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Foreword

Learning about business: don’t compete but dominate,; success goes hand in hand with preparation...

Don’t lower your goals, keep working hard and chase your dreams!

Dear reader,

In front of you is a report on the ion beam modification of zinc oxide nanowires for photodetection
and sensing applications. This report is written as completion of the master Bioelectronics &
Nanotechnology at the University of Hasselt. The research was executed as an internship at the
Institut flr Festkorperphysik in Jena (Germany). The aim of this research training was to perform
individual scientific research in a research group in order to get more inside in the field of science.

This involves the use of previously acquired knowledge, insight and skills.

This report looks at the electrical and photoconductivity properties of zinc oxide nanowires. The
intent is to investigate the persistence of the photoconductivity, whose origin is still controversial.
Ion implantation was used to manipulate the functionalities of both the electrical and synthesized
nanowires. Introducing a small amount of other elements may lead to a modification of the
photoconductivity properties of the nanowires. As a scientist, I wanted to find out what the
opportunities and/or restrictions are for the use of ion implantation and the specific influence on

the electrical and photoconductivity properties of ZnO nanowires.

The final report is the result of long days spent in the lab, battling shoulder to shoulder with my

colleagues and friends, the hope for good results and the sadness with each failed attempt.

I wish you a pleasant read.

Michelle Geelen
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Abstract

The recent progress in science has led to a transition to the nano-world. Semiconducting systems
such as ZnO nanowires have drawn a lot of interest for sensor applications, in particular chemical
and biological sensing as well as photodetection. This is due to the astonishing surface-to-volume
ratio and high sensitivity of the surface under ambient conditions. However, the integration of in
particular ZnO nanowires has one major drawback, namely the persistence of the
photoconductivity. Instead of quickly returning to the original level, the conductivity persists for
several minutes or even hours after switching off the illumination. This effect, known as persistence
of the photoconductivity, strongly depends on the properties of the nanowire surface, the doping
and the environment conditions. Therefore, the modification of the surface properties, for example
through doping procedure, can induce a change in the photoconductivity properties. Within the
frame of this thesis, the effect of introducing a controlled amount of aluminum into the crystal
lattice of ZnO by means of ion beam implantation was examined. Although aluminum is known to
act in ZnO as n-type donor, the implantation process generates additionally defects within the
crystal, which can also influence the electrical and photoconductivity properties of ZnO nanowires.
Therefore, additional implantation with argon ions was considered as a reference, in order to

separate the effect of defects and the aluminum dopants.

More insight in the underlying physical processes was obtained by investigating the electrical
properties of the ZnO nanowires. ZnO nanowires were synthesized using the vapor-liquid-solid
growth mechanism. They were then transferred onto a clean Si/SiO, substrate and assembled into
a field-effect-transistor configuration by photolithography. The electrical and photoconductivity
properties of the produced devices were investigated before and after implantation. The as-
implanted samples were found to be highly isolating due to the presence of defects generated
during implantation. Thermal annealing at 300 °C has shown that the defect concentration can be
reduced. The annealing acts also as activator for the introduced n-type dopants and gave rise to
enhancement of the photoconductivity. Furthermore, aluminum implantation causes an increase of
the persistence of the photoconductivity. After the electrical characterization, photoluminescence
measurements were performed, in order to confirm the successful activation of aluminum in ZnO

nanowires.

In conclusion, by intentionally adding aluminum to the lattice one can manipulate the
functionalities of ZnO nanowires. The results of this study lead to a better understanding of the
fundamental procedures. This may result in a more effective way of designing new nanodevices for

commercial applications, such as for chemical or biological sensing.



Samenvatting

De recente evolutie in wetenschap en onderzoek heeft aanleiding gegeven tot de transitie naar de
nano-wereld. Semiconductors zoals ZnO nanowires hebben de interesse gewekt van
wetenschappers voor sensor applicaties, voornamelijk gas sensing en fotodetectie. Dit is te wijten
aan hun uitzonderlijke surface-to-volume ratio en gevoeligheid onder omgevingsomstandigheden.
De integratie van ZnO nanowires in commerciéle toepassingen heeft een belangrijk nadeel,
namelijk de persistentie van de photoconductiviteit. Na het uitschakelen van UV licht, behoudt de
photocurrent zijn verhoogde niveau gedurende minuten of zelfs uren vooraleer terug te keren naar
het originele niveau. Dit effect, beter bekend als “persistence of the photoconductivity”, is sterk
afhankelijk van de oppervlakte eigenschappen van de nanowire, de doping en de
omgevingsomstandigheden. Om deze reden kan modificatie van de oppervlakte eigenschappen,
door gebruik te maken van doping procedures, veranderingen teweegbrengen in de
fotoconductiviteit. In het kader van deze thesis, werd het effect bestudeerd van de introductie van
aluminium in het ZnO kristal met behulp van ion beam implantation. Hoewel bekend is dat
aluminium fungeert als n-type donor in ZnO, genereert het implantatie proces aanvullend defecten
in het kristal. Deze bijkomende defecten kunnen de elektrische eigenschappen en de
fotoconductiviteit van ZnO nanowires beinvloeden. Om een onderscheid te maken tussen de
invloed van defecten en aluminium dopants, werd implantatie met argon ionen beschouwd als

referentie.

Meer inzicht in de onderliggende fysische processen werd verkregen door het bestuderen van de
elektrische eigenschappen van de ZnO nanowires. ZnO nanowires werden gesynthetiseerd door
gebruik te maken van het vapor-liquid-solid groei mechanisme. Vervolgens werden de nanowires
overgebracht op een proper Si/SiO, substraat en samengesteld in een field-effect-transistor
configuratie met behulp van fotolithografie. De elektrische en fotoconductiviteit eigenschappen van
de vervaardigde toestellen werd onderzocht voor en na implantatie. De geimplanteerde stalen
waren sterk isolerend als gevolg van de aanwezigheid van defecten, gegenereerd tijdens de
implantatie. Thermal annealing op 300 °C heeft aangetoond dat de defect concentratie
gereduceerd kan worden. De annealing fungeert als activator voor de geintroduceerde n-type
dopants en geeft aanleiding tot versterkte fotoconductiviteit. Verder veroorzaakt aluminium
implantatie een stijging van de persistentie van de fotoconductiviteit. Na het voltooien van de
elektrische karakterisatie werden fotoluminescentie metingen uitgevoerd voor het bevestigen van

de succesvolle aluminium activatie in ZnO nanowires.

Het opzettelijk toevoegen van aluminium aan het lattice kan gebruikt worden voor het manipuleren
van de functies van ZnO nanowires. De resultaten van deze studie leiden tot een beter begrip van
de fundamentele processen. Dit kan resulteren in een effectievere manier om nieuwe nanodevices

te ontwerpen voor commerciéle toepassingen, zoals chemische of biologische sensing.
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FET

FX

LED

LO
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Scanning Electron Microscopy
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Surface Exciton
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1 Introduction

In the last decades electronic devices have found their way into many areas of society, ranging
from domestic appliances that wake us in the morning to high technology communication systems
and medical instruments [1,2]. Our way of life has led to an evolution in biology and technology
and to the development of bio-electronics. This field combines the study of the micro- and

nanobiotic world with progressively smaller electronic circuits [3].

By shrinking down to molecular and atomic levels we enter a new world. The term nanotechnology,
introduced for the first time by Professor Norio Taniguchi in 1974, refers to the development of
man-made devices with a specific function by controlling the size on the nanometer length
scale [4]. These materials exploit novel properties and phenomena that can significantly vary when

structural parameters such as size and shape are altered [5].

The interdisciplinary nature of the word ‘nano’ is apparent in the manufacturing of
nanostructures [6]. By scaling down, it is possible to fine-tune materials to favored properties [7].
Top-down approaches create products by reducing the size of large pieces of matter. However, this
method is reaching its limits due to the encounter with quantum mechanics and wave optics [8].
An alternative route is called bottom-up fabrication. This approach relies on self arrangement
processes similarly used nature to create biological systems. Atoms and molecules are used as
building blocks for self-organization into the desired structures. The more insight is gained into the

involved processes, the more interesting and powerful nanostructures appear.

Low-dimensional systems, such as nanotubes, nanobelts and nanowires, have attracted significant
interest in several fields such as for instance electronics, photonics and medical sciences [9,10].
Nanowires are solid structures with at least one dimension in the nanometer range. They are often
referred to as one-dimensional materials as a result of their large aspect or length-to-width ratio.
Depending on the material components, the nanowire can behave as a metal, insulator or
semiconductor. Semiconducting nanowires have drawn a lot of interest as ideal building blocks for
nanoscale devices [11]. Due to the high surface-to-volume ratio they are particularly sensitive to
environmental conditions and are therefore ideal candidates for sensing applications. Among
semiconductor nanowires, metal oxide nanowires are an important class of functional materials,
which have a wide range of application for transistors [12], light-emitting devices [13] and
sensors [14]. The reason for this is their selectivity, stability and sensitivity, key parameters for
high quality gas sensors [15]. One of the most widely used metal oxides is zinc oxide (ZnO). It is
biocompatible, biodegradable and biosafe. In addition, its conductivity can be easily influenced by
the surrounding surface properties [16]. These features, combined with the reduced production
costs, are fundamental for efficient photodetection and ensure that these sensors can be applied in
different fields [17].

Despite the abundant research on ZnO nanowires, their integration for photodetection applications

is limited by the presence of persistent photoconductivity. In order to explore the possibilities for



future applications, it is important to study the fundamental properties in more detail to clarify the
origin of this phenomenon. The optical and electrical properties can be affected by adding other
elements to the crystal. However, the contribution of defects and dopants to the photoconduction is
challenging to understand. Although a number of articles are published on the influence of UV
illumination on the gas sensing performance, the detection mechanism is still controversial. A
better understanding of the surface related processes and the role of defects and dopants may

result in a more effective way of designing new devices for commercial application.

