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Abstract

ZnO is distinguished as the semiconductor of choice in a variety of applications such as
in optoelectronics and photodetectors owing to its superior light sensitivity, the ease of
synthesis in a wide range of nanostructure forms and its tuneable optical and electrical
properties. Herein, ZnO photoconductivity is investigated for two purposes; firstly, to
assess device stability with different preparation conditions and environments and
secondly, to improve and extend photodetection of ZnO into the visible and near-

infrared by stimulating surface defects and plasmonics effect.

Persistent photoconductivity resulting from UV irradiation of ZnO NP films is highly
affected not only by oxygen adsorption but also by other organic species and water in
atmospheric air. The stability of ZnO photodetector is found to be enhanced in terms of
current magnitude and sustainable photocurrent cycles when the device is prepared,
annealed and tested in a nitrogen environment. A noticeable difference is identified in
the ZnO NP surface composition, represented by surface organic complexes when the
film is prepared and annealed in air compared to nitrogen. The aforementioned species
are found to be removed efficiently in oxidized fabrication environment such as in air
while partially decomposed in nitrogen. This enables the ZnO surface to build new
organic species and surface carbonates by electrochemical reaction with atmospheric

CO;, leading to promote electrically active defects surface states.

Narrow-band photoconductivity, with a spectral width of 0.16 eV, is obtained by
irradiating ZnO NP films using green light. A new model involving electron transfer
from deep defects to discrete shallow donors is introduced to explain the narrow

spectrum and the exponential form of the current rise and decay transients. The green



photocurrent responsivity can be enhanced by storage in air and this correlates with the
formation of carbonate surface species by the capture of carbon dioxide during storage.
We successfully demonstrated a solution-processed ZnO NP photodetector using a low-
cost and scalable photolithographic approach to fabricate dual (ultraviolet and green)
and single (ultraviolet only) wavelength detecting ZnO pixels on the same substrate

using the same mask.

We also show that the plasmonic effect can be used to extend the photoconductivity of
ZnO NPs into the deep red/infrared spectral region utilizing gold nanoislands as a light
absorber and source of hot electrons in a vertical device configuration involving

PEDOT: PSS.
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Chapter 1

Introduction and Background
Theory

This chapter introduces some basic theory and physics principles
relevant to the topics studied in this thesis. ZnO is the main
semiconductor used in this work and therefore, an overview of its

optical and electrical properties is given.



CHAPTER ONE

1.1 Introduction

In our daily life, photodetectors are considered as the most ubiquitous type of
technology that electronic devices use such as in smartphones, computers, wearable and
flexible display devices and cameras. However, the rapid advancements in these
technologies create a high demand for innovations in device processing and integrations
in addition to low production cost accompanied with high device performance.
Therefore, metal oxide semiconductors such as ZnO found to meet the requirement due
to its novel functionalities, transparency, and wide band gap that can allow low cost and
unconventional processing technologies like sol-gel methods which are compatible for
integration with flexible and low-temperature processing substrates. The advent of ZnO
has revolutionized the electronic devices by moving from rigidly based electronics to a
high-end technology based on flexible and transparent electronics which invade the
commercial market where oxide-based devices expected to grow to nearly 7.1 billion

dollars by 2018 M.

ZnO has witnessed a resurgence in the last few years as a strong competitive candidate
to GaN in optoelectronics and optical display devices. Research on ZnO blossomed in
the early 1930s with some initial work on light emission followed by the recording of
the first electron diffraction data in 1935 %!, A few years afterwards, the native n-type
conductivity in ZnO was confirmed by Hall effect measurements 41 Following a
systematic study on ZnO up to the 1970s, new material properties emerged such as the
discovery of the piezoelectric effect and light emitting diodes (LEDs) . Figure 1.1
illustrates the development of research on ZnO and its related materials by showing the
number of publications between 1920 and September 2017. The data were collected
from ZnO publications registered in ScopusTM. It is clear that the number of

publications starts to increase significantly in the early 1990s when a good
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CHAPTER ONE

understanding of the electrical and optical properties of ZnO was realized, in addition to
the big interest in nanotechnology. Hence ZnO was incorporated in different device
configurations such as transparent thin film transistors (TFTs), light emitting diodes

(LEDs), solid state lasers, varistors, gas sensors and UV photodetectors.

In this chapter, a brief introduction to ZnO structure as well as its optical and electrical
properties are presented. Furthermore, the main defects types abundant in ZnO are
introduced and briefly reviewed in addition to some practical applications. A general
background to the theory behind photodetection in semiconductors is described. Finally,

we will discuss work motivation and introduce the thesis structure in brief sections.

P ZnO publications
8000
2
-% 6000 Hall measurements
O [1954]
o)
S
o
« 4000 + ZnO LEDs
g [1967]
z Elecj(?;fron tt.)eam ZnO Varistors
2000 - firaction [1968]
[1935] /
0

: , : , :
1920 1935 1950 1965 1980 1995 2010
Year

Figure 1.1: The number of publications involving Zinc Oxide (ZnO) per year,
from 1920 to September 2017, which are registered in Scopus database search
engine. 13th Sept. 2017.

1.2 7ZnO structure

ZnO is an important semiconductor among the I1-VI group, with a wide direct band gap
and intrinsic n-type conductivity with an energy gap of 3.37 eV at room temperature

and 60 meV exciton binding energy .. It crystallizes in three different structure forms;

3



CHAPTER ONE

hexagonal wurtzite, zinc blende and cubic rocksalt. The zinc blende crystalline structure
can be stabilized by growing it on cubic substrates, while cubic rocksalt can be formed
under high-pressure conditions . The wurtzite structure is defined by a and c axes,
with lattice constants of a = 3.25 A° and ¢ = 5.21 A%, as shown in figure 1.2. It
represents the most common crystalline structure form of ZnO because of its
thermodynamic stability in ambient pressure and temperature. Along the c-axis, the zinc
atoms are stacked tetrahedrally with four oxygen atoms in a typical sp* covalent bond (a
chemical bond involving electrons shared between the Zn and O atoms). On the other
hand, the oxygen and zinc bond has also a significant ionic character owing to the big
difference in their electronegativity (oxygen = 3.44 and zinc = 1.65). Therefore, ZnO

can be classified as a mixed ionic (ionicity of 39%) and covalent metal oxide .

a (8)

Zn polar face

a= 0 32 nm O polarface

(au2|d-t.u g aue|d-e)
sooe) Jejod-uou

Figure 1.2: (A) The unit cell of the hexagonal wurtzite structure of ZnO. (B) The
Zn and O polar and nonpolar plane surfaces in the ZnO lattice (8]

The distribution of the zinc cations (positively charged ions) and the oxygen anions
(negatively charged ions) in the unit cell can take different configurations, where anions
or cations can cover the entire surface leading to the formation of polar surfaces. In the
wurtzite crystalline structure, ZnO normally has four different surfaces, two of which
have surface dipoles with polar surfaces; Zn-(0001) (Zn atoms covering the entire outer

4
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plane surface) and O-(0001) (O atoms covering the entire outer plane surface). These
are believed to be responsible for the material’s optical and electrical properties. The
other two surfaces are (1010) and (1120) which are non-polar. The polar surfaces are
found to be more intriguing and energetically favourable in scientific and technological
points of view compared to the nonpolar counterparts which consist of an equal number
of oxygen and zinc atoms with mixed termination ! as shown in figure 1.2-B. The polar
surfaces are also believed to be responsible for the gas sensing activity and surface

reactions at the surface of ZnO nanostructures ™.

1.3 Optical properties of ZnO

The optical properties of ZnO have been the subject of intensive research in the last
decades due to their importance in deciding the material’s applications. ZnO has a direct
band gap of 3.37 eV and a high exciton binding energy of 60 meV (which enables the
formation of a high number of excitons), both at room temperature. Owing to its high
excitonic binding energy and direct wide band gap, ZnO is considered as a very
efficient UV light emitter at room temperature % and also has a broad visible emission
related to native defects. Among other elements in its group, oxygen anions in ZnO
have the highest ionization energy leading to a strong interaction between Zn3d and
02p orbitals which give rise to its direct band gap as shown in figure 1.3. Its conduction
band (CB) is constructed from the s-like state and formed from 4s? electrons related to
Zn. On the other hand, its valence band (VB) is formed from 2p* electrons related to the
0 and so has a p-like state. ZnO VB has three split-off bands in wurtzite ZnO resulting
from the effect of the crystal field (the effect of the electrical field of the neighbouring
ions on the energies of the valence orbitals of the ion in the crystal) and spin orbital
interactions. Upon light absorption, electrons are promoted from the valence band to the

conduction band leaving behind positively charged holes. Owing to their charge

5
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difference, the excited electrons bond with the holes through a Coulombic force and
forms what is called an exciton (electron-hole pair) illustrated in figure 1.4-A. When
electrons and holes recombine, a narrow line spectrum is emitted with energy (Ex)
slightly below the optical band gap by the amount of the binding energy. This slight
difference comes from the binding energy associated with exciton formation. Therefore,

exciton binding energy can be given by **:

Ex =E; —Ep (1.1)

Where # is the reduced Planck constant (A = h/2m), w is the angular frequency
(w = 2mv), E,; representing the band gap, Ej is the binding energy or ionization energy

of free exciton.

(A)
10 « \
A .
8 ;/‘ \ T / v
6 \\ 3 .
L ’(
by . \
=4 N ]
L
> 2r §
g o
= I ,41* :l"
53} H‘{‘N‘h“ - .rf[ "‘,}O‘?H r'-;-"
2+ f . ?". &) F‘ ‘/ﬁ'y B
- i g D
-4 o s S
6 1;-- e $onsarnl g ¥ 52 g
‘m:gz;m =
B L M r A H K T k=0

Figure 1.3: (A) The band structure of ZnO as calculated by HSE hybrid
functional %, (B) The direct transition of an electron from the valence band (VB)
to the conduction band (CB) leading to hole generation in the valence band. This
results from of the absorption of light with photon energy equal to or higher than
the fundamental band gap ™.
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The behaviour of the exciton (electrons orbiting the holes) resembles the hydrogen atom

and hence its binding energy can be calculated from the hydrogen-like model and given

by:

mye*

EB_

" 2h2g2n2

(1.2)

where m;. is the reduced mass of the electron-hole pair, e is the electron charge, h is
Planck’s constant, ¢ is the dielectric constant and finally, n is an integer representing the
quantum number corresponding to the energy state. Due to this strong attraction force
(which is a characteristic of an ionic crystal), the electron is tightly bound to the hole
until they recombine giving rise to photon emission with energy given in equation 1.1.
The large binding energy (60 meV) of free excitons in ZnO enables them to be highly
stable and give rise to photon emission at room or even higher temperature (KzT = 25.9
meV). Excitons can be described by two different models depending on how tightly
bound the electron-hole pair is, namely: Frenkel exciton and Wannier-Mott exciton
shown in figure 1.4-B and C. The Frenkel model describes tightly bound electron and
hole confined within a single lattice constant and is more relevant to organic
semiconductors. The Wannier-Mott model describes the loosely bound hole and
electron with an average bound radius larger than the lattice spacing and is more

relevant to inorganic semiconductors .
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(A) (B)

D

- -
. -
---------

Coulomb
attraction force (C) o

LT

K

Figure 1.4: (A) An illustration of exciton formation resulting
from the Coulombic attraction between the free electron in the
conduction band and free hole in the valence band. (B) and (C)
describing the Wannier-Mott and Frenkel exciton models
respectively.

