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Resumo

Microfios de GaN, crescidos por deposicao de organometalicos em fase de vapor por processo quimico
(MOCVD), com diametros entre 1 e 2 um, foram usados para desenvolver sensores de radiacdo através
da deposigao de contactos metalicos nas suas extremidades por fotolitografia. Os parametros chave
para analisar sdo o ganho, o tempo de resposta e o tempo de decaimento dos sensores. Como o
GaN tem um hiato energético de 3.4 eV, espera-se um ganho baixo para radiagdo com A > 365nm
e um ganho alto para radiagdo mais energética. Neste sentido, o comportamento da fotocorrente foi
estudada sobre iluminacao visivel e ultravioleta e sobre irradiagdo com protées. Os dispositivos fabrica-
dos demonstraram detecao de luz ultravioleta e tempos de decaimento inferiores a 10 segundos foram
obtidos. No entanto, o ganho obtido para a fotocorrente foi baixo (<20%). A irradiagdo com protdes
causou uma significante degradagao dos dispositivos mas os resultados confirmaram o seu potencial
como detector de protdes. Comparativamente aos resultados obtidos com excitacao ultravioleta, val-
ores semelhantes para o tempo de decaimento e superiores para o ganho foram obtidos. Medidas de
fotocondutividade apés a irradiagao revelaram, em geral, uma melhoria nas capacidades de detegao
de luz ultravioleta por parte dos sensores. Os factores de ganho aumentaram para cerca de duas
vezes o valor obtido antes da irradiagao e alguma mitigacao da fotocorrente persistente foi observada.
Os resultados indicam a possibilidade de aplicar microfios de GaN nao s6 em detectores de radiagéo

ultravioleta, mas também em detectores de particulas.
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Abstract

GaN microwires, grown by Metal Organic Chemical Vapour Deposition (MOCVD) and with diameters
between 1 and 2 um, were used to fabricate radiation sensors by electrically connecting their extremities
using photolithography. The most important parameters to analyse are the gain, the response time
and decay time of the sensors. As GaN has a bandgap of 3.4 eV a very low gain for radiation with
A > 365 nm is expected and a high gain for more energetic radiation. The photocurrent behaviour of
single wire sensors were studied under visible and UV illumination and under irradiation with protons.
The fabricated devices demonstrated proper UV detection and decay times below 10 seconds were
measured. However underwhelming photocurrent gain factors (<20%) were achieved. The irradiation
with protons caused a significant degradation of the devices but the results confirmed their potential as
particle detectors, as similar decay times and higher gain factors were achieved in comparison with the
UV detection. Photoconductivity measurements after the irradiation resulted in an overall improvement
of the devices regarding their response to UV radiation. The photocurrent gain factors increased to
approximately twice the value that was obtained prior to the irradiation and some quenching of the
persistent photocurrent, i.e., improved decay times, was observed. The results indicate the possibility of

using GaN microwires not only as UV detectors, but also as a particle detectors.
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1.1 Motivation and Background

The continuous downscaling in size of what we can build and produce with micro- and nanotech-
nology has fomented an incredibly big amount of research that tries to connect things we barely see
with microscopes to real life applications. A large branch of this research is dedicated to nanostructures
based on wire-like geometries, with diameter and height in the nano and micrometer range. Nano and
microwires are so popular because they are excellent building blocks for bottom-up approaches, where
functional structures are conceived by controlled placement of single structures. In comparison to the
traditional top-down approach, the bottom-up approach has the capability to yield a completely different
type of devices due to the fact that the nanometer-scale metrics are not defined by lithography, but rather
by synthesis and assembly [1].

Regarding the materials used to conceive high quality semiconducting wires, gallium nitride (GaN)
has been one of the most popular used compounds for many years already. GaN is a IlI-V compound
semiconductor, more specifically part of the group Ill nitrides. These are known to be very interesting in
device applications for light emitters and detectors in the visible and ultraviolet (UV) portions of the optical
spectrum and high-power amplifiers. Major breakthroughs and developments in the field of GaN have
taken place since the 1990s, including the discovery of efficient blue light-emitting diodes by Akasaki,
Amano and Nakamura [2], which was awarded with the Nobel prize for Physics in 2014. The main
properties that distinguish GaN from other semiconductors are its wide and direct bandgap, its thermal
and chemical stability, the ability to support heterostructure technology and its high radiation hardness.
The fact that it has such a wide bandgap allows for shorter wavelength emissions and increases the
breakdown field, furthermore, it also makes GaN insensitive to any radiation in the visible range.

On the other hand, micro- and nanowires have recently come up as novel building blocks for bottom-
up fabrication techniques. They are so widely investigated nowadays because typically, they present
a very good crystalline quality. Additionally, the large surface-to-volume ratio associated with these
structures make them excellent building blocks for UV photodetectors and radiation sensors [3,4].

In comparison to their bulk counterparts, GaN nanowire-based photodetectors have achieved higher
photoconductive gain and greater sensitivity. Nonetheless, these devices also present several limitations
such as large decay times and the existence of a persistent photocurrent. Furthermore, when assem-
bling a device, special care must be taken when depositing the contacts as typically it will modify surface
state properties, which can harm the reproducibility characteristics of the radiation sensor [5]. In addi-
tion, two very important parameters to create commercially interesting sensors are gain and response
time. In general, in nanowire sensors there has been a fundamental trade-off between the photoconduc-
tive gain and speed of photodetectors, as the increase of one of those parameters usually decreases
the other [3].

So far, the potential of GaN nanowire-based photodetectors has already been demonstrated, how-



ever, very little investigation has been done on the sensing capabilities of GaN nanowires to heavy
particles such as protons, neutrons and ions. Consequently, the assembly of a radiation sensor which
can detect heavy particles can potentially fill this gap. If the detection of heavy particles, in this work pro-
tons, is achieved, the possibility to fabricate detectors that can work under several extreme environments

becomes plausible.

The key breakthrough for GaN-devices is generally attributed to the discovery of a two-step growth
for the heteroepitaxy of GaN on c-plane sapphire [6] and the first reports on GaN photodetectors started
arising in the beginning of the 90s. Khan et al. were the first group to successfully fabricate photocon-
ductive ultraviolet sensors based on single-crystal GaN. The epilayer structure consisted of a 0.8 um
thick layer of insulating GaN deposited over a 0.1 um thick AIN buffer layer on top of a sapphire sub-
strate. Although the responsivity was good, the response time of the devices was not yet fast enough to
make them interesting for applications [7]. This problem was suppressed when the fabrication evolved
from devices with interdigitated electrodes to devices containing a vertical geometry, transparent Schot-
tky barrier. The obtained responsivity of the devices decreased significantly but they had very fast
response times, down to 118 ns [8]. The investigations on GaN photodetectors received an enormous
boost from the positive results obtained and various different types of structures were tested, such as
p-n junction [9], p-i-n [10] and p-7-n [11] configurations. Nonetheless, when stable processes to grow
nanowires were defined, the focus shifted towards geometries based on single or multi wires devices. In
comparison to layered devices, the wire structures present a much larger surface to volume ratio, which

is advantageous in detection applications.

Two main approaches can be used to fabricate radiation detectors based on semiconducting wires
contacted by two terminals at their extremities. One approach is to deposit contacts by lithography and
lift-off techniques on previously dispersed wires. For the lithography step it is possible to use electron
beam lithography (EBL) as well as optical lithography. The former has the advantage that it is a powerful
tool which can create paths with precision below 10 nm, nonetheless, it can only create a low number
of devices per EBL run [12]. The latter method is quite fast but has the drawback that it usually relies on
the random deposition of contacts on the wires, making it more suitable for multiple wire devices. The
other approach consists on creating the contacts first and afterwards disperse nanowires on top of them.
Although it is usually a fast and efficient method it is also more suitable for multiple wire devices [13].
So far, mainly the EBL methodology has been applied as it is better to create single wire devices, more

suitable for the study of the electrical and optoelectrical characteristics of the GaN nanowires.

The integration of the wires in electric circuits is not an easy task. First and foremost, their small
dimensions and high aspect ratio make them hard to handle but size is not the only issue. Electrical in-
tegration of the nanowires is an especially difficult task because it is hard to achieve good reproducibility

regarding the contacts between the metal and the nanowires. Furthermore, there are a lot of factors



that influence the resistivity of the wire such as crystalline structure, defect density, surface morphology,
surface states, etc. Therefore, a thorough understanding of the relevant physical properties, such as
surface and interface relaxation and carrier confinement are required [14]. Through the past decade,
several groups successfully assembled UV radiation sensors and performed electrical measurements
using nanowires. Typically, the electrodes consist of Ti/Al/Ti/Au [15], Ti/Au [16, 17], Ni/Al [18] or even

Ag [19]. In table 1.1 some devices and respective researchers are indicated.

Researchers Growth Mechanism Device Contact material | Contact fabrication
Substrate
R. Callarco et al. [16] Plasma assisted MBE SiO2 Ti/Au (100/10 | EBL (after wire disper-
nm) sion)
E. Stern et al. [18] Hot-wall CVD SiO2 Ni/Au (200/50 | Photolithography
nm) (after wire dispersion)
R. S. Chen et al. [20] Vapor-liquid-solid CVD | SiN. Ti/Au(30/150 nm) | Shadow mask and e-

beam evaporation (after
wire dispersion)

J.Leeetal [17] Vapor-liquid-solid CVD | SiO» Ti/Au (20/130 | Photolithography
nm) (before  wire disper-
sion)
H. Chen et al. [21] Vapor-liquid-solid CVD | SiN3 Ti/Au (30/150 | EBL (after wire disper-
nm) sion)
F. Gonzalez-Posada et al. [15] | Plasma assisted MBE SiO2 Ti/Al/Ti/Au EBL (after wire disper-
(5/25/15/100 sion)
nm)
X. Wang et al. [19] MOCVD SiO2 Ag(200 nm) grid mask with e-beam
evaporation (after wire
dispersion)

Table 1.1: Summary of the different investigations done by groups of researchers on GaN nanowire based UV
radiation sensors

Only very few investigations have been done on nanowire based radiation sensors while irradiating
them with heavier particles. Ayres et al. [22] studied the behaviour of GaN nanowire FET designs
while striking them with a primary beam of "®Kr at 140.32 MeV per nucleon. |-V characteristics were
taken before, during and after the irradiation. Normal real-time and post-radiation electric function was
observed. Furthermore, when analysing seven irradiated samples, only two presented areas that were
significantly damaged. As far as bulk GaN-based particle detectors go, several successful attempts have
been made. Vaitkus et al. [23] developed a thin film detector and realized a-particle detection using a
double-Schottky structure. The detection was done using 5.48 MeV a-particles emitted from an 24! Am
source. Other structures fabricated on bulk GaN also successfully detected a-particles [24,25]. The ion
induced conductivity characteristics of Zinc Oxide, a semiconductor with a similar crystal structure and
bandgap to GaN, nanowire FETs treated with proton or ion irradiation have been analysed. Johannes
et al. [26] used ion beams to generate electron-hole pairs in vapor-liquid-solid grown ZnO nanowires,
contacted with Ti/Au (50/50 nm) electrodes. The devices were irradiated with a wide range of energies,
ion-currents and total fluxes while measuring the conductance. Beside a remarkable increase of the
current also a strong persistent ion-beam current was observed. Choe et al. [27] used accelerated

proton beams, generated using an MC-50 cyclotron, with a beam energy of 10 MeV, to irradiate ZnO



wires grown by chemical vapour deposition. The electrical properties were systematically characterized

before and after the proton irradiation.

1.2 Obijectives

The main objective of this investigation consists in achieving a reproducible fabrication method to
build GaN microwire based radiation sensors and analyse them in terms of their electrical and optical
properties. Although the big majority of reports so far are relative to structures based on nanowires, we
chose to use microwires instead because their larger volume makes them better suited for high energy
particles and X-rays. In this way, the idea is to settle a compromise between the better crystalline
quality associated to wire-based GaN and the larger volume of bulk GaN. On the other hand, the fact
that microwires are larger, makes the fabrication process more straight forward. Thus, to reach the
defined goal, metalorganic chemical vapour deposition (MOCVD) grown microwires are dispersed on a
substrate and optical lithography and lift-off techniques are used to fabricate devices. The fabrication
of the devices is done at the facilities of INESC-MN. Electrical measurements are done under dark
environment, with UV lighting and with proton irradiation striking the device. The current response
during UV and proton irradiation are analysed and discussed considering the induced defects, including
the consequences of these created defects by the proton irradiation on the operation of the device are
extensively investigated. As indicated, although the concept of GaN sensors based on wired arrays has
been proven, there are still issues and inconsistencies and with this research we want to take a step in
the direction of a more generalized procedure and propose methodologies to solve some of the inherent
problems. If the mechanisms are well understood and controllable, we will be able to use the device
for many applications including proton (and other heavy particles) and photon detection, countable ion
implantation and in environments that are characterized by its extreme conditions, like space, nuclear

reactors and so on.

1.3 Outline

This thesis is divided in 5 chapters. In chapter two a brief theoretical description will be given re-
garding the processes of interest for the device characterization and subsequent analysis. Chapter 3
consists of a recapitulation of the microwire growth process, the sensor fabrication methodology and a
description of the electrical and optical characterization procedures as well as the irradiation facilities.
The resultant data of the experimental work will be described and treated in chapter 4. Finally, in the
last chapter the most important results and conclusions are summarized and some indications of future

work will be given.
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In the following chapter a brief description of the theoretical background of interest for this work
will be given. The properties, such as the band structure, the crystallographic information and electri-
cal and optical characteristics of GaN will be addressed. Then, the important physics concerning the
metal-semiconductor interfaces, such as the junction and surface dynamics, transport mechanism and
application for photodetectors will be explained. Finally, the effects that ionizing, and other types of

radiation, have on GaN will be covered.

2.1 Gallium Nitride properties

In terms of the crystal structure of this material, the stable phase at ambient temperature is wurtzite,
as is shown in figure 2.1. This structure has a hexagonal unit cell with two lattice parameters a and
c of which the ideal ratio is ¢/a = /8/3 = 1.633. The structure is composed of two interpenetrating
sublattices which include four atoms per unit cell, where every atom of one kind is surrounded by four
atoms of the other kind, or vice versa. The most relevant properties of GaN are summarized in table 2.1.
The reported lattice parameters are a = 3.190 A and ¢ = 5.189 A [28]. However, these values can vary
slightly under the influence of a higher or lower free-electron concentration. In fact, measurements on
wurtzite GaN with an electron concentration of 5 x 10'Y cm indicated lattice parameters of a = 3.189
A and ¢ = 5.186 A [29]. The way the free-electron concentration acts on the crystal structure is through
the deformation potential of a conduction-band minimum occupied by these electrons. As said, the
bandgap of GaN is wide, the reported value for the energy between the highest occupied state in the
valence band and the lowest unoccupied state in the conduction band is 3.39 eV at room temperature
[30]. This corresponds to a wavelength of approximately 365 nm and consequently radiation with higher
wavelengths will not be absorbed if there are no defect states within the bandgap. Regarding the effective
density of states in the conduction and valence band, they can be evaluated by applying the following

equations [31].

N, =2 (W;;J“T) (2.1)
27rm;‘,kT

where m;, and m,, are the effective electron and hole mass, respectively, £ the Boltzmann constant, T
the temperature and h the Planck constant.

Using the parameters at 7' = 300K indicated in table 2.1, we achieve a value of N, = 2.24x10'® cm3,
For the valence band, spin-orbit splitting occurs. In the vicinity of the valence band maximum, spin-orbit
interactions and crystal splitting cause threefold splitting of the top of the valence band. The resulting
bands are identified as the heavy band, the light band and the split-off band [33]. Their respective

effective density of states are N, = 4.15 x 10 cm3, N, = 4.11 x 10'®* cm® and N, = 1.16 x 10'? cm™.