This thesis reports on the effect of introducing a controlled amount of aluminum into the crystal
lattice of ZnO by means of ion beam implantation. Additional implantation with argon ions was
considered as a reference, in order to separate the effect of defects and the aluminum dopants.
More insight in the underlying physical processes was obtained by investigating the electrical
properties of the ZnO nanowires before and after implantation, in particular the impact on the UV
photoresponse increase and the dynamics of the photocurrent decay. SEM images were used for
the determination of the changes in morphology after implantation and electrical characterization.
In addition, the thermal stability of the electric properties was investigated since annealing may
influence the electrical properties of the nanowires. The correlation between the electrical
properties and the induced defects and dopants was further investigated by performing PL
measurements on exact the same ZnO nanowires. Therefore, this research aims to contribute to a
better understanding of the fundamental procedures. This may lead to the development of

nanodevices in a better and more effective way with improved performance.



2 Background
2.1 Principles of semiconductors

Materials may be divided into conductors, semiconductors or insulators depending on the ability to
conduct electric current under an external electric field. The classification is based on the properties
of the valence electrons, which are involved in the chemical bonds between the lattice atoms [1].

These electrons contribute to the determination of the electrical properties of the crystal.

The difference between metals, semiconductors and insulators can be explained by their band
model, as shown in figure 1. The higher band is called conduction band, while the lower band is
known as the valence band. Electrons located in the conduction band are free and completely
delocalized in the crystal, while electrons in the valence band are localized to the atomic sites and
do not contribute to the conductivity. The two energy bands are separated by the bandgap (Eg),
also known as the forbidden region. This value corresponds to the minimum energy required to
excite electrons to the conduction band where they can contribute to the conductivity [18]. The
band model includes also a thermodynamic quantity, namely the Fermi level (Ef). This term refers
to the level where the probability of being occupied is equal to 50%.

- Conduction band
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Insulator Semiconductor Metal

Figure 1: Band model of solid materials.

The schematic representation of the band model consists of a conduction band
and a valence band separated by the bandgap (Eg). The Fermi level (Ef)
corresponds to an occupation level of 50%.

Semiconductors are defined as materials with electrical properties between those of conductors,
without any band gap and insulators, which are characterized by a wide band gap in the order of
some eV. At low temperature, electrons have not enough energy to breach the energy gap,
resulting in insulating behavior. As the temperature rises, thermal vibration of the crystal allows
electrons to escape from their bonds and to be promoted to the conduction band, leaving a hole in
the valence band. In semiconductors, the density of electrons in the conduction band or holes in
the valence band can be increased by adding specific impurities into the crystal. This procedure is
known as doping of semiconductors. When the doping process induces an excess of free electrons
(holes), it is called n-type (p-type) doping. Further details about n-type and p-type doping will be

given in section 2.5.



2.2 Metal - Semiconductor interface

Semiconductor devices for electronic and optoelectronic applications often include a metal-
semiconductor interface. Therefore, the electrical properties of such devices depend not only on
intrinsic parameters of the semiconductor but also on the contact between the semiconductor and
the metallic electrode. The current (I) flowing across the metal-semiconductor interface will not
always be linearly proportional to the applied bias voltage (V). This leads to asymmetric or
rectifying current-voltage (I-V) characteristics.

When metal and semiconductor are in contact, electrons can move due to the difference in work
function. If the metal work function is higher than that of the semiconductor, electrons in the
conduction band are able to lower their energy by flowing from the semiconductor into the metal.
This electron flow continues till both Fermi levels are aligned, leading to deformation of the band
structure near the interface, as shown in figure 2. The barrier height ¢; is proportional to the

difference between the metal work function ¢,, and the semiconductor electron affinity ysc [19]:

b = bm — Xsc .
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Figure 2: Band diagram of a metal-semiconductor junction.

When ¢,, > ¢,, electrons flow from the semiconductor into the metal, until the Fermi levels
are aligned. The diffusion results in the deformation of the band structure near the interface.
Such junction is called a Schottky contact. Both images are adapted from [19].

The current flowing across a Schottky junction under an external voltage difference shows an

exponential dependence on the voltage difference and is given by [20]:

_edp [ _eav
| = A*T?e &t (e KT —1) ,

where A* is the Richardson constant, k is the Boltzmann constant, T is the absolute temperature
and AV the applied potential.

However, the actual dependence of the barrier height on the work function is much lower than the
prediction introduced by Schottky and Mott [21]. This insensitivity to the metal work function is

known as Fermi level pinning. Due to the presence of metal-induced gap states, caused at the



semiconductor-metal junction by e.g. dangling bonds, the Fermi level is pinned to the center of the
band gap [21]. When the barrier is sufficiently high, the electrons flow from the semiconductor to
the metal. This diffusion results in the formation of a depletion zone near the interface [20]. This

results in the rectifying behavior of the I-V characteristics.

In case of n-type semiconductors, when ¢, — Xsc is smaller than 0, the I-V characteristics are

linear. Such a contact is referred to as ohmic.

2.3 Properties and applications of zinc oxide

In the scope of this thesis, experiments have been performed with semiconductor nanowires made
of ZnO. ZnO received broad research attention since its rediscovery in the 1950s [22]. Although
ZnO is chemically synthesized, it occurs naturally in the form of zincite.

ZnO is an II-VI semiconductor material which is available in various growth architectures, ranging
from nanowires, nanoflowers to nanosprings etc. Owing to its direct wide bandgap (Eg = 3,37 eV)
at room temperature, ZnO is regarded as a key material that can operate in the ultraviolet (UV)
range. ZnO is n-type doped due to the presence of intrinsic oxygen vacancies [23]. One of the
advantages of ZnO over other semiconductors is the large exciton binding energy (~60 meV). This

will ensure efficient luminescence and bright exciton emission at room temperature [24].

ZnO belongs to the family of hexagonal wurtzite structures, shown in figure 3 [25]. The structure is
composed of alternating planes of oxygen anions and zinc cations. Every oxygen atom is
surrounded by four atoms of zinc in the form of a tetrahedral unit and vice versa [26]. The planes

are stacked along the c-axis.

Figure 3: Representation of the wurtzite structure of ZnO.

The crystal structure of ZnO is characterized by a hexagonally packed lattice.
Each oxygen anion is surrounded by four zinc cations forming a tetrahedron. The
grey and green spheres denote Zn and O atoms, respectively. Image adapted
from [25].



Despite the fact that nanotechnology is already widely used in experimental research, there are
also applications in our daily lives. ZnO is used for instance as inorganic sun blocker, protecting the
skin from sunburn by absorbing UV-A and UV-B radiation [27]. In addition, the ZnO ensures that
the sunlight is scattered away from the skin.

Due to the lack of symmetry and its strong ionic character, the ZnO structure displays some unique
properties, for example piezoelectricity. The term piezoelectricity refers to the electromechanical
behavior of the material. By placing crystals with polar surfaces in an electric field, mechanical
energy is converted into electrical energy. This behavior is important in the development of
resonators and piezoelectric sensors [24]. But it has also applications in the exciting field of
nanopiezotronics for harvesting energy and converting it into electricity [28,29]. The control of the
morphology makes ZnO nanowires also candidates for nanogenerators, UV lasers, and other
optoelectronic devices. The features described above and the fact that ZnO nanowires can be
produced without much effort and cost makes it a promising material for future applications. Due
to the reduced dimensions and their extraordinary surface-to-volume ratio they are highly
influenced by their direct environment. Therefore, ZnO nanowires are dedicated to sensing,

particularly biological and chemical sensing.

2.4 Surface properties of ZnO nanowires

The surface of a semiconductor is characterized by incomplete covalent bonds due to the absence
of lattice symmetry. These dangling bonds result in intrinsic surface states within the
bandgap [20]. The surface states can act as donors or acceptors depending on their charge when
occupied. Because of the high density of surface states, the Fermi level is pinned at the ZnO
surface. When the states act as electron acceptor, the pinning of the Fermi level leads to an

upward banding and the formation of a depletion region near the surface.

A deeper understanding of the underlying physical phenomena is obtained by investigating the
optoelectrical properties. The crystal structure of ZnO is characterized by the presence of intrinsic
defects such as oxygen vacancies at the surface. Additionally, extrinsic surface states can be
formed due to the presence of adsorbates at the semiconductor surface. For instance, the
adsorption of oxygen at the ZnO surface induces the formation of surface states, which can trap
electrons from the conduction band [30]. This process is described by the following formula:
0,(g)+e” - 05 (ad)

The parameters refer to molecular oxygen in gas phase 0,(g) and oxygen in its adsorbed
state 05 (ad).

The adsorbed oxygen provides a negative charge at the surface and gives rise to the upward band
bending depicted in figure 4, right. This reduces the cross section of the conductive channel. The
depletion region is directly proportional to the surface density of trapped electrons. The more
oxygen is present in the environment, the wider the depletion layer and the lower is the

conductivity of a nanowire with a large surface-to-volume ratio [31].



2.5 Photoconduction in ZnO nanowires

When the ZnO nanowires are kept in the dark, oxygen molecules from the surrounding are
chemisorbed on the wire surface as described in section 2.4. The conductivity in dark is determined

by the non-depleted part of the wire.

Upon illumination of the surface with UV light with an energy equal or larger than the bandgap,
electron-hole pairs are created as shown in figure 4, left [15]. During this process electrons are
excited from the valence band to the higher energy levels forming the conduction band [32]. The
radial electrical field caused by the adsorbed oxygen forces the photogenerated holes to migrate to
the surface. The resulting spatial separation of electrons and holes enhances the lifetime of the
generated electrons [33]. Desorption of the absorbed oxygen molecules takes place by
recombination of the photo-induced holes and the trapped electrons, according to the following
formula:
h+ 03 (ad) - 0, (g)

This neutralization process results in a decrease of the band bending and the depletion layer [34].

Correspondingly, the conductivity of the nanowire increases.

However, the application of low-dimension systems as a sensor has one major obstacle, namely
the presence of persistent photoconductivity (PPC) after UV excitation [35]. Instead of directly
returning to the dark level, the increased conductivity persists for several minutes or hours. The
nature of the PPC is still controversial. Some authors claim that this phenomenon is related to
oxygen vacancies which give rise to metastable bulk defects [36]. Others assign it to the spatial
separation of charge carriers according to the mechanism mentioned above [37]. When the UV
light is switched off, oxygen molecules can readsorb on the surface, to trap photogenerated
electrons, resulting in photocurrent decay. However, with increasing charge trapped at the surface,
the height of the band bending increases. Therefore, there are less electrons available to the
oxygen from the atmosphere reducing electron trapping and the photodecay rate. This leads to the

extraordinarily long persistence of the photoconductivity.
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Figure 4: Band diagram of ZnO nanowire and its surface.

