. The Si3N4layer underneath was etched away by using RIE (Figure 3-5(d)). The
gases used as etchant were CF4 and CHF3, with an etch rate of about 3.3 nm/s.

4. Before the Au deposition, the substrate was dipped into the 1:10 BOE for 10 s
followed by DI water for another 30 s. This step was used to clean the exposed
surface of the InP substrate from any residuals and oxide, for a good interface
to the deposited Au.

5. Au particles were deposited into the SisN4 holes using thermal evaporation
(Figure 3-5(e)). The deposited Au needed to be about 20 nm thick for 50 nm
diameter NWs.

6. The excess Au layer, together with the remaining resist, was removed using
remover 1165 (1-Methyl-2-Pyrrolidinone) for about 15 min. In order to wash
away this remover from the substrate, it was dipped into DI water.

After this process, the NWs were grown with MOCVD as described in section 3.1.

In order to turn the NWs into a device, a metal contact was needed to connect an
individual NW in the array. However, additional processes to deposit passivation
and isolation layers were required before the fabrication of the metal contact on the
top of the NW.

3.3.2 Nanowire passivation and isolation layer

The NWs need to be passivated to prevent a short circuit between the p-segment
and the top contact. Ideally, this layer should also reduce the surface SRH
recombination. Figure 3-6(a) shows a single NW in the array prepared with the
process in the previous section. In order to passivate the NWs, a 40 nm thin layer of
Si0, was deposited on the surface by ALD (Figure 3-6(b)). The reactions used the
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Figure 3-6 Process to fabricate passivation and isolation layers. The bottom row show corresponding SEM
images of each process in the top row. a) NW grown from Au seed particle inside SisN4 hole. b) NW with SiO2
passivation layer from ALD (purple). c) The NW tip appears on the top of the isolation layer (orange) after UVL and
RIE. d) Back wet etch, using BOE and Au etchant, removed part of the passivation layer and the Au seed particle at
the tip of the NW. The SEM images were taken while tilting the sample at 30°. Note that the scale bar is 500 nm for
the first two images and 200 nm for the last two images.

precursor tris(tert-butoxy)silanol  (TTBS) together with the catalyst
trimethylaluminum (TMAI). More details can be found elsewhere [83-85].

The UV photoresist called S1828 (Microposit'™) was then spin-coated on the
sample as an isolation layer, which would separate the top metal contact from the
substrate. This spin-coating was done at 4000 rpm for 1 min resulting in an about 3
um thick isolation layer, followed by baking at 120 °C for 90 s. Although the top
contact was on the isolation layer, bond pads were directly deposited on the
substrate. The reason for this will become clear in the next section (section 3.3.3).
Therefore, parts of the isolation needed to be removed.

UVL was then used to remove parts of the isolation layer for the deposition of the
bond pads, as schematically illustrated in Figure 3-6(c). The UVL process was
operated with a soft-contact mode to get chamfers at the edge of the remaining
photoresist, which was required in the later metal evaporation process. After
exposure, the sample was developed in MF-319 (Microposit™) for about 5 min,
followed by rinsing in DI water for 30 s. Then, the substrate was hard-baked using
rapid thermal processing (RTP) for an hour at 250 °C.

Since the S1828 layer was thicker than the NW length, RIE was then used to slowly
etch away parts of the isolation layer. The exposed tips of the NWs over the isolation
layer could be observed by using SEM. The sequential steps of RIE and SEM were
repeated until a specific tip length of NWs over the isolation layer was achieved, as
shown in Figure 3-6(c).

In order to get an electrical contact on the tip of NWs, metals need to be deposited
directly on the NW. Hence, the passivation layer on the exposed NW tip was
removed by dipping the sample in 1:10 BOE for 30 s followed by rinsing in DI
water for 1 min. The Au particle at the NW tip was also etched away in KI/I, for 20
s followed by rinsing in DI water for 1 min. Consequently, the bare NW tip, as
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shown in Figure 3-4(f) and Figure 3-6(d), remained above the isolation layer, ready
for the deposition of the top contact mentioned in the following section.

3.3.3 Bond pads and top contacts

The pattern from EBL in the previous step (section 3.3.1) also included alignment
marks, which were used in the latter two EBL steps for structures of bond pads and
top contacts. The double-layer photoresist of PMMA previously used for horizontal
single NW devices (section 3.2.1) was employed again for these two patterns, which
required lower resolution than the NW diameter.

Figure 3-7(a) shows the layout of the vertical NW device. The structure of the bond
pads has two parts, which are large rectangular pads and stripes leading to the NW
array. To my knowledge, the conventional bond pads of vertical NW devices, e.g.
solar cells and transistors, are located on the isolation layer (floating pads).
Although this is convenient for the fabrication process, floating pads are
unacceptable for wire bonding, as discussed later in section 3.4. Our preliminary
experiments to wire bond to floating pads on ~3 um isolation layer of polymers,
using either wedge or ball bonding (section 3.4), were not successful. The polymer
of the isolation layer beneath the pads was too soft to withstand the force pushed by
the wire bonding machine, and parts of the pads that were touched by the wire were
stripped off. Therefore, the bond pads were instead deposited directly on the SizN4

Figure 3-7 Completed vertical single NW devices. a) An image of the vertical single contacted NW devices shows
bond pads as well as metal stripes leading to a single NW. b) A zoom-in image of the red square area in (a). ¢c) SEM
image of the metal stripe lies across the chamfered edge of the isolation layer, which is the area in the red square A
of (b). d) The top contact made the connection to a single vertical NW. The SEM images were taken with a tilt of 30°.
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layer over the substrate, which is more complicated but provided better support for
the wire bonding.

Since the bond pads were resting on the substrate, it was necessary to create metal
lines that lie across the substrate from each bond pad onto the top of the isolation
layer (Figure 3-7(b) and (c)). In order to ensure the continuity of these lines, the
edge of the isolation layer needs to have a chamfered edge, created with the soft-
contact UVL process, as mentioned in the previous section. Furthermore, the
substrate was tilted during the metal evaporation for better coverage of the deposited
metal over the chamfered edge of the isolation layer. The bond pads of the vertical
NW devices have a layer of Ti/Au with a thickness of ~20/200 nm.

The last EBL step for the top contacts was roughly aligned using the same alignment
marks on the substrate created in the first EBL step for the NW arrays (section
3.3.1). Then, it used the alignment marks created together with bond pads in the
second EBL step for the fine alignment. Although the second EBL step (section
3.3.2) was aligned to the first EBL step, the actual position could be off by a few
um, which is critical to align the 60 nm NW to the center of 3 um pad, as shown in
Figure 3-7(d). This problem was possibly caused by the write-field alignment
process in the first two EBL steps.

Due to the fact that the moving step of the sample stage is coarser than the resolution
of EBL, the fine resolution patterns can only be achieved by the deflected beam
exposing within a specific area called a write field before the motor stage move to
the new position. The typical write field has a size of 100 x 100 pm?. Hence, the
process called write field alignment needs to be done before the exposure to ensure
the continuity of the patterns between write fields.

To reduce the error from the write field alignment in first two EBL steps, two
structures created in the first and the second EBL steps were used to attain the offset

Top view Side view

Figure 3-8 Top and side view of the dual in-line pin (DIP) chip carrier. In the top view, the mounted and wire
bonded substrate can be seen. The 10 x 18 mm? chip carrier has 14 pins.
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between each EBL step. With this offset, the top contact pattern was compensated
and aligned well on top of the NW in the last EBL step. This novel alignment
procedure allowed us to precisely locate the NW at the center of the top contact.

Unlike the horizontal single contact NW devices that were produced from randomly
deposited NWs, the vertical NWs in the array were located at a specific position.
The pattern of the top contact to a certain NW was only contained in a single write
field of the EBL. Hence, the write field alignment did not affect the continuity of
the pattern of the top contact. The width of the metal lines in the top contact was 1.5
um, and the pads on the NWs were about 3 um in diameter (Figure 3-7(d)). Similar
to the previous deposition process, BOE was used to clean any residual and oxide
layer prior to the metal deposition. The metal layer of Ti and Au with a thickness of
20 and 200 nm was deposited for the top contact, followed by the lift-off process.

3.4 Chip mounting and wire bonding

The final step for both kinds of devices was to mount the device chip on a 10 mm X
18 mm dual in-line pin (DIP) chip carrier (Figure 3-8). This DIP chip carrier has 14
pins. The substrate was attached to the top of the chip carrier using conductive silver
glue, as shown in Figure 3-8. Then, wire bonding was used to provide an electronic
connection between the NW device on the substrate to the chip carrier (Figure
3-8(b)). With this mounting and wire bonding on the chip carrier, it was easy to
switch the sample in the XBIC measurement system (section 4.1).

In the case of horizontal single contacted NW devices, the chip carrier was modified
by laser drilling to create a hole at the center (not shown). This hole was aligned
with the Si3zN4 membrane window, allowing X-ray transmission through the chip
carrier, which is necessary for STXM and XRD experiments.