1.4 Electrical properties of ZnO

It is hard to put in context the electrical behaviour of ZnO owing to the great impact of
surface defects on its electrical properties. ZnO films of high quality have a carrier
concentration around 10 electrons cm™, while the electron concentration can reach
10%° electrons cm™, with heavy n-doping. The electron and hole effective masses in
ZnO are found to be 0.24 m, and 0.59 m,, respectively . Owing to its large band
gap, ZnO can work reliably under large electric fields, powers and temperature without
breaking down. ZnO is also well known for its piezoelectricity (electrical charges

stimulated by mechanical stress) 4.

ZnO has an intrinsic n-type conductivity originating from the unintentional doping
during fabrication or material processing. It is well known that ZnO has an ambipolar
doping problem meaning that it can only reliably work as an n-type semiconductor (the
unintentional existence of shallow donors) due to the donors’ compensation when

acceptors are introduced. Electrons mobility in bulk ZnO is limited at low temperatures,
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equal or lower than 10 K, owing to intrinsic processes such as scattering with ionized
impurities. The electron mobility of bulk ZnO at room temperature is found to be 205
cm?/V s as reported by Look et al. % while it increases to 440 cm?/V s for thin films as
reported by Ohtommo and Tsukazaki *®. On the other hand, the hole mobility of ZnO
at room temperature is reported by Ryu et al. 7 to be 5 to 30 cm?/V s which is much

less than the electron mobility as expected.

1.5 DefectsinZnO

High-quality ZnO films and crystals are normally accompanied by defects and
impurities. The fabrication environment and processing conditions, such as working in
an oxygen-rich or zinc-rich environment, normally dictate the formation energy of the
defects (the difference between the total energy of the perfect crystal structure before
and after the defect formation). It is important but not easy to identify the defects and
their locations within the band gap. A combination of theoretical calculations based on
the first principles theory and experimental techniques have made great contributions to
help resolve this problem. In the last few years, many semiconductors with very
interesting properties have not been considered for device applications because of the
lack of control over their conductivity due to defect formation. The defects alter the
electronic structure of ZnO by introducing additional energy levels within the band gap
which help trap the charge carriers leading to a major difference from the properties of
the pure semiconductor. The energy of the defect levels varies depending on their
thermal ionization energies. For instance, shallow and deep defects levels correspond to
defects which are likely to be ionized and nonionized at room temperature respectively.
The deep levels are transition levels located energetically far away from the band edges
(conduction band minimum and the valence band maximum) and require energy much
larger than the thermal equilibrium to move electrons. On the other hand, shallow

9
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defects levels are energetically located close to the band edges (either below the
conduction band or just above the valence band) where electrons can be ionized with
little thermal energy 8. Those levels are very important in controlling the materials
conductivity type by either accepting electrons from the valence band leading to the
generation of holes (p-type) or donating electrons to the conduction band leading to an
increase of the free electrons (n-type). A variety of experimental and theoretical
techniques are utilized to help identify and calculate the defects concentrations such as
electron paramagnetic resonance (EPR) 1% deep-level transient spectroscopy (2%,
cathodeluminescence (CL) ¥, secondary ion mass spectrometry (SIMS) 2 positron
annihilation spectroscopy (PAS) ! and density-functional theory (DFT) with first

principle calculations 4.

The formation of a defect in the lattice mainly depends on the experimental conditions
represented by the environmental abundance and the Fermi level, in the case of a
charged defect. For instance, preparing or annealing the sample in environments rich or
poor in one particular constituent, Zn and O atoms in the case of ZnO, could lead to the
formation of point defects. An oxygen vacancy is formed as a result of oxygen atom
removal from the lattice. Therefore, by utilizing the density functional theory (a
powerful tool used to investigate defects formation in semiconductors) the formation
energy (E/) of oxygen vacancy arising after the removal of an oxygen atom can be

given by [#°I:

Ef(Voq) = Etot(Voq) — Et0:(Zn0) + po + qEr (1.3)

where Etot(Vo") represents the total energy of the crystal with the charged oxygen
vacancy, E;,:(Zn0) is the total energy of the perfect crystal in the same system, u, is

the oxygen chemical potential (a temperature and pressure dependent potential energy

10
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describing the reactivity of any given species to perform a reaction or phase transition)
which varies depending on experimental conditions such as O-rich or Zn-rich
environment and finally, Er is the Fermi level. From equation 1.3, the formation
energies of zinc and oxygen vacancies are affected by Zn and O-rich fabrication
conditions as seen in figure 1.5-A. Under Zn- and O-rich conditions, the formation
energy of oxygen vacancy (V,) is reduced when the Fermi level approaches the valence
band maximum (VBM) (Er = 0). In contrast, the formation energy of zinc vacancy
(V) is reduced when the Fermi level approaches the conduction band maximum
(CBM). Figure 1.5-A also shows that under a Zn-rich environment, V,, is likely to form
only when Ep is located very close to the VBM, while it is unlikely to form under an O-
rich environment despite the position of Eg. On the other hand, V, is likely to form in
an O-rich fabrication environment when Ep is close to the CBM and has a slight chance

to form in a Zn-rich environment.

Zn and O atoms are bound together by covalent bonds to form the ZnO lattice. When an
oxygen atom is removed from the lattice, four bonds surrounding the Zn atoms will be
broken leading to the formation of a new symmetric energy state, occupied by two
electrons in the natural state of the charged oxygen vacancy, located close to the valence
band maximum in the ZnO band gap and another three states located above the

conduction band minimum which are always empty [26],

11
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Figure 1.5: The calculated formation energies of the common point defects
as a function of Fermi level of ZnO. (A) The calculated defects energy
levels with respect to the preparation conditions (Zn-rich and O-rich
environments) where the valence band maximum corresponds to the zero
Fermi level. (B) The defect formation energy (E') versus Fermi level (Ey)
showing a system consisting of three charge states, +1, 0, -1, with two
transition levels represented by £(4/0) and £(0/—) for the deep donor and
acceptor levels respectively. The black lines correspond to the defects
formation energy, while blue lines are the favourable charge states
corresponding to Ex (28] (C) Showing the defects transition levels positions
inside the ZnO band gap as calculated by LDA and LDA+U 1!,
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Energy levels are introduced in the ZnO band gap by the presence of defects which
often involve transition levels which take place between different charged states within
the same defect. The transition level, €(q,/q,) is the Fermi energy at which the
formation energies of two charge states, g; and q,, are the same, where the defect
charge state is denoted as g . If g = 0, the defect is considered natural, whereas when
q = +1or —1 indicates that the defect is lost or gained one electron respectively.

Figure 1.5-B shows the formation energies of three possible charge states in ZnO with
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two transition levels. The stability of the formed charge state is determined by the
position of Fermi level corresponding to the transition level. For instance, when the
Fermi level is located below the transition level (q;/q,), the charge state g, is stable,
whereas when the Fermi level is located above the transition level, g, becomes the
stable charge state ?®!. Figure 1.5-C shows the positions of the native point defects in
ZnO band gap based on local density approximation (LDA) in addition to LDA+U

approach calculated by Anderson Janotti and Chris G. Van de Walle ?°.

ZnO is an excellent host for surface defects and has a rich defect chemistry especially
when it is structured in nanoscale dimensions . In this thesis, we try to explore the
effect of surface defects on the electrical properties by looking at their role when the

material has nanoscale dimensions.

Zno

Impurity

Vo

Figure 1.6: An illustration of the intrinsic and extrinsic point
defects in ZnO crystal structure, where (Zn) is a zinc atom, (0) an
oxygen atom, (V,) an oxygen vacancy, (V) a zinc vacancy, (Zn;)
a zinc interstitial, (0;) an oxygen interstitial, (Zny) a zinc antisite,
(04,,) an oxygen antisite and a substitutional impurity at zinc site.
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1.5.1 Intrinsic defects

Intrinsic defects are often referred to as native defects, which include vacancies,
interstitials and antisites. These are usually named according to the production method
and are denoted as V, and V,, 0; and Zn; and 04, and Zn, respectively as shown
above in figure (1.6) . Vacancies have the missing atoms at regular positions in the ZnO
lattice, while interstitials refer to extra atoms (either O or Zn) occupying the gaps in the
lattice. Antisites represent the complementary substitution of an atom in the lattice with
the other type, i.e. Zn occupies the place of O and vice versa. Generally, neglecting
defects interactions, the defect concentration, ¢, in a lattice structure at thermal

equilibrium can be calculated using the following equation B%:

€ = Nsites €Xp (_ E_f) (1.4)

KgT

where Ng;0s is the number of defects sites per volume, E/ represents the defects
formation energy, Kp is the Boltzmann constant and T is the temperature. Equation
(1.4) shows that defects with high formation energy exist at low concentration and vice
versa. It represents the likelihood of defect formation, where defects with low formation
energy are more likely to exist over the defects with high formation energy. The
formation energy of the defects strongly depends on the location of the Fermi level as

well as the potential energy of Zinc or oxygen.

1.5.1.1 Oxygen vacancies

The removal of an oxygen atom from the ZnO lattice results in the formation of an
oxygen vacancy (V) as shown in figure 1.6. This vacancy has long been considered as
a shallow donor responsible for the n-type conductivity of ZnO. This assumption is
based on observing the conductivity of ZnO prepared in a Zn-rich environment %), First

principle calculations proved that oxygen vacancies are deep donor rather than shallow

14
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defects with high formation energy in n-type ZnO and that the transition level between
charge state 2+ and natural charge state 0 (2 +/0) is located ~1 eV below the
conduction band B, which make it impossible to contribute electrons to the conduction
band. Therefore, being considered as deep donor together with its high formation energy
even at Zn-rich conditions indicate that these defects are not likely to be responsible for
the intrinsic n-type conductivity of the ZnO ®!. However, despite the DFT calculations
which predicted that oxygen vacancies have high formation energies in ZnO and
therefore likely exist at low concentrations, different conditions may occur at the
surface of ZnO nanostructures owing to their large surface area. The oxygen vacancy
can exist in three possible charged states depending on the Fermi level energy; fully
occupied (V2), singly occupied (V) and empty (V2*) 3% The fully occupied defect
state is found to be energetically stable in n-type ZnO and has a high formation energy
in O-rich conditions, which makes it unlikely to exist at a high concentration, while the
singly occupied state is found to be energetically unstable, always having higher energy

than the fully occupied and the empty states for any given Fermi level position.