Density 6.15 g/cm3

Dielectric constant 8.9
Effective electron mass 0.20mo
Effective hole masses
heavy 1.4mog
light 0.3mg
split-off band 0.6mo

Effective density of states in the conduction band | 2.24 x 10!8 cm3
Effective density of states in the valence band

heavy 4.15 x 1019 cm3

light 4.11 x 108 cm™

split-off band 1.16 x 109 cm'3
Electron affinity 4.1eV
Breakdown field ~ 5 x 10% V/ecm
Mobility

electrons < 1100 cm?/Vs

holes < 200 cm?/Vs

Table 2.1: The most important properties of wurtzite-GaN at room temperature [32]

The full band structure, with corresponding transition energies is depicted in figure 2.1.

Regarding the mechanical properties, GaN can be considered as a hard and incompressible material
family member and its elastic and bulk moduli are of the same order of magnitude as those of diamond
[34]. Furthermore, GaN and other group Il nitrides semiconductors present a high thermal conductivity.
Scanning thermal microscopy measurements done on GaN reported maximum values in the 2.0-2.1
W/cmK range [34], and also revealed a correlation between the doping level and the thermal conductivity
as the data showed a linear decrease of the former with logn, where n is the electron concentration
[35]. The fact that GaN presents such good thermal dissipation is not only a useful characteristic in
optoelectronic devices but also makes it very interesting for high-power/high-temperature applications.
The electron mobility in GaN is one of the most important parameters associated with the material and

has great impact on devices. Early reports indicated values of 600 cm?/Vs for an electron concentration

1 Energy Wurtzite
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Figure 2.1: Band (right) and crystal (left) structure for Wurtzite GaN. The subscripts in the left graphic denote the
two non-equivalent positions for each site. [32, 36]
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of ~ 3 x 10'6 cm™ and 100 cm?/Vs for an electron concentration of ~ 3 x 10'® cm™ [37]. However, as the
fabrication processes were optimized and the crystalline quality increased, the measured mobilities also
presented a significant improvement and values upto 1100 cm?/Vs at room temperature were reported
[38]. Additionally, as mentioned, associated with the wide bandgap, are high breakdown voltages, the

ability to sustain large electric fields and lower noise generation.

2.2 Metal-semiconductor-Metal configuration

2.2.1 Metal-semiconductor junction

The metal-semiconductor-metal (MSM) configuration is made out of two back-to-back junctions be-
tween a metal and a semiconductor that form contacts. In a first analysis, we will look solely at a single
contact. In the ideal case, the type of contact that is formed at the junction depends on the voltage dif-
ferences between the electron affinity, ¢y, of the semiconductor and the work function, ¢¢,,, of the metal.
In figure 2.2, the energy-band diagrams of a metal and an n-type semiconductor before contact(2.2(a)),
and after creating the junction for ¢,, > ¢s.(2.2(b)) and for ¢,, < ¢s.(2.2(c)) are represented. In this
thesis we will use n-type GaN and therefore we will only discuss this case. Before contact, as there does
not exist any potential between the metal surface and the semiconductor surface, the Fermi energy lev-
els, B¢, are intrinsic to the materials. In the metal, E; is equal to the work function and corresponds to
the difference between the vacuum level and the highest occupied states in the conduction band. For
the n-type semiconductor, the Fermi level lies in the vicinities of the conduction band. The exact location
depends on the concentration of donors. After contact, as we can see, the diagrams are quite different
depending on the work functions of the materials, and so is the current-voltage behaviour.

Starting with the former condition, ¢,, > ¢.., this type of contact is called a Schottky or rectifying

Vacuum
— ae,| [N Vi
o Ec
qgm € - — — =+ — —Ef
[— - = Ef T{‘
|
Ev LEV
(a) Metal and semiconductor be- (b) Schottky contact (c) Ohmic contact

fore contact

Figure 2.2: Energy band diagrams of an individual metal and semiconductor and of the possible junctions. g¢m,
qPsc, qX, qPn represent respectively the metal work function, the semiconductor work function, the
electron affinity and the difference between the conduction band and the Fermi energy. After contact,
qdwo is the Schottky barrier height, Vi,; the built-in voltage and W the depletion width.
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contact. In order to achieve a constant Fermi level, electrons from the semiconductor flow into the lower
energy states of the metal. The donor atoms that supplied these electrons, become positively charged
and a depletion region is formed. The electrons in the metal that try to move into the semiconductor
encounter a potential barrier ¢y, known as the Schottky barrier. In the ideal case the height of this
barrier is given by the potential difference between ¢¢,, and ¢yx. Furthermore, the electrons in the
conduction band that try to move into the metal also encounter an obstacle potential, called the built-in
potential barrier, V;,;. This potential is given by the difference between ¢ 5o and ¢,,, the latter is the energy
difference between the Fermi and the conduction band level. In case we apply a positive voltage on the
metal relative to the semiconductor, although the Schottky barrier height remains constant, the built-in
voltage decreases according to V;;, = Vi; — V, where V' is the applied bias. The electrons flow with
more ease into the metal and this bias condition is called forward bias. On the other hand, if a positive
voltage is applied to the semiconductor, the situation is inverted and V;, increases to Vi, = V,; + V,
making it harder for the electrons to flow into the metal. This situation is called reverse bias. If p is the
charge density, E' the electric field, = the distance from the junction and W the width of the depletion
region and we make the n-type semiconductor approximation, neglecting the hole concentration, we can
say that p = qNy4 for x < W and that p =~ 0 and E =~ 0 for z > W. If we now solve the Poisson equation

with these boundary conditions we obtain the following expression for the depletion width [39]

W= \/ 25 (v;n- _v— kT) (2.3)
qNg q

where V},; is the built-in voltage, ¢, is the relative permittivity, N; the donor concentration, k the Boltzmann

constant, T the temperature, ¢ the magnitude of electronic charge and V' the applied voltage.

In the case of the inverse condition, ¢,, < ¢, to balance the Fermi level electrons will flow from the
metal into the semiconductor, making the surface more n-type. If now a positive voltage is applied on
the metal, there is no barrier and electrons flow freely into the semiconductor. If the voltage condition
is inverted, the effective barrier for electrons will be ¢p¢ = ¢, which is fairly small for a moderately to
heavily doped semiconductor. Subsequently, in this case the electrons will also easily flow from the
semiconductor into the metal. This description essentially covers the so called Ohmic, or nonrectifying,

contacts [39].

As said, these descriptions correspond to the ideal case, and, what happens in most cases is that
reality is far from ideal. Considering the properties and configuration of the materials that will be used
to conceptualize the radiation sensors, it is important to take into account the surface state density,

Schottky effect and the doping concentration, which will be explained next.
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Surface states The surface states can have a big influence on the actual Schottky barrier height,
even more when we are dealing with wires that have a large surface-to-volume ratio. In an semiconduc-
tor crystal, the periodic nature of the crystalline structure is disturbed at the surface, which gives rise to
a large number of permitted states in the bandgap of the semiconductor near the surface. These states
are commonly called surface traps, since they capture electrons if they are below the Fermi level. These
electrons form a negative surface charge, which on its own creates a depletion zone in the semicon-
ductor and a subsequent band bending. Additionally, typically an insulating layer of atomic dimensions
forms between the metal and the semiconductor, when depositing contacts. This layer will be transpar-
ent to electrons but can withstand potential across it. What happens when a semiconductor containing
a large density of filled acceptor traps makes contact with a metal is that, to achieve the alignment of the
Fermi levels, electrons will flow from the traps into the metal instead of what would happen in the ideal
case. The influence of the alignment of the Fermi levels on the potential barrier height will therefore be
negligible, as instead it will depend solely on the surface states potential [40]. In most semiconductors,
the surface state density is moderate such that the height of the Schottky barrier is both influenced by
the difference between the metal work function and the electron affinity of the semiconductor, and the
surface potential. However, for IlI-V compounds, including GaN, reports have indicated that the Schottky
barrier formation is mostly influenced by the defects generated near the interface due to the deposition

of the metal, making it essentially independent of the metal work function [41,42].

Schottky effect In the ideal case, the barrier height is constant, independent of the applied voltage,
however, in reality minor variations can occur. These variations are a consequence of a mirror charge
produced in the metal by electrons in the semiconductor. According to electrostatics, an electron at a
distance x from a "perfect” conductor will create an electric field. The field lines must be perpendicular
to the metal surface and will be the same as if a mirror charge of same magnitude but opposite sign is
created inside the metal at a depth equal to z. As a consequence, the charge is attracted by the metal,
and in the case of the metal-semiconductor contact, the potential barrier is lowered. The attraction can
be quantified by considering a Coulomb attraction between the electron and the mirror charge, separated
by a distance 2z. To obtain the total potential energy of the electron, PE(x), we add the potential
energy due to the Coulomb interaction to the potential energy inside the semiconductor, originated in
the depletion region. By solving dPE(x)/dx = 0, we can calculate the distance at which this potential is
maximum and subsequently, the effective lowering of the potential barrier, which constitutes the Schottky
effect [43]

3 1/4
Agp = <qu (Voi — V)) : (2.4)

8m2e3
We can thus write the resulting potential barrier height as ¢ = ¢pg — App.

Although the Schottky barrier lowering typically seems a small value, one must not forget that the
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barrier height will appear in exponential terms in the current density, as will be shown in the following
section. Therefore, a small change in the barrier height can have a significant effect on the current

density.

Doping concentration It is also possible to obtain an ohmic like contact when creating a junction
between a metal and a semiconductor that would, under normal conditions, create a Schottky contact.
If the doping concentration in the semiconductor is high enough, the thickness of the depletion width
will decrease to values through which the electrons can easily tunnel since W Nd’l/2 (see eq.2.3).
Consequently, a current density similar to that of a low-resistance ohmic contact will exist. In fact, ohmic
contacts between a metal and the terminals of semiconductor devices are typically made on heavily

doped areas. An example of the energy band in such a configuration can be seen in figure 2.3.

Ev

Figure 2.3: Energy band diagram for a metal-semiconductor junction with n* doping

2.2.2 Back-to-back Schottky contacts

As is obvious, to create a functioning device, not one but two contacts must be fabricated. Thus,
we will have in fact two separate back-to-back metal-semiconductor junctions. The properties of both
contacts are not necessarily the same though. For example, to create a simple Schottky diode, one
needs to deposit one Schottky contact and one Ohmic contact. Like this, the low resistivity of the
Ohmic contact does not interfere significantly and, in the ideal case, pure Schottky-type behaviour is
observed. In this work, both contacts will be fabricated in the same way using chromium and gold.
The work functions of these metals are higher than the electron affinity of GaN so, ideally, we should
obtain back-to-back Schottky contacts. However, the aforementioned effects on the barrier height do
strongly affect the actual behaviour of the obtained contacts. Especially the surface states, due to the
large surface-to-volume ratio and the doping concentration, which, as is explained in more depth in the
following chapters, is high. Nonetheless, our measurements show rectifying behaviour and therefore the
electron transport mechanisms of back-to-back Schottky contacts will be adressed.

Typical band diagrams under zero bias, and negative and positive bias for a back-to-back Schottky

configuration are depicted in figure 2.4. In this case, whether we apply a positive or a negative bias,
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there will always be one contact in reverse bias and the other in forward bias. For example, if we
apply a positive bias on the right metal contact, the barrier is reduced and electrons flow easily from the
semiconductor into the metal. At the left metal contact, the Schottky barrier, ¢,; that exists at the junction
will stop a big part of the electrons. Consequently, in most Schottky based MSM devices a nonlinear I-V

behaviour is observed.

a0,
Ev Ef,

Figure 2.4: Energy band diagrams for a typical MSM structure under zero bias (left) and with a positive bias applied
on the right contact (right)

Current density model Figure 2.5 represents the equivalent circuit corresponding to a radiation sen-
sor as is fabricated in the scope of this investigation. The back-to-back Schottky diodes are separated
by a semiconducting GaN wire and Vi, V, and V are the respective voltage drops at each section.
Regarding the electron transport mechanism that governs the |-V characteristic of a typical Schottky
diode, the thermionic emission (TE) model is frequently used to explain it. However, under certain con-
ditions, this model does not suffice to explain observed results and thermionic field emission (TFE) or
field emission (FE) must be considered.

Thermionic emission was discovered in the late fifties and can be described, in a simple fashion, by
the emission of electrons when a conducting body is heated to a sufficiently high temperature [44]. It can
be compared to the photoelectric effect, but instead of photons, heat causes the emission. When we
apply TE to a metal-semiconductor interface, it can be seen as the electrons overcoming the depletion
region by going over the created Schottky barrier. For this to happen, the electrons need to have high
enough kinetic energy. The TE characteristics can be derived by assuming that the barrier height is much
larger than k,T', so that the Maxwell-Boltzmann approximation applies and that thermal equilibrium is

not affected by this process [45]. According to the theory, the current density is given by [43],

Jre(V,ép) = A*T? exp <—;fjl:> exp (f;;) [1 — exp (—ij{)} (2.5)

Where A* = 4mm?qk?/h? is the Richardson constant, ¢, the effective barrier height, & the Boltzmann
constant, ¢ the magnitude of electronic charge, T the temperature and n the ideality factor that describes

the deviation from an ideal Schottky diode. This model was applied when analysing |-V curves of GaN
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Figure 2.5: Equivalent circuit of an MSM photodetector

nanowires by Kim et al. [46] and temperature dependent measurements were performed. It was seen
that, at high temperatures, when kT is comparable or larger than the barrier height, TE is in fact the
dominant current transport mechanism. However, at low temperatures the current is underestimated.
This indicates that other current transport mechanism also play a role; the most important is the tunneling
current.

As said, to explain the main component that is responsible for the appearance of a current when
the system is in reverse bias, one needs to take into account quantum mechanical tunnelling. This
yields a more general emission theory that goes by the name of thermionic field emission. In fact,
tunnelling becomes especially important when dealing with barriers that are relatively low and/or when
the a semiconductor is moderately to heavily doped [39]. Furthermore, it has been reported that low
dimensional systems also promote tunnelling [47]. In 1966, Padovani and Stratton published a paper in
which they defined a model for TFE [48] and, based on this model, an expression for the current density
can be derived. The following expression has been simplified by considering an n-type semiconductor

for which we can neglect the hole current [49].

Ires(Viom) = L (Vomesn |V (15 - )] 9

where J,,. is a slowly varying function of applied bias,

_ATYRGBw (0 oy gy
Tor = K o ( qu> \/q Voo cosh® (qEoo/kT) o7

Regarding the parameters E, and Eyq, they are given by

E
EO = EOO COth <qk10_‘0> (28)
and
h N,
E(]O =3 d (29)



where N, is the donor density at the metal-semiconductor interface and m;} and e, respectively the
effective electron mass and relative permittivity of the material, in this case GaN. Ey is a fundamental
parameter as it is the diffusion potential of a Schottky Barrier such that, the transmission probability for
an electron whose energy coincides with the bottom of the conduction band at the edge of the depletion
region, is equal to 1/e [43]. Typically, when kT'/ Eqo >> 1 the current flow can be purely described by TE
while, when Ey is of the order of kT, TFE must be considered [50].

However, the previous two models do not cover the current behaviour for kT/Ey, < 1. This typi-
cally occurs for heavily doped semiconductors, when they become degenerate. When this is the case
the Fermi level lies above the bottom of the conduction band and the contacts start to present a non-
rectifying behaviour, as mentioned before. The reason this happens is that, because of heavy doping,
the thickness of the depletion region becomes very thin and electrons with energy close to the Fermi
level can tunnel from the semiconductor into the metal, or vice-versa [45]. In fact, if we apply the ex-
pression for the depletion width (eq.2.3) for wurtzite GaN with ¢, = 8.7 and if we consider, for example,
a doping concentration of N; = 10%° cm™ and V,;, — V between 0.1 and 1 volt, we can estimate that the
width is in the 1 — 3 nm range. This tunnelling process is known as field emission. The current density,

as derived by Padovani and Stratton [48], can be described by the following relation

s [ Eoo Y+ V QQ%%
sestonv) = (G2) (%55 ) (‘m) &1

In figure 2.6 [49], the energy band diagrams show the different electron transport mechanisms for a
forward bias and a reverse bias contact. It is important to note that under forward bias the barrier, as
seen by the electrons, is much smaller and therefore, thermionic emission is the preferable transport
mechanism. Under reverse bias though, larger voltages are plausible in the current density expressions

and tunnelling starts to matter.