Two methods of wire bonding, wedge bonding and ball bonding, were used. The
wedge wire bonding method uses a metal wedge to press the wire on the bond pad,
while simultaneously applying ultrasonic energy to the wire. With the pressure and
the ultrasonic energy, the wire and the pad are bonded together.

The force from the pressure and the ultrasonic energy exerted on the pad was too
intense for the thin layer of Si3N4beneath the bond pad in the case of vertical NW
devices. Our preliminary tests showed that every vertical device had a significant
leakage current after the wedge bonding. However, there was no leakage current in
the horizontal NW devices, since in that case there was a much thicker (1 um) layer
of Si3Ny insulating the pads from the Si frame. Therefore, an alternative bonding
method was needed for the vertical NW devices.

Instead of the wedge tip to push the wire on the pad, the ball bonding method uses
a capillary tip with a ~25 pm diameter of Au wire. Before the bonding, the end of
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the wire is melted by the heat from an applied electrical bias, forming the free air
ball. Then, the capillary pushes the free air ball against the bond pad in which the
pressure and the ultrasonic energy could be applied at the same time. The force can
be lower in this case.

3.5 Preliminary device characterization

The fabricated devices were verified before and after mounting on the chip carrier
with the methods explained in this section. These methods also provide
complementary characteristics of the as-grown NWs and the NW devices. Since
there are more devices on the substrate than pin connectors on the chip carrier, it is
necessary to wire bond only the interesting devices for the experiment at the
synchrotron facilities.

3.5.1 Electron beam induced current (EBIC) measurement

EBIC is a technique similar to XBIC, as will be discussed later in section 4.1. The
available EBIC measurement system at Lund Nano Lab, Sweden, is a tungsten
nanoprobe (Kleindiek Nanotechnike) integrated with the SEM Hitachi SU8010 [86].
In this integrated EBIC system, the probe can be moved freely with the piezo-motor
stage separated from the sample holder. This system also allows EBIC and dark
current-voltage (I-V) measurements through the Point Electronic and Keithley
2635B systems [86].
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Figure 3-9 Preliminary EBIC measurement. a) EBIC map (green) from an as-grown NW for a vertical NW device,
overlayed with the secondary electron signal (red). The green area indicates the depletion region of the NW at the
middle of the NW. b) EBIC profile along the axial direction of the NW, starting from zero at Au particle, showing a 1
um long active region of the nanowire.
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The p-i-n doped NWs for the horizontal NW device were thoroughly characterized
by EBIC in a separate work [75]. This technique can be used to preliminary observe
the depletion region of as-grown NWs for the vertical NW devices (Paper 1V).
During the measurement, the probe needs to exert force by pushing against the tip
of the NW, making electrical contact [87]. The current is collected at each point, as
the electron beam is scanned over the sample. This measurement results in a
superpositioned map of the SEM and the EBIC signals, as shown in Figure 3-9(a).
Figure 3-9(b) shows the EBIC profile along the axial direction of the nanowire,
indicating the ~1 um long active region. With this setup, the I-V characteristics in
dark and while exposed to the electron beam can also be measured. However, the
measurement is difficult due to the instability of the probe exerted on the NW tip,
since the small diameter NWs are very flexible.

Note that the available EBIC system does not have a measurement unit for the
exciting electron beam current. This parameter is essential to calculate the charge
generation rate in the NW with an electron beam, as eq. (10) is used in the case of
XBIC. Without knowledge of the injected charge concentration, care must be taken
to compare the results between XBIC and EBIC measurement. Furthermore, the
XBIC measurements in this project were performed on a contacted NW device,
which can be affected by the SiO, layer and series resistances introduced by the
metal contact.

3.5.2 Electrical characterization with a probe station

The I-V characteristics of the fabricated NW devices were obtained by using probe
station Cascade 11000B with Keithley 42004-SCS parameter analyser. The probe
has gold plated tungsten tips. In the case of the horizontal NW device, two probes
were put on the bond pads of the NW device, as cathode and anode. Alternatively,
a single probe is required to make electrical contact to a single vertical NW, while
the second contact is made to the substrate.

For the photoconductive device, the conductance of the device was calculated from
the slope of the I-V plot (Paper I). Graph fitting with eq. (17) yields the ideality
factor of the photodiode device (Paper Il and IV).

3.5.3 Simplified photocurrent measurement

The I-V characteristics of the device were measured again after wire-bonding on the
chip carrier. The device is not accessible by the probe tip at this point. Hence, the
equipment that was developed for the XBIC setup at the NanoMAX beamline and
the P10 beamline (Paper III) was used. The equipment consists of a measurement
unit, Keysight B2985A4, and the printed circuit board (PCB) sample holder to mount
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the chip carrier. More details of this equipment and the integration method to the
control system at the beamline are mentioned in the next chapter.

The light response of the device was preliminarily verified before testing at the
beamline by comparing the dark I-V characteristic with the photocurrent
measurement. To perform the simplified photocurrent measurement, the NW device
was illuminated by a green laser pointer (1 = 532 nm).

The I-V characteristics of a horizontal p-i-n doped InP NW device (Paper II) is
shown in Figure 3-10, which revealed the ideality factor to be about n = 1.4. This
ideality factor is in the range where both diffusion and recombination are
comparable (section 2.3.2), indicating a high-quality device. In contrast, the dark I-
V characteristic of the vertical p-i-n doped InP devices (Paper 1V) exhibits an
ideality factor of n = 14 (Figure 3-10), which is much higher than typical
semiconductor photodiodes. Such a high ideality factor indicates additional factors
that affect the current through this device, such as serial resistance or poor contacts.

Compared with the horizontal NW device, the leakage current of the vertical NW
device at reverse bias is considerably higher. At forward bias, the turn-on voltage
of the vertical NW devices is also higher, and the forward current is significantly
lower than the horizontal NW devices. Thus, the vertical NW devices show a low-
quality photodiode, which could be affected by the doping concentration from the
NW synthesis [88,89], as well as the series and shunt resistances from the device
processing. The I-V characteristics with light do show a photocurrent at reverse bias,
as expected from photodiodes (Figure 3-10). It should be noted that the p-i-n
junctions in the thicker NWs, e.g. the NWs for horizontal NW devices, have been
optimized for solar cell applications for over a decade, so it’s not surprising that
they show better performance.
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4 X-ray characterization methods

This chapter describes the various X-ray based characterization methods that were
used. The primary X-ray technique was X-ray beam induced current (XBIC). Both
the principle and the use of the XBIC measurements are crucial for the investigation
of the NW devices, as well as the operation of our NW X-ray detectors. Other X-
ray imaging techniques were also employed, such as scanning transmission X-ray
microscopy (STXM), scanning X-ray diffraction (XRD), and X-ray fluorescence,
and these are also discussed in this chapter.

The XBIC results reported in this thesis were obtained from various experiments at
nanofocus beamlines of three different synchrotron facilities. Even though the
XBIC measurement systems were similar in all these beamlines, the availability of
other techniques such as STXM, XRF, and XRD varied from beamline to beamline.
Hence, the overview of our XBIC measurement system is first described, followed
by the implementation at the beamlines.

4.1 X-ray beam induced current (XBIC)

XBIC was used in this thesis to understand the X-ray response of the developed
nanowire devices. By using a nanofocused X-ray beam as an excitation source, the
charge carriers can be generated locally within nanowire devices with the processes
discussed in section 2.2.3. The photogenerated charges at the band edge will drift in
the electric field from either the applied electrical bias, in photoconductors, or the
built-in electric field in depletion region of a photodiode (section 2.3). During the
charge collection at the band edge, the charge carriers are affected by charge
transport and recombination, which could be spatially resolved by the XBIC
measurement. In turn, the nanowire device can three-dimensionally map the focused
X-ray beam along the optical axis using the same concept, which is how our
nanowire X-ray detectors operate.

The principle of XBIC is similar to scanning photocurrent microscopy (SPCM) [90-
92] and electron beam induced current (EBIC) [39,93,94] using laser and electron
beams, respectively. In some literature, SPCM is referred to as laser beam induced
current (LBIC). Compared with lasers, X-rays can reach a higher spatial resolution
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Figure 4-1 Schematic of combining X-ray microscopy with electrical measurement. The nanowire device is
mounted on a sample holder and connected on one end to the external voltage source and with the other end to the
amperemeter for XBIC. The sample holder is mounted on the piezo-motor stage, which can be moved in three
dimensions during the measurement. The other modes of X-ray microscopy, e.g. STXM, XRF, and XRD, can be
measured simultaneously with this system. [From Paper lll]

with a smaller focal spot due to the lower diffraction limit. Moreover, X-ray beams
have much higher penetration depth than electron beams [95], which makes them

suitable for complete devices and operando investigations.