1.5.1.2 Zinc vacancies

A Zinc vacancy (V) is formed when a Zn atom is missing from the lattice structure
leading to the formation of energy states within the band gap resulting from breaking
four bonds with the neighbouring oxygen atoms. It is a deep acceptor defect with low
formation energy in n-type ZnO. Therefore, this defect is unlikely to be the responsible
for the n-type conductivity of ZnO. However, this defect is believed to be accounted for
the green photoluminescence (PL) centred between 2.4 and 2.5 eV B2%34 which is in
good agreement with the calculated transition state by Janotti and Van de Walle 7.
Different experimental investigations tried to better understand the relation of these

defects with the visible PL. For example passivating the Zn vacancies with hydrogen
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plasma was found to reduce the green PL. However, electron irradiation is also found to

reduce the green PL despite Zn vacancy formation 5%,

1.5.1.3 Oxygen and zinc interstitials

The tetrahedral and the octahedral sites represent the two possible interstitial sites for
excess atoms in the ZnO wurtzite lattice. Each site has a unique location where the
interstitial atoms neighbour a specific number of Zn and O atoms at a specific distance.
Therefore, the sites have different stabilities based on the geometrical constraint on the
interstitial atom. For instance, in a tetrahedral site, there are one zinc and one oxygen
atom neighbouring the interstitial atom at a distance of about 0.833 d,, where d,
represents the Zn-O bond along the c-axis of the lattice. On the other hand, in an
octahedral site, the interstitial atom neighbours three zinc and three oxygen atoms at a
larger distance of 1.07 d, 7. The 0, interstitial represents an added oxygen atom in the
lattice of ZnO. Calculations show that this defect has high formation energy in
equilibrium conditions. Therefore, it is not likely to contribute to the n-type
conductivity of the ZnO. Moreover, it can be electrically active or inactive depending

on its location in the lattice and the material conductivity type ?°.

The Zn; interstitial is an extra Zn atom normally located in the octahedral site of the
wurtzite structure. This defect is located above the conduction band and has two
electrons which enable it to be a shallow donor in ZnO. However, calculations show
that this defect has high formation energy (about 6 e€V) in an n-type sample making it
non-viable in equilibration conditions. Hence, those defects are not considered

responsible for the native conductivity of the ZnO 2681,
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1.5.1.4 Oxygen and zinc antisites

Oxygen antisite defects occur when an oxygen atom occupies the site of a Zn atom in
the lattice and are denoted as 0,,. This defect has a high formation energy in an n-type
material at equilibrium conditions (its formation is favoured in an O-rich environment)
and is found to act as a deep acceptor with transition levels 1.52 eV and 1.77 eV above
the valence band maximum %), Zinc antisite defects, denoted as Zn,, occur when a zinc
atom occupies the site of an oxygen atom in the lattice structure. The defect is a deep
donor with a high formation energy in equilibrium conditions (its formation is favoured
in a Zn-rich environment) B*. Both types of antisite defects do not explain the n-type

conductivity of ZnO due to their high formation energies.

1.5.2 Extrinsic defects

Extrinsic defects refer to external atoms (impurities) that can exist intentionally or
unintentionally in the lattice structure of ZnO. These defects also introduce donor or
acceptor energy levels in the band gap depending on their formation energies . As
mentioned above, many intrinsic point defects have high formation energies and hence
are unlikely to exist in thermal equilibrium. Alternatively, they may exist at low
densities so they do not effectively contribute to the ZnO n-type conductivity. There are
many dopants/impurities that can play an important role in ZnO conductivity, such as
aluminium (Al), boron (B), gallium (Ga), indium (In), lithium (Li), hydrogen (H) and

more.

1.5.2.1 Hydrogen in ZnO
The incorporation of hydrogen impurities during the deposition of ZnO is almost
unavoidable whatever the fabrication technique is. Generally, hydrogen was first

considered as a shallow donor in ZnO in 1956 when Thomas and Lander [

17



CHAPTER ONE

experimentally indicated that hydrogen increased the conductivity of ZnO as a result of
its possible reaction with an oxygen ion. Further investigation of the role of hydrogen in
ZnO conductivity was conducted by Van der Walle “% using density functional theory
(DFT) calculations. His work shows that hydrogen interstitials exist in ZnO in their
positive charge state (H;"), which is the thermodynamically stable form of hydrogen.
They act as shallow donors located independently of the Fermi level energy B%4H. 1t is
found that hydrogen is normally incorporated in most semiconductors in its negative
charge state in n-type and in its positive charge state in p-type. Therefore, it is not likely
to be considered as a dopant candidate. However, in ZnO, hydrogen behaves differently
and exists in its stable positive state. This behaviour can be explained by the strong H-O
bond which helps to reduce the formation energy of H; and hence increase the
hydrogen solubility. Hydrogen in ZnO has a low formation energy and can takes two
different forms, either as an interstitial or a substitution by replacing the oxygen %,
There is a strong belief that hydrogen could be responsible for the n-type conductivity
of ZnO. Using electron paramagnetic resonance (EPR) and electron nuclear double
resonance spectroscopy (ENDOR), hydrogen was linked to one of the two observed
shallow donors in commercially undoped ZnO crystals characterized by a thermal
activation energy of 35 meV and concentration of about 6 x 10*® cm™ “YJ. Moreover, a
Hall effect measurement recorded ZnO conductivity an order of magnitude higher,

when treated with hydrogen plasma 2.

1.5.3 Defects in ZnO nanostructures

The massive development in nanofabrication techniques enables the production of a
large variety of nanostructures with complex shapes and sizes. ZnO among
semiconductors has a wide range of different nanostructure forms such as nanoparticles,
nanowires, nanorods, nanobelts and much more. Furthermore, ZnO also has a rich

18



CHAPTER ONE

defects chemistry which has made it a very interesting subject of investigation for over
50 years. However, with having different nanoscale structures, defects studies need
updating in the context of nanostructured materials. In such a small size (few
nanometres) defects have a great impact on tailoring the ZnO properties owing to the
large surface-to-volume ratio relative to the bulk which enables large density of defects
to exist compared to bigger crystals . Furthermore, the large surface area of the
nanoparticles increases the density of the atomic sites and therefore increases the
surface capability of molecules adsorption such as oxygen and carbon dioxide. Despite
the dependence of surface defects on their formation energy, their concentration is
found to increase based on the high surface area of nanostructured materials. For
instance, Nasiri et al. 3! have reported the impact of reducing the ZnO particle size on
its photoconductivity compared to the bigger particles due to the high concentration of
surface adsorbed oxygen which leads to a high density of surface states. This study is
supported by Park et al. ! which shows that the carrier dynamics in nanostructured
ZnO, characterized by PL and photoconductivity, are affected by the surface layer,

which is size and morphology dependent, owing to the high density of surface defects.

Zhang et al. " show the dependence of photocatalytic activity of ZnO nanostructures
on its aspect ratio. Despite the huge amount of literature trying to identify surface
defects by utilizing PL measurements, defects identity and origin are still controversial
due to the broad PL spectrum which makes it hard to confirm the defect transition
responsibility. However, an important observation is that PL intensity in the visible is
related to the ZnO nanostructures size and shape [“®®!. Manipulating the size and shape
of ZnO do not only alter the density of defects on the surface but also stimulates
different types of those defects. In a study by Han et al.l*’), two ZnO structure forms

were prepared and investigated using time-resolved photoluminescence, hexagonal
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cones with 100 nm size and hexagonal plates with 30 nm size. Oxygen vacancies were
found to dominate the hexagonal cone-shaped nanostructures while zinc vacancies
appear in addition to the oxygen vacancies when the size and shape of ZnO changed to

hexagonal plates.

1.6 Applications of ZnO

1.6.1 Light emitting diodes (LEDs)

The ease of material processing and the high exciton binding energy of ZnO (60 meV)
enable the material to be highly appreciated in the light emitting diodes (LEDs)
industry. It is still very challenging to successfully fabricate high-quality p-type ZnO
because of its native n-doping nature. Nevertheless, great efforts have been paid to
develop blue and UV LEDs based on heterojunctions with ZnO using a variety of
organic and inorganic materials. However, the lattice mismatch with the p-type
materials gives rise to possible dislocations defects which impact the device
performance. The first LEDs based on hybrid heterojunction with Cu,O as a p-type
conductivity material are believed to have been fabricated in 1968 by Drapak [“e.
Thereafter, tremendous research work has been done to improve LEDs by incorporating
ZnO with p-type materials such as some conductive oxides, Si, GaN, AlGaN and more
31 Furthermore, an organic-inorganic heterojunction LED emitting at 390 nm was
fabricated using a diode structure consisting of ZnO nanorods embedded in insulating
polystyrene and sandwiched between SnO, and p-type organic hole transport layer

(PEDOT: PSS) %,
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1.6.2 Thin film transistors (TFTs)

ZnO has been implemented in electronic circuits as an active semiconductor layer in
thin film transistors (TFTs) due to its wide band gap, the possibility of low-temperature
processing (can be deposited even at near room temperature) and its outstanding
electrical properties. Its optical transparency and stability enable ZnO to be considered
as a successful candidate in the revolutionary development of flexible and transparent
thin film transistors, with fast operating speeds. ZnO can be prepared using a wide
range of fabrication techniques such as chemical vapour deposition (CVD), pulsed laser
deposition (PLD), molecular beam epitaxy (MBE) and by sol-gel methods. Most of the
aforementioned techniques utilize high temperature in the fabrication process which
hinders the development of low-cost TFTs. However, solution-processed ZnO
nanostructures with different sizes and shapes based on sol-gel fabrication technique are
considered to be cost-effective, relatively simple and require a low synthesis
temperature which is compatible with transparent, low weight flexible platform

technology Y.