The image on the left shows the generation of electron-hole pairs after illumination. Due to band
bending, the photogenerated holes can migrate to the surface. O, is chemisorbed by trapping of
electrons from the conduction band as depicted on the right. This causes depletion of the electrons and a
further upward bend bending. Recombination of trapped electrons and photo-induced holes leads to
desorption of O,. In both figures, the color of electrons is red, whereas the holes are blue.
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2.6 Doping of ZnO nanowires

Enhanced control of the sensing device properties can be achieved by optimization of the nanowire
surface. Possible modification techniques involve surface functionalization and doping. This has
been practiced by the semiconductor industry since the production of sophisticated devices requires
highly controlled properties. By intentionally adding a small amount of other elements to the lattice
of a semiconductor one can manipulate the functionalities of the intrinsic material for enhanced
application potentialities. There are two types of impurities, namely donors and acceptors as
depicted in figure 5 in case of silicon. In case of n-type doping, one atom in the structure can be
replaced by a pentavalent atom such as phosphorus. As a result, one unpaired electron floats
around and gives rise to a higher Fermi-energy and thus a larger free electron concentration. In
the case of p-type doping a trivalent atom such as boron is added to the lattice. This creates

deficiencies in the number of electrons, called holes, whose concentration is therefore enhanced.
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Figure 5: Mechanism of semiconductor doping.

Illustration of a silicon lattice doped with impurities to produce n-doped and p-doped
semiconductors. Left: Schematic representation of an intrinsic silicon crystal. Middle:
The addition of Phosphorus to the silicon lattice results in extra electrons. This gives
rise to n-type semiconductors. Right: Representation of bonds a crystal doped with a
trivalent atom such as boron. The presence of holes is typical for semiconductors.
Image taken from [38].

Doping of semiconductors can be carried out by means of three different methods: doping during
growth, diffusion and ion implantation. By supplying the dopant during growth, dopants can be
incorporated into the crystal. However, controlled doping during growth of nanowires is an
unsolved problem. The difficulties are due to the underlying processes involved in the Vapor-Liquid-
Solid (VLS) growth mechanism. As this is a self-regulation process, there is little control over

diffusion of dopants towards the surface and incorporation of unwanted elements [39].

Subsequent doping via diffusion is explored in less detail. The main process involves the diffusion
of atoms according their concentration gradient. Due to the enhanced surface-to-volume ratio,
nanowires are more sensitive for high temperatures required to induce the diffusion process.

Therefore, this method is not convenient for one-dimensional structures [40].



An alternative route to dope semiconductors is ion implantation. This well-known industrial
technique can incorporate a controlled amount of dopant ions with a reasonable control of the
depth profile. As ion bombardment is a process far from thermal equilibrium, dopant
concentrations beyond the solubility limit of principally every element are possible [40]. The ion
radiation will however also induce unwanted damage in the structure and morphology of the target
material. This can range from point defects to complete amorphization and material loss by
sputtering [41]. This need not to be disadvantageous, as the defects can also be used for
manipulation of the irradiated structures. Also they offer opportunities for the control of the

morphology, namely the bending and the alignment of nanowires in the desired orientation [42].
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3 Material and Methods
3.1 Synthesis of semiconductor nanowires

One of the most exploited methods to synthesize nanowires in a controlled way is the so-called VLS
mechanism. This technique was first used in the 1960s by Wagner and Ellis for the growth of
Silicon whiskers [43]. In this method a gold droplet is used as a catalyst. Deposition of source
material in the vapor phase on the liquid catalyst results in a liquid alloy phase. When the
concentration of the source material exceeds the supersaturation level, the material starts to
segregate and recrystallize from which outward growth can occur [44]. The growth continues as
long as the reactant is available. The diameter of the nanowire is in general defined by the size of

the catalyst. The above described process is schematically illustrated in figure 6.
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Figure 6: Growth of semiconductor nanowires using a gold catalyst.

The vapor liquid solid growth process is catalyzed by a gold layer deposited on
the substrate. The gold layer is transformed into an eutectic alloy upon heating,
which leads to axial growth beneath the droplet.

/

Silicon wafers with a 1000 nm thick SiO, layer were used as growth substrates. The wafers were
broken in pieces of 5 mm x 10 mm along scratches made with a diamond tip and ultrasonically
cleaned in acetone for 3 minutes. Prior to the growth process the substrates were coated with
10 nm of gold by sputtering (Jeol JFC 1200). The sputtering process was performed at a pressure

of 8 Pa and a current of 20 mA.

The growth process was performed in a horizontal tube furnace, depicted in figure 7. As source
material, 2 g of ZnO powder, provided by the company Alfa Aesar, were inserted in the centre of
the furnace. The gold coated substrates were located downstream. After heating to 1350 °C, the
evaporated ZnO is transported by an argon flow of 50 standard cubic centimeters per
minute (sccm) to the target substrates to initiate growth of nanostructures. The pressure during
growth was between 20 and 100 mbar. Typical growth was carried out for 1 hour at a temperature
of 1350 °C.
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Figure 7: Schematic illustration of the experimental set-up for
nanostructures growth.

The horizontal tube furnace contains a boat with source material. The target
substrates are located more to the end of the set-up. By controlling the two heating
elements surrounding the quartz tube a homogeneous growth can be achieved.

The morphological characterization of the as-grown nanowires was carried out by scanning electron
microscopy (SEM). A typical image is shown in figure 8. The image shows ZnO nanowires grown on
a silicon wafer coated with a 10 nm layer of gold. It can be seen that the wires are dispersively
deposited over the entire surface area. The wires have rather uniform diameters of about 200 nm,
which does not vary significantly along the length. Closer to the edge of the substrate are the wires
shorter and not so pronounced. By adjusting the growth temperature and size of the catalyst,

ensembles of aligned or fully randomly nanowires can be realized.
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Figure 8: SEM images of ZnO nanowires.
SEM characterization of ZnO nanowires grown on silicon substrates at different magnifications,
respectively 50 ym and 10 pm.

3.2 Contacting of nanowires

The synthesized ZnO nanowires were then assembled into a field-effect-transistors (FET)
configuration. FETs have three terminals, which are called drain, source and gate, depending on
their functions. In the so called back gate configuration, the gate electrode is located underneath
the gate dioxide layer (figure 9). The current injected at the source flows through the nanowire to

the drain. One is able to control the drain-source current flow by applying a voltage to the
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gate [45]. The induced electric field controls the conductivity of the channel and hence the current

flow. The processing steps required to produce the different contacts are described below.

Figure 9: ZnO nanowire field effect transistor.

The top view of a FET shows how the channel, represented by the ZnO nanowire, is
connected on both sides by the drain and source contacts. The underlying Si
substrate can function as a gate by which one can control the current flowing
between the contacts.

3.2.1 Imprinting

The grown nanowires are transferred onto a Si/SiO, substrate via dry contact imprinting. Slightly
pressing the growth substrate in a preferential direction along the target substrate, results in the
controlled alignment of the imprinted wires. By varying the applied force one is able to control the

density of the transferred nanowires.

3.2.2 Lithography

In order to conduct electrical measurements, contacts have to be applied to the nanowires. These
contact structures were predefined using UV photolithography. This technique is based on the
transfer of geometrical patterns onto a substrate by means of UV irradiation. By exposure to UV
radiation, a light sensitive material, called photoresist, experiences a change in its solubility
properties. By the selective exposure and removal of the resist, the desired pattern can be defined
on the substrate. The photoresist can be divided in two types, namely positive and negative.
Radiation with UV light changes the resistance to the developer solution. In case of a positive resist
the exposed regions become more soluble [46]. This causes the exposed material to be etched
away by the developer. If the exposed resist becomes polymerized, like in case of a negative
resist, it is more difficult to remove it from the surface and only the exposed regions remain after
developing [47].

Prior to the photolithography, the substrate with the imprinted nanowires were heated up to a
temperature of 130 °C for 2 minutes, in order to remove adsorbed species and water from the
nanowire surface. This initial cleaning step ensures adhesion of the resist on top of the silicon
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wafer. Deposition of the photoresist was done by spin coating. By spinning at high speed, a
uniform layer was created on top of the entire surface with excess being thrown off. In our case,
TI 35ES from the company MicroChemicals GmbH was used as photoresist. This type of material is

considered to be a positive resist.

To ensure that the resist does not change its properties a softbake process was performed. A
stabile film is obtained by removing the excess of solvent after spin coating. This step is important
to make the resist sensitive for the following lithography. The respective processing steps are
depicted in figure 10.

A mask, consisting of 15 pairs of electrodes, was aligned with the surface and selective areas of the
resist were exposed with UV light. Subsequently, the substrates were kept at room temperature for
10 minutes, in order to diffuse out the hydrogen formed during the UV exposure. By heating the
coated substrate up to 125 °C cross-links are formed, which make the exposed areas insoluble.
This process is known as the reversal bake and results in a reversed image. The unexposed areas
become soluble after flood exposure without the mask. By immersing the exposed substrate in a

developer solution, the exposed regions will dissolve. The resulting pattern of contact structures on

the silicon wafer is an exact copy of the mask.

W[ W

a) Exposure b) Reversal bake

Soluble

c) Flood exposure d) Not exposed resist e) Development
becomes soluble

Figure 10: Processing steps of the photolithography process.

a) After alignment of the mask, the surface is exposed to UV light.

b) The reversal bake process activates the unexposed resist which makes it photosensitive
c) Flood exposure without mask.

d) The resist, which was covered by the mask, becomes soluble.

e) Immersion in a developer will dissolve the areas, which are not exposed to the light.



3.2.3 Metal deposition

The pre-patterned sample is processed to metal electrodes by means of electron beam
evaporation. In this process, a metallic filament is heated up until it starts to emit electrons. These
electrons are deflected toward the source material, which is located in a crucible under high
vacuum. Hitting the target causes the kinetic energy of the electrons to be converted into heat.
The target material is vaporized and deposited on a substrate opposing the crucible. This results in

the deposition of a thin film on the substrate.

(@) (b)
Figure 11: Schematic illustration of predefined contacts.
a) Schematic representation of the substrate after metal deposition by electron
beam evaporation.
b) Predefined contacts after lift-off of the remaining photoresist.