The idea of XBIC was first introduced and demonstrated by investigating grain
boundaries and metal precipitations in multi-crystalline silicon solar cells, at
microscale resolution, together with the XRF technique [39,40]. Later, XBIC was
used together with XRF to develop silicon-based solar cells [43-45]. Recently, other
potential materials for high efficiency solar cells, such as Cu(In¢-xGax)Se> (CIGS)
and perovskites, have also been studied using XBIC [96,97]. However, there have
only been a few reports of XBIC to study semiconductor NWs [9,41,42].

The XBIC measurements of the NW devices were performed by connecting one end
of the NW to the external voltage source and another end to the ampere meter, as
shown in Figure 4-1. In the case of the vertical NW device, the voltage source was
connected to the top contact of the NW and the ampere meter was connected to the
back contact on the substrate. The tested NW device was mounted on a special
sample holder, which is mentioned below. With this experimental setup, the XBIC
measurement could be combined with other X-ray imaging techniques, such that
STXM, scanning XRD, and XRF could be performed simultaneously (Paper III).

4.1.1 XBIC measurement system

Our XBIC measurement system was designed to test samples or devices mounted
on the DIP chip carrier, as mentioned in section 3.4. An electrical circuit for the
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Figure 4-2 Sample holder for XBIC. a) Printed circuit board (PCB) as a sample holder for XBIC measurements,
which can connect the nanowire device to the external electronic equipment. b) Circuit diagram of the PCB sample
holder in a). The diode symbol represents the NW on the sample, which is connected to the different pin connectors
shown as empty dots. By switching these connectors, a particular device is connected to the different connector
terminals. ¢) All the components, consisting of a printed circuit board (PCB), a rotatable mount, and an aluminum plate
adapter. Different versions of the PCB can be attached on this rotatable mount. The aluminum plate adapter, which
is screwed onto the piezo motor of the sample stage, is modified to fit various beamlines. [Adapted from Paper Il1]

sample holder was used, allowing the sample to be changed and a particular device
on the sample to be easily selected. The sample holder must be easy to access by
the cables from the voltage source and the ampere meter, within the limited working
area at the experimental hutch. With these requirements, the printed circuit board
(PCB), as shown in Figure 4-2(a), was developed after a few iterations.

In the center of the PCB, the DIP chip carrier with the NW device is secured by the
chip socket (Figure 4-2(a)). Each slot of the chip socket is connected to a tristate
DIP switch (both sides on the PCB), which makes it possible to change the
connection from a NW device on the chip to different connector terminals of the
PCB, as schematically represented in Figure 4-2(b).

There were two different connector terminals used on the PCB sample holders. For
the first version, 2-pin connectors were used. An image of the PCB with pin
terminals can be found in the supporting information of Paper I11. In order to provide
a more reliable connection between the cable and the PCB, these were later replaced
by mini-U.FL coaxial terminals, as shown in Figure 4-2(a). This allows a coaxial
connection all the way from the PCB to the electronics. With the new connectors,
the noise level of the XBIC measurement was also reduced significantly (Paper I1I).
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The internal noise study of the XBIC measurement system is discussed below
(section 4.1.2).

As mentioned in section 3.2, the horizontal single NW devices were randomly
oriented. To make it possible to perform XBIC measurement in a one-dimensional
scan along the NW axis, the sample holder is rotatable around the optical axis, to
align the NW parallel to one motor direction of the stage. The rotation in this
direction also allows us to perform simultaneous XRD experiments with the
scattering plane manually aligned in a favorable direction, without an extra
goniometer rotation axis (Paper III). For these reasons, the PCB sample holder was
attached on the rotation mount Thorlabs CRM1/M, as shown in Figure 4-2(c).
Finally, the whole sample holder can be installed on the sample stage at any
beamline using an aluminum plate adapter (Figure 4-2(c)).

The electrical equipment that was connected to the sample holder varied between
different beamlines. For instance, electronics were already available at the ID16B
beamline, ESRF. In contrast, our Keysight system for the XBIC experiment was
needed at the NanoMAX beamline, MAX IV, and the P10 beamline, PETRA III.

4.1.2 Internal electronic noise in the XBIC measurement system

To shed light on the underlying noise level of the XBIC measurement system, the
background current of the NW devices has been measured (Paper III). The noise
measurement was performed in various environmental and experimental conditions,
including the current range of the ampere meter, the operation of the motor stage,
and the ambient light, within the experimental hutch at the NanoMAX beamline.
The experiment also compared the difference between pin connectors and mini
coaxial connectors of the PCB sample holder.

The background current of a horizontal NW device was measured as function of
time at different current ranges of the ampere meter, which were 2 pA, 20 pA, and
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Figure 4-3 Internal electronic noise measured from the dark current of the NW device. a) Dark current measured
using the sample holder with micro coaxial connector at the measurement range of 2 pA (blue), 20 pA (red), and 200
pA (black). b) The same measurement as shown in (a), but with the pin connectors. c) The dark current at different
conditions: With and without operation of the piezo-motor stage, and with and without ambient light in the experimental
hutch. [Adapted from Paper Il1]
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200 pA. Figure 4-3(a) and (b) show measured results from the sample holder with
2-pin connectors and mini coaxial connectors. The dark noise level in the
measurement system is less than 10 fA, and it only changed marginally. There are
offsets between each range in the ampere meter. The first observation from these
results is the non-repeatable spike data points that frequently appear in the
measurements using the sample holder with pin connectors (Figure 4-3(b)). The
results measured in Figure 4-3(c) also indicate a substantial photocurrent, around
25 fA, just from the ambient room light inside the hutch.

The noise level difference between each measured current range was only ~2%. The
increased noise level while the stage motor was operating was considered
statistically non-significant. However, the pin connectors showed about 35% higher
noise than the mini coaxial connectors (Paper III). Note that we did not use an X-
ray chopper or any electrical shielding of the PCB, which has been reported to
suppress noise [95,98].

4.2 Complementary X-ray methods

A number of different X-ray methods can be used simultaneously with XBIC to
investigate nanostructured devices, in a multimodal fashion, as shown in Figure 4-1.
This system for combined measurements with nanofocused X-ray methods was
demonstrated at the NanoMAX beamline, MAX IV (Paper I1I). However, it can also
be used at other synchrotrons.

4.2.1 Scanning transmission X-ray microscopy (STXM)

STXM attains a contrast for an image from the transmission using X-ray beams to
scan the object. Several STXM contrast modes can provide different information
about the object. First, the direct transmitted beam gives the image in the bright

—— i —

x (um)

Figure 4-4 Scanning transmission X-ray microscopy (STXM). STXM image of the NW device in a differential phase
contrast (DPC) mode. [Adapted from Paper Il1]
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field. Then, parts of the beam are deflected by the thickness variation or the
transversal gradient of the object. With this scattered beam, the image can be
extracted in the dark field, which is the total intensity on the detector outside of the
direct beam. Gradients in the samples also deflect the beam, and by measuring this
deflection, the differential phase contrast (DPC) can be calculated [99].

Figure 4-4 shows a differential phase contrast (DPC) image, calculated from the
magnitude of the vertical and horizontal DPC. The image shows the outlines of the
NW with the metal contacts on both ends, since the DPC signal is strongest at steep
gradients such as edges. The spatial resolution of the STXM is limited to the size of
the focused X-ray beam. To overcome this limitation, one can use phase retrieval
techniques such as ptychography [82].

4.2.2 Scanning X-ray fluorescence (XRF)

Scanning XRF is performed by collecting the XRF spectrum of the sample as it is
mapped by the focused X-ray beam. At each scanned position, a spectrum of XRF
signals is detected, as mentioned earlier in section 2.2.1. Each peak on the spectrum
corresponds to a specific XRF emission from an electronic transition of an
individual element.

The simplest method to extract material compositions from the spectrum is the
integrated intensity over a particular range about the transition energy. However,
the peaks in the collected spectrum are affected by the quantum efficiency of the
detector, air absorption at low energy, secondary absorption and neighbouring
peaks. Therefore, a more sophisticated method is to use peak fitting with software
like Pymca [100]. With this software, scanning XRF can quantitatively determine
the absolute doping concentration with high sensitivity and spatial resolution [101].

The XRF map in Figure 4-5(a) from paper III reveals material compositions within
the NW devices. In this figure, the XRF signal from In atoms within the NW and
Au atoms within the metal contacts are displayed in green and blue areas,
respectively. More correlation between XRF and XBIC results are shown and
discussed later in chapter 5.