ZnO was first realized in 2003 as a transparent active material in TFTs 2354 soon
after, a considerable amount of research was conducted to build a general understanding
of its operation. TFTs based on ZnO normally have a higher effective channel mobility
than other traditional semiconductors like hydrogenated amorphous silicon (about 42
cm?/V s as compared to about 1 cm?/V s for silicon) ). Despite the advantages of using
ZnO in TFTs, there are still some problems to be overcome such as the electrical

instability under ambient environments.
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1.7 Metal-semiconductor interface

Ideally, when a metal is brought into contact with a moderately doped semiconductor, a
barrier is formed in the contact area. This results from the difference in the work
functions between the metal and the semiconductor and the misalignment in their Fermi
levels. The Fermi level in metals represents the highest occupied energy state at room
temperature. While in semiconductors, it represents the lowest available energy level for
electrons and ideally lies within the band gap and close to the conduction band (valence
band) in n-type (p-type) semiconductors. Upon contact, electrons transfer to the metal
leaving behind a region depleted of electrons called the depletion region or space charge
region located close to the metal-semiconductor interface. This region stimulates an
internal electric field as shown in figure 1.7. This field bends the energy bands of the
semiconductor upwards (downwards) in n-type (p-type) semiconductors at the interface
leading to the formation of a Schottky barrier with the metal. This barrier acts as a
rectifying junction which allows electrons to move in one direction only, from the
semiconductor to the metal. The height of the Schottky barrier normally depends on the
difference between the electron affinity of the semiconductor (gyx) (distance from the
bottom of the conduction band to the vacuum level) and the metal work function (q®,,)
and can be calculated theoretically from Ez = q(@,, — x) where q is the electron
charge. However, for p-type semiconductors, the barrier height will be Ez = E; —
q(Dm — x) where E; represents the semiconductor band gap. It should be noted that all
the above mentioned descriptions are based on an ideal contact between the metal and
the semiconductor. However, in reality, the Schottky barrier height will be different
based on the presence of localized surface states due to impurities. The barrier heights
can be optically determined based on Fowler’s theory of internal photoemission by

fitting the square root of the photocurrent responsivity as a function of photon energy
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B8] The intercept of the linear fit with the photon energy represents the Schottky barrier
height. The current transport through the barrier is mainly due to the majority carriers
which are electrons in n-type semiconductors. Due to the difference in the work
functions between the semiconductor and the metal, electrons are in favour to cross the

barrier to the metal 7.
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Figure 1.7: An energy level diagram showing the semiconductor and metal in the
case of (A) no contact and (B) the formation of a Schottky barrier at a metal-
semiconductor (n-type) interface 7.

On the other hand, an ohmic contact is formed if the work function of the metal is the
same as the electron affinity of the semiconductor (no or very low barrier at the
interface) so that electrons are free to move in and out of the semiconductor. Ohmic
contact is preferable for long lifetime operation of devices, to minimize device failure
by thermal stress or degradation by the resistance at the contact interface. Several
approaches are followed to reduce the potential barrier with the metal electrodes such

as: modifying the surface of ZnO by surface cleaning technology, evaporating an ultra-
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thin metal interlayer between the semiconductor and the metal electrode and post-

deposition annealing.

1.8 Photodetection in semiconductors

The general principle of photodetection in semiconductors is based on a combination of
three main processes, namely: electron-hole generation by light absorption, charge
separation and finally, charge transportation to their respective electrodes, and
contributes to an output signal. Upon light illumination, photons with energy equal or
greater than the semiconductor’s band gap are absorbed promoting -electrons
intrinsically by a direct transition from the valence band to the conduction band.
Photons with energy lower than the semiconductor’s bandgap can also be absorbed in
an extrinsic process promoting electrons from the defects or impurities levels to the
conduction band. The electrons either move freely to their respective electrodes under
the influence of an externally applied field or get trapped. The promoted electrons leave
positively charged holes which move in the opposite direction to the electrons. As a
result of the electron-hole separation process, a photocurrent will be generated over the
device with a magnitude depending on the collected photogenerated charge carriers at a
given wavelength. In principle, photoactive devices can be categorized as
photoconductors and photovoltaics based on the mechanism by which charge separation
occurs. Photoconductor devices normally consist of a single semiconductor layer
electrically connected to two metal electrodes on each side. Charge separation occurs
through the application of an external electric field across the electrodes. On the other
hand, photovoltaic devices normally utilize two semiconductor layers with different
carrier majorities (p-n). The internal field achieved at the interface of the p-n junction is

used to separate the generated photo-charge carriers. This working principle can also be
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extended to cover the Schottky diode photodetectors and metal-semiconductor-metal

photodetectors.
1.8.1 Photodetector considerations

1.8.1.1 Responsivity

Responsivity (R) in photodetectors can be defined as the ratio of the photocurrent
magnitude flowing through the device (I,,) to the incident light power (P). It is a
wavelength-dependent parameter and varies with applied voltage and temperature.

Responsivity has units of A/W and can be calculated using the following equation ®:
Iph
R =— (1.5)

Another important photodetector parameter is the detectivity (D) which characterizes
the photodetector performance. It is inversely proportional to the noise equivalent power
(NEP), that is the minimum optical signal required to generate a photocurrent signal
which depends on the photon energy (hv), quantum efficiency (n) and the spectral band
width of the incident signal (B). Therefore, the detectivity, with unit W™, can be

expressed by:

b= ZhT:)B (1.6)

The specific detectivity (D*) of the photodetector can also be defined as the

photodetector figure of merit that is independent of the photodetection area (4) and

spectral bandwidth with units of Jones (cm.vHz/W) and can be given by:

p =48 (L7)
NEP
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1.8.1.2 Quantum efficiency

The quantum efficiency (n) is defined as the number of photogenerated electrons
divided by the incident number of photons. It is normally given by a value between 0
and 1, but may be higher if there is gain. In other words, it quantifies the device
performance. It reflects the efficiency of light absorption by the photoactive material,
since not all the light is absorbed so that there are reflection and transmission losses.
The value of the quantum efficiency may also be affected by intrinsic processes within
the active material and the presence of surface defects, which may act as traps or
recombination centres for electrons and holes. Quantum efficiency can be linked to the
optical responsivity (R) and the incident wavelength in nanometre (A1) and can be

expressed by the following equation °®!:

__ Rx1240
A

(1.8)

1.8.1.3 Gain

The gain represents the average number of the electrons generated in the circuit per
electron-hole pair. Some photodetectors have an internal gain coming from the
difference between electrons and holes speed in addition to the long recombination
lifetime as a result of the presence of charge trapping. Normally, electrons travel much
faster than holes owing to the difference in their effective mass m, < my. Therefore,
upon light irradiation, electrons travel to the cathode much faster than holes to the
anode. This enables the electrons to pass through the circuit more than once leading to a
high internal gain. The number of the circuits the electron makes before recombination

with the hole is given by the following equation

G=— (1.9)
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where G represents the internal gain, 7 is the carrier recombination lifetime and z,, is the
electron transient time across the device and is related to the device length and the
electron speed. This means that an electron-hole pair generated by the absorption of a
photon delivers a charge (q) equal to the gain of electrons. The above assumption is true
in cases the recombination time is long. If electrons recombine shortly before reaching
the electrode, the internal gain will be less than unity and only a fraction of electrons

can be delivered [,

1.8.2 Photoconductors

An ideal photoconductor is a light-sensitive resistor consisting of a semiconductor with
two ohmic metal contacts as shown in figure 1.8. It converts light into an electrical
signal by changing the electronic energy distribution within the semiconductor 8.
Generally, incident light with photon energy equal or higher than the material’s band
gap is absorbed by the semiconductor creating electron-hole pairs which are separated
by the applied electrical field. The material’s conductivity increases in proportion to the

number of incident photons.

This type of photodetector device is considered the simplest possible type of the
photodetectors family. Despite the simplicity, photoconductor devices show a very fast
time response, several orders of magnitude higher than other types of photodetectors in
addition to a high gain. On the other hand, photoconductors have limited practical
applications due to the poor selectivity in the UV/Visible region and short
photodetection spectral bandwidth compared to the p-n or Schottky junction

photodetectors .
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Figure 1.8: A schematic illustration of the photoconductor

operation. I,, represents the current stimulated by the bias
voltage and I, is the photocurrent.

1.8.3 P-njunction photodetector

A p-n junction photodiode is one of the most common forms of photodetectors. It
consists of interfacing n-type and p-type doped regions often of the same
semiconductor. The photodiode operates by absorbing the incident light in the depletion
region, a space charge region formed by charge exchange at the interface between the n-
type and p-type semiconductors 2. In the dark, the device current is effectively zero
because electrons in the n-type semiconductor are prevented from diffusing to the p-
type semiconductor by the effect of the built-in potential barrier at the junction. A
similar effect occurs for the holes in the p-type semiconductor. However, with light
illumination, electron-hole pairs are created and then separated by drifting in opposite
directions by the internal electric field across the depletion region. This leads to
photocurrent generation. The device normally works in reverse bias in order to achieve
a wide depletion region which maximizes the light absorption. A schematic illustration
of the working principle of the photodiode accompanied with its energy band diagram is

shown in figure 1.9.
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Figure 1.9: (A) An illustration of a typical reverse biased p-n

junction photodiode %21 Electrons and holes are denoted in the
orange and white colours respectively. (B) Energy band diagram
of a p-n junction in the reverse bias upon light illumination.
Black and white dots represent the electrons and holes
respectively.

1.8.4 Schottky barrier photodiode

This photodetector device is based on a unilateral junction where an n-type
semiconductor makes a Schottky junction at one end and an ohmic contact at the other
end with metal electrodes as shown in figure 1.10. The current in this type of device is
conducted through the majority carriers and moves only in one direction, conventionally
from the metal to the semiconductor. Upon light illumination, electron-hole charge
carriers are created in the semiconductor close to the interface with the metal. The built-
in potential resulting from the space charge region (depletion region) will help to
separate the charge carriers and eventually create a photocurrent. Photoelectrons drift
through the semiconductor and get extracted by the cathode, while holes diffuse by the

upward band bending and get extracted by the metal anode. The intensity of the built-in
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electric field can be modified by applying a bias voltage over the device to enhance the
charge separation and device performance. In the forward bias for instance, where
positive voltage is applied to the metal side and negative on the semiconductor, the
Fermi level of the metal will decrease relative to the Fermi level of the semiconductor
leading to a decrease of the potential energy across the semiconductor which reduces
the electric field at the metal-semiconductor interface as shown in figure 1.10-A. In this
case, a high current will flow across the junction. On the other hand, when a negative
voltage is applied to the metal and positive voltage on the semiconductor (reverse bias),
the Fermi level of metal will increase relative to the semiconductor leading to an
increase of the electric field at the interface resulting from the high built-in potential
across the semiconductor as shown in figure 1.10-B ®*. The current crossing the
junction is very low compared to the case of the forward bias. The device is normally
irradiated either from the front side or the back side depending on the device structure
and configuration as illustrated in figure 1.10-C. General characteristics of this type of
photodetectors are the fast switching speed owing to the rectification behaviour of the
junction and the low electrical noise. Moreover, it can work in two different modes
based on the irradiated photon energy ™. A direct band-band transition of electrons
from the semiconductor occurs when the incident light has energy equal or higher than
the band gap, while at low photon energy (less than the band gap of the semiconductor),
photocurrent can also be realized by the internal photoemission of electrons from the

metal.
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Figure 1.10: (A) and (B) represent the Schottky junction formation
at the metal-semiconductor interface in the forward and reverse bias
respectively. e¢,,,, represents the Schottky barrier height and ¢,,; is
the build-in potential across the semiconductor [63] (C) Hlustrates the
Schottky barrier photodiode working principle. The front metal
contact should be transparent to allow light penetration.