For the metal contacts on both sides of the ZnO nanowires titanium and gold, 10 nm and 150 nm
respectively, were deposited onto the developed photolithography mask. Prior to gold evaporation,
a layer of titanium is placed on top of the substrate in order to ensure a better adhesion between
the SiO, on the substrate and the gold [48]. After lift-off of the remaining photoresist with aceton,
only the predefined contact structures remained. The resulting contacts served as source and drain
electrode. The gate is given by the conductive silicon substrate under the SiO, layer. A SEM image
of a single nanowire between the two contacts is shown in figure 12. Finally, the substrates were

glued with silver paste on a commercial chip suitable for the electrical measurements.
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Figure 12

a) Schematic representation of the mask used for photolithography process.
b) Representative SEM image of one contacted nanowire.
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3.3 Characterization

3.3.1 Electrical characterization

Electrical measurements were performed in the probe station EP6 delivered by Siiss MicroTec
(Dresden, Germany), using the Source-Measure Unit (SMU) model 237 of Keithley Instruments
(Cleveland, Ohio). The SMU was capable of simultaneously sourcing and measuring current and
voltage at a set bias voltage with a sensitivity down to ~1 pA. For investigating the
photoconductivity properties, the probe station is equipped with a light emitting diode (LED) with a
central wavelength of 370 nm. By changing the external voltage difference applied to the LED, it

was possible to vary the light intensity.

One of the simplest measurements is the I-V measurements. This includes the investigation of the
current as function of the applied voltage. Different device properties can be obtained from the I-V
characteristics, including output current, resistivity,... Also the quality of the contacts can be
derived from these results [49]. In a second approach, the current flowing through the wire is
measured as a function of the time. This is in particular interesting for the investigation of the

presence of the persistent photoconductivity effect.

3.3.2 Scanning electron microscopy

In addition to the electrical characterization, the morphology of the nanowires was examined using
SEM. SEM is a technique for high resolution imaging of structure sizes below the wavelength of
visible light [50]. By scanning the sample with a focused beam of electrons various signals can be
detected. These signals contain information about the sample composition, morphology,
orientation, structure,... Signals comprise secondary electrons, backscattered electrons, x-rays, and
electron beam current (EBIC). The image is built up by combining the obtained signal with the
position of the beam. The morphology of the sample is obtained by collecting the signal from
secondary electrons emitted from the sample surface. Images based on these secondary electrons
display the topographic structure of the sample and where used to characterize the contacted
nanowires in this thesis. The microscope used in the frame of this thesis was a Helios Nanolab 600i,

delivered by FEI systems.

3.4 Ion implantation

Ion implantation is used for selectively implanting ions into a solid. This engineering process can be
used for modifying the physical and electrical properties in a desired way. Ion beam implantation
was performed using the implanter ROMEOQO, from the company High Voltage Engineering Europa,
which allows implantation of nearly every element with ion energies from 20 keV to 400 keV and
current densities up to tens of yA/cm™ [51]. The ions generated by the ion source are separated
in @ magnet by the Lorentz force. In this way ions of a particular mass with the desired charge

state are selected. After passing through the selection magnet, the ions are accelerated to high
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energy and directed to the target material. Finally, the sample is homogeneously scanned

according to a Lissajous figure in order to receive a homogeneous lateral irradiation.

Before each implantation the relevant parameters were found using computer simulations. The ion
energy needed to achieve the desired penetration depth was calculated using Stopping and Range
of Ions in Matter (SRIM) [52]. SRIM is based on a Monte Carlo algorithm. Calculations of binary
collision between the introduced ions and the target atoms provide an estimation of the ion
distribution in the target material. Because of the use of flat surface geometries this program is

limited to laterally homogeneous samples [53].

Two different ions are used in the described experiments: argon and aluminum. Since argon
belongs to the noble gasses, irradiation with argon introduces only defects and no direct doping in
the ZnO crystal. The noble gas is used in order to eliminate chemical effects in the nanowire [54].
On the other hand, aluminum is an n-type donor in ZnO. The introduced dopants will contribute to
the increase of the electron density and influence the conductivity in addition to introducing
defects. By comparing the results from argon and aluminum irradiation the effect of defects and
doping can be separated. Typical implantation parameters for this thesis are summarized in table 1

together with the calculated ion ranges and straggling.
To get rid of the damage introduced by the implantation, a subsequent annealing was performed at
300 °C. The annealing time was progressively increased from 30 min to 8 hours. In this way

defects are annealed and the implanted dopants may be activated.

Table 1: Overview of the implantation parameters for Argon and Aluminum.

Argon Aluminum
Ion Energy 160 keV 100 keV
Ion Fluence 1,11 x 10** /cm? 1,25 x 10'* /cm?
Beam current 80 - 120 nA 120 nA
Ion range [SRIM] 100,7 nm 98,9 nm
Straggling 40,1 nm 43,6 nm

3.5 Photoluminescence

The photoluminescence (PL) process is characterized by the emission of light radiation from a
material after absorption of photons. The energy released in the recombination of the created
electron-hole pairs is emitted as a photon with respective wavelength. PL measurements are
nondestructive and straightforward, which makes them an easy tool for studying fundamental
optical properties, including exciton-phonon emission and band gap emission [55].
PL measurements were performed in order to characterize the optical properties of the contacted
and implanted nanowires, as well as their defect levels in the band gap. The samples were placed
in a liquid-helium cryostat at 4 K, in order to minimize temperature-induced broadening of the
emission bands. A He-Cd laser with a wavelength of 325 nm was used as excitation source. Spectra

were typically integrated for Y seconds.
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4 Results and Discussion
4.1 Properties of undoped ZnO nanowires

Undoped ZnO is considered as an n-type semiconductor because of intrinsic defects such as zinc
interstitials [56]. These defect states may influence the photoconductivity and photoluminescence
of ZnO nanowires. This chapter reports about the fundamental processes and the role of surface

effects on the electrical properties and the UV photoconductivity.

4.1.1 Electrical properties

The electrical characterization of ZnO NW FETs was performed before and after modification, in
order to study the effect of defect engineering by ion implantation. In a first approach, the current
through the nanowires was measured as a function of the applied voltage in the so called
I-V characterization. This was performed at room temperature in ambient air by contacting the
Ti/Au electrodes via two micromanipulators. The output curves of two typical devices prepared
without any treatment are shown in figure 13. The curves are measured at voltages varying from
-10 to +10 V.
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Figure 13: I-V characteristics of contacted ZnO nanowires.

The output curves of a typical ZnO nanowire FET are characterized by Schottky contacts. The inset

shows a logarithmic representation of the linear plot.

a) I-V curves of the single nanowire device are typically asymmetric.

b) Multiple nanowire FETs show a more symmetric behavior since the characteristics of individual
nanowires are averaged out.

It can be seen that the I-V curves of as-grown nanowires exhibit non-linearity. As one can see in
figure 13 (a), the current is linearly proportional to the applied voltage in the negative voltage
range. However, the slope of the curve is flat between 1 and 6 V, after which the current rises
again. These output characteristics can be attributed to the formation of a Schottky barrier
between the nanowire and the Ti/Au electrodes. In case of n-type semiconductors, this barrier
originates at the semiconductor-metal interface when the difference between the work function of
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the metal ¢, and the electron affinity of the semiconductor xsc is higher than zero. It is
inconclusive whether the Schottky barrier observed in figure 13a is due to the model described by
Schottky and Mott, since literature reports a work function of ZnO between 3,7 and 4,5 eV [57,58].
This suggest that it can be higher or lower than the titanium work function of 4,33 eV [59].

It is however likely that the titanium in the ZnO - Ti/Au contact is oxidized leading to a
semiconductor-insulator-metal heterocontact. Such contacts can also have rectifying properties.
The I-V characteristics typically observed in our samples therefore can be modeled by the
formation of two Schottky barriers on both contacted sides of the nanowire. As observed in
figure 13 (), it is important to take a broad voltage range since the asymmetrical behavior is often

only observed at voltages larger than a few volts.

Thus, a possible explanation for the asymmetric shape can be explained by considering the sample
preparation. By imprinting the samples, the nanowires are randomly spread on top of the wafer,
unaligned to the photolithography mask. This may cause that the length of the wire covered by the

contact may differ on both sides resulting into different Schottky contact properties.

The applied imprinting procedure may also lead to both single nanowire (figure 13 (a)) and
multiple nanowire devices (figure 13 (b)). In the last case the characteristics of different nanowires
are measured in parallel. The rectifying and asymmetric contributions of the individual wires are

average out resulting into a more linear and almost symmetric shape.

4.1.2 Thermal stability

Thermal stability refers to the stability of the ZnO nanowires at high temperature or in other words
to the maximum temperature that can be applied before the nanowire starts to degrade. If ZnO
nanowires are integrated into devices such as for gas sensors, they must be able to withstand high
temperatures. Additionally, it is important to understand the impact of temperature on the
nanowire properties, since fabrication processes as dopant activation and repair of the crystal

structure after ion implantation involve high temperature annealing [60].

The impact of annealing to as-grown ZnO nanowires was evaluated by performing an electrical
characterization before and after annealing. The complete devices including the contacts were
annealed at 300 °C for 30 minutes and measured at the probe station. The same device was then
annealed for 4 hours and measured again. This process was performed with progressively
increasing annealing time from 30 minutes to 8 hours. The obtained results are depicted on both a
linear and logarithmic scale as shown in figure 14. The black curve corresponds to the
measurements performed before annealing. The green and blue curves, corresponding to
respectively 4 and 8 hours annealing coincide in case of the linear graph (figure 14 (a)). A
decrease in current is visible as the annealing time increases. An explanation involves the surface
states. Adsorption of oxygen during the annealing lead to increased surface band bending [61],
which determines higher resistivity of the nanowire. The logarithmic plot in figure 14 (b) shows an
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asymmetric profile, characteristic for Schottky contacts. The non-zero current at 0 V bias is an
indication that a response of the measurement setup is measured and not the current flowing
between drain and source. This shows the extremely high resistivity of the sample after the
corresponding annealing procedures. After such an annealing procedure, the degradation of the
FET devices could be a result of an increase in defect density leading to disturbance of the
crystallinity [62]. However, this is unlikely as the material ZnO itself is stable to temperatures up
to 700 °C [63], which were not reached in these experiments. Further and more likely explanations
are strong modification of the contact properties due to alloying at those temperatures, or changes

in the surface morphology [64].
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Figure 14: Electrical properties of as-grown ZnO nanowires after different annealing
conditions.