4.2.3 Scanning X-ray diffraction (XRD)

Another X-ray imaging mode that can be extracted from the sample using this
multimodal X-ray imaging is the scanning XRD, which is a technique to study the
crystal structure of materials [102]. Scanning X-ray diffraction uses the focused X-
ray beam to locally probe the crystal structure of the sample. At each position of the
sample, the scanning beam generates scattering if the crystal is locally at the Bragg
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Figure 4-5 Scanning XRF and XRD results. a) Scanning XRF map of a NW device, with In (green) and Au (blue).
b) Map of the total XRD intensity. c) Strain (%). d) and e) Lattice tilt around the optical axis, a, and around the vertical
axis, B, respectively. [Adapted from Paper Il1]
angle. The scattering angle is sensitive to the variation in the lattice constant caused
by, for instance, strain, piezoelectric fields, thermal expansion, surface stress, etc.
This technique is widely used to investigate nanostructured semiconductor devices
with nanofocused X-rays [103-108].

The XRD maps were collected for different rotation angles, 6, as schematically
shown in Figure 4-1. The XRF map in Figure 4-5(a) was the reference for each
angle, before mapping the diffraction in the reciprocal space. The total intensity of
the Bragg diffraction is shown in Figure 4-5(b). The low intensity around 1.2 um is
due to the extensive bending of the NW, putting the Bragg diffraction out of the
angular range.

In scanning XRD, the shifted Bragg peak relates to an associated strain and the tilt
of the crystal lattice within the NW. A strain map and two tilts maps, as shown in
Figure 4-5(c), (d), and (e), can then be generated from the measured XRD. The tilts
are defined around the optical axis and around the vertical axis, represented by a
and f, respectively. The strain and tilts in the NW are presumably due to the metal
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contacts that apply stress to the NW and strongly bend it, as shown in the tilt maps
[8,103]. With this information, the shape of the NW can be reconstructed using a
line integral [10].

At this point, the use of the multi-modal X-ray imaging technique have been
demonstrated at the NanoMAX beamline, MAX IV. However, further analysis,
especially on the diffraction results, is beyond the scope of this thesis. For those
who are interested in this versatile technique, a thorough analysis and discussion
can be found elsewhere [109].

4.3 Synchrotron radiation sources and beamlines

This section gives a brief overview of the beamlines that were used in this thesis.

4.3.1 ID16B beamline, ESRF, Grenoble, France
(a) Fluorescence detector

Sample Incoming flux PD
M-

KB
Mirror

E o

Transmission
flux PD

Figure 4-6 Experimental setup at the ID16B beamline. a) Schematic of the experimental setup. b) PCB sample
holder on the rotatable mount with the attached cables. c) The installed sample holder in the experimental setup. Also
shown are the X-ray fluorescence detector, the optical microscope and the KB mirrors.

The beamline ID16B, European synchrotron radiation facility (ESRF) [110],
Grenoble, France, was specifically built as a hard X-ray nanoprobe offering a
multimodal X-ray characterization at nanoscale resolution [14]. The experiments at
this beamline simultaneously combined XRF and XBIC. The beam parameters for
the two experiments at this beamline are listed in Table 4-1.
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Table 4-1 Beam parameters of the different experiments at the ID16B beamline, ESRF

E Maxi
Experiment Sample Beam mode (r]’;’gy AE /E ﬂz):r(;:z;n
1 nti-n*
Monochromati 10.7 ~104 101!
(Paper I) InGaP NWs onochromatic
2 -i-n InP and _
p-i-n InP an Pink beam 17.5 ~102 102

(Paper 1II) InGaP NWs

An overview of ID16B is shown in Figure 4-6(a), and the actual setup is shown in
Figure 4-6(b) and (c). First, the beam goes through the attenuator, which consists of
metal filters. The X-ray flux at this beamline was reduced to a range of about ~10°
s' to ~10° s! for the XBIC measurements (Paper I and II). Then, the beam was
focused down to 50-60 nm using the KB mirrors on to the sample. The incoming
and the transmitted fluxes of the X-ray beam were monitored by two photodiodes
(PDs). The XRF detector and the optical microscope are located in front of the
sample (Figure 4-6(a) and (c)). The sample holder with the tested sample was
installed on a piezo-motor stage (Figure 4-6(c)). The electronic equipment for the
XBIC measurement used in this experiment has already been discussed in Paper II.

4.3.2 NanoMAX beamline, MAX IV, Lund, Sweden

The NanoMAX beamline at MAX IV, Lund, Sweden [111] is also equipped with an
X-ray nanoprobe [15,16]. The first experiment at this beamline was to demonstrate
the combined X-ray imaging techniques to simultaneously investigate nanostructure
samples, which in this case is the same NW solar cells studied at the ID16B
beamline (Paper II). The measurement system for multimodal X-ray microscopy
and the experimental setup at this beamline were discussed thoroughly in Paper III.
The X-ray beam was focused to about 50 nm by the KB mirrors and the energy of
the beam was 15 keV, in the experiment with the horizontal NW devices. The
vertical NW device was also tested at this beamline in another experiment (Paper
IV), where the X-ray energy was 10 keV and the focus size was about 90 nm.

4.3.3 P10 beamline, PETRA III - DESY, Hamburg, Germany

Instead of the KB mirrors, the experiment at this beamline used a multilayer zone-
plate (MZP) to focus the X-ray beam. This kind of focusing optic that has previously
been used to demonstrate a sub-5 nm focus [13], which could drastically improve
the spatial resolution of the XBIC measurements. In addition, the implementation
of off-axis MZPs together with the order sorting apertures (OSAs) in this
experiment was expected to stop the unwanted diffraction orders, to give a low
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Figure 4-7 Experimental setup using MZP and OSA at the P10 beamline, PETRA lll. a) Schematic of the setup.
The final focal spot is achieved by the off-axis MZP configuration with OSA | and OSA Il. b) Photo of the aligned
optics. The distance between OSA Il and the sample was about 100 um during the measurement. The scale bar is
500 pm.

background measurement. Note that the manuscript with the results from this

experiment is still in preparation.

The MZP was attached to a Si3Ns membrane, which was similar to the one we used
for the horizontal NW device but with a smaller window, and mounted on the piezo-
motor stage (Figure 4-7). The OSA is a pin-hole made into a 0.75 mm x 5.00 mm
metal foil (Figure 4-7(b)), which can be used to block part of the X-rays. There were
three OSAs used during the experiment. Note that all these optics were prepared by
T. Salditt’s group at the Institute for X-ray physics, University of Gottingen,
Germany. Further information on this nanofocused X-ray beam using MZP can be
found elsewhere [13,112].

The X-ray beam was first prefocused using a compound refractive lens (CRL),
resulting in a microscale focal size. An aperture was used to clean up this
microfocused beam, which illuminated the MZP. Then, the OSA I was put upstream
from MZP to get an off-axis illumination, as shown in Figure 4-7(a). OSA II was
located downstream, in between the MZP and the sample, to block the zeroth-order
beam and higher-order diffraction from the MZP (Figure 4-7(a)). At this point, the
focal size of the X-ray beam was already at the nanoscale resolution. By using
separated piezo-motor stages, all these components were aligned to achieve the
minimum focal size.

Due to the short focal length of the MZP (~1.1 mm) and the installation of the OSA
I, the working distance was reduced to only a few hundred um from the sample.
Thus, the sample holder for the XBIC system was moved to about 100 um from the
OSA II during the measurement, as shown in Figure 4-7(b). All these parts had to
be carefully aligned while avoiding contact.
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With this complicated focusing optics, the routine ptychography used to
characterize the beam propagation could not reveal the focal size during the
experiment, but after. Therefore, the focal plane was located by multiple line
scanning at the sharp edge of the metal contact, while the sample was moved along
the beam path. This method to locate the focal plane is known as a knife-edge
scanning. Then, the measurement was repeated in the smaller range with the XBIC
scan over the nanowire device resulting in the 2D map of the beam waist. Finally,
two-dimensional XBIC scans were performed on the plane that yielded the sharpest
XBIC peak in the radial direction of the NW (section 5.4). However, the thorough
analysis using ptychographic reconstructions after the beamtime suggest that the
beam profiles from these optics on both sample and focal planes are more
complicated. The result of this experiment is discussed in chapter 6.

4.4 Finite element method (FEM) with Comsol

To get a deeper understanding of the device properties, it is desirable to make a
model of the XBIC process and compare it with the measurements. This requires
solutions to the electrostatic problem, which is governed by the Poisson’s equation,
the charge generation and recombination, as well as the charge transport, as
discussed in section 2.3 (Paper II). These kinds of problems, consisting of governing
equations (differential equations) and boundary conditions, are not possible to solve
analytically except for very simple geometries. However, a numerical solution of a
differential equation can be calculated using the finite element method (FEM). Since
differential equations with complicated geometries appear in many problems in
physics and engineering, this is used in wide variety of fields such as mechanics,
heat transfer, fluid dynamics, and electrostatics.

FEM solves the problem by dividing the system into small discrete pieces of
elements. These elements are connected and share the degree-of-freedom by nodes
where nodal unknowns are dependent variables of the system. In order to calculate
these nodal unknowns, the differential equations are approximated by a polynomial
function on each element. All the element equations are combined into a system of
simultaneous equations, which are solved to satisfy the differential equations and
boundary conditions of the system. The calculation of this solution is iterated with
an error metric until it reaches the assigned threshold, to achieve the final solution
of the system. More detail of FEM can be found elsewhere [113,114].