1.8.5 Metal-semiconductor-metal photodetector (MSM)

An MSM photodetector device consists of two metal electrodes making Schottky
contacts on both ends of the semiconductor as shown in figure 1.11. The electrodes
normally take the structure of interdigitated fingers separated by a very short distance,
around a few micrometres. Initially, no current is recorded across the MSM device
unless an external bias voltage is applied 4. As such, one contact is reverse biased

[65]

while the other is forward biased based on the voltage polarity ™. Upon light
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irradiation, electron-hole pairs are generated in the semiconductor. The charge carriers
generated close to the reversely biased contact, where a depletion region is formed, will
more likely contribute to the photocurrent. The internal electric field originating from
the upward band bending at the semiconductor-metal interface will separate the
photogenerated electrons and holes which then travel in opposite directions towards the
cathode and anode respectively. This device structure provides the advantage of not
having an ohmic contact which is difficult to control for a wide range of semiconductors
due to the presence of surface states defects. It is possible to use different metal
electrodes on each end of the semiconductor to optimize the barrier height and therefore

reduce the dark current for instance.
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Figure 1.11: (A) Energy band diagram of MSM photodetector showing the
difference in Schottky barriers (¢;) at the two ends of the semiconductor
separated by a distance (L) under bias voltage (V) [65] (B) A schematic
structure of an MSM photoconductor device. Light will be absorbed by the
semiconductor material leading to electron-hole generation moving to their
respective electrodes derived from the applied bias voltage.

1.8.6 Photovoltaic device

The photovoltaic effect is the mechanism by which the solar cell operates. Solar cells
are photosensitive devices used to convert the sunlight into electrical power.
Photocurrent and photovoltage are generated without the use of external bias voltage.
The device mainly consists of a semiconductor with different doping concentrations, n
and p-type, and the most famous example of this is the crystalline silicon solar cell
panel. Furthermore, solar cells can also be fabricated from two different semiconductors
such as organic solar cells where the active area normally consists of electron donor and

electron acceptor materials both sandwiched between two contact electrodes normally
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from different metals. A typical solar cell device structure in addition to energy band
diagram is schematically illustrated in figure 1.12. The semiconductor is carefully
chosen to maximise absorption for most of the sunlight spectrum. The solar cell
operates by the generation of electron-hole pairs by light absorption. Electrons are
raised to the conduction band while the holes are in the valence band. The electrons and
holes are bound together by Columbic force depending on the semiconductor material.
This bond is broken by the effect of the built-in electric field created by the depletion
region leading to separation of the charge carriers and therefore, a photocurrent and
electromotive force (emf) generation (this is the potential difference created by the

depletion region which exerts force on the charge carriers leading to a current flow).
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Figure 1.12: A schematic structure showing a typical solar cell
configuration in addition to the energy band diagram of the p-n
junction.
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1.9 Overview of UV photodetection

Ultraviolet radiation (UV) was first realized in 1801 by J. Ritter and demonstrated soon
after by T. Young in 1804 [ After this crucial observation, scientists started to
investigate invisible electromagnetic radiation with wavelengths below the blue end of
the spectrum. UV radiation is categorized into three wavelength bands based on their
impact on the biosphere; the wavelength band from 320 nm to 400 nm is called UVA
and is mainly useful for photocatalysis. The second band is called UVB and spans from
280 to 320 nm. This band is mainly blocked by the atmospheric ozone. The small
portion arriving at ground level is considered very harmful to human beings with
excessive exposure leading to skin cancer and burns. However, UVB band also has
some benefits such as the stimulation of vitamin D in the human body. Finally, the UV
band ranging from 100 nm to 280 nm is called UVC. This band is the most energetic
band of the three bands. The UV wavelength range below 180 nm is known as deep UV
and can only be generated under vacuum conditions. Scientists conduct extensive
research to find suitable materials and device structures which can be used to build
high-quality UV photodetectors. A table categorizing the different types of UV

photodetectors is given by M. Razeghi and A. Rogalski 8 and shown in figure 1.13.

Mraviolet photon detectors|

[ tors|

Photoelectric detectors | Photographic detectors
| R
Photoconductive Photovoltaic ; Photoemissive
Examples: GaAs Examples: p-n junction and Schottky Examples: Vidicon
GaN barrier (Si, SiC, GaN) MCP ‘
AlGaN CCD, CID EBCCD

Figure 1.13: UV photodetectors classified according to their detection mechanism 2. In this
thesis, we are interested in the photoconductive type of detectors which have highlighted in
red.
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UV light can be detected in two main ways based on the photodetector operating
principle; photographic and photoelectric. Each of them has advantages and
disadvantages based on the application requirements. For instance, photographic
detectors are based on molecular electronic transitions of photographic emulsion and
best known for the store and read the electric charge generated by light absorption.
However, they have slow responsivity and a nonlinear response over certain
wavelengths 7. On the other hand, photoelectric detectors are well known by their high
sensitivity to the UV light with a fast light response. The photoelectric detectors are
divided into three different types based on their working principle; photoconductive UV
detectors, photovoltaic UV detectors and photoemissive UV detectors. The
photoemissive photodetector’s working principle is based on the photoelectric effect in
metals. The detector consists of two metal electrodes, anode and cathode fixed in a
phototube under vacuum. With the light on, electrons emitted from the cathode are
accelerated towards the anode by the high voltage leading to a photocurrent signal. The
optical sensitivity mainly relies on the cathode workfunction. On the other hand,
photoconductive and photovoltaic UV photodetectors are based on semiconductors and
they operate by photo-charge separation as discussed earlier. Therefore, their light
sensitivity and bandwidth mainly depend on the semiconductor and the device

configuration ),

1.10 Persistent photoconductivity in ZnO

Persistent photoconductivity is observed in several semiconductors and can be defined
as the long photorecovery of current (could reach minutes, hours or days) after light
illumination. This phenomenon is mainly related to the presence of interband defects

states, which help maintain the photocurrent and prevent the sudden decrease of current
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after switching off the light. This phenomenon has a great impact on the photodetector
performance by limiting its response speed while increasing the photocurrent
magnitude. Great attention has been given to understand the cause of persistent
photoconductivity. This phenomenon is first reported a few decades ago in GaAsP and
attributed to the DX centres (D stands for donor and X is for unknown lattice defect
such as a vacancy), which are deep donor levels located in the band gap responsible of
charge capturing and emission, observed in many I11-V semiconductors 3% The
general explanation to the long-time conductivity is that during light illumination,
photo-charge carriers are generated in semiconductors (electrons-holes). Holes are
believed to be trapped leading to increasing the lifetime of the photogenerated electrons
and therefore, current takes a long time to saturate. After switching off the light,
electrons will relax taking different recombination paths such as direct recombination
with holes in the valence band (fast process) and/or recombine with trapped holes in the

defects states (slow process) /%74,

Persistent photoconductivity in ZnO has been explained differently. A long time ago,
Broich at al. @ suggested that long-lived photoconductivity in ZnO is mainly
originated from the surface by photoexcited electrons localized in the charged surface
layer. Furthermore, persistence photoconductivity is also attributed to the
photoexcitation of carriers from deep donor defects in the presence of hole traps [,
Lany et al. ™ and Janotti et al. ™ show that metastable oxygen vacancies could be the
responsible of the long-lived photoconductivity. ZnO is well known for its persistent
photoconductivity in a variety of structures such as in thin films [’® nanowires [’ and
nanoparticles ! due to the surface electron depletion region caused by oxygen
adsorption [®"!. The photogenerated electron-hole pairs normally having a very short

lifetime, shorter than a nanosecond 1%, However, in reality, the lifetime is substantially
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longer resulting from the presence of surface defects. The generally accepted
mechanism for persistent conductivity is as follows. In the dark, atmospheric oxygen
molecules are adsorbed on the ZnO surface, capturing electrons from the valence band
leading to form a depletion region. Upon light irradiation, photogenerated holes are
drifted to the surface by energy band bending (caused by the depletion region) and
release the adsorbed oxygen. By doing so, the trapped electrons are released back and
contribute to the overall photocurrent. When light switched off, oxygen molecules are
re-adsorbed back on the surface and resume the electrons capturing process. This leads
to a slow decay in the photocurrent depending on the efficiency of the adsorption
process. Furthermore, persistence photoconductivity in ZnO is also studied in vacuum
and photocurrent found to continue increasing in low oxygen pressure confirming the
responsibility of oxygen adsorption assumption %8, However, Collins and Thomas ¢
suggested that the removal of adsorbed oxygen from the surface of ZnO could not be
the only reason why photoconductivity increased under vacuum. They argued that
surface photolysis of lattice oxygen could lead to creating a Zn-rich conductive layer on
the ZnO nanostructures surface which could be accounted for the high conductivity in
vacuum. The aforementioned suggestion is also supported by Bao et al. 3! which also
attributed the high photocurrent in vacuum to the photodecomposition of ZnO under

UV irradiation.

1.11 Motivation

Interest in ZnO has grown enormously in the last 20 years or so with nearly 6000 papers
published already in this year up to Sep 2017, as recorded in the Scopus database. Many
of these involve solution processable colloidal ZnO, photodetection and nanoparticles,
which are among the subjects of this thesis. The rapid increase in interest comes from
the fact that ZnO has a potential advantage over GaN such as the ability to produce
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high-quality crystals at low cost, compatibility with solution processing and high
exciton binding energy, which is more than double that of GaN (~ 21-25 meV) 84 In
theory, this would help ZnO to be a brighter UV light emitter than GaN at room
temperature. However, the outstanding challenge of producing stable and high-quality
p-type ZnO in addition to other unresolved issues related to identifying and controlling
defects on the surface make it hard to predict its electrical and optical properties,
therefore limiting ZnO commercial applications. The aforementioned limitations attract
considerable research efforts to investigate ZnO in order to realize a breakthrough
which could change ZnO’s destiny. = Nowadays, the low-end technology in
optoelectronic devices requires the combination of low fabrication cost, novel
functionalities and the compatibility of integration with flexible and low-temperature
processing substrates. ZnO has superb photodetection ability, especially in the UV.
Unfortunately, its photoconductivity is mostly persistent meaning that photocurrent is
sustained after light irradiation due to surface electrochemical reactions. Often,
persistent photoconductivity is considered as a problem but for some applications, it

may be useful such as in bioelectronics !, phototransistors ! and photocatalysis "),

A primary motivation of this study is investigate the impact of different atmospheric
environments on the photoconductivity of solution-processed ZnO. We want to
qualitatively explain, with reference to the photoconductivity mechanism, why the time
dependence and responsivity of the PC signal varied with processing and measuring

conditions. This might help us find the conditions to obtain temporally stable devices.

A second long-term aim of the study is towards a solution processed imaging detector,
where different pixels detect different colours of light. These would be laterally
displaced, or vertically in a more sophisticated device, to make a low-cost camera.

Hence we investigated ZnO photoconductivity below its bandgap. We studied spectrally
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narrow photoconductivity in the green spectral region and a plasmonic approach to

obtain photoconductivity in the deep red/infra-red.