—>TE

(b) Ec

Figure 2.6: Different transport mechanisms that can occur at a metal-semiconductor contact; The left diagram
corresponds to forward bias and the right diagram corresponds to reverse bias [49]
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2.2.3 MSM photodetectors

The operation principle of an MSM photodetector is simple, if the device is illuminated with light
that has a smaller wavelength than the cut-off wavelength, defined by the bandgap, electron-hole pairs
are generated and a photocurrent appears. When such an excitation source is present, the excess
electrons and holes are generated at a particular rate. Let g,, be the electron generation rate and g,
the hole generation rate. Since both are created in pairs, the equality g,, = g, must be sustained. If we
consider an n-type semiconductor, the overall hole concentration can be neglected while the electron
concentration becomes n = ng + An. If the source that is responsible for the e~ — p* generation is
working in a steady-state, there will not be a continuous build-up of the carrier concentration. Instead,
electrons in the conduction band will start to recombine with holes in the valence band. Similar to
the generation rates, the recombination rates, R,, and R, must be equal. If we consider direct band-
to-band recombination, it will occur spontaneously and the probability of it occurring will be constant
with time. Furthermore, the rate at which electrons recombine must be proportional to the electron
concentration [39]. If an external bias is applied, the generated electrons and holes, as they have
different charges, get pulled into opposite directions. The carriers are collected by the metal pads and
the photocurrent is detected in the external circuit. Intuitively, the most favourable type of contacts for
an MSM photodecetor are ohmic contacts. The low contact resistivities are very usefull since their

interference can be easily described when studying the properties of the device.

Several groups achieved to successfully deposit Ohmic contacts on GaN nanowire based photode-
tectors and very high gain values have been achieved [20]. However, most of the times, a fundamental
trade-off exists between the photoconductive gain and the speed of the devices, long carrier lifetimes
enhance the photocurrent and gain but the response time will suffer and increase [21,51]. Both the
high gain and long response times can be seen as a consequence of a persistent photocurrent (PPC)
mechanism. The effect of PPC in nanowires is generally associated to surface band bending (SBB) due
to the pinning of the Fermi level at the surface of the semiconductor. When SBB occurs, a built-in elec-
tric field is generated that separates the photogenerated electrons and holes. Since the holes have a
positive charge, they will tend to occupy the higher energy states in the Valence band and thus diffusive
to the surface, where the band is bent upwards. On the contrary, the negatively charged electrons will
tend to drift to the bulk region in order to occupy the lowest energy states available. This reduces the
surface charge density and consequently decreases the amount of band bending [52]. The thickness of
the space-charge region associated with the surface states also becomes smaller, which will lead to a
wider conduction area yielding an extremely large photocurrent. When the excitation source is shut off
however, the electrons in the conduction band will have to recombine with the holes that are trapped at
the surface. The recombination occurs via thermionic emission and the associated recombination rate

is quite slow, hence the appearance of PPC. Callarco et al. demonstrated that the SBB is strongly de-
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pendent on the diameter of the nanowires. If the diameter is small enough, the semiconductor becomes
fully depleted. Firstly, this makes them insulating in the dark and secondly, it reduces the bending of
the valence and conduction band, decreasing the influence of PPC. For wires that are not completely
depleted, high gain can still be achieved but due to the complete band bending, PPC is more signif-
icant [16]. The PPC effect was also extensively reported in bulk GaN [53, 54, 55]. The principle that
significant band bending is responsible for the long decay times is maintained, however, in bulk GaN it
is not solely a surface effect as Fermi level pinning also occurs in the bulk region. Although the origin
of PPC in bulk GaN is still under discussion, in many cases it is attributed to metastable defects [56].
Additionally, grain boundaries [57] and charged dislocations [55] have also been reported as responsible
for the long decay times after excitation. In fact, for GaN, it has been reported that the predicted results
of the general theory behind carrier generation and recombination are in flagrant disagreement with
experimental results, and this has been attributed to the aforementioned mechanisms [58]. The mecha-
nisms do not only prolong the lifetime of the excess carriers, but are also responsible for non linearities
in the gain dependence on the illumination power and absorption of photons with energy below the gap
energy.

As said, typically Ohmic contacts are favoured over Schottky contacts as this allows to increase the
photocurrent gain and sensitivity. However, it was shown that, in this case Schottky contacts can reduce
the influence of PPC, since Schottky barriers can be used to confine the current when the excitation
source is shut off [19]. When excess electrons are generated, the potential of the barrier in reverse
bias at the metal-semiconductor interface will also separate the photogenerated electrons and holes.
This will lead to a lowering of the respective barrier height and a subsequent increase in the current.
When the excitation source is turned off, the barrier height of the reverse biased contact increases
immediately, which results in a quick current loss. Although the recombination of the excess carriers
is still a slow process, it will not induce a persistent current because the Schottky barriers drastically
slow down the emission of electrons. Consequently, structures with back-to-back Schottky contacts
have gained in popularity for the application in GaN nanowire photodetectors. Recently, Wang et al. [19]
reported a sensitivity up to 10* AW-! and rise and decay times below 26 ms with a GaN nanowire back-
to-back Schottky pohotodetector. Such values have not been obtained for UV detectors based on bare

nanowires without any surface or composition modification using ohmic contacts.

2.3 Effects of ionising radiation on GaN

Several reports on the high resistance of GaN to ionizing radiation, allow to conclude that GaN has
a big potential to be used as material for radiation applications and devices [59]. However, it also has

some serious disadvantages regarding the application to radiation detectors such as the wider bandgap,
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that reduces the number of electron-hole pairs produced in a single event and, on the other hand, there
is still a lack of high quality thick uniform bulk crystals or epitaxial layers. Therefore it is unlikely that GaN
will replace the established materials in standard radiation spectrometry tasks. However, in specific
environments where detectors with a high radiation resistance and temperature stability are required,
like in space, it is a different story. Subsequently, it is important to study the effect irradiation has on
the material, especially regarding the changes in the absorption spectrum, electrical properties and the

position of the Fermi level.

The main reason the properties of a material are changed under the influence of energetic particle
radiation is the production of defects. In GaN, independently of what kind of irradiation is used, e.g,
electrons, protons or neutrons, the most basic primary defects created are Frenkel pairs in the Ga and
N sublattices [59]. These pairs can be responsible for the introduction of donor levels through nitrogen
vacancies and acceptor states associated with nitrogen interstitials [60]. Additionally, the gallium vacan-
cies are also supposed to produce acceptor states while the gallium interstitials create another donor
level [61,62]. The generation of acceptor states has a direct influence on the carrier concentration in
the semiconductor since they will trap excess electrons as soon as they are created. Clearly, this will
also influence the position of the Fermi level. If, however, Frenkel pairs were produced by irradiation the
decrease in carrier concentration should be equal to the production rate of the acceptor states, which is
usually not observed in the measurements [63, 64]. The reason for this, is the clustering of the primary
defects, which together form highly disordered regions. Besides the decrease in the carrier concen-
tration, the lifetime of carriers is also reduced due to the production of carrier traps as a consequence
of the irradiation [65]. Regarding irradiation of n-GaN (n ~ 107 cm™) with a 2 MeV proton beam, a
carrier removal rate of 260 cm™ was measured and three defect levels, at 0.13, 0.16 and 0.2 eV from
the conduction band were observed. Uncertainty exists about the defect type of the former two while
the latter is of acceptor type. What the energies of the defect levels thus indicate is that they are shallow
levels, just beneath the conduction band [66]. To recover some of the induced defects by irradiation,
thermal annealing can de done. It was found that the shallow radiation defects start to anneal at 540 K,
but a temperature of 660 K is needed to remove the majority of the defects [66]. Another very important
consequence of the irradiation is the consequential increase of the Schottky barrier height at the metal-
semiconductor junction. The increase of the Schottky barrier was observed for exposure to both v and
proton beams. In the latter case, an increase of A¢, = 0.1eV was observed at the Ni/GaN junction for a
1.8 MeV beam. [67]. As explained previously, this can drastically change the preferential mechanism of

electron transport.

A model for the decrease in electrical conductivity in GaN due to exposure to proton irradiation was
proposed by Titov, Karasev and Kucheyev [68]. Their assumptions are based upon the fact that the

decrease in conductivity is mostly due to the increase of sheet resistance caused by the appearance of
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the aforementioned defect levels in the bandgap. They also reckoned the decrease in mobility, however,
reported Hall measurements on n-GaN irradiated with 0.6 MeV H* protons indicated a decrease of
mobility of only one order of magnitude, whereas the conductivity decreased by five orders of magnitude
[69]. With this knowledge, to build their model, they considered the formation of the simplest point
defects of a single type, the trapping of these defects at unsaturable sinks with characteristic relaxation
time 7 and the interaction of these defects with the doping impurities. They concluded that the suggested
model satisfactorily described the process of sheet resistance increase which is mainly related to the

formation of complexes that efficiently capture the charge carriers.
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In this chapter a description of the growth process of the wires will be given, the fabrication steps
followed to produce the radiation sensors will be addressed including a brief description of the used
machines. At last, the electrical and optical characterization methodology, as well as to the irradiation

setup will be explained.

3.1 Microwire growth

The GaN wires that were used for this investigation were grown by metal-organic chemical vapour
deposition (MOCVD) at the CEA in Grenoble, France. A brief description of the growth process follows
while a complete description can be found in reference [70]. MOCVD uses a combination of vapour
phase precursors, in our case trimethyl gallium (TMGa) and ammonia (NH3). These are thermally
decomposed at elevated temperatures to form the desired non-volatile product that is deposited on the
substrate while the volatile product is carried away to the exhaust. If we ignore any side reactions and

intermediate steps we can write the reaction as follows [71],

(CH3)3Ga(v) + NH;(v) — GaN(s) + 3CH4(v). (3.1)

The methodology is highly reproducible and can be based on three main steps: the initial substrate
treatment, the GaN seed nucleation and the vertical growth. In this case, the GaN wires are grown on a
c-plane sapphire substrate, which is commonly used as substrate for GaN structures. Before exposing
the substrate to the precursors, it is baked in situ under Hy at ~1000°C and nitrated with NH3 to form
a thin AIN surface layer. Then a layer of SiN,, is deposited by injecting simultaneously SiH, and NH3
into the reactor. The duration of this deposition is a critical parameter for the wire growth as, contrary
to what one might think, longer deposition times do not significantly increase the thickness of the SiN,,
layer but rather increase the density related to the surface chemistry and surface roughness. Thus, by
using the right deposition time, one can create a layer where the density and roughness change locally.
This is fundamentally important for the next step - the GaN seed nucleation. As SiN,. is chemically inert
with respect to gallium nitride compounds and is very stable at high temperatures, the weak points in
the layer will give rise to the GaN seed formation. Consequently, by controlling the deposition time one
can control the positioning and density of the wires since the seeds will act as corner stones for the wire
growth. It was discovered that a deposition time of 100 seconds yielded the best results - hexagonal and
vertically aligned wires.

After the surface treatment, the seed nucleation starts the actual growth process of the wires, and
the duration has again a very important influence on the the size and crystalline quality. For longer
nucleation times, the wire diameter increases and, on the other hand, the density of deposited wires

decreases. Regarding the crystalline quality, it appears to worsen when applying longer nucleation
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times. This is related with the fact that the GaN seeds start growing laterally. Since the substrate surface
is not perfectly smooth but presents some local defects like pits emerging dislocations and surface kinks,
it becomes more likely that the seeds encounter some of these defects as their size increases. If this
happens, irregularities in the hexagonal shape of the wires can be induced. On the other hand, the
larger the size of the seeds, the more probable it becomes that two or more seeds begin to merge,
giving rise to grain boundaries which cannot be cured by a longer growth time. In the system used to
grow the wires for this work, 10 seconds was defined as the optimal nucleation time to minimize the
quantity of structural defects. For the final step, the vertical growth, also several key parameters exist
and need to be controlled. A low V/III molar ratio favours the vertical growth and an optimal ratio in
the range of 10 to 20 was found. Another key feature is an additional high flux silane flow. The silane
causes the incorporation of Si donors into the wires, but, if no silane is used, the GaN forms islands
that grow laterally with arbitrary shape and size. In this growth process, a flow of 45 sccm was used
which corresponds to a doping level of about 10! — 102" carriers per cm~3 [70]. The reason the silane
flow affects the growth quality is because it forms a thin SiNk shell around the wire. As said, GaN is
chemically inert with respect to SiNy and consequently, the shell avoids lateral expansion of the wire.
When the wires reach heights of about 7 um, the silane flow can be turned off without further affecting
the vertical growth for another ~ 15 um. As a consequence of turning the silane flux off, the upper
part of the wire will not be as heavily doped as the bottom part nor will it be covered by SiNy. The
doping concentration of the upper part of the wire lies in the 10'7 — 10'® cm~2 range. As mentioned,
the diameter depends on the nucleation time but it depends as well on the temperature. Measurements
have indicated that it decreases when using higher temperatures, nonetheless, a significant decrease
in crystalline quality also occurs. Consequently, the lowest achieved diameter is around 200 nm, for
which a temperature of 970°C was set. Regarding the growth rate, this parameter can be controlled by
the carrier gas flow. Higher flows correspond to a lower growth rate. Arguments in favour of this are
the larger dwell time of materials and to lower dilution of the main reactants for a lower flow. Finally,
the wires reach their maximum height when the top facet changes to a non c-plane orientation. For the
microwires used to build the sensors, the parameters during the growth process were set such that the

diameter of the wires lies between 1-2 um and the length is approximately 20um.

To verify the geometrical aspect of the microwires, scanning electron microscopy was done at the
university of Aveiro. The resultant images can be viewed in figure 3.1. For the higher amplification, the
hexagonal shape and the indicated sizes can be confirmed. Furthermore we can see that the density
of wires on the substrate is very high and it should not be a problem to get a large enough array on a
substrate to produce the sensors. The crystalline and structural quality also needs to be confirmed and
subsequently X-ray diffraction (XRD) measurements were performed to analyse the crystal structure,

chemical composition and physical properties of the material. In an XRD experiment the incident beam
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Figure 3.1: SEM images obtained at two different amplification with a substrate tilt of 47°; The amplification on the
left hand side is 500x and the amplification on the right hand side is 2830 x

with constant wavelength and phase reaches the sample and can be scattered by two different atomic
planes within the crystal. Consequently, one scattered beam has to travel a longer path than the other
and a phase shift between both is induced. Whether this phase shift is constructive or destructive
depends on the distance between the planes and the scattering geometry. The deviation for which the
constructive interference is at its strongest is called the Bragg condition. The XRD experiment allows
thus the measurement of a scattered X-ray beam that hits the sample in function of the incident and

scattered angle and wavelength. The XRD curves were acquired in a Bruker D8 Discover diffractometer
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Figure 3.2: X-ray diffraction data for bulk GaN (blue line) and GaN microwires (orange line) with the standard 6-260
geometry; The left graph corresponds to the 002 reflection, the middle graph to the 004 reflection and
the right graph to the 006 reflection
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equipped with a Gébel mirror and a (220) germanium monochromator. The radiation K,; of copper
(A = 1.5405 A) is used with a vertical linear focus. Standard 26-6 scans aligned with the Bragg reflections
were done. A full spectrum was measured as shown in figure 3.2. Since the experiment was aligned
for GaN, we can clearly identify the peaks corresponding to the Bragg reflections of GaN to be the ones
with the highest intensity. The [002] reflection occurs at 26 ~ 34°, the [004] reflection at 260 ~ 73° and
the [006] reflection at 26 ~ 126°. Additionally, we can see some smaller intensity peaks, some of them
correspond to sapphire substrate. For sake of comparison, measurements were also done on a high
quality GaN layer. In figures 3.2 we compare the results. As is clear, the FWHM of the peaks are
approximately equal for both the layer sample and the microwire sample. The presented measurements
confirm that the GaN microwires grow with the typical wurtzite crystal structure. They furthermore reveal

the vertical alignment of the microwires on the substrate.

3.2 Fabrication

In order to successfully build radiation sensors with the grown GaN p-wires we can divide the fabrica-
tion process into four main phases: the definition of a grid on the Si substrate, the microwire dispersion,
the contact definition and deposition and, finally, the integration of the sensors onto a chip. To achieve
satisfactory results the following list of fabrication steps were followed. A schematic of the process can

be found in figure 3.3 and the runsheet of these processes is presented in annex A.