The comparison of I-V curves obtained before and after annealing at 300 °C, plotted on a linear (a) and
logarithmic (b) scale. The plots are characterized by an asymmetric profile attributed to the presence of
Schottky contacts. Increase of the annealing time results in a progressive decrease in the current.

4.1.3 Photoconductivity

The photoconductivity for ZnO nanowires was studied under different light intensities with two
distinct goals, namely the investigation of the increase of the photocurrent and the investigation of
the dynamics of the photocurrent decay. ZnO nanowire FET devices were exposed to UV light of a
light emitting diode whose light intensity was varied by changing the applied external power. The
increase of the photoconductivity was investigated under high excitation (5 mW) and low excitation

(20 pW) conditions. The measurements are shown in figure 15.

After stabilization of the current for 60 seconds the LED was switched on, generating electron-hole
pairs. Migration of the photogenerated holes toward the surface lowers the probability of carrier
recombination. The resulting increase in electron lifetime leads to an initially fast increase in
photoconductivity. As the holes recombine with the trapped electrons, oxygen is desorbed from the
surface of the nanowire. This induces a reduction of the trapped electrons as well as the height of
the band bending. The drop ensures that the electrons can reach the surface more easily favoring

oxygen re-adsorption. This leads to slowing down of the current increase and eventually the
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electrical properties achieve a steady state when the oxygen absorption and desorption rate reach
an equilibrium. Subsequently, the UV light was switched off and returned back to the original dark
current with a long decay time, which will be discussed below.
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Figure 15: Photocurrent under steady state conditions.
Switching on the LED, after 60 seconds current stabilization, results initially in a fast increase, which

slows down when oxygen absorption and desorption rate reach an equilibrium, leading to saturation of
the photocurrent.

Measurements of the photocurrent of ZnO nanowires after different annealing procedures are
compared in figure 16. The photocurrent is proportional to the concentration of photogenerated
charge carriers and can be determined by subtracting the dark current from the current under
illumination under steady state conditions. The results for low excitation power are depicted in
figure 16 (a). The as-grown sample, characterized before the annealing procedure, shows a
photocurrent of 80 pA. As the annealing time increases, there is a decreases in the photocurrent to
0,84 pA after four hours annealing. Annealing for a longer time leads to a slight increase to 4,5 pA.
In comparison, the results for a high illumination intensity of 5 mW exhibit a similar profile
(figure 16 (b)). The photocurrent decreases from 400 pA before annealing to 40 pA after four hours

annealing. Eight hours annealing gives rise to an increase in the photocurrent to 82 pA. Therefore,
both illumination intensities show the same behavior.

The deterioration of the photocurrent can be attributed to the thermal behavior of the contacts. At

such temperature, the annealing process adversely affects the contacts, leading to slight instability
and degradation of the device performance.
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Figure 16: Photoconductivity of ZnO nanowires under different illumination intensities.

For both illumination intensities, low (a) and high (b), the device shows a decrease of the photocurrent
and reaches the lowest value after four hours annealing. Only after eight hours annealing, a slight
increase was observed, however the photocurrent is still lower compared with before the annealing
process.

4.1.4 Dynamics of photocurrent decay

The dynamics of the photocurrent decay after UV excitation is investigated by considering the
recovery time as a function of the excitation power. Here, the recovery time is defined as the time
required to observe the complete decay of the photocurrent. Higher UV intensities result in faster
trapping of electrons on the surface leading to a slower recombination and a larger recovery time.
The photocurrent decay of ZnO nanowires as a function of time and excitation power is shown in
figure 17. Each measurement starts with a stabilization period of 60 seconds, followed by UV
excitation of 5 seconds. Subsequently, the UV light is switched off. While keeping the bias voltage

set at 1 V, the UV excitation power is progressively increased.
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Figure 17: Dynamics of the photoconductivity decay.

Full (@) and enlarged (b) plot of the current through one ZnO nanowire after exposure to UV light. After
switching of the UV light, oxygen at the surface traps electrons from the conduction band, leading to a
higher surface barrier. The band bending slows down the recombination of electron-hole pairs due to
spatial separation of electrons and photogenerated holes. This process is highly influenced by surface
effects.
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Upon exposure with UV light, the photocurrent increases instantaneously. By varying the exposure
intensity from 20 yW to 5 mW, the current increases from one to four orders of magnitude. A
magnification of the full curve (figure 17 (a)) is shown in figure 17 (b), in order to illustrate the
photoresponse in more detail. It can be seen that the current increase consists of a fast component
in the first seconds of excitation and afterwards a slow component takes over. After turning off the
UV light, the initial decay of the current is fast but proceeds progressively more slowly. Eventually,

it took more than 6000 seconds to restore the current to its original level.

The fast photocurrent component is attributed to a bulk process in which electron-hole pairs are
generated [65]. Subsequently, a slow surface-related process further increases the conductivity via
oxygen adsorption and desorption. After trapping of photogenerated holes at the surface, the
unpaired electrons can contribute to the conductivity [10]. By increasing the illumination intensity,

more carriers are generated. This in turn leads to a higher photocurrent.

The decay time is also strongly influenced by surface effects due to the high surface-to-volume
ratio of nanostructures. When the UV-light is turned off, electrons from the conduction band are
trapped by adsorbed oxygen molecules resulting in photocurrent decay. As a result of the trapping,
the surface bands start to bend and give rise to a higher internal electric field. The increased
barrier reduces the amount of oxygen adsorption leading to a spatial separation of electrons and
photo-induced holes. This separation hinders the recombination of electron-hole pairs resulting in a
higher recombination lifetime. Therefore, the decay of photocurrent and the presence of a long tail

are strongly related to the surface band bending.

To get a better understanding of the photoconductivity decay, the recovery time was plotted in
figure 18 as a function of the excitation power, in the range 20 pW to 5 mW. The two Y-axes are
independent of each other and correspond to a recovery time of respectively 75 % and 100 %. The
full recovery time increases as the excitation power increases. However, the time required to

observe only 75% of the photocurrent decay shows an opposite dependence.
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This result can be interpreted as the migration of holes toward the surface during UV excitation
inducing the discharge of the surface through desorption of negatively charged oxygen ions. As
such, the illumination process causes a reduction of the surface band bending and it is reasonable
to assume that higher excitation power will result in larger reduction of the surface band bending.
Therefore, the trapping at the surface of photogenerated electrons immediately after illumination
will proceed faster in case of higher excitation power, because electrons encounter a lower energy
barrier. This explains why the partial recovery time (recovery time 75%) decreases as the
excitation power increases. However, as long as the photocurrent decay process continues, the
surface band bending rises progressively, lowering the rate of further electron trapping at the
surface. Because there are more states at the surface for higher excitation intensities, the complete
recovery time (recovery time 100%) nevertheless increases as the density of photogenerated

electrons increases.
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4.2 Properties of argon irradiated nanowires

Argon ion implantation can be used to tune the electrical properties of ZnO nanowires by
introducing defects. Some of these disorders can be recovered using post-annealing procedures.
Since argon is a noble gas, it does not induce chemical reactions or doping and cannot substitute
lattice atoms. Therefore, electrical and photoconductivity measurements on argon implanted
nanowires can be used as a reference for the influence of the aluminum implantation on the

photoconductivity properties on ZnO nanowires.

4.2.1 SRIM simulation

The expected path of ions in the target was simulated using SRIM [52,53] in order to determine
the range of the incorporated argon atoms in the target material. Taking into account the diameter
of the nanowires, the ion range is determined by adjusting the ion energy, ensuring that the ions
stop in the nanowire. An ion energy of 160 keV leads to an implantation depth of approximately
100 nm. The desired concentration of the order 10'° cm™ corresponds to a fluence of
1,11x10*/cm?. Figure 19 displays the argon implantation profile for an implantation energy of
160 keV. The concentration of implanted ions as a function of depth is illustrated in figure 19 (a),

and the corresponding ion trajectories in the target are shown in figure 19 (b) showing the lateral

straggling.
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Figure 19: SRIM simulation results for argon implantation into ZnO nanowires.

a) Concentration of ions as a function of the depth. An implantation energy of 160 keV gives
rise to an ion range of 100 nm.

b) Trajectories of implanted ions in ZnO bulk.

4.2.2 Structural properties

In order to determine if the implantation has affected the morphology of the ZnO nanowires, SEM
analysis was performed before and after the implantation process. The occurrence of damage is

related to the ion species, energy, fluence and the target material [66]. Typical SEM images are
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shown in figure 20, before and after ion implantation. The image shows that irradiation with
160 keV and a fluence of 1,11x10'*/cm? does not introduce significant changes in the morphology
of the surface and device. The implantation process does not introduce roughness; however, the
decrease in wire diameter can be attributed to the prolonged measurements which are repeated

several times.

Figure 20: SEM characterization of ZnO nanowires.

SEM characterization of ZnO nanowires grown on silicon substrates before (left) and after (right) argon
implantation. No noticeable change in structure and morphology is visible after irradiation with argon
ions.

4.2.3 Electrical properties after thermal treatment

The electrical characteristics of the contacted nanowires in dark conditions were compared before
and after argon implantation via I-V measurements. A summary of the electric properties after
further different annealing conditions is shown in figure 21 for the exact same devices before and
after ion implantation. The current was measured as a function of the applied voltage which varied
from -10V to +10 V. The black curve corresponds to I-V characteristics obtained before argon
implantation. It can be seen that as-grown nanowires exhibited s-shape characteristics. The almost
symmetric behavior implies Schottky contacts with similar properties on both ends of the nanowire,

while the low current level shows that this is a highly resistive device.
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Figure 21: I-V characteristics of argon implanted ZnO nanowires after different annealing
conditions.