1.12 Thesis structure

Chapter 1 provides a general theoretical background to ZnO in addition to other subjects
relevant to the areas investigated in the subsequent chapters. Chapter 2 goes through the
experimental methods and equipment utilized in this study. Chapter 3 presents a study
of how the device preparation, storage and measurement environment can influence the
magnitude and time dependence of persistent photoconductivity in ZnO nanoparticles.
The experiments are correlated with surface wettability and FTIR measurements to
elucidate the surface mechanisms which impact the UV photoconductivity. Chapter 4
investigates the spectrally narrow, persistent photoconductivity obtained in the green of
solution-processed ZnO nanoparticles (NPs). A model involving electron transfer from
deep defects, tentatively assigned to neutral oxygen vacancies, to discrete shallow
donors is introduced to account for the narrow spectrum and the exponential form of the
current rise and decay transients. Furthermore, a low-cost and scalable
photolithographic approach is developed to pixelate dual-wavelength photodetectors.

One pixel works in the UV only and the other in both green and UV.

Chapter 5 presents a vertically configured photodetector based on a simplified hybrid
plasmonic geometry, which utilizes the plasmonic effect to obtain photoconductivity in
the deep red/near-infrared (IR). Gold nano-islands serve as a photosensitized material,
which absorbs light within the spectral region of the plasmonic resonance and generates
hot charge carriers by the plasmon decay. Finally, in chapter 6 we summarize and

conclude the experimental findings in addition to suggestions of future work.
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Experimental Techniques

This chapter illustrates the experimental techniques and
procedures followed in this thesis. It goes through the steps
followed to make the active photodetector devices starting from
ZnO NPs synthesis, thin film processing, device fabrication and

characterization.
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2.1 ZnO nanoparticles synthesis and functionalization

The ZnO nanoparticle (NP) solution was synthesised by Dr Fei Cheng of the Chemistry
Department of the University of Hull using literature methods with some modification
8889 A new solution batch was prepared for almost every new experiment indicating
the consistency and repeatability of the results. Zinc acetate (Zn(OAc),, 0.8182 g, 4.46
mmol) and 0.25 ml of water were added to a three-neck flask containing 42 ml of
methanol. The solution was heated to 60 °C and then a solution of potassium hydroxide
(0.4859 g, 7.22 mmol) in methanol (23 ml) was slowly dropped into the flask. The
reaction took place at 60 °C for 2 hours. White ZnO NPs were obtained after
centrifuging and washing with methanol twice. These were dried in air for 30 min and
then dissolved in a solution of chloroform (6.2 mL) containing a small amount of
octylamine (0.2 mL). The amine ligands helped to enhance the dispersion of the
particles and prevent agglomeration within the solution. Finally, a clear ZnO
nanoparticle solution was obtained after filtering through a 0.45 pm PTFE filter. The
prepared nanoparticles have a good size uniformity and reproducibility as confirmed by

TEM.

2.2 Device fabrication

Planar and vertical photodetector device configurations were prepared and investigated
for the work of this thesis. The main fabrication procedure, such as substrate preparation
and cleaning, the spin speed, baking temperature and the used materials were mostly the

same and are detailed here.

2.2.1 The substrate
In this work, polished soda lime, float glass (15 mm x 20 mm), coated with

interdigitated Indium Tin Oxide fingers (ITO) (20 Q/square) with overall channel
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dimensions of 30 mm X 50 um, shown in figure 2.1, were bought from Ossila and used
as substrates. The substrates were cleaned thoroughly in an ultrasonic bath for 10
minutes using deionised water (DI), acetone and propanol respectively. Thereafter, the
substrates were dried with a dry nitrogen gun and treated with UV/Ozone for 3 minutes
in order to remove any organic contamination on the surface as well as to improve the

surface wettability for better film uniformity.
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Figure 2.1: A pre-patterned ITO OFET substrate, bought from
Ossila, used to prepare the photodetectors and plasmonic
devices in this thesis.

2.2.2 Thin film deposition

ZnO nanoparticles with the concentration of 2.5 wt. % and an average diameter of 11.8
+ 1.7 nm (based upon analysis of more than 100 particles by TEM) dissolved in
chloroform were prepared using the modified sol-gel method mentioned earlier.
Generally, the ZnO nanoparticle solution was spin coated, using a spin coater very
similar to the one showing in figure 2.2 ©° in air or in N, on ITO interdigitated
substrates at 2000 rpm for 30 sec through a 0.45 pum syringe filter. This was followed by
soft baking in the chosen environment at 100 °C for 10 min. The baking process is
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important to remove any remaining solvent from the film. After that, samples were post-
annealed on a hot plate at different temperatures in air or nitrogen environments to
modify the properties, and hence the electrical and optical behaviour. The conductive
polymer (poly(3,4-ethylenedioxythiophene) polystyrene sulfonate) PEDOT: PSS layer,
bought from Ossila, was also used as a hole transporting layer in the preparation of
plasmonics devices. The material was filtered and then spin coated in air at 2000 rpm

for 30 sec followed by soft baking at 150 °C for 10 min.

, N

Figure 2.2: Photograph of a typical spin
coating instrument 501

2.3 Device configurations

There are two main device configurations utilized in this thesis, namely planar and
vertical. The planar configuration is mainly used to investigate ZnO NPs photodetector
devices in chapters three and four. A vertical configuration is used to investigate the
role of plasmonic gold nanoislands on the near-IR photoactivity of ZnO NPs, as

discussed in chapter five.
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2.3.1 Planar device configuration

The photodetector device structure is shown below in figure 2.3-A. Simply, a layer of
Zinc oxide colloidal nanoparticles (ZnO NPs) was spin coated on top of a glass\pre-
patterned ITO (100 nm thickness, 20 Q/o resistance) OFET (organic field effect
transistor) substrate which has five channels, each of which represents an active
working device. Aluminium contact legs were attached to the substrate after film
deposition to make electrical connections from the ITO channels to a measuring circuit
board bought from Ossila and illustrated in figure 2.3-B. The connection legs are also
used as contact pads for electrical measurements using the needle probes. The thin film
was irradiated from the top (the film side) for the photocurrent measurements. The
device active area is 0.15 mm? (the active ITO finger length (0.6 mm) x the distance

between two fingers (0.05) mm x the number of fingers (5)).

(A) Light (B) ) I‘—l) BNC connector

) Photodiode Switch

S8-3) 2IF Socket
i 4) Optical window

i§—5) Pixel switches

6) M6 or 1/4” holes
&L & 7) Header pins

Figure 2.3: (A) A schematic illustration of the planar device configuration layout and
(B) a labelled image of the circuit board (from Ossila), which holds the substrate to
measure the photocurrent. The connection legs go through the ZIF socket and the
pixel switches on each side of the board determine which current pathway is
measured.
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2.3.2 Vertical device configuration

The vertical configuration indicates the device structure where multiple layers were
deposited on top of each other to build the working device. In this structure, the current
is measured between the ITO fingers and the Aluminium (Al) back electrode which was
thermally deposited on top of the ZnO NPs layer. This structure was used to investigate
the plasmonic devices used in chapter five. The device is built by spin coating the
PEDOT: PSS layer on top of the ITO channels followed by ZnO NPs and then
evaporating the Al electrode. In some devices, a gold thin film (Au) was deposited on
top of the PEDOT: PSS layer by thermal evaporation before the spin coating of ZnO
NPs. Vertical configuration devices were optically irradiated through the glass/ITO for
the photocurrent measurement as shown in figure 2.4. Each ITO pad is connected to
three 1TO fingers; therefore, there are 10 working devices on each substrate, 5 devices

on each side.

! L: Zn0O NPs
Gold nanoislands ‘

Light

Figure 2.4: A schematic illustration of the wvertical device
configuration.
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2.4 Thin film processing

2.4.1 UV/0Ozone treatment

UV/Ozone treatment is a well-known technique for cleaning the surfaces by removing
contaminants. It represents a non-destructive, easy and fast way of removing organic
species from surfaces. The cleaning process is performed using a home-made system
containing a low-pressure UV discharge mercury lamp fixed at the top of and inside an
aluminium metal box. The aluminium box is surrounded by a bigger box made from
perspex, to absorb any UV light outside the aluminium box and also to keep the
generated ozone in the irradiated area as shown in figure 2.5. The outer box is fitted
with a ventilation pipe to introduce fresh oxygen and safely remove ozone via an

exhaust line.

UV lamp
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Figure 2.5: Schematic diagram of the UV\Ozone irradiation system.

The working mechanism is simple. A low pressure, high-density mercury grid lamp
emits UV light dominated by the wavelengths 184.9 nm and 253.7 nm. Absorption of
the short UV wavelengths helps dissociate oxygen molecules and form two free oxygen

radicals (0*). The free radicals react with another oxygen molecule (0,) and generate
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the ozone molecule (O3). Ozone molecules can absorb light of wavelength 253.7 nm to
generate highly unstable active oxygen molecules which decompose the organic
compounds on the film surface to form volatile gases such as CO, and H,O as explained

by the following reactions %, The resulting gases are removed by the ventilation

pipe.

0, + hv (1849 nm) - 0"+ 0" (2.1)
0* + Organic compounds — CO0,,H,0 (2.2)
0,4+ 0* - 05 (2.3)
O; + hv (253.7nm) - 0, + 0" (2.4)

2.4.2 Thermal evaporation

An automated thermal evaporation system, Auto500 supplied by HHV Ltd, was used to
evaporate the back electrode metals as well as very thin gold films for plasmonic
devices. The metal is heated and evaporates in an ultra-high vacuum so that particles
can travel directly to an overlying substrate where they condense to form the thin film.
An ultra-high vacuum, in the range of 10 mbar, is obtained before the start of every
evaporation process. The system has two different evaporation sources: Resistive
heating is used to heat and evaporate metals with low melting points whilst an electron
gun is a more effective and localised heating source for other metals. Different metals
can be evaporated alternatively without breaking the vacuum for better film quality.
Film thickness as low as 1 nm in addition to a very slow evaporation rate of 0.1 A/sec

are accurately achievable.
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2.4.3 Solution-processed photolithography

ZnO NPs films can be spatially patterned following a simple yet innovative solution
processed photolithography technique. A positive photoresist AZ5214 (Microchemicals
Gmbh) was used to define the ZnO NPs pixels using UV irradiation through a
homemade mask. The size and shape of the pixels were designed using a Microsoft
power point document and then printed over a transparent plastic film. The photo-
pixellation process is based on a selective reaction of ZnO NPs film with the developer
solution and the acetone. ZnO is insoluble in the solvent, acetone, which dissolves the
photoresist. The photoresist developer (AZ726MIF) dissolves both the exposed
photoresist and ZnO NPs film. This technique offers a simple and scalable approach to
the fabrication of pixelated ZnO thin film where pixels can vary in their
photoconductive spectral responses by either applying different surface treatment and/or
changing the pixel thickness. Pixels with the same size, shape and approximately the
same thickness can be easily reproduced by following precisely the experimental
procedure. A two-pixel device can be made with one mask. The first pixel can detect
light in the UV and green while the second pixel can only detect the UV light, where
green PC is suppressed by using different surface treatment. Results on pixels
performance can be found in chapter four, section 4.3.4. Detailed descriptions of the
fabrication steps that were followed to prepare and pattern the ZnO NPs device are

illustrated schematically in figure 2.6 and given by the following points:

1. The substrate was cleaned thoroughly by sonication for 10 min in deionised (DI)
water, acetone and propanol. Then, ZnO NPs (2.5%, dissolved in chloroform) were
spin-coated on top of the substrate at 2000 rpm for 30 sec. The solution was filtered
with 0.45 um PTFE filter to remove the aggregated particles. After spin coating, the

substrate was soft baked at 100 °C for 5 min in air.
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The photoresist (AZ5214) was spin coated on top of the ZnO NPs at 3000 rpm for
30 sec. Then, the substrate was baked at 100 °C for 1 min.