1. TiW deposition on Si- 150 A 7. 2" |ithography - contact path definition
2. 18t lithography - grid definition 8. Cr/Au deposition - 300/4000 A

3. Metal etching 9. Metal lift-off

4. Photoresist strip 10. Chip dicing

5. SiO, deposition - 2000 A 11. Wire-bonding

6

. Microwire dispersion

TiW deposition The idea of creating a grid before proceeding to the actual device fabrication arose
due to the difficulty of controlling the position of the deposited microwires, of which the process will be
explained later. Therefore, the main function of the grid is to provide a consistent method to locate the
wires in terms of coordinates, so it is possible to know exactly where to deposit the metal contacts. The
shape of the grid consists of an array of 110umx110um squares that, on its own, contain an array of 36
10pumx10um squares. To define the position of a single wire, a first set of coordinates is determined by
the larger squares, and a second set of coordinates is determined by the smaller squares. To build the
grid, a 150A TiW layer was deposited on top of a silicon substrate (fig.3.3(a)) using the Nordiko 7000.
This equipment is an ion beam milling system equipped with a radio-frequency (RF) excited ion source.
The system consists of a loadlock, which is pumped by a turbo pump that reached pressures of 5x106

Torr. A mechanical arm transfers the substrate to the dealer chamber, which is surounded by several
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Figure 3.3: Schematic of the fabrication process of the radiation sensors. The dimension are not scaled and the
figures are only an indication of the structure.
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Module Power | Voltage | Current | Ar/N, flux | Pressure | Dep. rate
3-DCPVD | 0.5kW | 418V 1.2A 50/10 sccm | 3 mTorr 5.5A/s

Table 3.1: N7000 deposition conditions for the TiW layer

modules. Both the dealer chamber and the modules are pumped by cryogenic pumps that can reach
pressures down to 5x 10~ Torr. The only module used for the metallization step was module 3, in which
the TiW is deposited by magnetron sputtering. This process relies on a plasma to deposit material. A
gas is injected into the chamber where it is ionized and accelerated towards a TiW target by RF power
sources. When the ions hit the target they remove atoms which are directed towards the substrate. The

deposition conditions can be found in table 3.1.

15tPhotolithography The desired grid pattern was drawn by optical lithography. This is a microfabri-
cation process that allows to transfer a desired pattern onto a substrate to selectively remove or deposit
material. The first step in this process consist of coating the sample with a layer of photoresist, a poly-
mer that changes its properties when exposed to light (fig.3.3(b)). Firstly, the substrate is exposed to a
vapour prime procedure to improve the adhesion of the photoresist. This is performed in a vapour prime
oven where the sample is heated at 130°C and sprayed with hexamethyldisilazane that turns the surface
hydrophobic. Afterwards, the coating of photoresist is performed on a Silicon Valley Group (SVG) track.
This track has 3 stages, first the photoresist is dispensed on the sample which is spinned at 800 rpm
for 5 seconds. Then, the spin frequency is increased to 2500 rpm for 30 seconds in order to obtain the
desired 1.5 um thickness. The coating is finalized with a soft baking process at 85°C for 60 seconds to
remove solvents and stress while promoting the adhesion.

With the photoresist in place, a previously designed mask on AutoCAD (see Fig.3.4) that consists
of the desired grid pattern is uploaded into a Heidelberg direct write laser (DWL) 2.0 machine. This
equipment has a 440 nm NeAr laser that exposes certain areas of the photoresist, according to the
created pattern (fig.3.3(c)). The laser can define structures up to 0.8 um and has an aligment precision
of 0.1 um, which is more than enough to define the 10x10 um? squares. The two main parameters to
tune the exposure are the laser’s focus and energy. The former controls the distance at which the laser
beam is focused relatively to the camera focus while the latter defines the percentage of the laser energy
used in the exposure. The used parameters can be found in table 3.2.

At last, when the exposure is finished, a second track on the SVG equipment allows the development
of the exposed areas. Firstly the sample is baked at 110°C for 60 seconds to cease any remaining
photoresist reactions. Then the sample is cooled again for 30 seconds and development is performed
during 60 seconds. As the used photoresist is positive, the areas affected by the light are removed while
the unaffected regions remain firmly in place (fig.3.3(d)). If after developing there is still some exposed

photoresist remaing the last step in this procedure can be repeated.
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Figure 3.4: AutoCAD drawing for the definition of the microscaled grid

Energy | Laser power | Focus
60 % 90 mW 35

Table 3.2: Photolithography parameters used in 1% lithography

Physical etching With the pattern in place, the sample was placed inside the Nordiko 3600 machine,
an ion miling system used, among other things, to perform physical etching (fig.3.3(e)). Just as in the
Nordiko 7000, the etching process is done by an ion beam, however, in this case, the beam incites
directly on the target removing material that is not covered by the photoresist. The equipment itself,
consists of a loadlock, pumped by a mechanical pump, and a larger operation room, pumped by a
cryogenic pump, that contains two ion sources, the deposition gun and the assist gun. As the goal is to
etch, only the assist gun is activated. The plasma is created by ionizing an argon gas by applying a RF
wave. Afterwards the ions are acellerated towards the sample by a set of grids. The etching parameters

for this step can de found in table 3.3.

After the etching is done, the remaining photoresist has to be removed. Therefore, the substrate was
immersed in a microstrip solution and placed, firstly inside a heatbath at 60°C for rougly 2 hours and,

afterwards, in an ultrasound bath also at an temperature of 60°C for another 2 hours.

RF power | Grid; voltage | Grid; current | Grid, voltage | Arflow | Etching time
192 W 7243V 104.3 mA 3448V 11.2 sccm 200 s

Table 3.3: N3600 etching parameters
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Figure 3.5: The grid viewed in an optical miscroscope with an 20x amplification. The dimensions of the sides of
each square as well as the spaces between each square are 10 ym

RF power | Pressure | Arflow | Deposition rate
190 W | 4.0 mTorr | 20 sccm 11.97 A/min

Table 3.4: Alcatel SCM 450 deposition parameters

SiO, deposition To finalize the grid, an isolation layer must be deposited to avoid any contact between
the metal and the GaN wires (fig.3.3(f)). A 2000 A layer of silicon oxide was deposited in the Alcatel
SCM 450 sputtering system. This machine is a commercial sputtering tool with one deposition chamber,
equipped with three 4 inch diameter magnetron target slots, three shutters and a substrate table. The
lack of a loadlock requires that, before each deposition process, the process chamber is pumped to the
working pressure of 10~7 Torr which takes approximately 12 hours. The main functions of the machine
is the deposition of SiO,, metalization and oxidation. The deposition parameters for this step can be

found in table 3.4 and an optical microscopy image of the final grid can be seen in figure 3.5.

Microwire dispersion Two methods have been tested to deposit the GaN microwires. The first, based
on a mechanical procedure, consists of sliding a piece of sapphire with microwires grown on top over
the substrate grid. The wires showed good adhesion to the SiO,, however, large irregularities in the
deposition existed. Some areas where completely covered with wires while others had none. The
second method consists of placing a piece of sapphire with microwires in a isopropyl alcohol (IPA)
solution and expose it to an ultrasound bath for 30 minutes. During this time, the microwires are removed
from the sapphire substrate and the result is a dispersion of IPA and microwires. A couple of droplets
are then extracted and deposited on the device substrate (fig.3.3(g)). Results showed again a good
adhesion, but also a much better homogeneity of wires along the substrate. We can conclude therefore

that the second method is better relative to the first and should be used in future work. Once the
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Figure 3.6: Resultant microwire deposition done mechanically (left photo) and by chemical dispersion (right photo)

microwires were dispersed on the substrate, the coordinates of those that had favourable positions were

found using the grid, according to the aforementioned methodology.

2 Jithography (fig.3.3(h)) Once the position of the microwires was established, a second mask
with the contacts paths was created using the AutoCAD software. For each device, a 60umx100um
rectangular pad and a central line, 30um wide, were designed to respectively, apply a bias on and
to act as ground. To connect the pad and central spine, 20um wide paths were drawn. Each path
contained a single GaN microwire somewhere in between. The steps followed while performing the 18t
photolithography were repeated, however in this case instead of using an etching method to remove the
excess of metal we want to use a lift-off process. Consequently a, pre-development step of 20 seconds
was included before exposing the photoresist to the laser. This is done to facilitate the removal of the

resist after the metalization step. The parameters for this lithography are given in table 3.5.

Metal contacts deposition The next phase of the fabrication process consisted in depositing the metal
contacts on the sample (fig.3.3(i)). The materials that were used were chromium and gold. The metals
were deposited using the Alcatel SCM 450 equipment, the thickness was defined to be 300 A and a
4000 A for Cr and Au, respectively. It is important that the gold layer is thick enough to completely cover

the wire in an optimal way. If this is not the case, during the lift-off, all wires would be removed from the

Energy | Laser power | Focus
80 % 85 mW 70

Table 3.5: Photolithography parameters used in 1% lithography
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Figure 3.7: AutoCAD drawing for the definition of the contact paths

substrate due to the ultrasonic vibrations. The defined deposition parameters for this step can be found
in table 3.6.

RF power | Pressure | Arflow | Deposition rate
20W 3.0 mTorr | 20 sccm 55.6 A/min

Table 3.6: Alcatel SCM 450 deposition parameters for Cr/Au contacts

Metal lift-off With the metal deposited, the final step of the contact definition consisted in a lift-off
process (fig.3.3(j)). The same procedure as for the photoresist strip, done previously, was followed. The
substrate was again immersed in a microstrip solution and placed in a heat bath at 60°C for 3 hours,
followed by an ultrasound bath at 60°C during 1 hour and 30 minutes. Before proceeding, an optical
inspection was done to see how many good devices were created. It was observed that from the 162
devices that were originally drawn on the CAD mask, more or less 25 showed good connection between
the microwire and the metal contacts. In the other devices the contact paths were misaligned or the
wires were removed from the substrate during the metal lift-off process. Examples of optical microscopy

images of the devices are shwon in figure 3.8.

Integration of sensors on a chip To finalize the fabrication process the samples had to be integrated
on a chip. This is not fundamentally needed to perform electrical characterization measurements, how-

ever it, is required to perform in-situ electrical measurements when exposing the sensors to proton
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Figure 3.8: Optical microscopy images of devices after the lift-off processes. In some cases the fabrication process
was successful (left image) while in others, the wire got removed by the ultrasound treatment (middle
image) or the contacts are slightly misaligned (right images).

irradiation. As the samples contained two separate dies with functioning devices, the substrate was
diced accordingly. This was done in the Disco DAD 321. To avoid any damage done to the sensors
during this process they were firstly covered with a 1.5 um layer of photoresist. Then, the substrate
was mounted on a metallic frame with self-adhesive tape and placed inside the equipment. The Disco
DAD 321 has a camera and microscope combination to align the sample, when this is done, the first
cut is chosen by the user and the following ones are done automatically, according to the die size. The
sample is rotated by 90° and the procedure is repeated. In the end, the protective layer of photoresist is
removed with acetone. To integrate the diced dies in a chip a wire bonding process was performed. After
being glued to the respective chip carriers, the metal pads as well as the ground line were connected to
different pins with 45um thick aluminum wire. This is done in the K&S 4526 Manual Bonding System,
that uses force and ultrasonic vibrations to bond the wire to a surface, a process also known as wedge
bonding. There are three parameters that need to be tuned to get proper wire bonds, power, time and
force. The power is responsible for the energy of the ultrasonic vibrations, with more power correspond-
ing to a higher frequency of vibrations. The setted time defines how long these vibrations continue and,
at last, the force defines the amount of force applied to the bond. A photo of the final device is shown in

figure 3.9.

3.3 Characterization methods

Electrical and optoelectrical characterization are fundamental to analyse the behaviour of the sen-
sors and their response to changes in the environment, more specifically, the lighting and radiation
conditions. To apply the bias and, simultaneously, measure the current going through the circuit a two-

probe configuration is used. The probes are made of Tungsten, the tips and the shanks are 1 ym
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Figure 3.9: The final device integrated on a chip after dicing and wire bonding.

and 0.5 mm thick, respectively. Minor adjustments in their positioning can be made with the aid of two
micropositioners. Through a triaxial cable, the probes are connected to Agilent B1511b source measur-
ing units (SMUs). The SMUs are incorporated in an Agilent B1500A Semiconductor Device Analyser.
This equipment allows, among others, current-voltage (I-V) measurements among a voltage range from
0.2uV to 200 V and a current range from 0.1 fA to 1 A, and transient IV measurements with a sample
rate of 200 MSa/s [72]. To control the relevant parameters and analyse the obtained results the Agilent
EasyEXPERT software is used. This setup allows us to perform |-V measurements, which have been a
popular characterization method for many years and are perhaps the easiest and most routine measure-
ments performed. Nonetheless, they can provide valuable information about the intrinsic properties of
the wires and about the quality of the contacts between the GaN and the metal [73]. To extract quantita-
tive information, the measured I = I(V') will be treated according to the thermionic field emission model.
Regarding the I-V experiments, we can perform static and transient |-V measurements. In the former, a
bias that sweeps a predefined range is applied and at the same time the output current is measured. In

the latter, the applied bias is fixed at a certain value and the output current is measured over time.

Photoconductivity For the photoconductivity measurements a 9 Watt Tungsten halogen lamp, a high
brightness deuterium lamp and a high-power UV LED were used. The former two are integrated in the
Hamamatsu L10290 and, together, cover a spectral range from 200 nm to 1600 nm. The latter has a
dominant wavelength of 365 nm and has a typical power output of 360 mW. The UV LED is powered
by a 180 Watt DC power supply. When performing these types of experiments, special care should be
taken when aligning and focusing the light with regard to the microwire that is being irradiated, since
small misalignments can induce deviations in the obtained results. To facilitate alignment and improve
stability, a mechanism has been built to be able to control the light source in the x,y and z directions with
a micropositioner.

The changes in the response of a semiconductor when irradiated with light typically consist in a
variation of the conductivity and the current under the influence of a light source is called photocurrent.

The basic processes that govern the magnitude of this current are the generation of free electrons
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and holes through the absorption of incident photons, the transport of those free carriers through the
material under influence of an electric field and the recombination of the photoexcited electrons and
holes. Since there are three processes involved in the production of the photocurrent, a large set of data
from different experiments is required to properly characterize the devices. Two types of experimental
techniques are generally used, steady-state photoconductivity (SSPC) and transient photoconductivity
(TPC). The former deals with stationary photocurrent levels while the latter studies the time evolution of
the photocurrent [73]. In this work, the photoconductive properties of the GaN wires were analysed with
two SSPC experimental techniques, photoconductivity spectroscopy and steady state I-V measurements

and one TPC experimental technique, consisting of transient I-V measurements.

The photoconductivity spectroscopy (PCS) consists in measuring the dependence of the photocon-
ductivity on the excitation energy. This experiment is very useful to analyse the bandgap structure
and possible defect states in the forbidden region of a semiconductor. Since we want to measure the
current dependence on the excitation wavelength, we want the largest possible spectral distribution,
therefore both the halogen and deuterium lamp were used simultaneously. The input light goes through
a monochromator, an optical device that transmits a narrow band of wavelengths chosen from a wider
range of wavelengths available at the input. The input light firstly goes through an entrance slit and is
aligned by a set of mirrors. Then it gets dispersed by a diffraction grating. This element has a surface
specifically designed to disperse different wavelengths of light at slightly different angles. A second set
of mirrors aligns the beam with another slit such that only a narrow band of wavelengths can go through,

while the others get blocked. In this way, the output light can be attributed to a single wavelength.

Regarding the experimental conditions, all measurements were done at room temperature. Relative
to experimental parameters, we can control the base time, wait time and the step in wavelength. The
base time is the time the light source is off between subsequent measurements and the wait time is
the time between the moment the light is turned on and the moment that the current measurement is
done. The best setup would be to have the smallest possible step with the shortest times associated.
However, it is important that two subsequent measurements are independent, i.e, that a measurement
in current at A, is not affected by the measurement at \,,. Therefore, a base time of the order of a
minute is necessary. On the other hand, the time it takes the photocurrent to reach a stable magnitude
is approximately 20 seconds, therefore when performing each measurement a wait time of at least 20
seconds is required and a measurement for a particular wavelength takes around 2 minutes. Conse-
quently, for practical reasons the defined step size is typically between 2 and 0.5 nm, depending on the

spectral range we want to measure.