The FEM simulation here used the software named COMSOL Multiphysics
(COMSOL AB, Stockholm, Sweden). With the “Semiconductor module” of this
software, the designated output, e.g. photogenerated current from XBIC, could be
attained from input parameters of semiconductors. The software has already been
employed to investigate charge generation and transport processes in the EBIC
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Figure 4-8 Finite element method (FEM) using COMSOL. The NW device is modeled in one dimension as a single
line. The line is separated and assigned into three segments: p-, i-, and n-segment, each with many elements. The
two red spots and the red segment in the middle of the i~segment corresponds to the exposed area, which can be
moved along the NW to simulate the 1D XBIC scan along the NW axis.

technique performed on a similar NW device [37], as well as heating from a
nanofocused X-ray beam [115]. Hence, a similar method was applied here to shed
light on the underlying mechanisms of the XBIC results from NW solar cells.

In order to simplify the FEM of the NW device, a one-dimensional model was used.
This is justified since the beam is smaller than the NW cross-section and the NW
has radial symmetry. A line representing the NW device was separated by spots into
three segments (p-, i-, and n-segment) as shown in Figure 4-8. Each segment was
1.1 pum long, the same as the actual NW. Material parameters, including doping
concentration, charge mobility, and carrier lifetime, can be found in the supporting
information of Paper II.

The local photoexcitation, corresponding to the probe beam, was introduced
between two points, as shown at the center of the i-segment in Figure 4-8. The spots
were 60 nm away from each other, which is about the same size as the focusing
beam at the ID16B beamline. A constant charge generation rate was assigned to this
beam, disregarding the complicated absorption process discussed in section 2.2.3.
The charge generation rate was calculated using eq. (10) in section 2.2.3. The NW
ends were assigned as metal contacts, where a bias could be applied. Finally, in
order to simulate the scanning beam, the points limiting the beam were moved from
one end to the other. At each position, the photocurrent in the NW was numerically
calculated. The photocurrent results plotted against the beam position were then
compared with the measurement results, as discussed later in section 5.5. The bias
dependent XBIC could also be simulated by changing the applied voltage on the
points of the metal contacts.
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5 X-ray characterization results

The results from the various types of XBIC measurements, e.g. spectrally resolved,
X-ray flux variation, and bias dependence, are presented and discussed in this
chapter. The correlation of XBIC with the XRF measurements and FEM simulations
is also shown here.

5.1 Simultaneous XBIC and XRF imaging

Simultaneous XBIC and XRF images were acquired to provide the finer detail of
the tested NW devices. With this information, the region of interest, such as the
active region of the NW device, could be explored.

5.1.1 Horizontal single contacted nanowire devices

Figure 5-1 shows the results from n'-i-n" doped InGaP NW devices. The I-V
characteristics of these devices, measured at the beamline under both dark and X-
ray conditions, are shown in Figure 5-1(a). The plot is not perfectly linear as being
expected for the photoconductors, especially at the low voltage. Due to the doping
of the NW, the band offset between the highly doped n-segment and the intrinsic
segment could affect the charge collection, as schematically displayed in the inset
of Figure 5-1(a). The slope of the I-V characteristic plot under the dark condition
yields the conductance at G = 2.24 x 1071* Q™1 The conductance increased to
G = 6.55 x 10712 0~ with X-ray excitation in the center of the NW. Although the
I-V curve of the device is not fully linear, the detected photocurrent from the XBIC
measurement was converted to the conductance G for the subsequence analysis, as
discussed in section 2.3.1.

Figure 5-1(b) shows the superpositioned maps of the XBIC and the XRF signals
from a two-dimensional scan over the device, measured with an applied bias of 0.05
V. The different XRF spectra, attained at point A and B in Figure 5-1(b), can be
found in the supporting information of Paper 1. The XBIC signal is the green area
in Figure 5-1(b). The XBIC and XRF profiles along the axial direction of the NW
device are plotted in Figure 5-1(c). The dashed lines in these figures (Figure 5-1(b)
and (c)) indicate the nominal junctions in the composition and doping profile of the
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Figure 5-1 X-ray response of n*-i-n* NW devices. a) Current-voltage (I-V) characteristics of the device measured
in dark (red) and under X-ray illumination (black). The inset is a schematic of the NW’s band structure, showing the
band offset between the intrinsic segment and the adjacent n-segments. The band offset becomes a barrier,
obstructing the charge transport. b) XBIC map of the n*-i-n* NW device, where the red purple segments at both ends
are the GaP cap at the top and the InP stub at the bottom. The green area in this map corresponds to the XBIC signal,
whereas the red and the blue areas are the XRF signal from Ga and Au atoms, respectively. ¢) XBIC and XRF profiles
along the axial direction of the NW, as shown in (b). [Adapted from Paper 1]

NW. The XBIC signal was strongest near the center of the NW, although slightly
shifted to the left (Figure 5-1(b) and (c)).

Figure 5-2 (a) displays the superpositioned maps of the XBIC and XRF signals from
a p-i-n doped InP NW device. A similar result from p-i-n doped InGaP NW devices
can be found in Paper II. The green area in this map is the XBIC signal, whereas the
blue and red areas are the XRF signal from In and Au atoms, respectively. Then, a
line scan yielded the XBIC and XRF profiles along the NW axis, as shown in Figure
5-2(b). With the nominal doping profile in Figure 5-2(b), the XBIC signal appears
to be mostly generated from the intrinsic segment of the NW, where the
photogenerated charges are affected by the built-in electric field (section 2.3.2).

The plot of the XBIC profile in both Figure 5-1(c) and Figure 5-2(b) shows that the
XBIC signal decays on both sides. An exponential fit can quantify these decays with
a characteristic decay length, L, for the left (right) decay [116,117]. The
characteristic decay lengths from these profiles are more than a few hundred nm
(Paper I and II), which is larger than the size of the X-ray beam. It will be shown
later, in section 5.6, that the characteristic decay lengths can be affected by the
measurement conditions.
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Figure 5-2 XBIC map of p-i-n doped NW devices. a) Superpositioned XBIC and XRF maps, where green is the
XBIC signal, red is the XRF signal from In atoms, and blue is the XRF signal from Au atoms. b) XBIC (black line) and
XRF (blue line) profile from a line scan along the NW axis. Fitted lines (black) give the characteristic decay lengths of
the XBIC peak. The vertical gray lines in these maps and plots indicate the nominal doping junctions of this NW.
[Adapted from Paper I1]

5.1.2 Vertical p-i-n doped InP nanowire devices

Despite the poor photodiode characteristics of the vertical NW devices, they still
generate a photocurrent under light conditions, as shown in section 3.5. Figure
5-3(a) shows the XBIC map of a nanowire device, measured at zero bias and @ =
3.99 x 108 s71. The scan was done with 100 nm step size and 0.1 s acquisition
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Figure 5-3 XBIC and XRF maps of a vertical NW device. a) XBIC map attained directly from the nanowire device.
A strong photocurrent can be detected from the nanowire at the center of the top contact. b) XRF map attained
simultaneously with the photocurrent map, as shown in (a). [Adapted from Paper IV]
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time. The simultaneous XRF map of Ti is shown in Figure 5-3(b). A strong XBIC
signal can be observed from the nanowire at (x, y) = (2 um, 3.5 pm). There was also
a significant background signal from the top contact, due to photoelectrons. This
background signal was subtracted in the subsequent analysis of the vertical NW
devices (Paper I'V).

5.2 Spectrally resolved XBIC and XRF

Although the XBIC signal itself is due to the excited charges collected at the band
structure level, the signal originates at the atomic level with the X-ray absorption
process (section 2.2.3). The X-ray absorption cross-section varies strongly at
specific X-ray energies corresponding to atomic levels, as discussed in section 2.2.2.
This variation is thus expected to be observed on the XBIC signal. To investigate
this, spectrally resolved measurements were employed (Paper I).

In this experiment, the X-ray beam was located at the center of the XBIC peak on
the n"-i-n" doped InGaP NW device (Figure 5-1(c)). The energy of the beam was
then varied about the Ga K-edge energy (~10.37 keV) in a range of 250 eV. Then,
the XBIC and XRF (Ga K) signals were simultaneously monitored as XAS spectra,
as shown in Figure 5-4.