Comparison of the I-V curves obtained after argon implantation with energy of 160 keV, plotted on a
linear (left) and logarithmic (right) scale. The plots are characterized by an almost symmetric profile
attributed to the presence of similar Schottky contacts on both sides. The wire shows a strong isolating
character after implantation. Only six hours annealing leads to a little increase of the conductivity.
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After 30 minutes annealing in air at 300 °C the implanted wires revealed almost no conductivity.
This can be attributed to the large amount of defects still present in the crystal lattice. High
temperature annealing causes diffusion of the defects out of the crystal, compensating for the
created defects. However, the observed I-V curves suggest that the annealing was not particularly
effective. Increase of the conductivity can be obtained by increasing the annealing temperature or
the time. We decided to anneal the samples for a longer time, since this annealing temperature
represents the optimized value, according to previous study [67], which showed that the contacts
fully degrade at higher temperature. This is confirmed by the measurements of the thermal
stability, as described in the previous section 4.1.2. So we performed an annealing at 300 °C and
progressively increased the time from 30 minutes to 8 hours. Comparison of the observed curves
indicates a strong isolating character after implantation. The absence of conductivity is likely
related to defects that are still present in the crystal even after 8 hours annealing. A full recovery
of the ZnO lattice structure after ion implantations requires temperatures well above 700 °C [68].
Another explanation may involve additional surface states, which have been introduced by
sputtering of the surface leading also to increased surface band bending [61], which determines
higher resistivity of the nanowire.

Another striking appearance is a voltage shift from 0 V to -7 V. Only 6 hours annealing gave rise to
a small shift in the opposite direction. However, annealing longer than 6 hours led to a further
degradation. Such a shift could be due either to the measurement of the internal resistance of the
SMU, or to capacitance effects due to eventual charge accumulation at the interface between the
electrodes and the nanowire. Since we observed a small photoresponse (see section 4.2.4), we
suggest that the latter effect can be predominant, as no photoresponse would be observed in case

of an electrode pair without nanowire in between.

4.2.4 Photoconductivity

Photocurrent measurements performed on argon implanted FET devices reveal almost no
photoresponse. This is not surprising, as the nanowires became highly resistive after the irradiation
and annealing did not recover their conductivity. Typical values of the photocurrent under different
annealing conditions are presented in figure 22. Upon UV excitation with 20 pW no photoresponse
has been detected after implantation with argon ions. Photoresponse was observed only after
annealing for eight hours, but the current was almost one order of magnitude lower in comparison
with the photocurrent value before implantation. Exposure of the device to higher intensities
(5 mW) showed a decrease in photocurrent from 12,4 nA to 0,67 pA for four hours annealing.
Annealing for longer time leads to a further decrease in photocurrent to 0,3 pA. A very small

recovery in photocurrent is observed after eight hours resulting in a value of 2,0 pA.
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Figure 22: Photoconductivity of aluminum implanted ZnO nanowires under different
illumination intensities.

(a) The FET devices show almost no response upon UV excitation. Only after eight hours annealing, a
little photoreaction was observed for the lowest intensity of 20 pyW, although much lower than before
implantation.

(b) A decrease of several orders of magnitude takes place after illumination with 5 mW. After eight hours
annealing a little improvement was observed, however the photocurrent is still lower compared with
before the implantation process.

The previously described isolating character after implantation may contribute to the absence of a
photoresponse. This testifies also of a low concentration of intrinsic electrons and the presence of
oxygen vacancies and other defects in the wire. The progressive decrease in photocurrent upon
higher illumination intensities may suggest that we exceeded the maximum annealing time and
damaged the contacts. However, further increasing the annealing time revealed a not significant
increase of the photocurrent. This suggests that the induced defects are still present in the crystal

and need a longer time to diffuse out completely.

4.2.5 Dynamics of photocurrent decay

The photocurrent decay after UV excitation was studied as a function of three different excitation
powers (20 pW, 1,40 mW and 5 mW). The comparison of the recovery time before and after argon
implantation as a function of the induced photocurrent is shown in figure 23. By varying the light
intensity from 20 pW to 5 mW, the photocurrent of the unimplanted sample rises with four orders
of magnitude. A summary of the excitation power and the corresponding photocurrent, before and

after UV excitation is represented in table 2.

The recovery times before implantation are 574 s, 2043 s and 5680 s for 20 pW, 1,40 mW and
5 mW (figure 23, black curve). After implantation, the same values of the excitation power are
related to recovery times of 112 s, 295 s, 497 s (figure 23, red curve). A precise comparison of the
recovery time is not possible, because the corresponding generated photocurrents differ
considerably and in case of argon implantation are very close to the sensitivity of the SMU.
Nevertheless the results suggest that the recovery time tends to slightly reduce after ion

implantation.
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The large recovery time before implantation can be ascribed to surface effects. After turning off the
light, the increased band bending, due to trapping at the surface, forms a barrier for the electrons
and holes to recombine. This spatial separation results in a longer lifetime and recovery time. This
effect is more pronounced in the presence of high excitation intensities since higher excitation
intensities result in easier trapping of electrons on the surface. In turn, this leads to a slower
recombination and increase in the recovery time.

The reduction of the recovery time after argon implantation can be attributed to the generation of
defects during implantation, which provide additional recombination paths for photogenerated

electrons and holes and determines consequently a faster decay of the photocurrent.
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Figure 23: Dynamics of the photocurrent decay before and after argon implantation.

Comparison of the recovery time as a function of three different excitation powers. The photocurrent of the
unimplanted nanowire increases several orders of magnitude. After thermal annealing, the photocurrent of
the argon implanted sample increased only one order of magnitude. The difference in photocurrent makes it
impossible to make a comparison of the obtained recovery time.

Table 2: Overview of the excitation power and the corresponding photocurrent before and after
implantation.

Excitation Before implantation After implantation
power
Photocurrent Recovery Photocurrent Recovery
Time Time
20 pW 1,03 pA 570,54 s + 208 0,16 pA 112,36 s £ 65
1,4 mW 1,94 nA 2044,6 s £ 202 1,74 pA 296,80 s + 60
5mw 12,67 nA 5683,3 s + 238 2,08 pA 497,36 s £ 72
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4.3 Properties of aluminum irradiated nanowires

The electrical properties can be enhanced by introducing dopants. One of the main impurities in
ZnO is aluminum because of its non-toxicity [69], low resistivity [70] and thermal stability [71]. It
is known that aluminum can act as a shallow donor and improve the conductivity upon doping via
ion implantation [72,73]. Within this chapter, the results of aluminum ion implantation in ZnO

nanowires are presented.

4.3.1 SRIM simulation

As with the argon irradiation, the impact of introducing aluminum in ZnO nanowires was simulated.
The ion range was again set to 100 nm to ensure that the dopants reach the core of the wire.
Based on the collision of the aluminum ions and the target atoms an ion energy of 100 keV is
needed to achieve the desired penetration depth. The ion fluence must be set to match the desired
concentration. Fluences of 1,25x10'/cm? lead to a concentration of 10'° m™3. We obtained a
similar implantation profile as compared to argon by adjusting the ion energy and the ion fluence.

The estimated ion range and damage distribution are shown in figure 24.
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Figure 24: SRIM simulation results for aluminum implantation into ZnO nanowires.

a) Concentration of ions as a function of the depth. Implantation energy of 100 keV gives rise to an ion
range of 100 nm.

b) Trajectories of implanted ions in ZnO nanowires.

4.3.2 Structural properties
SEM images taken from as-grown and aluminum implanted nanowires show no noticeable

morphology changes such as holes or rough surfaces, such as for the argon irradiated wires shown
in the previous section. As it can be also seen in figure 25, the diameter before and after
implantation has the same value of around 420 nm. This suggests that the nanowire can resist
both the ion irradiation as well as the repeated electrical measurements, which were taken before
these SEM images and last for several hours. We are not able to say if the collisions during
irradiation create defects like vacancies and interstitials at this magnification. However, Wesch et

al. observed that ZnO does not amorphize at such low energy (100 keV) [74]. The nanowire retains
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its crystallinity since most damage will be restored by dynamic annealing at the given irradiation

temperature, but point defects will remain.

Figure 25: SEM characterization of ZnO nanowires.

SEM characterization of ZnO nanowires grown on silicon substrates before (a) and after (b) aluminum
implantation and electrical measurements. Irradiation with 100 keV and 1,25x10**/cm? does not
introduce a significant change in morphology.

4.3.3 Electrical properties of as-implanted nanowires

Following aluminum implantation, the ZnO nanowire FET was quantitatively characterized using the
probe station. The electrical conductivity, which is displayed in figure 26, was measured by
sweeping the source-drain voltage and simultaneously measuring the current. The non-linearity

can again be attributed to the Schottky barrier between the ZnO nanowire and the metal contacts.

The as-implanted wires show poor conductivity due to implantation associated defects introduced in
the crystal structure, as also observed after the argon implantation. It is not a surprise that the
implantation defects dominate the electrical properties. Even though dynamic annealing is effective
in ZnO [74], each implanted atom still creates 10-100 point defects. In order to further remove the

damage and activate the implanted impurities (here aluminum), one need to perform thermal

treatments.
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Figure 26: I-V characteristics of aluminum implanted ZnO nanowires before post-annealing.
Output curves of a typical ZnO nanowire FET are characterized by a non-linear behavior, typically for
Schottky barriers. Linear (left) and logarithmic (right) representations of the I-V characteristics are
obtained by varying the voltage from -10 V to + 10V. The implantation induced defects give rise to low
conductivity.

32



4.3.4 Electrical properties after thermal treatment

In order to investigate the impact of n-type dopants on the electrical properties of ZnO nanowires,
we have examined the electrical characteristics before and after the implantation process. Although
the observed current is higher than the as-grown nanowire, the low conductivity of as-implanted
wires suggests that subsequent annealing is essential. Introduced defects act as scattering centers
and must be removed out of the crystal lattice. Because aluminum ions behave different than
argon ions it is necessary to optimize the annealing procedure again. I-V characteristics of a
representative ZnO nanowire are shown in figure 27 as a function of annealing time at 300 °C. Also

in this case the non-linear behavior indicates that the contacts form a Schottky barrier.
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Figure 27: I-V characteristics of aluminum implanted ZnO nanowires after different annealing
times at 300 °C.

Comparison of the I-V curves obtained after aluminum implantation with energy of 100 keV, plotted on a
linear (a) and logarithmic (b) scale. The plots are characterized by an asymmetric profile attributed to
the presence of a Schottky barrier. Annealing at 300 °C for four hours or longer leads to a significant
increase of the conductivity.