The first pixel was defined by covering the wanted area by a mask (printable
transparent plastic film) and then the film was irradiated uniformly with UV light
using a UV exposure system (contains two UV lamps with 8 Watts each) for about
90 s.

The substrate was washed with the developer by dipping it in and out for about 40 s,
followed by washing with deionised water. In this step, the irradiated photoresist
and the ZnO NPs beneath it were removed by the developer leaving the area covered
by the mask protected.

The pixelated ZnO NPs were washed with acetone to remove the protecting
photoresist layer on top. This is by immersing the substrate in acetone for about
1 min, then dried with N, and baked at 100 °C for 5 min. The device was annealed
at 350 °C 1n air for 1 hour, to improve the photoconductivity of the ZnO NPs in the
green.

The first pixel was covered with the photoresist for protection. This was done by
spin coating the photoresist at 2000 rpm for 30 s. The protective photoresist layer
was relatively thick so that the UV light would not significantly penetrate to P1.
After that, the substrate was baked at 100 °C for 2 min. Then, the same mask was
used as for step 3 to cover P1 and irradiate the rest of the area with UV light for 90
s. After that, the substrate was washed with the developer and DI water, so that
photoresist only overlaid P1.

The substrate was spin-coated with ZnO NPs at 2000 rpm for 30 s, followed by

baking at 100 °C for 5 min.
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8. The photoresist layer was spin coated at 3000 rpm for 30 s on top of the ZnO NPs,
followed by baking at 100 °C for 1 min.

9. The second pixel, P2, was defined using the same mask to cover the required area
and irradiating the rest of the substrate (including P1) with UV for 1 min.

10. The substrate was washed with the developer and the DI water leaving both P1 and
P2 covered with the photoresist.

11. The substrate was washed with acetone and DI water to remove the protecting
photoresist on P1 and P2. Then, the substrate was soft baked at 100 °C for 10 min to

remove the remaining solution.
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Figure 2.6: Schematic illustration of the key steps followed in
photolithographically processing a two pixel device on top of a pre-patterened
ITO substrate. The optical image shows the actual device prepared using the
above procedure.

2.5 Characterization methods

We now discuss the characterization techniques that are used to investigate the optical,

electrical and structural properties of the fabricated devices. We summarise below the

working principles behind these techniques in addition to the procedures followed.
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2.5.1 UV-Vis absorption

Light-matter interaction gives very important information about the optical identity of
the material. The UV-visible instrument consists of a light source, which generates a
spectrum covering the UV, visible and near-IR regions (200-1100 nm), a
monochromator to separate the light according to its wavelengths, a slit with a specific
width (depending on the required resolution) and finally a detector to record the optical
signal. The transmission of light through a semiconductor depends on the Lambert-

Beer’s law P

I =1e % (2.5)

where | is the intensity of the transmitted light, I, is the intensity of the incident light, a
is the absorption coefficient, which is strongly dependent on the incident wavelength,
and finally t is the film thickness. The absorbance, A=at, of a thin film is obtained as
a function of wavelength by rearranging equation 2.5. The absorbance of the blank
substrate is similarly measured. This is subtracted from the sample measurement in
order to identify the absorption of the required material precisely. In an ideal

semiconductor, only light of photon energy higher than the optical band gap can be

. . h
absorbed. The semiconductor is transparent at wavelengths longer than A = E—C, where
g

h is Planck’s constant, c is the speed of light in vacuum and E, is the semiconductor

band gap. In reality, there may be residual absorption below the band-gap because of

defect states.

2.5.2 Film thickness

A computerized Bruker thin film profilometer (DektakXT), illustrated below in figure

2.7, was used to monitor the surface uniformity and measure film thickness. This
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technique has the ability to measure thicknesses over a millimetre to nanometer scale
with a minimum error of £ 5 nm. The working principle of this instrument is quite
simple. The vertical profile of the surface is measured electromechanically by moving a
diamond tip over the area of interest. The profilometer is connected to a microscope and
a 2D translation stage so you can easily specify the required measurement area on the
surface as well as other parameters depending on the sample. The film is scratched with
a very sharp tool with uniform edges to give a uniform scratch for high data accuracy.
The height variation between the top surface of the film and the bottom of the scratch
causes the profilometer tip to move vertically resulting in an electrical signal. This
calculates the difference in movement as the film thickness changes. The vertical
variation precision varies from about 5 nm to 1mm. The data resolution is highly
dependent on the tip radius, scan speed, scan length and on the force applied to the tip

(0.03-15 mg.).

Rektalo

Figure 2.7: An image of the DektakXT profilometer used in this work.
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2.5.3 Contact angle measurement

The contact angle that a drop of liquid makes with a surface is considered a good
indication of the surface wettability. It can be defined as the angle that the liquid droplet
makes with a given solid surface. If the contact angle value is higher than 90°, the
surface is considered as hydrophobic, while if the contact angle value is less than 90°,
the surface is considered as hydrophilic. Generally, the arrangement of the material’s
atoms on the surface is different than in the bulk. In the bulk, atoms are evenly
surrounded leading to balance the cohesive forces between the atoms in all directions.
On the other hand, atoms arrangement on the surface is on one side only which leading
to generate a cohesive force towards the surface to minimize its area. If considered as a
force rather than energy, then this force is called the surface tension (y) measured in
(Newton/m) which can be defined as the surface force (or energy in Joule/m?) exerted to
form one unit area and its equal to the surface energy if there is small or no strains.
When a deionized (DI) water drop is placed on the surface, three interfaces forces are
generated, two of which are impacting the value of the contact angle namely; the solid-
liquid interface (ys;) and the solid-vapour interface (yg,) as shown in figure 2.8. If the
surface energy at the solid-liquid interface is larger than the surface energy at the solid-
vapour interface, the droplet spreads, wetting the surface. On the other hand, the droplet
makes a defined compact shape when the surface energy of the solid-vapour interface is

larger than the surface energy at the solid-liquid interface.
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; DI water drop

Vsv YsL
Substrate

Figure 2.8: A schematic illustration of the water drop on the solid
surface indicating the forces applied on the drop by the three
interfaces it makes namely; solid-liquid interface (ys;), solid-vapour
interface (ys,) and liquid-vapour interface (y,).

In this work, the wettability of ZnO NPs films was evaluated by measuring the contact
angle using a computerized Drop Shape Analysis System; model DSA10-Mk2 from
KRUSS. The DI water droplet is analysed using a drop analysing software. The
measuring procedure can be summarized as followed. A precise DI water drop (about 10
ul) is put on the surface of ZnO NPs and left to sit for about 5 sec. The droplet is viewed
by a CCD camera connected to the computer. The droplet background light can be
adjusted in order to get a high contrast of the droplet boundaries. The contact angle is
measured using image analysis software installed on the computer. The software
recognizes the droplet boundaries and by performing a numerical fitting to the edges

and droplet profile, the value of the contact angle is revealed.

2.5.4 Fourier transform infrared (FTIR) spectroscopy

The term infrared generally refers to the spectral radiation starts after 700 nm (0.7 um).
However, most of the fundamental vibrations of functional groups such as the organic
molecules, important for chemical analysis are laid in the spectral range from 2.5 to 25
um, which is equivalent to the wavenumber (the number of electromagnetic waves at a
specific distance (one centimetre)) range (4000 to 400 cm™). The wavenumber () is
normally measured in cm™ unit and it is linearly with energy (E) and inversely

proportional to wavelength (1) as described in the following relations:
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= , E=hv=hch (2.6)
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Where h is Planck’s constant, ¢ is the speed of light in vacuum and v is the optical
frequency. FTIR is a vibrational spectroscopy technique by which molecular vibrations
of a specific function group is excited by absorption photons within the infrared energy.
Molecular vibration can be expressed by the inharmonic motion of atoms within the
molecule. The molecules are normally having three vibrational degrees of freedom
represented by the vibration modes (atoms in the molecule are moving in periodic
motion without affecting the chemical bond), stretching modes (stretching the chemical
bonds by the action of atomic movement along the chemical bond) and finally bending
modes (bending the chemical bond by changing its angle when atoms are not moving

along the bonding direction).

The FTIR instrument normally consists of a Michelson interferometer which includes a
beam splitter and two planar mirrors 1. One of these, M1, is stationary, and the other,
M2, is moveable as illustrated in figure 2.9. By mechanically scanning the position of
M2, a time-dependent variation in the transmitted infrared radiation is created in a
process called interferogram resulting from the difference in path length between the
mirrors. The reflected IR radiation from M1 and M2 are recombined at the beam splitter
and directed towards the sample. The detector then records the transmitted IR radiation
through the sample as a function of optical path difference (at each wavelength) in the
form of intensity versus time. The sample absorbing specific wavelengths (depending
on the surface composition) leading to reduce their intensity. The recorded spectrum is
computed using Fourier transform function to transfer the recorded signal to a readable
spectrum in the form of intensity versus frequency. FTIR measurement records all the

wavelengths simultaneously rather than stepping at each wavelength. This means that
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the signal-to-volume noise ratio is proportional to the acquired data points in the

spectrum (the larger the data point’s acquired, the higher is the spectrum resolution).