In Figure 5-4(a), the same oscillation can be observed in the post-edge region in
both the XBIC and XRF spectra, due to interference between the emitted
photoelectron and the neighboring atoms (section 2.2.2). This confirms that
photogenerated charges in the XBIC signal originate at the atomic level, just like
the XRF signal. The only difference between the two spectra in Figure 5-4(a) is at
the pre-edge region, where the XBIC signal in terms of the conductance is not at the
minimum level. The reason is that the XBIC charge carriers can also be generated
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Figure 5-4 XAS spectra. a) XBIC (black) and Ga K XRF (blue) signals. b) A zoom-in plot of (a) about the edge energy
to highlight the interesting peaks, A, B, and C. [Adapted from Paper I]
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by X-ray absorption in In and P atoms. In contrast, the Ga K XRF signal, in this
case, was only possible from the excitation of the Ga K-edge.

Further analysis of these spectra was done qualitatively in this thesis. A quantitative
analysis of XAS in terms of XBIC and XRF is beyond the scope of this study. Figure
5-4(b) shows more detail of the spectra at the Ga K-edge energy in which three
significant peaks are labelled as peak A, B, and C in both spectra. Peak A (10.374
keV) and B (10.378 keV) correspond to the transition from the 1s state to the 4p
state and the continuum, respectively (Figure 2-4(b)) [118,119]. For peak C, which
is about 17 eV from the edge energy, this energy from the Ga K-edge energy could
be converted into a distance between atoms that corresponds to the zinc blende
structure [120].

5.3 X-ray photon flux variation

As discussed in section 2.3, XBIC is a function of the X-ray photon flux. By
applying a metal attenuator, the X-ray photon flux at the beamline can be controlled.
Various electrical responses were observed between different kinds of NW devices
from the variation of X-ray photon flux.

5.3.1 Photogating and photodoping in n*-i-n" doped nanowire device

In this experiment, the X-ray photon flux was increased from @ = 8.0x10” s to @
= 1.6x10% s™! before the X-ray beam damaged the device. With the doubled X-ray
photon flux, the maximum XBIC signal was increased about three times (from 1.32
pPA to 4.56 pA), as shown in Figure 5-5(a). This superlinear relationship is in
contrast to the linear property of eq. (13). Figure 5-5(b) shows a long saturation time
of the device after the X-ray beam was turned on.
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Figure 5-5 Flux variation XBIC measurements. a) XBIC profiles along the axial direction of the NW at two different
X-ray photon fluxes. b) The time response of the n*-i-n* NW device. The XBIC signal from the device was measured
starting from time t = 0, when the X-ray beam was turned on. [Adapted from Paper I]
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This result could be explained by photogating and photodoping effects, which have
been observed in similar experiments on NW devices using X-ray [41] and UV
excitation [46]. The photogating and photodoping effects are related to trapped
charge carriers at the surface states of the NW. The trapped charges form an
electrostatic gate of the NW that can change the Fermi level and increase the
conductance, a phenomenon called photogating. Additionally, if for instance holes
are trapped in long-lived traps, this leaves extra conduction band electrons that can
contribute to the conductivity. This latter process is called photodoping.

With the trapped charges, the expression of the photoconductance at time 7 after the
X-ray beam is turned on, as discussed in section 2.3.1, is modified as:

ut t
OxBIC (t) = qNPabsPtrap (l_ztr) <1 — €xp (_ ‘L'_)) P (20)

tr
where pi4p is the trapping probability and 7, is the detrapping lifetime [41]. For this
NW device, the parameters for the XBIC calculation (section 2.3.1) are n = 1867
and pgps = 9.7 X 1073, The time, ¢, is measured from when the X-ray shutter
opens. When t is small, the rate of the photoconductance or the slope of this plot is
constant, which is expressed as doyg;c/dt = qNPDapsPerap W/ 12)®. Hence, a linear
fit of this slope yields pyyq, = 1.45 X 107'°. Then, the plot in Figure 5-5(b) is
fitted by eq. (20), yielding a detrapping lifetime of 7, = 3.41s.

Finally, we can calculate the gain of the device, g, by dividing the conductance from
the collected charge (eq. (20)) with the term qnp,p®, which is the absorbed charge
[41]. With t — oo, the gain becomes g = ptmp(urtr/lz) resulting in g = 0.34 for
this device. The low gain is because of the low trapping probability.

5.3.2 Escaping secondary electrons in horizontal p-i-n doped nanowire
devices

Multiple XBIC line scans at different photon fluxes were measured in the p-i-n
doped NW device, as shown in Figure 5-6(a). Then, the maximum XBIC values
were plotted as a function of the X-ray photon flux in the log-log scale, as shown in
Figure 5-6(b). A linear relation can be observed, which is consistent with the
theoretical calculation discussed in section 2.3.2.

In contrast to the previous case of the n™-i-n" doped NW devices, the linear function
implies that the p-i-n doped NW devices are not affected by photogating and
photodoping effects. This is further supported by time-dependent measurements
shown below. However, the calculation using eq. (19) gave a higher XBIC result
comparing to the measurements (Figure 5-6(b)). The measured XBIC result is about
5% of the calculated XBIC, which could be explained by the high probability for
secondary electron and photon to escape from nanostructure devices [62].
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Figure 5-6 X-ray photon flux variation XBIC of p-i-n doped InP and InGaP NW devices. a) Multiple XBIC line
scans along the NW axis at varying X-ray photon flux, where @ = 2.6x10° s™. b) XBIC peak values from the line scans
vs. the X-ray photon flux, where the red solid line is from the calculation, and the red dashed line is from the fitting.
[Adapted from Paper I1]

With this range of the X-ray photon flux, the generation rate of the charge carrier,
Gn,p. is calculated to be about 1027 — 103° m~3s~* using eq. (10). The generation
rate is roughly equivalent to the excitation resulting from one sun illumination,
which is the relevant excitation level for solar cells [121], indicating that XBIC can
be used in the study of NW solar cells.

Figure 5-7 shows the time-dependent XBIC measurements, comparing the n'-i-n"
and the p-i-n doped InP NW devices. In contrast to the gradual increase in signal
over 10 s in the n"-i-n" doped device, the p-i-n doped device has a much faster rise
time (Figure 5-7), faster than our setup can measure. The fast response time of the
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Figure 5-7 Time-dependent signal after switching the X-ray beam on. Comparison between the response time of
n*-i-n* NW device (black) and p-i-n NW device (red). The beam was switched on a t = 0 s. Note that the time resolution
was much too poor to capture the fast increase for the p-i-n NW device.
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p-i-n doped device shows that this device is not dominated by surface traps, as
discussed in section 2.3.

5.3.3 Sub-linear XBIC behaviour with X-ray photon flux variation

Similar measurements were made for the vertical device, and the maximum XBIC
signal at each X-ray photon flux was plotted as red dots in Figure 5-8. The full set
of XBIC maps for this measurement can be found in the supporting information of
Paper IV. With the active region of about 1 um as an absorption length, the
parameters for eq. (19) is calculated to be = 2.35 X 103 and pgp,s = 2.48 X 1072,
Consequently, the calculated XBIC is more than two orders of magnitude higher
than the measured XBIC, which again is probably due to the escape of secondary
photons and electrons [62]. Furthermore, the carrier collection probability S(x, y, z)
could be lower than 100% along the 1 um active region (Figure 3-9), as the EBIC
measurements suggest.

The XBIC signal exhibits a sublinear behavior as function of the X-ray photon flux.
This sublinear behavior can be empirically fitted very well with the power-law
equation, Iyg;c = a®? (solid red line in Figure 5-8), where a = 3.24 x 1078 and
b = 0.6. Thus, the XBIC signal can be expressed as

Iypic = (3.24 x 107 18) @06 2

The reason for the sublinear flux dependence is not clear. The high X-ray photon
flux increases the amount of generated carriers, which possibly leads to increased
Auger recombination [122-124]. Thus, more charge carriers could recombine before
they were collected as an XBIC signal at high X-ray photon flux. Another possibility
is that the device is affected by surface traps and photogating, as discussed above.
A dedicated investigation is required to understand this sub-linear behaviour.
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Figure 5-8 X-ray photon flux variation XBIC of a vertical NW device. The measured XBIC (red crosses) from the
vertical NW device, fitted with a power-law function, Iyzc = a®? with a = 3.24 x 107'8, and b = 0.6 ( red line).
[Adapted from Paper V]
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Figure 5-9 Bias dependent XBIC profiles along the axial direction. a) The p-i-n doped InP NW device. b) The p-
i-n doped InGaP NW device. [Adapted from Paper I1]

5.4 Bias dependent XBIC and spatial charge collection
efficiency (CCE)

The bias dependent XBIC was performed on the p-i-n doped NW devices to
understand the correlation between the applied bias and the charge collection of the
NW devices. The previous X-ray photon flux variation XBIC shows that the
horizontal p-i-n doped NW devices have a benefit over the horizontal n-i-n doped
NW devices in terms of the charge collection with the built-in electric field of the
depletion region. The electric field is also affected by the applied bias on the device
(section 2.3.2). With this bias dependent XBIC, a further insight of charge collection
process of this p-i-n doped NW devices could be explored.