To perform |-V measurements, the tungsten probes were positioned on the respective pads and the
light source was placed above the sensors, at a height at which the focus was optimal. For the static

IV measurements, the parameters that need to be set are the bias range and the current compliance.
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Figure 3.10: The initial current peak that appears when initializing an |-V measurement for the 210U (left), the 216U
(center) and the 229U (right) devices. It takes approximately two minutes for the current to stabilize.

As we do not want to disrupt the sensors, the maximum values used where [-10 V,10 V] for the former
and 2 mA for the latter. The number of points was fixed at 1001 for each IV curve, thus the bias
step size changes according to the defined range. To obtain a large amount of data regarding the
photoconductivity, measurements were done in dark environment and while illuminating the sensors with
the different light sources. Special care should be taken when performing subsequent measurements
as the devices take some time to recover their stable dark current. For example, if we want to measure
the |-V characteristic of a device in the dark and with the three light sources, it is useful to perform
the measurements from the least energetic and lowest power output source (IR), that yields the lowest
current, to the most energetic and highest power output source (UV), that yields the highest current.
Like this, the influence of the decay time of the photocurrent can be ignored. Finally, as can be seen
in the shown transient I-V graphs in figure 3.10, when a bias is applied on the sensors a sudden initial
increase or decrease in current occurs, followed by a more slowly decay or rise. As this instability is not
consistent, a time interval between the application of the bias and the actual current measurement is
needed to avoid unwanted errors.

Regarding the transient measurements, the only experimental parameter that needs to be set is the
applied bias. The experiment itself consists in turning the light on and off during the measurement,
to analyse the variation in current under different kinds of illumination. Two separate situations were
tested, the first consists in turning on the light and leaving it on for some time before shutting it down
so the photocurrent can reach stable values. After this time period we leave the experiment run for
approximately 30 minutes in order to measure the decay time of the current with precision. In the
second experiment, the light source is turned on and off several times. This allows the calculation of the
rise time of the current and provides information on the reproducibility of the current behaviour.

The obvious difference between the turn-on and turn-off situation in a transient measurement is
that the former reflects interplay between generation and recombination of carriers, while the latter only
involves recombination. If the recombination only follows a unique path, the decay will be a simple

exponential. Nonetheless, this is more often an exception rather than the rule as surface states and
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deep traps create more possibilities for an electron and a hole to recombine [73]. The measurements
will subsequently, in addition to the study of the photodectective capabilities of the sensors, allow more

thorough analysis of the materials properties.

3.4 Proton-irradiation

One of the most important spearheads of this investigation is to study the response of the sensors
when subjected to ionizing radiation. The experiments regarding this section were performed at the
nuclear microprobe facilities at CTN (Campus Tecnoldgico Nuclear). The beam is generated in a 2.5 MV
Van de Graaff accelerator and travels through a beam line that contain two stabilizing slits and a bending
magnet before reaching the microprobe line. Two sets of micrometer driven slits are used to define the
size of the object aperture and collimator. The object aperture has a steering magnet placed closely in
front of it to optimise the flux of particles that reach the collimator. This slit will define the divergence
of the beam into a high excitation magnetic quadropole triplet lens system, which will focus the beam.
Focus down to an area of 3 x 4 um? can be reached [74].

To perform the actual experiment, the samples to be irradiated were attached to a sample holder,
which is placed in the microprobe chamber. A turbo pump then is turned on to create a vacuum inside the
chamber, pressures down to 10~® — 10~ mbar are established. Once satisfactory pressure conditions
are reached the beam alignment starts. As the samples did not show any visible luminescence the
alignment was performed with the aid of PIXE maps. PIXE stands for proton-induced X-ray emission
and is a technique used in the determination of the elemental make-up of a material or sample. It
is a non-destructive technique based on the emission of X-rays resulting from the transition of outer
shell electrons to inner shell vacancies, which appear when inner shell ionization of atoms occur due to
irradiation. As each element emits X-rays of a characteristic energy, an elemental map can be drawn
of the sample or device under analysis. Examples of PIXE maps obtained for the irradiation of the
devices are shown in figure 3.11. The alignment of the beam can be done by simply selecting the area
of interest on such a map. If, for example, we want to irradiate the wire, we select an area defined by the
green rectangle and the beam gets focussed on that specific area. With all the experimental conditions
properly set, the beam was directed towards the sample. The incidence area and current of the beam
were set according to the type of measurements that were done. Typically, the beam current was set
between 1 nA and 300 pA while the irradiated area ranged from 25 x 25 um? to 15 x 15 ym?. This
corresponds to a fluence of ~ 1 x 105 protons/cm?s.

The main goals of the measurements are to analyse, as mentioned, how the wires react to the high
energy radiation in terms of current but as well to see how the wires are affected in terms of defect

creation. To get predictions on the irradiation depth, i.e., how far the protons travel when entering the
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Figure 3.11: PIXE elemental maps for Au (left and center) and Ga (right). The alignment of the beam can be done
by locating the microwires and selecting the area, represented by the green rectangle, that we want to
irradiate.

GaN wires, and what kind of alterations they cause, a stopping and range of ions in matter (SRIM) Monte
Carlo simulation was performed [75]. The simulation was done for 2 MeV H* protons and a planar target
of GaN with a thickness of 50 um. Although this does not reflect the 3D geometry of the wires it will give
important estimations of ion range and ion-matter interactions in GaN. The obtained results are depicted
in figure 3.12.

The depth profile and the ion distribution results indicate that, for an energy of 2 MeV, the protons
easily go through the microwires. Most of the protons stop at approximately 25 um into the target, which
is much larger than the diameter of the wires and we can safely assume that no hydrogen implantation
occurs. Furthermore, the ionization calculations indicate that for the first two 2 ym it can be considered
constant. This allows us to conclude that, when we irradiate our wires with protons, the ionization profile
will be constant across the entire microwire. Finally, the plot relative to the collision events, shows that
there will be some damage creation, but since the protons cross the wires, the number of created defects

will not be large.

Rapid Thermal Annealing As demonstrated, the ionizing radiation will induce defects in the material
that affect the overall behaviour of the devices. A rapid thermal annealing (RTA) process can be applied
to recover some of the created defects. The RTA machine available at CTN is a ANNEALSYS AS-One
100 rapid thermal annealing processor. Simply put, the system can be divided into two parts: the reactor
and associated circuits, that includes among others the process chamber, furnace and cooling circuit,
and the control rack which contains several control circuits. The heating is done by halogen lamps,
installed above the process chamber. It heats the substrate through a quartz window mainly via infrared
radiation. A thermocouple and an optical pyrometer measure and control the temperature inside the

process chamber. The system is prepared to reach maximum temperatures of 1500°C for a period
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Figure 3.12: The obtained results for a SRIM simulation with 2 MeV H* protons hitting a planar GaN target of
thickness equal to 50 um. The top left graph shows the path for a number of protons that enter the
GaN. The top right graph plots the concentration of hydrogen atoms versus the target depth. The
bottom left graph shows the energy loss due to ionization versus the target depth. The bottom right
graph shows how many displacements occur versus target depth.

of 30 seconds, it can hold lower temperatures for a longer time interval though. In the case of GaN
however, it is not advisable to anneal at temperatures superior to 1000°C as the material will start to
decompose. For the annealing of the irradiated wires, a recipe consisting of the following steps was
elaborated. First, the process chamber gets pumped down to a pressure of 5 x 10~° mbar to afterwards
be filled with nitrogen. Then, the temperature gets increased at 100% power until it reaches 300°C,
when this temperature is reached, the ramping increase starts with a rate of 30°C/s until the chosen
maximum temperature is reached. This temperature is maintained for a chosen time interval and, finally,

the power is shut off and the process chamber cools down to room temperature.
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4.1 Electrical characterization

The first step in the experimental procedure consisted in verifying if and how the sensors responded
when applying a bias. Therefore, simple I-V curves in a dark environment were taken using the Agilent
analyser. The obtained results showed that not all fabricated devices yielded the same response curve.
Simply put, we can divide the results into four types of curves: almost linear (fig.4.1(a)), almost sym-
metric(fig.4.1(b)), asymmetric(fig.4.1(c)) and rectifying(fig.4.1(d)). The most commonly obtained curves
were almost symmetric or asymmetric. From the 23 working devices, 18 yielded one of these types of
responses, 3 yielded linear responses and 2 yielded rectifying curves. This makes sense considering the
inhomogeneous doping concentration along the microwire axis. Since the depletion region at a metal-
semiconductor interface is proportional to the inverse square root of N, (see eq.2.3), it will be smaller at
the extremity of the wire that is heavily doped comparatively to the extremity of the wire that has a lower
doping concentration. Thus, when the former Schottky contact is in reverse bias, the electron tunnelling
probability will be higher than when the latter Schottky contact is in reverse bias, which yields an asym-
metric |-V curve. Furthermore, the fact that we obtained different |-V characteristics for devices that were
fabricated in exactly the same way, can be explained taking into account that, in general, the conduc-
tivity of an MSM circuit depends on various parameters which can not always be controlled during the
growth and fabrication process. Some parameters that can vary are intrinsic to the wires, like the wire
resistivity, geometry, doping concentration and carrier mobility. On the other hand, during the fabrication
of the contacts, unavoidable processes occur when the metal-semiconductor interface is formed, like
gas molecules absorbed at the wire surface and defects that produce disorder and localized charges.
Additionally, due to the small size of the wires and the applied fabrication method, it is not possible to
decently control the contact area. Consequently some junctions may have larger metal-semiconductor
interfaces than others. If we add this all up together, devices that were build in the same batch can
present different responses when applying a bias.

Just by looking at the overall response of the devices there are two statements we can make. Firstly,
the devices present high dark conductivity and, secondly, the presence of a potential Schottky barrier
at the big majority of the contacts prevents linear |-V curves. Regarding the former statement, most
devices reach currents of 2 mA for a bias well below 5 Volts. This can be attributed to the partial high
donor concentration in the microwires as a result of the growth process. As mentioned, the bottom
section of the MOCVD grown wires have an N, in the 10'° - 102° cm~3 range and the upper section
in the 1017 - 108 cm~3 range. The Fermi energy of GaN for such donor concentrations should lie very
close or even above the conduction band [70]. Microwires grown by an identical process, but with
an homogeneous doping concentration (N; = 102° cm~—3) along the wire axis were also studied by
Tchoulfian et al. [76] and they also reported a very high conductivity. Their devices showed linear |-V

curves however, whereas ours do not, as can be seen from the |-V characteristics. The metals that
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Figure 4.1: Experimental I-V characteristics obtained when applying a bias from -5V to 5V with a current compliance
of 500 pA. The blue circles correspond to the experimental data and the red lines correspond to the fit
results.

were used for the contact deposition were Titanium and Aluminium of which the metal work functions
are lower comparatively to Chromium and Gold. Nonetheless, this should not have a major influence
as the barrier height between the metal and semiconductor is more likely to be defined by the surface
states potential [41,42]. In fact, a report on Cr/Au metal contacts on GaN showed that they can achieve
very low contact resistance at a doping concentration of 10'® cm™ [77]. Furthermore, the existence of
an insulating layer involving the microwire is likely to influence the electric behaviour. In future work, an
etching step can be included in the fabrication process before depositing the metal contacts, to remove
this insulating layer. To try to obtain more reproducible |-V characteristics, RTA was performed at a
temperature of 400° for 60 seconds. As a result most I-V curves that were almost symmetric became

asymmetric as well.

As we have non linear contacts, we can assume a back-to-back Schottky configuration and since

doping is significant, we suspect that the electron transport is done through a mix of field emission and
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thermionic field emission. With this knowledge, we decided to treat the obtained data with a program
developed by Liu et al. [78]. This program was specially developed to perform fits on |-V curves obtained
from MSM nanostructure devices. From these fits, the Schottky barrier heights, the wire resistance,
the carrier density and other defining parameters can be extracted. The model is based on the MSM
structure as depicted in figure 2.5 and uses the current density equation of thermionic field emission to
describe the current going through the reverse biased barrier, while applying the thermionic emission
equation to describe the current that goes through the forward barrier. The strong point of the model is
that its analysis of the current densities are based on the voltage drop in each segment. If we apply a

voltage V' on one contact and ground the other, we can write the following equation

Where V; and V; represent the voltage drops on each contact V,,,,, the voltage drop in the MW. Assuming

the Schottky barrier 2 is in forward bias and the Schottky barrier 1 in reverse bias, we can write
I = AvJrre(Vi) + Vi/Rsn, (4.2)

Iy = Ay Jrg(Va) + Vo /Rgp, (4.3)

Where Jrg and Jrpg are respectively given by eq.2.5 and eq.2.6, A, » are the respective contact areas
and R, , the shunt resistances associated with the Schottky barriers. We can also write the current
that goes through the microwire as I,,.,, = Vi /Rmw- As Kirchoff’s current law states that the algebraic
sum of currents in a network of conductors meeting at a point is zero, we have I, = I, = Iy . If we put

this in a system we obtain

{AleFE(V1)+‘/1/RSh1 :(V_‘/l_‘/Q)/me (44)

A2JTE(‘/2) + ‘/Q/RS}'LQ = (V - Vl - %)/me
To extract the voltage distributions over Vi, V, and V,,.,,, the model solves this equation numerically

applying Newton’s method. A full description of the model can be found in the following references
[78,79].

The curves of figure 4.1 were fitted and the obtained results are shown in table 4.1. The model
has proven to work for a different set of nanostructures and it properly fits our data. The obtained
results for the barrier heights in the case of samples 105U, 216U and 326D are in agreement with the
almost symmetric, asymmetric and rectifying curves that were obtained for each sample, respectively.
Regarding the doping concentration, the model considers a constant and average value for the whole
wire and the returned results are in line with the concentration of the moderately doped section. As

mentioned, the model calculates the parameters by considering the voltage drops in each segment. If
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Parameters 129D 105U 216U 326D
o1 (eV) 0.11 £0.05 0.2199 £+ 0.0003 | 0.210 £0.001 | 0.436 £ 0.002
o9 (eV) 0.189 £+ 0.005 | 0.2469 + 0.0003 | 0.267 £0.03 | 0.794 + 0.007
Eo (meV) 26.3+0.1 26.123 £0.001 | 26.234+0.02 | 28.52+0.05
Ego (MeV) 5.7+0.7 4.51 +£0.01 5.4+0.2 14.5+0.1
R (kQ) 8.5+0.2 0.909 £ 0.001 0.94 £+ 0.06 3.43 +0.01
Ng (x107"ecm=3) [ 1.7+04 1.050 + 0.006 1.50 +0.09 10.9+0.2
o (x10* S/m) 0.313+£0.07 | 2.78 £0.04 2.9+0.2 0.741 £ 0.03
u (x10* cm?/(V.s)) | 0.124+0.03 1.66 + 0.02 1.124+0.09 0.426 £+ 0.08

Table 4.1: Fit parameters obtained from the data curves shown in fig.4.1

we plot the voltage drops calculated by the program against the applied bias, presented in figure 4.2 for
sample 216U, we clearly see that for negative bias, i.e. when the higher barrier contact is in reverse, the
voltage drop at the Schottky barrier dominates. On the other hand, for positive bias, i.e. when the lower
barrier contact is in reverse, the voltage drop due to the microwire resistance dominates for V' > 2 volt.
However, despite the good qualitative agreement between the data and fit, the largely differing values
for the parameters describing the wires suggests that the model may not properly distinguish between
the different sections of the device. Although the differences may also be due to distinct properties of
single wires, ambiguities of the fiting model were revealed when comparing |-V measurements done
under different radiation conditions. Since the gain in current when the device is excited by photons
or protons is relatively small, as will be shown in the next section, the model cannot distinguish if the
variation is a result of a change in the resistance of the wire or the lowering of the Schottky barriers.
To overcome this ambiguity, we decided to use the model solely to analyse the resistance of the wire
which can be done by focusing on the linear segment of the I-V curve at high voltages. In this range
the voltage drop at the microwire dominates, as can be seen in figure 4.2, making the effect of the

Schottky junctions on the |-V characteristics relatively small. This might still give us incorrect values

=

— Vmw
—WV1
V2

N

o

V1,V2,Vmw (volt)

1
IN

-6

5 ‘ ;
° Bias (V) Bias (V)
Figure 4.2: Voltage drops at the lower Schottky barrier (V;), the higher Schottky barrier (V2) and the microwire
(Vmw) as calculated by the program (right graph) for the fit corresponding to sample 216U (left graph).
As can be seen, for positive and high bias, the voltage drop in the microwire dominates and is approxi-
mately linear, which tells us that it is mostly dependent on R,
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for the resistance in the microwire, but provides a consistent method to compare the information of the
I-V characteristics obtained under different lighting or irradiation conditions. Note that in the forthcoming
results, the measurements were done in such a way that the linear region, and thus the high conductivity

regime, correspond at all times to the positive bias.