After aluminum implantation, a small current was observed for the as-implanted sample since
fewer defects are present in the crystal structure compared to the argon irradiation. This might be
due to the fact that the implantation energy for aluminum (100 keV) was lower in comparison to
argon (160 keV). However, the main reason is the presence of aluminum in the nanowire, which
makes it more conductive due to its n-type dopant behavior in ZnO. Annealing for longer time
results in a progressively increase of the current, as defects anneal out. The nanowire has the
highest conductivity after annealing for 8 hours at 300 °C. The shift in voltage becomes zero after
annealing for at least 4 hours.

Compared with the I-V curve of the unimplanted wire (black curve), the conductivity was increased
by several orders of magnitude. Donor sites associated with oxygen vacancies and zinc interstitials
give rise to electrons, which dominate the conductivity of unimplanted ZnO nanowires. During the
implantation process, the aluminum ions undergo collisions and are stopped within the crystal.
Most of these impurities stay at interstitial positions [66]. Annealing enhances the diffusion of the
aluminum ions to substitutional sites and lead to an effective incorporation in the material. The
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Al**ions incorporated on the substitutional sites of divalent zinc or in interstitial positions form
shallow donor centers. This contributes to a higher free carrier concentration and gives rise to an
increased conductivity. The effect observed after annealing indicates also that the implanted

aluminum donors were not completely active immediately after irradiation.

4.3.5 Photoconductivity

The increase of the photocurrent was studied as a function of different annealing procedures. The
photoconductivity of aluminum doped ZnO nanowires annealed for different periods is presented in
figure 28. The graphs show that the as-implanted nanowire has the lowest photocurrent value of
3,50 pA, in agreement with the argon implanted samples. Annealing leads to an increase in the
photocurrent by several orders of magnitude. After eight hours annealing the photocurrent under
low excitation power reached the highest value of 3600 pA, as shown in figure 28 (a). In
figure 28 (b), which shows the same device but under high illumination power, the highest
photocurrent is observed after eight hours annealing (725 nA). Four hours has also a higher
current in comparison with the untreated nanowire but is slightly lower. Further, the as-implanted
wires exhibit the lowest value of 0,65 nA. Low and high intensity illumination reveal a similar

profile, but the range of the photocurrent is different, respectively pA and nA.
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Figure 28: Photoconductivity of aluminum implanted ZnO nanowires under different
illumination intensities.

For both illumination intensities, low (a) and high (b), the as-implanted nanowire shows the lowest
photocurrent. Upon annealing, the photocurrent increases by several orders of magnitude which can be
attributed to a higher number of free carriers.

Upon exposure to UV light, electron-hole pairs are created in the nanowires. However, the large
number of defects in the as-implanted nanowire reduces their mobility. This stimulates
recombination of the photogenerated electrons with the present defects and gives rise to a low
concentration of electrons in the conduction band. However, annealing results in an activation of
the aluminum dopants as well as to a reduction of the defects; thus, the better crystallinity of the

aluminum doped ZnO nanowires show increased photoconductivity.
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4.3.6 Dynamics of photocurrent decay

We performed electrical measurements before and after aluminum implantation, in order to
investigate the change in the photocurrent dynamics. The recovery time as a function of varying
excitation power after removal of UV light is shown in figure 29. The recovery of the implanted ZnO
nanowire (red curve) to the initial level was much higher than that of the undoped device
(black curve). We observed longer recovery times after implantation in the investigated
photocurrent range. A summary of the excitation power and the corresponding photocurrent,
before and after UV excitation is represented in table 3.
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Figure 29: Dynamics of the photocurrent decay before and after aluminum implantation.
Comparison of the recovery time as a function of three different excitation powers. The photocurrent of the
undoped as well as the implanted nanowire increases several orders of magnitude. After thermal annealing,
the recovery time increases significant due to trapping of electrons by additional surface defects. This
results in a larger depletion region and consequently a more pronounced PPC.

Table 3: Overview of the excitation power and the corresponding photocurrent before and after
implantation.

Excitation Before implantation After implantation
power
Photocurrent Recovery Photocurrent Recovery
Time Time
20 pW 8,98 pA 145,16 s £ 50 25,68 pA 527,79 s £ 275
1,4 mW 475,94 pA 491,59 s £ 75 648,46 pA 2330,7 s £ 150
5 mw 3,04 nA 703,82 s + 82 2,71 nA 6103,5s + 212

A discussion of the effect of the aluminum implantation process on the surface properties of the
nanowires is required, in order to explain the obtained results. As mentioned in the introduction,
the decay of the photocurrent is mainly determined by trapping of photogenerated electrons at the
surface. The rate of this process depends on the width of the depletion region, which is given
by [20]:
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where ¢ is the height of the surface potential barrier and N, is the donor concentration.

Therefore, higher donor concentration should results in a smaller width of the depletion region,
which should in conclusion lead to a faster rate of the electron trapping and reduced PPC. However,
the implantation process might create additional surface defects (e.g. due to sputtering), which can
act as trap for electrons in the dark. Creation of new surface states determines consequently an
increase of the surface barrier ¢, which is proportional to the concentration of electrons trapped at
the surface. The latter process contributes to enlargement of the surface depletion region and to a
more pronounced PPC. Therefore, aluminum doping of ZnO nanowires through ion implantation can
have counteracting impacts on the PPC. If the density of surface defects generated by implantation
dominates over the increase of the donor concentration, the depletion region of the aluminum
implanted nanowires will be even larger than in the as-grown nanowires and the PPC will be more
pronounced. Considering the experimental results, this seems to be the case of our nanowires.
Additionally, the proposed model can explain the larger photoconductivity observed in case of
doped nanowires. Indeed, as a result of the larger depletion region, photogenerated electrons and
holes can be more effectively separated, according to the mechanism described in section 2.5. This
determines a lower electron-hole recombination probability and consequently a larger

photoresponse of the nanowires after aluminum implantation.
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4.4 Optical properties

PL measurements were performed in order to get a better understanding of the correlation
between implantation induced defects/dopants and the electrical properties on exact the same
devices. The measurements were performed with a He-Cd laser. In order to avoid a strong increase
of exciton-phonon interactions, which lead to broadening and overlapping of the PL bands, the

samples were cooled down to a temperature of 4 K.

The optical properties are influenced by intrinsic as well as extrinsic effects [26]. The extrinsic
effects are related to discrete electronic states in the bandgap, which are introduced by defects or
dopants. The emission spectra of as-grown, argon and aluminum implanted nanowires are
compared in figure 30. All measurements were conducted on single nanowires contacted by Ti/Au
electrodes. Under laser excitation, the undoped ZnO nanowires exhibit two major peaks. One is the
near-band-edge (NBE) emission with an energy around the bandgap of ZnO, related to the
recombination of excitons. When an electron is excited to the conduction band, it still can be
attracted to the corresponding hole in the valence band due to Coulomb interaction, giving rise to
excitonic effects. The other emission band, located in the visible spectral range, is related to the

recombination of electrons and holes at defect states in the band gap.

The deep level emission of undoped ZnO nanowires (figure 30, black curve), labeled DLE, is
dominated by green luminescence at approximately 520 nm. This emission band originates from
defects located at the surface as well as in the bulk. It is generally accepted that zinc interstitials
and oxygen vacancies are the most common defects in undoped ZnO [75]. The most probable
mechanism for the description of the green luminescence involves the recombination of a hole
trapped in the single ionized oxygen vacancy and a delocalized electron near the conduction band
[76,77]. The ionization state of the defects and therefore the properties of the DLE are affected by
the formation of a depletion layer [76]. Due to the large surface-to-volume ratio, the emission
intensity will increase when the width of the depletion region is reduced. This suggests that thin

nanowires have a higher fraction of defect levels [78].

By normalizing the spectra to the NBE emission, as done in figure 30, it can be seen that the ratio
between the NBE and the visible DLE emission decreases for the implanted wires. After
implantation, we observed enhanced light emission originating from defects in the bandgap which
are commonly located near the surface. The green luminescence at 550 nm can be attributed to
the high level of defects in the crystal remaining after annealing. This suggests that the intensity
corresponds to the higher amount of defect levels, which is in well agreement with the conclusions

made out of the previous electrical measurements.

In comparison with the undoped sample, there is an additional contribution of a red emission band
after argon and aluminum implantation. Based on electroluminescence spectra Alvi et al. concluded
that more than one deep level defect is involved in this red luminescence [79]. Red emission
appearing between 620 nm and 690 nm can be attributed to oxygen interstitials. This is caused by

a transition from zinc interstitial to oxygen interstitial levels [80]. The luminescence in the range of
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690 nm to 750 nm has a different origin. The emission ranging from 690 nm to 750 nm is linked to
oxygen vacancies in ZnO [79]. Defect emission is also attributed to the presence of intrinsic defects
introduced during the implantation and have not completely diffused out by annealing. So, the
observed luminescence in the red band is a superposition of excess oxygen, zinc interstitials and
surface dislocations [76]. In case of the aluminum implanted devices, the red emission band was
even more pronounced. This can be attributed to recombination of AI3* related donor centers with

oxygen interstitials.

The additional band between 400 nm and 450 nm is due to an artifact of the PL setup, whereby the
light is reflected back into the monochromator. Since the spectra are all obtained with a different
exposure time, namely 0,1 s for the reference sample, 5 s for argon and 20 s for aluminum
implanted devices, this band is the highest for the aluminum implanted nanowires (figure 30, red

curve). A longer exposure time leads to a higher contribution of the artifact.

—— Reference
—— Argon
—— Aluminum

NBE

0,1

0,01

1E-3

Intensity (a.u.)

1E-4

1E-5

460 560 660
Wavelength (nm)

Figure 30: Overview PL spectra of ZnO nanowires.

The spectrum shows two emission peaks: the near band edge (NBE) and deep level emission (DLE). The
DLE of the implanted samples is a superposition of green and red luminescence. The additional band
ranging from 400 nm to 450 nm corresponds to a measurement artifact.