The XBIC profiles, which were acquired from line scans along the axial of the p-i-
n doped NW device at different applied biases at @ = 6.5 x 10° s~ 1, are shown in
Figure 5-9. A similar result can be observed in p-i-n doped InP and InGaP NW
devices (Paper II). The XBIC peak width increases and the maximum XBIC is
saturated at reversed bias. At forward bias, which is relevant to the operation of the
solar cells, the XBIC peak is reduced and shifted toward the n-segment.
Furthermore, the whole XBIC profile is shifted downward due to the increase of the
dark current at forward bias.

The saturated photocurrent at reverse bias indicates the maximum of the charge
collection even with the increase electric field. At this point, the spatially relative
CCE of the device is assumed to be at S(x) = 100%, i.e. practically all generated
charges are collected. The current background level at zero bias (¥ = 0 V) is then
defined as the minimum point for S(x). With these two points, the measured XBIC
profiles could be converted into CCE (Figure 5-9). Hence, the most efficient charge
collection of these NW devices is toward the n-i junction, as discussed in Ref.
[33,121].
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Figure 5-10 Two-dimensional XBIC maps with applied bias variation. a) Holographic image of the NW device,
with a schematic showing the nominal doping profile. b) XBIC maps with the applied bias varying from -0.5 V to 0.4 V
with an increment of 0.1 V. Dashed lines on these maps indicate the nominal doping profile of the NW.

Figure 5-10 shows high-resolution XBIC maps collected from the bias dependent
measurement on similar NW devices at the P10 beamline, PETRA-III (@ = 4.1 X
106 s~1). These results will be included in a manuscript that is now in preparation.
The step size of the scan was 20 nm and the acquisition time was 0.1 s. Despite the
complexity of the beam profile used in the scan, which will be shown in section 6.1,
the underlying charge collection process revealed by XBIC is still similar to the
results from the ID16B beamline, ESRF, as mentioned above. This two-dimensional
map illustrated a completed spatially relative CCE in both axial and radial direction
of the NW solar cells.

5.5 Finite element method modelling of XBIC

Here, the finite element method (FEM) was employed to explain the shift of the
XBIC peak toward the n-segment at forward bias in Figure 5-9 and Figure 5-10.
Figure 5-11 displays the result of this simulation. The first simulation investigated
the actual doping in the middle segment. Three NW models with p-doping, intrinsic,
and n-doping in the middle segment were investigated, and the corresponding band
structures are illustrated in Figure 5-11(a). The doping type within the middle
segment significantly affects the band structures of the NW, and leads to the
different distributions of the electric field within this segment (Paper II).
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Figure 5-11 Finite element modeling of XBIC. a) The band structures calculated from the NW models with three
different doping types in the middle segment: p-doped, intrinsic (undoped), and n-doped. b) The band structures
calculated from the NW model with a p-doped middle segment at different applied biases. c) Comparison between
simulated and measured XBIC. d) Simulated XBIC profile at different applied biases corresponding to the electric field
distribution of the band structure in (b). [Adapted from Paper II]

The XBIC signal without an applied bias (V' = 0 V) was calculated from these
models using FEM. The simulation result of the p-doped middle segment model is
shown in comparison with the measurement result in Figure 5-11(c). The results of
the other cases can be found in Paper II. According to the simulations, the InP NWs
have a p-doped middle segment. This is consistent with a separately reported result
using the nano-XRF technique where the p-doped (Zn) concentration in similar (but
not identical) NWs was found to be 5 X 1017 cm™3 in the middle segment [101].
This unintentional doping during the growth of the middle segment could be
attributed to the process known as memory effect, where Zn remaining in the growth
chamber from the previous p-segment incorporates in the subsequent middle
segment growth [69].

By using this doping NW model with the applied bias, the calculation yields the bias
dependent band structures, as shown in Figure 5-11(b). From these band structures,
the distribution of electric field within the middle segment, determined by the slope
of the band structure (section 2.3.2), extends toward the p-segment at reverse bias.
In contrast, the electric field is reduced and pushed toward the n-segment at forward
bias. The same trend also appears in the simulated XBIC profile at different applied
bias in Figure 5-11(d). This simulation result can very well describe the shift of the
measured XBIC under applied bias discussed in the previous section (Figure 5-9(a)).

5.6 Axial XBIC distribution and carrier transport

In this section, the correlation between X-ray photon flux and applied bias on the
characteristic decay length of the axial XBIC profiles were investigated (Paper II).
The characteristic decay lengths extracted from the axial XBIC profiles are shown
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Figure 5-12 Characteristic decay lengths from the axially XBIC profile. a) The characteristic decay length as a
function of X-ray photon flux. b) The characteristic decay length as a function of applied biases. The red (blue) filled
circles, red (blue) circles are the decay length from the fit of the left and right slopes of XBIC profile in InP (InGaP)
NW devices. [Adapted from Paper II]

in Figure 5-12(a) for the X-ray photon flux variation and Figure 5-12(b) for the
applied bias dependence.

The decay length as a function of X-ray photon flux converges from hundreds of
nm at low flux to the size of the beam at high flux. This result could be explained
by higher charge density from the increasing photon flux, which raises the
recombination rate and the chance of the carrier scattering. Consequently, the
enhanced recombination shortens the transport length of the charge carrier.

In contrast, the result shows a different effect on the decay length from the applied
bias (Figure 5-12(b)). The decay on the right slope is almost constant, which is
consistent with previous reports [116,117]. However, reducing the applied bias
significantly increases the decay length of the left slope. From the FEM results, the
right slope corresponds to the diffusion length in the n-segment (Figure 5-11(c)),
which is independent of the applied bias. In turn, the left slope, which is located
inside the middle segment, is mostly dominated by the drift transport due to the
changing of the electric field distribution, as shown in Figure 5-11(b).
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6 Imaging of nanofocused X-rays
using nanowire devices

Both single horizontal and vertical NW devices were employed as X-ray detectors
to map nanofocused X-ray beams. First, a single horizontal NW device was used to
map the beam waist of nanofocused X-rays from the off-axis MZPs at the P10
beamline, PETRA III. Then, we present the results from our vertical nanowire
devices to three-dimensionally map the nanofocused X-ray beam at the NanoMAX
beamline (Paper IV).

6.1 MZP focus measured with a horizontal nanowire

The propagation of the nanofocused X-ray beam from the off-axis MZP at the P10
beamline, PETRA III, was ptychographically reconstructed, as shown in Figure
6-1(a) and (b) for the vertical (y-axis) and horizontal (x-axis) direction, respectively.
This ptychographic reconstruction used Siemens stars next to the NW devices,
mentioned in section 3.2, as test objects. The ptychographic reconstruction itself,
which was done after the experiment, is out of the scope of this thesis [82]. At the
focal plane, defined as the origin in the z-direction (z = 0 um), the focus shows an
asymmetry where it is 13.3 nm in the vertical and 29.5 nm in the horizontal
direction.

Figure 6-1(c) is the XBIC map with the scanning method mentioned in section 4.3.3,
showing the beam waist of the nanofocused X-rays. The beam was only scanned
horizontally, in x, since the NW axis was oriented along y (Figure 5-10(a)). Note
that the center position of the XBIC peak at each z-plane gradually moved in the x-
direction due to the off-axis MZP. Hence, the XBIC peaks were re-centered to make
it possible to compare with the ptychography in Figure 6-1(b). This plot indicates
that the sharpest symmetric XBIC peak is located upstream at position z = -50 um,
called the sample plane, where the bias dependent XBIC maps in section 5.4 were
measured.

The comparison between the XBIC profile and the beam profile in the x-direction
is shown in Figure 6-1(¢) and (f) for the sample plane and the focus plane,
respectively. Despite the complicated beam profile on the sample plane, the XBIC
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Figure 6-1 Nanofocused X-rays from the off-axis MZP at the P10 beamline, PETRA Ill. a) and b) Ptychographic
reconstruction of the propagated beam viewed along y (vertical) and x (horizontal), respectively. This reconstruction
shows that the focus from the off-axis MZP is different in the vertical and horizontal directions. The focal plane is
defined as z = 0 um (dashed line) with a focus of 13.3 nm x 29.5 nm (vertical x horizontal). c) The beam measured
by XBIC, where the sharpest symmetric XBIC peak is at z = -50 ym (solid line) defined as the sample plane. d) The
convolution of the beam in (b) and the NW. e) and f) The profiles of the propagating beam from XBIC measurement,
ptychography, and convolution on the sample plane and the focal plane, respectively.
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profile is sharp and symmetric. In contrast, the asymmetric focus created the broad
shoulder on one side of the XBIC profile at the focus plane (Figure 6-1(f)).