4.2 Photoconductivity

4.2.1 Spectroscopy (PCS)

As mentioned earlier, the principal objective of photoconductivity measurements is to evaluate the
potential of the devices to detect light of different wavelengths and probe the different electronic tran-
sitions that contribute to the photocurrent. Several spectra were measured and Figure 4.3 shows an

obtained spectrum using the experimental parameters presented in table 4.2.
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Figure 4.3: The photoconductivity spectrum obtained with a 4V bias for the 111U device. The red dotted line
represents the fit of the linear region in the absorption and the black dotted line represents the reported
bandgap of 3.4 eV The spectrum has not been corrected.

Initial A | Final A Step Base time | Wait time
600 nm | 320nm | 1.5nm 120 s 120 s

Table 4.2: Experimental parameters used for the PCS measurement shown in fig.4.3

If we take a look at the general shape of the PCS and analyse it qualitatively, we can see that it
follows the expected behaviour. The photocurrent is low for excitation below the bandgap and absorption
increases for wavelengths close to the bandgap. The physical explanation for these occurrences are
straight forward, since the bandgap of GaN is wide, incident radiation with energy well below E,; will not
generate any excess carriers as the electrons do not receive sufficient energy to make the transition from
the valence to the conduction band. When the energy of the radiation increases to values closer to E,,

the higher energy states in the conduction band become available and electrons start to occupy them,
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Figure 4.4: The photoconductivity spectrum obtained with a 2V bias for the 105U device. The magent and blue
line represent a PC measurement under the same conditions, we can see that there is good coherence
between both. The red and green line represent the corresponding Tauc plots and the vertical line
marks the GaN bandgap of 3.4 eV. The spectrum has not been corrected.

creating an excess of electrons and, consequently, the current increases. Although these observations
are obvious, they give strong evidence that, generally speaking, the devices work as expected regarding
their absorption capacities. If we make a more quantitative evaluation, additional relevant information
can be extracted. First of all, a slowly increasing sub bandgap tail is visible for wavelengths up to
approximately 470 nm. At around 400 nm the current starts to increase more significantly, indicating
that at this point the material becomes more sensitive to the incident photons. The maximum current is
reached at a wavelength of 357 nm, which corresponds to an energy of 3.47 eV. If we perform a linear
regression to the linear range of the spectrum, according to the Tauc method [80], we can estimate the
initial wavelength at which the biggest portion of absorption occurs. The results yielded A = 395 + 13nm
which corresponds to an energy £ = 3.1 + 0.1 eV, which is lower than the typical value of the GaN
bandgap. If we subtract the wavelength at which the current saturates from this value, we can estimate
the width of the absorption band to be of the order of hundred meV. We note that the obtained spectra

were not corrected for the intensity of the exciting light.

In order to obtain a more detailed result in the defining region, i.e., the range at which the main
absorption occurs, two spectra with the 105U device were measured between 420 and 320 nm. Except
for the range and wavelength step, the experimental conditions were kept constant. The curves are
shown in figure 4.4. In this case a first small increase in the photocurrent, corresponding to the bandgap
tail, occurs at a wavelength of 420 nm (2.92 eV). From the Tauc plots the values A = 388 + 8 nm
(3.20 +0.07) and A = 393 + 9 nm (3.16 + 0.07) were extracted regarding the blue and magenta curve
respectively, as the wavelengths at which the band-to-band absorption begins. The wavelength at which
the absorption saturates is approximately 352 nm (3.52 eV). This yields a bandwidth of AE = 0.33 +
0.07 eV, and AE = 0.37 + 0.07 eV, respectively. Note that the conversion from wavelength to energy
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Figure 4.5: The normalized photoconductivity (blue) spectrum and photoluminescence excitation spectrum (green)

was done by applying E(eV) = 1240/A(nm).

The measurements for the 105U sample were done consecutively, so the alignment of the beam
was equal. The results obtained for the different devices indicate that, apart from minor shifts in the
spectrum, there exists a good reproducibility and coherence between the data.

The obtained results are compared with a photoluminescence excitation (PLE) of an assemble of the
same microwires before detaching them from the substrate, as can be seen in figure 4.5. The biggest
difference between both curves is the width of the absorption region. In the case of the PLE spectrum
the most significant absorption occurs between A = 372+9 (3.33+0.08), obtained by the Tauc fit and 361
nm, which correponds to the wavelength the absorption reaches its maximum value. This corresponds
to AE = 0.10 & 0.08 eV. The large relative error indicates that this value is merely an estimation but,
nevertheless the bandwidth corresponds to only little more than a third of the A E obtained for the PCS
measurements. A plausible reason for the deviations between PCS and PLE is that PLE was done on as-
grown samples while the PCS measurements were done on wires that suffered a lot of processing steps.
This likely created additional defects at the surface. On the other hand we are also dealing with different
experiments. Whereas the photoconductivity is a direct result of the generation of electron-hole pairs due
to absorption of an excitation beam at a given wavelength, PLE measures light emission at a singular
wavelength, when the sample is excited by a spectrum of wavelengths and is thus dependent on the
population mechanisms of optically active levels. In this sense, PCS measurements are sensitive to both
radiative and non-radiative transitions whereas luminescence is only sensitive to radiative transitions
[81]. In this case, the emission of the PLE was measured at a wavelength of 581 nm. This wavelength
corresponds to the yellow band emission of GaN, which is correlated to a deep level located 2.3 eV
below the conduction band [82]. We can see that in the case of PLE, the spectrum shows a well defined
absorption edge, which indicates that there is a preferential excitation mechanism. On the other hand,
the edge is not so well defined in the PCS spectra which tells us that there might be several excitation

mechanisms. Nonetheless, the spectra also show similarities, like the absorption for energies below the

51



E, which can be identified by the sub bandgap tail. The existence may reflect the typical Urbach edge
which can be caused by perturbations due to defects [83]. When these defect levels contain trapped
holes or electrons and are excited by photons, excess carriers can be generated. Since the levels are
localized somewhere in between the valence and conduction band, the energy of excitation is lower
than E, [54]. The presence of defect states in GaN has been thoroughly studied, however, there are still
discussions about which might contribute to the PC generation. Nonetheless, PCS measurements on
GaN have indicated a strong influence of a deep acceptor level, located approximately 140 meV above
the valence band, and a deep donor level located at about 1 eV below the conduction band. These
deep levels can be correlated to gallium vacancies and interstitials respectively [55]. The importance of
the defect states in the generation and recombination processes will be more extensively treated when
analysing the PPC, since they are also closely correlated with this phenomenon.

Furthermore, if we take into account the high doping concentration we can predict the existence of
the Burstein-Moss effect (BME) [84, 85] and bandgap renormalization (BGR) [86]. The BME effect is
commonly observed in degenerate semiconductors and causes a blue-shift in the optical absorption
edge and was readily observed during a low temperature cathodoluminescence study after the fabrica-
tion of the wires used in this work [70]. The BGR on the contrary causes a red-shift by lowering the
energy difference between the bottom of the conduction band and the top of the valence band. The
interplay between both mentioned effects has been reported previously for heavy doped GaN films [87]
and nanowires [88] and their existence complicate the interpretation of our results. However, as we
solely wanted to confirm the absorption of GaN in the UV range and the blindness to visible light no

further measurements were done to quantify these effects.

4.2.2 |-V characterization

As follow up to the photoconductivity spectroscopy, an extensive analysis of the I-V characteristics of
three selected devices, 210U, 216U and 229U, was performed. Measurements without lighting (dark),
with visible light from the tungsten lamp and with both the deuterium and LED UV sources were done be-
tween -10 and 5 volts, using a current compliance of 2 mA. The obtained results are shown in figure 4.6.
A response, although small, translated in an increase of the current can be observed, even for the tung-
sten lamp. This is not surprising though as the spectrum for a typical tungsten includes a small emission
in the UV range. From the used light sources, the high-power LED yielded the largest photocurrent.
This was expected as it is the highest intensity source in the UV range of the light spectrum. To get a
better idea about how the dark current and the photocurrent obtained with the high-power LED compare
for each device, their ratios, as calculated by equation 4.5, are plotted in the right column of figure 4.6.
Using the aforementioned model, the resistance corresponding to each |-V curve was extracted and the

obtained results are given in table 4.6.
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Figure 4.6: IV characteristics for three devices, 210U (top), 216U (middle) and 229U (bottom), under dark (black

curve) conditions, when irradiated with visible light (red curve) and when irradiated with two different UV
sources, the Deuterium lamp(magenta curve) the high-power and UV led (purple curve) on the left hand
side; On the right hand side the respective gain factor between the dark current and the photocurrent
obtained with the high power LED is plotted.
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A = Tuv — Ldarn ] (4.5)
]dark

As can be seen from the ratio plots, the gain factor lies in the 5% - 20% range at positive bias. At
negative bias, the situation is different. In fact, above -2 volts, the dark current even exceeds the UV
current for the 216U device due to instabilities in the current. At higher negative voltages the gain is
approximately zero for 210U and 216U. For the 229U device there is some gain, but its magnitude is
lower than at positive bias. At lower negative voltages however, peaks in the gain plot are visible. The
insets in figure 4.6 show the corresponding |-V characteristics in this range in more detail. Although the
difference in current seems negligible, the currents are also relatively low and the ratio reaches values
up to 40% in the 210U device, 18% in the 216U device and 15% for the 229U sample. Additionally, we
can see that for the 210U and 216U samples the gain factor is approximately constant for positive bias
whereas for the 229U sample, after reaching its maximum value at around 1 volt, it decreases in a linear
fashion. Regarding the peak at zero bias, it should be ignored as it is a consequence the current having

values close to zero.

The fact that our devices present a relatively low gain factor is not surprising since low photocurrent
gain for heavily doped GaN nanowires was already observed previously. [15,89,90]. A possible expla-
nation for this is that heavy doping limits the depletion width in dark environment to already very small
values. Consequently, irradiation with UV light will not drastically improve the electron transport through
the wire as it does, for example, in fully depleted wires [15]. The origin of the photocurrent can therefore
be attributed mostly to the generation of excess electrons by UV excitation, which only represents a
small fraction of the electron concentration in the dark [90]. In fact, if we evaluate the resistance ratio
of the microwires, calculated in the same way as the current ratio, between the dark resistance and UV
resistance, we obtain 210V A L = 6.1 + 0.3 %, 21UAR = 21.5 + 0.9 % and ??°UAr = 10.0 + 0.5 %. The
ratios are thus comparable with A; at V ~ 4V, this is an indication that the variation of the resistance
describes the experimental data reasonably well. However, as said before, from this analysis we can-
not, with certainty, conclude that the decrease of the microwire resistance dominates with respect to the

variation of the other parameters.

Device R(©)

Dark Visible light | UV light (lamp) | UV light (LED)
210U 1261 + 3 1249+ 3 1234+ 3 1189 + 2
216U 2280 £+ 12 2165 +4 2064 £ 5 1876 + 5
229U 1689 + 6 1639 + 6 1615+ 4 1535+ 4

Table 4.3: The resistance extracted from the |-V curves under different lighting conditions for three devices: 210U,
216U and 229U.
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4.2.3 Transient I-V characterization

Transient photoconductivity measurements were performed to analyse the rise and decay time of the
devices, as well as the gain factor at a constant bias. Two types of experiments were done, with the
high power UV LED as light source. Firstly the light source was turned on and off only once to study
the decay time after excitation and secondly, the source was turned on and off several times during

one run to analyse the response time. To extract the decay time, the curves were fitted to the following

¢ B
I = (Iuv - Ida'r‘k) exp [ — (Td>

where the decay time is given by 7; and g represents the exponential stretching parameter. The rise

I = (Liark — L) exp [— (t)ﬁ

Tr

equation [91]
+ Ida'r‘ks (46)

time can be evaluated by

+ Lyp- (4.7)

Transient characteristics were measured for three different devices and at different bias. In figure 4.7
the data corresponding to the 229U device and respective fits are depicted. In table 4.4 the obtained

results for the full set of measurements can be found.

Regarding the results obtained at positive bias, the decay times are of the order of a few seconds
whereas the rise time is smaller, typically in the 10~2 — 10~2 seconds range. The exponential stretching
parameter yields an average value of 0.19 + 0.2 for the 210U sample, 0.18 + 0.2 for the 216U sample
and 0.19 £+ 0.1 for the 229U sample. The obtained values for the stretching parameter using the equation
that corresponds to the rise time yield 0.38 + 0.4 for device 216U and 0.25 + 0.3 for device 229U. The
ratio between the dark and UV current tends to be larger for low bias, i.e., between 1 and 2 volts, while
it shows a small decrease for higher biases, which is consistent with the obtained results from the I-V

measurements. The deviations observed in the ratios extracted from the rise time measurements are

1.35

1.25

0 500 1000 1500 2000 2500 0 500 1000 1500
Time (s) Time (s)

Figure 4.7: Transient IV curves measured with device 229U: the light was turned on and off only once on the left
graph to calculate the decay time and turned on and off several times on the right to calculate the rise
times. The blue line corresponds to the experimental data and the red line is the fit for the decay time
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Decay time

Device [ Voltage | ldark (HA) luw (WA) ] D (8) B [ A1 (%)
1V 227.213 £ 0.003 245.7 £ 0.1 0.59 & 0.02 0.222 £ 0.001 7.52 £ 0.04
210U 2V 809.86 £ 0.02 872.1£0.1 0.317 £0.005 | 0.1531 £ 0.0004 | 7.14+0.01
3V 1497.23 £0.01 1601.8 £0.3 0.61 £0.01 0.1828 £0.0004 | 6.53 £0.02
1V 161.895 £ 0.007 204.2 £ 0.1 1.61 £0.02 0.2338 £0.0007 | 20.72 £ 0.04
216U 2V 491.1£0.1 644.7 £0.3 2.62 £0.04 0.1398 £0.0005 | 23.83 £0.04
3V 872.6 £0.1 T121.1£0.5 0.88 £0.01 0.1510 £0.0004 | 22.17 £0.04
4V 1278.63 £0.01 1630.7 £ 0.6 1.047£0.008 | 0.2113 £0.0003 | 21.59 £ 0.03
1V 209.57 £ 0.06 241.16 £0.07 5.24 4+ 0.06 0.1859 £ 0.0005 | 13.10 % 0.04
229U 2V 665.03 £ 0.05 7709 £0.2 7.38 £0.06 0.1689 £0.0004 | 13.73 £0.02
3V 1199.9 £ 0.1 1368.8 £0.2 3.97 £ 0.02 0.2117 £0.0002 | 12.34£0.01

Rise time

Device | Voltage | laark (1A) luw (#A) [ D (S) B [ Ar(%)
895.3 £ 0.4 1121.92 £+ 0.02 0.02 £+ 0.01 0.49 £+ 0.08 20.20 £ 0.04
216U 3V 895.7 £ 0.4 1121.54£0.02 | 0.005 £ 0.002 0.35£0.03 20.14 £0.04
896.8 £ 0.3 1121.31 £0.02 | 0.004 £0.001 0.33£0.03 20.02 £0.03
896.9 £ 0.4 1121.05 £0.02 | 0.005 £ 0.002 0.35 £ 0.04 25.94 £0.03
1190.0 £ 0.4 1360.02 £ 0.02 | 0.010 £ 0.001 0.32 £ 0.01 12.50 £ 0.03
299U 3V 1204.4 £0.2 1361.74 £ 0.01 | 0.0062 £0.0002 | 0.220 & 0.002 11.55 £0.01
1205.8 £0.2 1361.86 £ 0.01 | 0.0148 £0.0004 | 0.247 £ 0.002 11.46 £ 0.01
1206.6 £ 0.2 1362.27 £0.01 | 0.0056 £ 0.0002 | 0.208 £ 0.001 11.43£0.01

Table 4.4: Results of the fit parameters of the decay and rise time

related with the fact that we did not wait long enough for the current to return to its dark value before
turning the light source on again. Finally, the dynamic response of the devices is stable and reproducible
when running several on/off cycles.