While the intensity of the DLE emission significantly increases, the NBE emission around 370 nm is
reduced after implantation. A more resolved spectrum of the NBE emission is shown in more detail
in figure 31. Several peaks can be observed, which correspond to the recombination of bound
excitons. In the as-grown ZnO, the spectrum is dominated by a wavelength of 368,88 nm. This
line, named I, corresponds to the recombination of excitons bound to aluminum [81]. This
aluminum may be incorporated during growth from the boat used for the growth of the nanowires.
Another explanation for the presence of aluminum can be attributed to intrinsic defects. On the
high energy side, a peak shows up at a wavelength of 368,29 nm. The origin of this Is* line is not
specified, but it can be assigned to an ionized donor bound exciton transitions. However, it is also
possible that the emission at this wavelength is related to a surface exciton (SX). Band bending
ensures higher energies for SX relative to other bound excitons, but still lower than the energy of
free excitons [61]. The presence of SX demonstrates contribution from surface states. However, in

case of the SX one would expect a broader appearance of the peak. The right side of the prominent
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I line is characterized by Ig, and I;9 at 368,35 nm and 369,87 nm respectively. However, in case
of the SX one would expect a broader appearance of the peak. Apart from the donor bound exciton
transitions, we observed two longitudinal optical (LO) phonon replica separated by an energy of
72 meV. The line labeled as I-1LO has a wavelength of 377,11 nm, which is at the position for the
first phonon replica of the Is. The second phonon replica, labeled I¢-2L0, is observed at 385,55 nm.

The peak at 373,48 nm can be assigned to the two-electron satellite (TES) transitions of I.

In comparison to the as-grown nanowire, the NBE spectrum for argon exhibits a strong
contribution of Ig, at a wavelength of 369,18 nm. Implanted argon ions can collide with zinc atoms
in the crystal leading to a small change compared to the original position in the lattice. The
obtained zinc interstitials can act as shallow donors. The donor bound excitation line I, at
369,72 nm is related to hydrogen. The highest energy shoulder observed at 367,31 nm s
attributed to the free exciton, labeled as FX. According to Schilling et al. is the presence of FX
correlated to high quality of the crystal surface [72]. However, the low PL emission after
implantation and the strong isolating character of our devices indicate that a lot of defects are still
present in the crystal after argon implantation. In addition, the features appearing around
377,10 nm and 385,55 nm can be assigned to the LO phonon replica of the zinc interstitials and
are labeled Ig,-1LO and Ig,-2LO. The two phonon replica of the free exciton are located at
375,15 nm and 383,50 nm. Like the reference sample is the NBE emission of the aluminum
implanted sample dominated by the line at wavelength 368,85 nm, labeled as Is. The luminescence
from this peak is correlated with the recombination of a bound exciton to an aluminum related
impurity center. This confirms that the aluminum is incorporated in the wire. The TES, which is
pronounced in the reference sample, disappears after implantation with argon and aluminum.
Introduction of argon ions in the crystal leads to a reduction in the intensity of the phonon replica,

which disappears completely after adding n-type dopants.
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Figure 31: NBE PL spectra of ZnO nanowires.

The NBE spectrum of the reference sample is characterized by several donor bound exciton transitions,
including aluminum (Is) donor bound exciton. The origin of the lines 15", Is, and I, are not specified. The
peaks on the lower energy side correspond with the two-electron satellite and the first and second
phonon replica of Is. The green curve, corresponding to argon, is dominated by the Ig, line, the hydrogen
related I, and the free exciton (FX). The peaks on the lower energy side correspond with the first and
second phonon replica of the FX and Ig, line. Aluminum implantation (red curve) gives rise to the line Is,
which corresponds to the recombination of bound excitons with aluminum.
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In conclusion, the optical experiments have shown that ion implantation causes a rearrangement in
the crystal lattice. Both argon and aluminum bring about a reduction in the UV/visible intensity
ratio with increase of the DLE and a decrease of the NBE transitions, due to the defects, which are
still remaining even after the 300 °C annealing procedure. However, the clear presence of the Is
line after aluminum implantation, confirms that the aluminum ions are properly incorporated in the
crystal on substitutional sites. In addition, the LO phonon replica and TES transitions, which are
pronounced in the undoped nanowires, diminish after argon irradiation and eventually disappear
completely after the introduction of aluminum. This is clear evidence that the emission of ZnO

nanowires is influenced by implantation.
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5 Summary and Outlook

Among semiconductor nanostructures, ZnO nanowires have attracted a lot of attention because of
their physical properties, such as a wide direct band gap and high conductivity. Because of this
ZnO nanowires can function as building blocks for academic research and industrial applications.
The UV photoresponse under diverse environments renders ZnO suitable in areas of sensors,
photonics and electronics, including photodetectors, environmental control and optical switches.
Selective modification of the surface properties through doping procedures makes it possible to

fine-tune the material to favored properties.

The ZnO nanowires used in this thesis were synthesized using the so-called VLS growth method.
The grown nanowires were assembled in a FET geometry in order to conduct electrical
measurement. Contacts have been defined to both sides of the wire via UV photolithography. After
lift-off only the predefined contacts with a layer of Ti/Au (10/150 nm) remained. Electrical
characterization before and after ion beam implantation with argon and aluminum were performed,
in order to investigate the impact of ion beam implantation on the electrical and photoconductivity
properties, in particular the UV photoresponse increase and the dynamics of the photocurrent

decay.

The as-grown samples showed an asymmetric or rectifying behavior, most probably due to the
formation of two Schottky contacts with different properties. The focus of further experiments was
to determine the thermal stability of the nanowire electric properties at high temperature. Since
annealing may influence the electrical properties of the nanowires, one sample was used to study
the annealing optimization. Progressive increase of the annealing time results in a larger decrease

of the conductivity, indicating increased resistivity of the nanowires.

The as-grown ZnO nanowires were also used to investigate the photoconductivity under different
light intensities. It was found that the current increases initial quickly and the increase rate slows
down progressively till it saturates. This process can be interpreted in terms of the separation of
photogenerated electrons and holes, induced by the surface band bending of the nanowires. Upon
both the lowest and highest excitation powers, respectively 20 pyW and 5 mW, a decrease of the
photocurrent after annealing was observed. The decay of the photoconductivity after UV
illumination lasts for several minutes or hours. The recombination of photogenerated charge
carriers can be explained in terms of trapping of electrons at the surface, promoted by adsorption
of oxygen molecules. With increasing time, the accumulation of electrons at the surface increase
the height of the surface potential barrier, which determines a progressive slow down of further

electron trapping and therefore a slower photocurrent decay.

Subsequently, the impact of argon implantation on the electrical properties of ZnO nanowires was
studied. Argon was found to introduce defects in the crystal lattice without adding additional
dopants. SEM images were used for the determination of the changes in morphology after

implantation and electrical characterization. A slight reduction in the diameter may be attributed to
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the electrical measurements, which lasted in total for several tens of hours. It was shown that the
argon implantation on ZnO nanowires lead to a decrease in conductivity even after eight hours
annealing. This corresponds to the highly resistive character of the devices due to the large amount
of remaining defects. The results concerning the photocurrent decay suggest a decrease in the
recovery time, although it was not possible to make a precise comparison since the photocurrents

generated by the same excitation intensity differs significantly before and after implantation.

Implantation of aluminum ions in ZnO nanowires can introduce n-type dopants, which contribute to
the conductivity. As with argon irradiation, the ion range was again set to 100 nm. SEM
investigation before and after aluminum implantation revealed that the implantation process do not
induce any significant change in the diameter and do not cause roughness of the surface.
Characterization at the probe station directly after implantation revealed poor conductivity due to
the presence of defects. However, the current is slightly higher than the non-irradiated nanowire,
suggesting that aluminum increases the conductivity of the device. The conductivity increases
progressively after each annealing procedure reaching the highest value after 8 hours annealing at
300 °C. Upon annealing, the dopants which are stopped at interstitial positions, after collision with
target atoms, diffuse to the substitutional places of zinc. This suggests that thermal annealing is
necessary to stimulate diffusion of defects out of the crystal structure and activate the implanted
aluminum ions. The photocurrent increase can be attributed to the higher amount of free electrons
after substitution of Zn?* ions with AI** jons which results in a decrease of the depletion width.
Comparison of the dynamics before and after aluminum implantation clearly revealed a higher
recovery time for the implanted nanowires. The introduction of dopants may be accompanied by
the creation of additional defects at the surface. The surface states eventually generated during
implantation (sputtering) might cause an increase of the surface band bending, resulting in a larger
depletion width and PPC.

The correlation between the electrical properties and the induced defects and dopants was further
investigated by performing PL measurements on exact the same ZnO nanowires. The spectra were
characterized by near band edge (NBE) emission and deep level emission (DLE) in the visible
range. The undoped nanowires show green luminescence that originates from zinc interstitials and
oxygen vacancies. The decrease in the ratio between the NBE and the DLE can be attributed to the
implantation. The amount of additional implantation induced defects corresponds to the higher
intensity of the DLE. The DLE of the implanted samples is a superposition of green and red
luminescence. The Iuminescence in the red band is dominated by excessive oxygen, zinc
interstitials and AI** related donor centers. The NBE emission includes several lines corresponding
to bound exciton recombination. According to Schilling et al. [72], the presence of FX is related to
high crystal quality; however the decrease in NBE intensity confirms that many defects are still
present in the crystal after argon implantation. After aluminum implantation, the PL spectrum is
dominated by recombination of bound excitons with aluminum impurity centers. This confirms that
the aluminum ions are incorporated in the ZnO nanowire and optical active. In addition to the
donor bound exciton transitions, the spectra of undoped and argon doped wires show LO phonon
replica and TES transitions, which disappear completely after aluminum implantation. These results

suggest that irradiation with aluminum ions influences the emission behavior of the ZnO nanowires.
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Having the knowledge of the electrical and optical properties in mind, it is shown that the increase
in photocurrent is due to the introduction of n-type dopants. Longer annealing times increase the
mobility of the aluminum dopants, which can act as shallow donors and enhances their contribution
to the conductivity. The longer recovery time induced by aluminum implantation corresponds to the
trapping in deep levels and recombination of electrons and holes, generated by Vvisible
excitation [72]. Optical transition between the defects and the band edge correspond to these

excitations. The PL spectrum conforms to such optical transition between the defect states.

In conclusion, application of low-dimension systems in industry is still challenging. Although much
research has been performed in the past, further efforts are required to improve the understanding
and the control of the surface effects. The results obtained during this research contribute to a
better understanding of the fundamental procedures. Doping by ion irradiation enables ZnO
nanowires to get more favorable properties. Because of the higher surface-to-volume ratio of
nanowires, this effect is more pronounced than in bulk materials. This may lead to the

development of nanodevices in a better and more effective way with improved performance.
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