To compare, the beam profile from ptychography was convolved with the thickness
profile along the radial axis of the NW (not show here), shown as blue lines in Figure
6-1(e) and (f). Figure 6-1(d) is the same convolution along the propagating beam.
Generally, the convolution results agree quite well with the XBIC profiles and map,
indicating that the NW diameter limits the spatial resolution as expected. However,
the FWHM of this XBIC peak is about 110 nm, which is considerably narrower than
the NW diameter (180 nm). It is unclear why the radial XBIC profile is narrower
than the NW radius, but one possible explanation is that the loss of secondary
photons and electrons is stronger at the surface of the nanowire. A study answering
this question should be done with an even smaller nanofocused beam. The results
with the nanofocused beam from MZP will be included in a manuscript that is now
in preparation.

6.2 3D imaging of the NanoMAX focus

The final experiment investigated the KB focus at the NanoMax beamline. The
beam had an FWHM at the focus of 88 nm x 86 nm (vertical x horizontal), as
revealed by ptychography [16], shown in Figure 6-2(a) and (b). The vertical NW
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Figure 6-2 Characterization of nanofocused beam with a vertical nanowire device. a) Propagated beam,
reconstructed by ptychography. b) Beam profile in vertical and horizontal directions at the focal plane. c) X-ray
nanofocus imaging at multiple planes along the beam. [Panel (c) is adapted from Paper IV.]
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Figure 6-3 Analysis of peak width Convolution (red line) of the beam from ptychography (blue line) and the NW

cross-section (dash-doted blue line). The convolution is compared with the XBIC profile from the measurement

(black line) and the calculated X-ray photon fluxed using eq. (31). [Adapted from Paper IV]
device was two-dimensionally scanned at various planes along the nanofocused X-
ray beam, while the XBIC was measured from the device (Paper IV). These maps
were scanned at the maximum X-ray photon flux since the intensity of the beam is
strongly reduced away from the focal plane. The scanned planes are schematically
represented along the beam from the KB mirrors in Figure 6-2(c). The position z =
0 pum is the focal plane, and the negative (positive) z is the upstream (downstream)
direction.

At the focal plane, the average size of the focal beam observed in these XBIC maps
is about 190 nm in the horizontal and vertical directions. By converting the XBIC
signal map to X-ray flux using eq. (21), the average FWHM of the beam reduces to
about 150 nm, which is still larger than the focal size calculated from the
ptychography mentioned earlier. To make a better comparison with the
measurements, the beam profile from ptychography was convolved with a box
function representing the NW cross-section. The convolution has an FWHM of
about 95 nm, which is still significantly smaller than the measured flux profile
(Figure 6-3). The size of the focal beam on the XBIC map was expected to be limited
by the NW diameter like the previous case. However, the instability of the
measurement system as observed in the XBIC maps, and the background signal in
the top contact could affect the results.

The NW device is unable to reveal any features of the very small beam at the focus,
but away from the focus the beam is larger. Figure 6-4(a) shows the comparison of
the intensity distribution along the focusing beam from ptychography in the left
column and the XBIC map on the right column. The XBIC maps agree well with
the ptychography. The beam shows a slightly asymmetric intensity, which is
switched from the bottom right corner in the upstream planes to the top left corner
in the downstream planes. This is characteristic for a focused beam from KB mirrors
[125]. The same distribution could also be observed at the far-field detector (Figure
6-4(b)), which was located 4 m away from the sample. Figure 6-4(c) also shows an
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excellent quantitative agreement of the nanowire measurements with the
ptychography along the beam axis.
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Figure 6-4 Nanofocused X-ray beam characterisation using the vertical nanowire X-ray detector. a) XBIC map
(right column, hot color scale) and the calculated intensity map from the ptychography (right column, jet color scale)
at the focus plane. b) The intensity of the beam detected at far-field. c) The intensity along the beam from ptychography

(black line) and the calculated X-ray flux from XBIC (blue crosses). [From Paper 1V]
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7 Conclusion and outlook

The main question of this thesis was how NW devices could be used for high-
resolution X-ray detection. Although the shape of NWs in principle forms an ideal
pixel, with a small cross section for high resolution and absorption along the long
axis, it is not trivial to make use of this in a real device. The X-ray microscopy
technique XBIC was extensively employed to enhance the understanding of the X-
ray interaction with NW devices. XBIC is an interesting method in itself, and this
thesis has both improved the spatial resolution of XBIC and shown that it can
quantitatively image the carrier collection of NW devices.

The use of XBIC was demonstrated in combined measurements with other X-ray
imaging techniques, such as STXM, XRD, and XRF. By using nanofocused X-ray
beams, the multimodal X-ray imaging could correlate various aspects of completed
nanostructured devices, including morphology, crystal structure, material
compositions, and local charge collection (Paper III). An example of the possible
uses of multimodal X-ray imaging setup is an investigation of piezoelectric
properties in nanostructure devices. Also, the electrical equipment in this setup
could apply electrical bias on the devices in which the nanofocused X-ray beam
probe the change in crystal structure using XRD [8].

The first experiment in this project was performed on horizontal n'-i-n" doped
InGaP NW devices, which is similar to the NW devices previously studied for X-
ray detection [41]. An insight into the XBIC process at atomic level was given by
the spectrally resolved XBIC and XRF measurements on these NW devices.
Although the XBIC process involves a cascade processes to generate secondary
electrons, far more complex than the XRF mechanism, the resulting XBIC and XRF
spectra exhibited the same oscillation (Paper I). The spectrally resolved XBIC
measurement could pave the way to measure the XAS spectrum with an electrical
measurement from nanostructure devices.

The photogenerated charges from the XBIC process were trapped at surface states
in the horizontal n™-i-n" doped InGaP NW devices, leading to photogating and
photodoping effects (section 5.3.1). This trapping also create a nonlinear XBIC
signal as function of X-ray photon flux. In contrast, these effects were not observed
in the p-i-n doped NW devices, which is an advantage over the n"-i-n" doped InGaP
NW devices in terms of X-ray detection.
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In the XBIC measurement with moderate X-ray flux (~10° - 10® s™) on the p-i-n
doped NW devices, the carrier generation rate was calculated to be comparable to
excitation levels under one sun illumination (Paper II). The XBIC technique could
be used to characterize nanostructured solar cells, just like SPCM and EBIC
techniques are used in many solar cell studies. To my knowledge, there is only a
simulation report on the comparison between the local charge generation using an
electron beam and X-rays [95]. It is intriguing to compare the results from SPCM,
EBIC, and XBIC using the same generation rate on an identical nanowire device.
However, care must be taken in the comparison of these techniques, as discussed in
section 3.5.1.

The bias dependent XBIC on the NW solar cells illustrates the ability of XBIC to
attain the spatially dependent CCE. The results from this measurement also reveal
that the charge collection region of the p-i-n doped NWs is bias dependent, and
affected by the unintentional Zn doping in the middle segment (Paper II). The
unintentional doping in the middle segment of the NW has been measured by
scanning XRF in a separate work [101]. Although these measurements were
performed separately on different NWs, a more precise correlation between XBIC
and XRF could in principle be achieved using simultaneous XBIC and XRF
measurements. A problem is that the level of X-ray flux required for a sufficient
XRF emission from Zn doping can quickly degrade the electrical performance of
the NW device. Subsequent measurements using low flux for XBIC followed by
high flux for XRF could circumvent this problem of device degradation [97].

The spatial resolution of the XBIC method is currently limited by the X-ray optics,
and could be improved, for instance, with the use of novel optics such as MZP.
However, these new optics typically have very short working distances and focal
depths. As shown in this thesis, this makes practical use of such optics
experimentally challenging.

To take advantage of the NW geometry for the high-resolution X-ray detection, a
large part of the work in this thesis was spent on developing a novel fabrication
process for the vertical NW devices. Although the preliminary evaluation of the
vertical NW devices reveals a low-quality photodiode, the devices can generate
relatively high XBIC signals with moderate X-ray photon flux (Paper IV). In
contrast to the linear relation between XBIC and X-ray flux from the horizontal p-
i-n doped NW devices, the XBIC result from the vertical nanowire device exhibited
a sub-linear behaviour. Nonetheless, the vertical NW device was able to map the
intensity along the nanofocused X-ray beam with a spatial resolution that has never
been demonstrated by any X-ray detector before.

An optimization of the NW synthesis is still required before further improvement
of the fabrication processes. From the perspective of the device processing, proper
metals for the top contact and higher doping in the n-segment could reduce the series
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resistance. Lower X-ray absorption in the top contact could also be achieved with a
thinner layer, or a lighter metal than Au.

The vertical NW device as an X-ray detector has also introduced an alternative
method to characterize the nanofocused X-ray beam. This concept of the beam
characterization is not only limited to the nanofocused X-ray beams. After
modification with an optically transparent top contact, it could be employed to
investigate transversal modes of a laser beam, for instance.

Finally, the vertical NW device developed in this thesis is possible to scale up into
a multiple-pixel array detector for high-resolution X-ray microscopy. Operating as
an array detector, electrical components for the readout system are required. Hence,
one of the next challenges is to integrate the individual single pixels with a readout
system.
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