We can thus conclude that the response time of the devices to an excitation source is relatively fast
while the decay times are quite large. This observation is not surprising as the effects of PPC have been
widely reported in GaN thin film and nanowire devices. The reported results on decay times are however
very dispersed. Very fast decay times, below 26 ms, for a-axial nanowires have been reported by Wang
et al. [19] and Lee et al. demonstrated fast recovery time for c-axial nanowires [17]. On the other hand,
decay times of ~ 140 [16,92] and even 13000 seconds [21] were obtained for wires with larger diameters.
This can be explained by the fact that in GaN nanowires the PPC is strongly dependent on the diameter

of the wire. Wires with diameters below a critical diameter, which is given by the following equation [16],

16e45600

N, (4.8)

dcm’t =

where ¢ is the surface barrier height, are fully depleted. The subsequent Fermi level pinning is weaker
and recombination is faster. However, this is certainly not the case in our wires as their diameter is
significantly larger than the critical diameter below which a wire is fully depleted. Especially because it
is proportional to Nd’l/Q. Since Ny is also large in our wires, the critical diameter yields a value of 7 nm
if we use Ny = 10%° cm™ and the reported value of ¢ = 0.55 for MBE grown GaN [93]. Theoretically we
should therefore expect long decay times. Nevertheless, they are smaller when comparing them to the

mentioned values. This possibly suggests that the surface plays a minor role. Therefore, since the scale
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of our wires lies in the micrometer range, it also makes sense to compare our results with results based
on thin film detectors. Winnerl et al. obtained PC decay times of 830 seconds for an MOCVD grown
sample with a carrier concentration of 1.4 x 1017 cm® and of 130 seconds for an MBE grown sample with
a carrier concentration of 1.6 x 10 cm™ [53]. Time constants of the same order were obtained in other
studies on GaN photodetectors based on thin films [56, 94, 95, 96]. Comparatively, our devices show
thus much faster recombination. This might be due to the superior crystalline quality of microwires when
compared to thin films. On the other hand, a relationship between the high doping concentration and
faster decay times may exist as we can see when comparing the times obtained for the MOCVD and MBE
sample by Winnerl et al.. Additionally, Ursaki et al. investigated the recovery time for GaN with different
parameters and one of the lowest 7, was obtained for the sample with highest carrier concentration
[96] although an opposite results has been obtained by Chen et al [97]. Regarding the exponential
stretching parameter 3, our results are in agreement with some of the previous reported results [94, 96,
98,99]. On the other hand, other studies have indicated larger values of, between 0.3 and 0.4 for bulk
GaN [91] and for nanowires 5 = 0.46 and 8 = 0.79 [21] have been found corresponding to wires with
diameters of 65 and 20 nm, respectively. It is important not to forget however, that although the stretched
exponential is a convenient tool for analysis, it is also a very difficult tool to use for the determination of
microscopic models as it is general enough to manifest several possible mechanisms. Consequently,
the parameters 7 and (3, in the absence of other supporting evidence, cannot be associated with specific
material parameters [99].

Regarding the origin of PPC, it has been extensively studied in 11I-V compounds and several models
have been proposed to explain its existence. However, unfortunately, the nature of several defects and
their influence on conductivity are still not well understood. Consequently, there has not been a specific
defect associated with the PPC in GaN. In many cases, the PPC is related to the presence of defect
states which are bistable between a shallow and a deep energy state [100]. The DX center is an example
of such a defect which is originated when shallow donors undergo a lattice relaxation and convert into
deep donors [101]. However, radiation with high enough energy can convert the deep donors back
into the metastable shallow donor state. The difference in the lattice relaxation between both states
creates a potential barrier that slows down the recapture of electrons, giving rise to PPC [102]. Random
potential fluctuations due to non stoichiometry [99], defects at heterointerfaces [103] and unintentional

incorporation of a cubic crystal phase in hexagonal GaN [104] are also attributed as possible causes.

4.3 Proton-irradiation

The following step in the study of the sensors consists in exposing them to proton irradiation to test

their applicability as particle detectors. Therefore, the sensors were placed in the previously described
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experimental setup for irradiation and the Agilent analyser was used to perform in-situ electrical mea-
surements. After the beam was aligned, the first experiments consisted in measuring the change in
current due to the ionizing irradiation. The exposed area and beam current were firstly set to 25x25
pum? and 1 nA respectively which corresponds to a total fluence of 1 x 10'® protons/cm?s. The result
obtained with device 216U is depicted in figure 4.8. In the |-V curve, sudden current peaks are visible.
This is due to the fact that the beam was scanning over the area instead of irradiating everything at
the same time. The current peaks appear when the protons go through the wires and disappear when
no protons cause excitations. The fact that the current returns to its stable value rather quickly (the
sample rate is 5 ms per step) is interesting and possibly indicates different recombination mechanisms
than those present after excitation with a UV source. This will be further addressed when performing
transient |-V measurements. To obtain a full I-V curve under exposure to protons, the beam area was
set to 20x20 um? and the current to 300 pA, which corresponds to a fluence of 5 x 10'* protons/cm?s.
The beam, instead of scanning the area, was set to irradiate the full area the entire time. In figure 4.8 the
obtained I-V curve is compared with an |-V curve measured under dark conditions immediately before
irradiation. The current gain ratio was also calculated and the respective plot can be consulted in fig-
ure 4.9. The obtained results are similar to those obtained with UV excitation although an overall larger
current increase is visible. The gain plot also resembles the overall behaviour of the one obtained with
UV excitation, however due to a higher A1, the magnitude of the gain is also higher. At positive bias,
AI(%) reaches values up to 40% while the gain peak at a low negative bias exceeds 60%, whereas
values of approximately 20% were obtained with UV excitation. This can be attributed, on one hand, to
the higher excitation density and, on the other hand, to the higher excitation depth. Since the energies
involved are much higher, each proton will generate more excess carriers than a photon during UV irra-

diation. Regarding the depth, as was extracted from the SRIM simulations, the protons cross the entire
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Figure 4.8: The obtained |-V curves when performing electrical measurements during proton irradiation;(left)
ionoresponse of the wire when beam sweeps over the device;(right) Comparison of the I-V curve ob-
tained under dark conditions and under continuous proton exposure.
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wire and excitation occurs both at the surface and in the bulk region whereas the UV radiation causes

mostly excitations at the surface and it is not likely that it penetrates much deeper into the wire.

To verify the effects of the irradiation on the overall performance of the devices, these were continu-
ously exposed to protons for a longer time interval. At the same time, their |-V characteristics were being
measured. The experiment was carried on until the devices were disrupted and ceased to conduct. The
obtained I-V curves for the 110U device are represented in figure 4.10. As expected, we observed a
significant decrease in the conductivity of the devices. To get a better idea of the current evolution dur-
ing the irradiation, information at constant bias was extracted from the |-V curves and is shown as well.
Additionally, the change in resistance during the irradiation of the microwires of the 105U and 1110U
device was evaluated for a large set of I-V curves and is represented in figure 4.11. As we can see, a
slower increase of R,,, is followed by a more accentuated increase when the exposure time becomes

longer. We do not see a saturation of the resistance though. This can be attributed to the fact that

<< <<K<<<
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Figure 4.10: The decay conductivity of the 110U device while being exposed to ionizing irradiation; On the left side
the I-V curves over the full bias are shown where the legend indicates how long the device is exposed
to the irradation; The right graph shows the current decay at fixed bias
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Figure 4.11: The resistance increase as calculated from the |-V curves measured while irradiating the sensors with
protons. The graph on the left corresponds to the 105U device and the graph on the right corresponds
to the 110U. The irradiation was carried on until the device was disrupted.

the devices are disrupted before this happens. It is also noticeable that the rate of resistance increase
occurs in a more drastic fashion for the 105U device than for the 110U device. Consequently, the former
is disrupted after approximately 150 seconds, while the latter lasted for over 20 minutes. No specific
explanation can be given for this, it is possible that the beam was better aligned for the 105U device, as
all other experimental conditions were maintained, or that nonhomogeneous irradiation, suggested by
the discontinuities in the curve, led to this result. Finally, to assure that the decrease in conductivity was
not related with the applied bias during the irradiation process, the current decay was analysed during
the irradiation with a non zero bias and at zero bias. As can be seen in figure 4.12 the results showed
no significant difference between both situations.

The decay in conductivity as a consequence of irradiation makes it harder to perform stable transient
I-V measurements. However, since the response time of our devices is relatively fast, this could be

overcome by only turning the beam on for a single instant, short enough to avoid significant defect cre-
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Figure 4.12: Sensor degradation while exposing them to ionizing irradiation with an applied bias and without apply-
ing bias
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Figure 4.13: Transient |-V measurements relative to the device response to ionizing radiation; On the left side the
decay time after a short pulse was measured (the pulse is represented in more detail in the inset) and
on the right side the decay time after a pulse of 25 seconds was measured. The blue line corresponds
to the experimental data and the red line corresponds to the fit result

ation and long enough to reach the saturation current. Additionally, as can be seen in the graphs of the
conductivity decay at constant bias (fig.4.10, the decay rate decreases after some time. Consequently,
we were able to perform transient measurements with a longer ON time (~50 seconds) without a signif-
icant decrease in the current due to defect creation by the proton irradiation. The results are depicted in
figure 4.13 and the full set of results for several measurements can be found in table 4.5. Note that, to

fit the experimental data, the same equations were applied as during the optical characterization.

Regarding the detecting properties of the GaN microwires we already stated that the gain is larger
when compared to the gain subsequent of UV irradiation. As explained, this can be related to the higher
excitation density and depth. On the other hand, if we compare the decay times from the transient results
with those obtained with UV excitation, we can see that they are one order of magnitude smaller when
making comparison between equal devices. A larger quantity of data is necessary to confirm if this is
a reproducible result and if it is related to the proton irradiation but it could indicate that recombination

processes that are subsequent to excitation by protons differ from those subsequent to UV excitation.

Short Pulses
laark (BA) Lo (1A) D (S) B Ar (%)
39.76 £ 0.03 | 30.451 +0.002 | 0.628 +0.009 | 0.2293 + 0.0008 30.6 +£0.1
39.58 + 0.08 28.778 £ 0.003 0.52 £ 0.02 0.238 4+ 0.002 37.54+0.3
33.87 +0.02 28.075 4 0.001 0.77 £ 0.01 0.279 4+ 0.001 20.64 4+ 0.07
27.25 4+ 0.04 | 22.039 + 0.006 1.45 4+ 0.04 0.325 4+ 0.004 23.6 +0.2
Long Pulse
lgark (BA) luv (HA) D () B Ar (%)
25.30 +0.02 | 20.869 + 0.006 2.55 + 0.04 0.296 4+ 0.002 21.2+0.1

Table 4.5: Results of the fit parameters for the decay time after a short pulse with the proton beam and after a

longer pulse, ~ 25 sec, on the 229U device.
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One possible explanation is that the higher penetration depth of the protons make the recombination less
dependent on the surface when compared to UV excitation. The detection potential of GaN microwires or
nanowires has not been explored before so we cannot compare our data with reported measurements.
Nevertheless, the fact that similar results were obtained as in the case of UV excitation, confirms the
potential of GaN microwire-based radiation detectors.

Relative to the study of the irradiation effects, the conventional techniques used in films, such as
Hall measurements and deep-level transient spectroscopy, cannot be applied to microwires due to their
particular geometry and size. Nonetheless, reports on the irradiation effects on GaN films are abundant
and very similar results were obtained while irradiating GaN-based High Electron-Mobility Transistors
with 1.8 MeV protons [105, 106]. The primary causes for the degradation of the current are the creation
of charged defect centres by displacement of gallium atoms in the crystal lattice due to the proton
radiation [107] and defects induced at the metal/semiconductor junction [67]. The former decreases
the electron mobility through Coulomb interactions and induces carrier removal while the latter leads to
changes in the Schottky barrier height and may cause increases in the contact resistance. Furthermore,
Hu et al. [105,106] concluded that significant degradation only starts after exposure to 1.8-MeV fluences

of ~ 10* cm which is consistent with our findings.

4.3.1 Proton-irradiation effects on photoconductivity

As observed, the ionizing radiation has severe consequences on the overall conductivity of the sen-
sors. lItis therefore fundamental to redo the optical measurements in order to see whether the response
of the devices is maintained. In a first analysis, it was seen that the devices presented large instabilities
during |-V measurements. This is most likely related to the induced damage by the protons. Therefore,
a rapid thermal annealing (RTA) process was performed to recover some of the defects. The annealing
was done in small steps of temperature and time and the devices started presenting a stable response
after a RTA at 600°C for 120 s. Nonetheless, the stable response is only maintained in the range of -5
V to 5 V and annealing at higher temperatures did not increase this range. The effect of the annealing
process is shown in figure 4.14. Note that not only the stability but also the conductivity of the devices is
improved by the annealing treatment.

After the annealing process, the same experimental procedure performed before the irradiation to
optically characterize the devices was followed and the |-V characteristics of the irradiated devices were
measured under dark conditions and while being exposed to the UV LED source. The obtained results
for the 210U, 216U and 229U devices are depicted in figure 4.15 with the corresponding gain plots.
If we compare the responsivity of the devices to the UV light before and after the irradiation, we can
immediately see that it has been improved for the latter case. This is most clear for the 216U device.

Prior to the irradiation, the gain factor at negative bias was negligible whereas after irradiation the gain
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Figure 4.14: The |-V measurements after each annealing step for the 229U device

factor reaches 40% at a bias of -5 volt. For a positive bias, the gain also increased significantly, from
around 20% to over 50%. Another interesting fact is that the gain at negative bias is not constant,
but rather increases if we apply a larger bias. Although in a lesser extent, the behaviour of the 210U
and 229U samples were also improved when comparing the results with those obtained before the
irradiation. The 210U device presents a gain factor of 10% at a bias of -5 volt and for V' > 0, the gain
increased approximately by 10%. Relatively to the 229U device, the increase in AI(%) for V' > 0 also
increased about 10%. The results at negative bias for the 229U are slightly different however, as one
of the contacts became completely rectifying, hence the very small current for V' < 0. Interesting to
see is that the shape of the gain plots is very similar to the ones obtained before irradiation. This is a
good indication that the mechanisms behind the photocurrent generation are the same and that only the
magnitude of the dark current increased. The comparatively larger increase in the photocurrent gain can
be explained following the carrier removal due to the irradiation. As the amount of carriers in the dark
case is now smaller, the amount of excess carriers generated when the excitation occurs, represent a
bigger fraction, hence the increased gain factor.

Following the steady state |-V measurements, transient measurements were performed as well.
While before irradiation, no transient measurements were done for the low conductivity side of the I-
V curves, as the increase in current was practically non-existent, now we can perform them due to the
improved photocurrent response. The obtained results are represented in figure 4.16 and the corre-

sponding fit parameters are presented in table 4.7. The obtained results for 3 volts are similar to those

Device R (k)

Dark UV light (LED)
210U 11.91 £ 0.06 10.14 £ 0.05
216U 22.1+0.2 14.6 0.2
229U 16.3 4+ 0.4 15.34+0.3

Table 4.6: The resistance extracted from the |-V curves under different lighting conditions for three devices: 210U,
216U and 229U.
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Figure 4.15: |-V characteristics of three devices, 210U (top), 216U (middle) and 229U (bottom), after irradiation
dark environment and under exposure of the UV led source. On the left hand side the |-V curves are
shown, the black curve corresponds to 74, and the magenta curve to I,.,,; on the right hand side the
gain ratio of the respective curves is plotted
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Figure 4.16: Transient |V chracteristics for the 216U device. In the left graph, the bias was fixed at 3 volts and in the
right graph at -3 volts. Since the decay time for negative bias is fast, the UV light was turned on and off
several times. The blue dots correspond to the experimental data and the red lines to the respective
fits.

obtained prior to the irradiation. The 210U sample presents a slightly larger decay time but no conclusion
can be made about the origin of this variation or whether it is consistent. Interestingly enough however,
the decay time at negative bias is surprisingly fast, one to two orders of magnitude below the decay times
at positive bias. As said, unfortunately no measurements at V' < 0 were possible before the irradiation
so we can not directly say that the fast decay times are a consequence of the irradiation. Nonetheless,
the enhancement of the decay time after exposure to protons has been observed previously. The partial
removal of the deep acceptor states by the proton irradiation was suggested as a possible cause be-
cause a quenching of the yellow band, typically associated to transitions between deep acceptor states
and the conduction band was observed as well while performing PCS measurements after the irradia-
tion [81]. The results that were obtained in the referred investigations saw the decay time decrease from
65 seconds to 0.5 seconds. This was paired with an increase of the exponential stretching parameter

from 0.2 to 1.5. We only observed slightly higher values for g for the measurements with the 216U

Positive bias: 3V
Device [ laark (BA) [ Lo (1A) [ D (S) [ B [ Ar (%)
210U 31.59 £ 0.02 24.930 £ 0.002 6.6 +0.1 0.1515 4+ 0.0004 | 26.71 4+ 0.08
216U 145.23 + 0.02 96.4+0.3 0.55 £ 0.02 0.1591 £ 0.0009 50.7 £ 0.5
Negative bias: -3V
Device [ laark WA) | T WA | 1p(s) ] B [ A1 (%)
178.8 £0.3 156.87 £ 0.09 0.044 4+ 0.008 0.24 £ 0.02 14.0 +0.2
210U 179.0 £ 0.7 156.4 £ 0.3 0.13+0.03 0.25 £ 0.01 14.1+0.5
179.9 £ 0.2 154.9£0.1 0.52 £0.04 0.211 4+ 0.003 16.1 +0.1
47.94+0.1 37.96 + 0.02 0.05 £0.01 0.46 £ 0.05 26.2+0.3
216U 48.5+0.1 37.93 £ 0.02 0.10 £ 0.01 0.40 + 0.02 27.9+0.3
47.0+0.1 37.41 +£0.01 0.033 + 0.007 0.35£+0.03 25.6 £0.3
47.44+0.1 37.08 £ 0.02 0.030 £ 0.007 0.28 +0.02 27.8£0.3

Table 4.7: Results of the fit parameters for the decay time at a positive bias of 3 Volts and a negative bias of -3
volts, regarding two devices, 210U and 216U, after they were exposed to ionizing radiation.
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device. Additionally, the reason why the decay times only improved for negative bias, is unclear. PCS
measurements might shed a light on this matter, but unfortunately, it was not possible to perform these

measurements since the responsivity of the wires to the Hamamatsu lamp was not significant enough
to distinguish any transitions in the spectra.
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The goal of this work was to develop radiation sensors based on GaN microwires, with special interest
towards their capability to detect protons. The followed strategy consisted in isolating single wires,
grown by MOCVD, on a substrate and deposit metal contacts on their extremities, in order to obtain
rectifying Schottky contacts. Afterwards, several opto-electrical measurement techniques were used
to characterize the intrinsic properties of the microwires and the mechanisms that contributed to their
photoconductivity. The spearhead of this work consisted, however, in studying the potential of the GaN

microwires regarding the detection of high energy particles, in this case 2 MeV protons.

The process of the contact deposition was successful in the sense that conducting devices were
obtained. However, the rectifying nature was only partially achieved due to, on one hand, the high
concentration of Si donors incorporated into the microwires during the growth process and, on the other
hand, difficulties in controlling the surface processes during the deposition of the metals. In particular
the presence of an insulating silicon nitride layer at the microwire surface can influence the contacts and
in future work, an extra etching step should be introduced in the fabrication process before the contact

deposition to avoid it.

The performed opto-electrical characterization measurements revealed that the bandgap of the GaN
was well defined and no significant absorption in the visible spectrum was observed. The photocurrent
gain of the fabricated photodectectors is however still to low to be interesting for application in actual
devices. The main cause for this occurrence is again the high doping concentration, as this leads to
a very large dark current, despite the presence of Schottky barrier at the metal-semiconductor inter-
face. Despite the low gain factors we obtained, transient measurements revealed faster decay times in
comparison to most reports on GaN nanowire or thin film based photodetectors. A possible cause for
this observation is a compromise between the surface mechanism, that affect microwires in a lesser ex-
tent when compared to nanowires due to the smaller surface-to-volume ratio, and the higher crystalline

quality of the microwires when compared to thin films.

Our findings based on the proton-irradiation studies with the detectors revealed promising results.
Current gain factors of up to 40% between the radiation and dark case were obtained. After excitation,
the time it took the devices to return to the stable dark current was comparable to those obtained after
UV excitation. Thus, similar results were obtained for both UV and proton excitation, which indicates
that GaN microwires have the potential to be applied in radiation detectors in the same way as they
are already applied in UV photodetectors. In this work, the biggest setback was the fast degradation of
the devices when exposed to the protons. However, a relatively high flux of ~ 10'® protons/cm?s was
used and considering other works in the existent literature, the electrical performance of GaN starts to
worsen at fluences of ~ 10'* protons/cm? [105]. Therefore, by optimizing the experimental conditions
this issue might be overcome. Finally, the irradiated devices were tested again regarding their UV detec-

tion potential. The results indicated overall improved responses and the photocurrent gain increased to
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approximately twice the values obtained prior to the irradiation. The main factor here was the decrease
of the dark current due to carrier loss after irradiation, which makes the relative increase of the current
more significant. Promising results regarding faster decay times were also obtained, however, more
investigation needs to be performed to reach solid conclusions on this matter.

One of the main conclusions of this investigation is however, that there exists a great potential to con-
tinue to develop this concept and a large amount of future work can be done. First of all, the fabrication
process should be optimized in order to obtain a better quality and reproducibility concerning the con-
tacts. Furthermore, in order to better understand the generation and recombination processes additional
characterization should be performed. PCS after irradiation to different proton fluences may give infor-
mation on deep levels formed during the proton bombardment. Temperature dependent measurements
would furthermore allow to assess activation energies for certain processes. Four point measurements
of the I-V characteristics could help to distinguish the role of the contacts from that of the microwire.

Finally, perhaps the largest setback in this work were the effects of the high doping concentration
associated with the GaN microwires which leads to high dark currents and compromises the formation of
good Schottky contacts. Consequently, in future work the use of these specific wires should be reviewed.
Based on MOCVD wires it would be possible to grow a p-n junction which should serve as active zone
of the device. Maintaining the simple MSM structure, a molecular beam epitaxy growth process would
allow the growth of wires with much lower doping levels. However, the dimensions of MBE grown wires
are typically much smaller than the present wires making their integration in the device a more difficult
task. Finally, after these optimisation steps it would be interesting to test the devices for other kinds of

radiation for example X-rays.
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Runsheet

Runsheet for the fabrication of radiation detectors based on GaN

microwires

Responsible: Dirkjan Verheij
Process start: 08/03/2017
Process Finish: 29/03/2017

| Step 1. Substrate preparation | Date: 08/03/2017

1.1 - Substrate: Silicon
Dimensions: x = 34 mm;y = 32 mm;
Thickness: 700um

1.2 - Procedure

Clean substrate with acetone, rinse with water and dry with compressed air.
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| Step 2. TiW deposition

| Date: 08/03/2017

2.1 - Substrate: Silicon

2.2 - Equipment: Nordiko 7000 (clean-room)

Metalization sequence: TiW 150 no etch

2.3 - Conditions:

Module Power

Voltage

Current

Ar/N, flux

Pressure

Dep. rate

3-DCPVD | 0.5kW

418V

1.2A

50/10 sccm

3 mTorr

5.5 A/s

| Step 3. Photolithography

\ Date: 10/03/2017

3.1 - Substrate: Silicon with 150 A of Tiw

3.2 - Equipment and conditions:

3.2.1 - Vapour prime (30 min, vapour prime oven)

Step 1. Heating at 130°C in vacuum (10 Torr)
Step 2. HDMS spraying (5 min)

Step 3. Purge prime exhaust (5 min)

Step 4. Return to atmospheric pressure (3min)
3.2.2 - Coating of PR (SVG track - recipe 6/2)

Step 1. Dispense PR on the sample and spinning 800 rpm for 5 seconds

Step 2. Spin 2500 rpm for 30 seconds to obtain 1.45 um thickness

Step 3. Soft bake 85°C for 60 seconds

3.2.3 - Exposure (DWL 2.0)

Map: NWsensor

Mask: NWsensor002

AutoCAD drawing

84

Number of dies: 9




Conditions

Energy | Laser power | Focus
60 % 90 mW 35

3.2.4 - Development (SVG track 2 - recipe 6/2)
Step 1. Bake 110°C for 60 seconds
Step 2. Cool for 30 seconds

Step 3. Developer for 60 seconds

| Step 4. Metal etching - IBD etching | Date: 10/03/2017

4.1 - Substrate: Silicon with 150A of TiW and 1.4um of PR
4.2 - Equipment: Nordiko 3600 (clean-room)
4.3 - Conditions:

RF power | Grid; voltage | Grid; current | Grid, voltage | Arflow | Etching time

192 W 7243V 104.3 mA 3448V 11.2 sccm 200 s

| Step 5. PR strip | Date: 13/03/2017

5.1 - Substrate: Silicon with 150A of TiW and 1.4:m of PR (after etching)
5.2 - Equipment: Wet bench (outside clean-room)
5.3 - Conditions:

Solvent | Temperature | Time
Microstrip 60°C 4 hours

| Step 6. SiO, deposition | Date: 13/03/2017

6.1 - Substrate: Silicon with a 150A thick TiW grid
6.2 - Equipment: Alcatel (grey room)
6.3 - Conditions:

RF power | Pressure | Arflow | Deposition rate
190 W | 4.0 mTorr | 20 sccm 11.97 A/min

| Step 7. GaN microwire dispersion | Date: 15/03/2017

7.1 - Substrate: Silicon with a 150A thick TiW grid and 2000 A of SiO»
7.2 - Procedure:
Step 1. Immersion of a small piece of substrate with microwires into IPA
Step 2. Ultrasound treatment for 30 minutes
Step 3. Deposition of small droplets of the microwire solution onto the substrate

Step 4. Definition of the coordinates of good MWs for devices
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| Step 8. Photolithography

| Date: 17/03/2017

8.1 - Substrate: Silicon with 150 A of TiW, 2000 A SiO, and GaN MWs

8.2 - Equipment and conditions:

8.2.1 - Vapour prime (30 min, vapour prime oven)

Step 1. Heating at 130°C in vacuum (10 Torr)
Step 2. HDMS spraying (5 min)

Step 3. Purge prime exhaust (5 min)

Step 4. Return to atmospheric pressure (3min)
8.2.2 - Coating of PR (SVG track - recipe 6/2)

Step 1. Dispense PR on the sample and spinning 800 rpm for 5 seconds

Step 2. Spin 2500 rpm for 30 seconds to obtain 1.45 um thickness
Step 3. Soft bake 85°C for 60 seconds
8.2.3. Pre-development (SVG track 2 - recipe 2 for 20 seconds)

8.2.4 - Exposure (DWL 2.0)

Map: NWsensor Mask: NWsensorC1, NWsensorC2, NWsensorC3

Number of dies: 3
AutoCAD drawing

Conditions

Energy

Laser power

Focus

80 %

85 mW

70

8.2.5 - Development (SVG track 2 - recipe 6/2)
Step 1. Bake 1107C for 60 seconds
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Step 2. Cool for 30 seconds

Step 3. Developer for 60 seconds

| Step 9. Contact deposition - Cr/Au | Date: 20/03/2017

9.1 - Substrate: Silicon with 150 A of TiW, 2000 A SiO,, GaN MWs and PR
9.2 - Equipment: Alcatel (grey room)
9.3 - Conditions:

RF power | Pressure | Arflow | Deposition rate
20 W 3.0 mTorr | 20 sccm 55.6 A/min

| Step 10. Metal lift-off | Date: 22/03/2017

10.1 - Substrate: Silicon with 150 A of TiW, 2000 A SiO,, GaN MWs and Cr/Au
10.2 - Equipment: Chemical workbench
10.3 - Conditions:

Solvent | Temperature Time
Microstrip 60°C 4 hours and 30 minutes
| Step 11. Chip dicing and wire bonding | Date: 29/03/2017 \

11.1 - Substrate: Silicon with 150 A of TiW, 2000 A SiO,, GaN MWSs and Cr/Au contacts
11.2 - Equipment: Disco DAD 321 (dicing) and K&S 4526 Manual Bonding System (wire bonding)
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Summary of the results for samples
210U, 216U and 229U
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Before irradiation | During irradiation | After irradiation
Raark (KQ) 1.261 + 0.003 - 11.91 +0.06
Ruveg (KQ) 1.189 £ 0.002 - 10.14 £ 0.05
210U bias=3.5V 6.69 - 17.15
A; (%) [bias=-15V 30.56 - 7.89
bias=-5V 0.81 - 10.28
Raark (k) 2.28+0.01 14.54+0.5 22.14+£0.2
Ruves/Rrad (KQ) 1.876 £ 0.005 11.5+04 146+0.2
216U bias =35V 20.73 23.41 51.52
A; (%) [ bias=-15V 4.79 41.94 20.69
bias=-5V —13.82 2.78 40.36
Rdark (KQ) 1.689 + 0.006 - 16.3+0.4
Ruveg (KQ) 1.535 £ 0.005 - 15.3+0.3
229U bias =35V 14.26 - 25.21
Ay (%) | bias=-15V 13.20 - 28.57
bias=-5V 10.82 - 10.37

Table B.1: Obtained resistances and current gain factors for three devices (210U, 216U and 229U) under different
irradiation situations. Note that, for sample 216U, the excitation before and after the irradiation was done
with the UV led source, while during the irradiation the protons are responsible for the generation of
excess electrons. Ruy,, corresponds thus to the former two while R;aq corresponds to the latter.

Before irradiation During irradiation After irradiation
lgark (1A) 1497.23 £ 0.01 - 31.59 4+ 0.02
Iy (A) 1601.8 0.3 - 24.930 £ 0.002
210U D (8) 0.61 +£0.01 - 6.6 0.1
B 0.1828 4+ 0.0004 - 0.1515 4+ 0.0004
Ar (%) 6.53 £ 0.02 - 26.71 £ 0.08
lgark (11A) 872.6 £0.1 - 145.23 £ 0.02
lov (LA) 1121.1£05 - 96.4 £ 0.3
216U 7D (S) 0.88 £0.01 - 0.55 £0.02
B 0.1510 & 0.0004 - 0.1591 4+ 0.0009
Ar (%) 22.17+£0.04 - 50.7£0.5
Short pulse Long pulse
lgark (14A) 1199.9+0.1 39.76 £ 0.03 25.30 £0.02 -
luv/lrag (11A) 1368.8 £0.2 30.451 + 0.002 | 20.869 + 0.006 -
229U 7D (S) 3.97 £0.02 0.628 £+ 0.009 2.55+0.04 -
B 0.2117 £0.0002 | 0.2293 + 0.0008 | 0.296 £ 0.002 -
Ar (%) 12.34 +0.01 30.6 £0.1 21.24+0.1 -

Table B.2: Obtained fit parameters from transient |-V measurements for three devices (210U, 216U and 229U)
under different irradiation situations. Note that, for sample 229U, the excitation source before the irradi-
ation is the UV led while during the irradiation the protons are responsible for the generation of excess
electrons. l,, corresponds thus to the former while I,y corresponds to the latter.
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