M2
Moving Mirror

| Detector

> > () %

Sample

M1

Fixed Mirror

g

Light Source

Figure 2.9: A schematic diagram of the FTIR working
principle 931,

A Bruker IFS 66/S Fourier transform infrared spectrometer equipped with a water-
cooled glowbar source, a potassium bromide (KBr) beam splitter and a deuterated
triglycine sulphate detector was used to measure the transmittance of the samples at 300
K (where transmittance is equal to I/l,, I is the intensity of the transmitted light through
the sample and GaAs substrate and I, is the intensity of the transmitted light through the
GaAs substrate only). The GaAs substrate spectrum was taken under the same
conditions as each sample measurement in order to eliminate any inherent artefacts. The
scanning resolution was 4 cm™ and 1000 scans were collected for each spectrum. The
sample compartment was continuously purged with dry air to reduce absorption due to
atmospheric water vapour and carbon dioxide. FTIR measurements were performed at
the School of Engineering and Computer Science at the University of Hull with the help

from Dr Khue T. Lai.
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2.5.5 X-ray diffraction measurement

X-ray diffraction (XRD) is a non-destructive characterization technique mainly used to
identify the atomic structure and composition of materials. This technique gives a
quantitative analysis based on X-ray scattering from the sample, with each material
having a distinctive scattering pattern as a function of detection angle. The instrument
consists of three main elements; an X-ray tube, a holder for the sample and an X-ray
detector. X-rays are generated in the cathode ray tube under vacuum as follows:
Electrons are emitted from a heated filament and then accelerated in an electric field
towards a target (copper in our case). The accelerated electron collides with an inner
shell electron from the target ejecting it from the copper atom leaving a hole. An outer
shell electron within the atom fills the hole emitting an X-ray photon so that energy is
conserved. The X-ray diffraction set-up is illustrated in figure 2.10 P4, The emitted
photons are collimated, filtered, and then directed towards the sample. Both the sample
and the detector are rotated at specific angles and a light diffraction signal is recorded
when Bragg’s law is satisfied (nA = 2dsin@), where A is the X-ray wavelength, 6 is the
angle between the incident rays and the irradiated crystal surface, d is the inter atomic

layer spacing and n is an integer .
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Figure 2.10: A schematic illustration of (A) the X-ray diffraction
measurement and (B) Bragg’s scattering principle

X-Ray diffraction patterns were measured using a PANalytical Xpert Pro system
equipped with an Empyrean diffractometer that can be used in reflection or transmission
mode. The diffraction spectra of ZnO NPs in the powder form were recorded from 20° —
80° with scan steps of 0.026° using CuKa radiation (A = 1.5406 A°) operating at 40 mA

and 40 KV with a reflection mode.

2.5.6 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a powerful surface analysis technique used
to examine the surface chemistry and elemental composition within 10 nm from the
surface of a film ). Its operation is based on the photoelectric effect explained by the
following Einstein’s question °® which determines the binding energy of electrons in a

given substance:
Ex=hv—Eg—0Q (2.7)

where E|, is the kinetic energy of the emitted electron, hv is the incident photon energy,

Eg is the binding energy of the photoexcited electron, @ is the workfunction and h is
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Plank’s constant. The binding energy of any given electron can be defined as the
minimum energy required to remove an electron from its atom. For any given
substance, electrons in the atom have a set of specific binding energies, which
represents a fingerprint of that substance. Therefore, substances can be identified by
analysing the speed and energy of the emitted electrons when irradiated with a
monochromatic light source of well-known energy. X-ray photoelectron spectroscopy

was further developed by the Swedish physicist Kai Siegbahn and his co-researchers at

[97]

the University of Uppsala in early 1960s

Analyzer for
kinetic energies

.....

detector
V . i?hotgelecirons

.......
>>>>>>>>>

Sample

Figure 2.11: Schematic illustrating the three main
{e(}uirements for X-ray photoemission spectroscopy
98

XPS spectra were collected and measured using an experimental set-up similar to that
illustrated in figure 2.11 8. A powerful monochromatic X-ray beam is normally used
to irradiate the sample causing the removal of core electrons from the surface. This
process occurs in ultra-high vacuum to maximize the collection of electrons. The
ejected electrons have a range of kinetic energies. Most electrons ejected in XPS have
energies in the range of 0 to 1500 eV. The ejected electrons have a range of kinetic

energies and can be classified as primary and secondary electrons based on their kinetic
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energy. The primary electrons are the ones with higher kinetic energy (E, = hv —
®sampie) Which emitted directly from the Fermi level or somewhere close. On the other
hand, the secondary electrons are the ones excited from deeper energy states and lost
most of their Kinetic energy by inelastic scattering process and barely made it to the
surface. The primary and secondary electrons emitted from the surface are accelerated
as they pass through the analyser, by a potential created as a result of work function
difference between the sample and the energy analyser (@sampie — @anatyser) When
they electrically connected through the sample holder, and collected using a
hemispherical energy analyser (HEA) where electrons are dispersed based on their
kinetic energy as shown in figure 2.11. The kinetic energy of the accelerated electrons
reached the HEA are shifted to a higher value as a result of the acceleration process (to
the amount of @g4mpie — Danaryser)- IN CONsequence, electrons with different kinetic

energies are then counted by a detector located at the end of the HEA %!,

In this work, XPS spectra were acquired using on a Kratos AXIS HSi spectrometer
equipped with a charge neutralizer and monochromatic Al Ka excitation source (1486.7
eV), with energies referenced to carbon at 284.6 eV. The samples were stored and
handled in air. Spectral fitting was performed using the CasaXPS program. The
measurement was performed in collaboration with Dr G. Kyriakou and Prof. A. Lee

from Aston University’s European Bioenergy Research Institute, Birmingham.

2.5.7 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is an electron microscopy technique that
images samples using accelerated electrons. Here, electrons need to penetrate through
the sample and are then collected on a screen contain a phosphorescent plate. The

recorded image represents the number of transmitted electrons. Hence, only thin
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samples which allow electrons transmission or porous materials can be measured with

this technique. A schematic illustration of the TEM instrument, outlining the

electromagnetic lens system and other imaging parts, is shown in figure 2.12 %%,
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Figure 2.12: A schematic representation of the
TEM and its optical components [100]

A High-Resolution Transmission Electron Microscope (TEM) recorded using a Cs
aberration-corrected JEOL 2100F microscope at 200 kV was used in this work. A
diluted solution of ZnO NPs (about 0.001%) was prepared and drop casted on carbon-
copper grids bought from Electron Microscope Sciences (USA) so that individual
nanoparticles could be imaged. The carbon-copper grids are made from pure carbon (30

nm) deposited on one side of the copper grid with 200 meshes.

2.5.8 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is normally used to characterize the morphology and
surface topography of thin films irrespective of the material’s conductivity status. This

technique can efficiently measure, analyse and quantify the material’s properties and
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dimensions with a sub-nanometer image resolution provided in two and three
dimensional illustration. The sample can be directly measured without the need for any
coating or mounting. The measurement can be carried out not only in air but also in

liquids and samples under pressure or at elevated temperatures 10107,

The working
principle of the AFM is based on measuring the interatomic force between the surface
atoms and the AFM tip. The tip is connected to a flexible cantilever and has a diameter
depending on the application. When the tip approaches the surface, the interatomic
forces, either repulsive or attractive, vary with the distance between the tip and the

surface, causing deflection in the cantilever. This deflection is measured and

transformed to image the surface topography of the scanned area.

AFM can be performed in different modes based on the distance between the tip and the
surface during the scanning process. The tapping mode, TM-AFM working principle is
based on cantilever oscillation, at near resonance frequency, close to the sample’s
surface as shown in figure 2.13-B. During this process, the oscillation amplitude of the
cantilever is monitored relative to any variations on the sample’s surface which may
cause deflection in position or change in the amplitude. This measuring mode is highly
favourable when measuring samples with soft surfaces to reduce any possible damage

from tip-surface contact.

On the other hand, the contact mode, C-AFM works with constant contact between the
tip and the surface during the measurement as illustrated in figure 2.13-A 1%l The
bending in cantilever resulting from the repulsive interatomic forces with the surface
will form the AFM topography image. This technique is not suitable for soft materials
since dragging the tip on the surface during the scan can damage the surface and the tip

as well 12041,
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(A) (B)
Contact Mode

Tapping or
Non-contact Mode

il

Figure 2.13: An illustration of (A) AFM operating in contact mode and (B)
AFM operating in tapping mod. The solid line shows the path that the
cantilever follows in each case %!,

In both modes, the movement of cantilever reflects the nature of the surface. The
deflection of the cantilever can be measured using a light beam from a laser diode
focussed on a reflective area located at the back of the cantilever. The reflected light is
directed to a position-sensitive photodetector which detects any deflection or change in

position of the cantilever in relating to features on the sample’s surface.

A Dimension Edge with ScanAsyst AFM from Bruker was used to characterize the
topography. The topography was recorded with the tapping mode using TESP-V2
etched silicon probes (42N/m, 320kHz, without reflecting coating to the back of the tip).

The Dimension Edge AFM instrument used in this work is illustrated in figure 2.14.
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Figure 2.14: A photograph of the Dimension Edge AFM from
Bruker, 1%,

2.6 Photocurrent-Voltage characteristics (Ip-V)

This characterization technique represents the cornerstone of testing the electrical
properties of any photodetection device. It simply measures the current flow through the
device by sweeping the voltages in the dark and/or on irradiation with light. The
photocurrent characteristics of the photodetector device were tested on excitation with
al50W Xenon light source (Bausch & Lomb) equipped with a 5 nm bandwidth, triple
grating monochromator model (TMc300) and a set of lenses to collimate and focus the
beam and make a uniform rectangular shape light beam covering the active device. The
spectral response of the lamp extends from the UV to the near infrared. A solar
simulator from ABET Technologies (DC Xenon Arc lamp, model 10500) was also used
as an efficient white light source to measure the IR photoresponse of the plasmonic
photodetector devices using a set of bandpass filters, purchased from THORLABS,
covering the optical range from 600 nm to 950 nm with 10 nm FWHM. Furthermore, a
tuneable energy, mercury UV lamp from OmniCure model (S1500) equipped with a

liquid light guide and optical collimator was also used as an additional UV light source.
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The optical system was interfaced with a Keithley 2400 source meter using BenWin+
software to acquire the photocurrent as a function of wavelength and time. For statistical
reliability, two to four devices out of five on each substrate were measured. The optical
power at each wavelength was calibrated using a computerized digital optical power

meter PM200D from THORLABS.

Samples were electrically probed using different approaches. The first one is used the
Ossila circuit board shown in figure 2.3-B to characterize the photodetector devices in
the planar configuration. Secondly, probe needles were applied to characterize the
electrical properties of ZnO NPs in different environments. The measurements were
calibrated to give similar data accuracy. The measurements conducted in a CO;
environment used a custom design sealed vacuum chamber consisting of a quartz
window, a ventilation/pumping valve and electrical connection pins as shown in figure
2.15. The pins are wired and numbered in order to switch between devices on the same
substrate. The wires were connected through a cable to an outside testing board, which
was connected to the Keithley via two needle probes. After fixing the sample inside,

the chamber was filled with CO; to a pressure of 150 mbar.

electrical properties of ZnO NPs device under CO; environment.
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I-V and photocurrent transient measurements were also performed in controlled
atmospheric conditions using a motorized, custom designed microscopic probe station
system installed in an isolated glove box. The glove box is surrounded by Faraday cage
to help exclude any external electrostatic effect. The probe station equipped with two
motorized needle probes, high-resolution camera and a UV light source (OmniCure)
integrated with the system by liquid optical fibre. The probes are connected to two
channels source meter model (Agilent B2912). The glove box atmosphere (nitrogen, dry
air and humidity) can be controlled automatically with a custom designed controlling

panel designed by Dr Emanuele Verrelli.
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UV Photodetection of Solution-
Processed ZnO Nanoparticles

This chapter presents a study of how the device preparation and
storage environment can influence the magnitude and time
dependence of the UV photodetection of solution-processed ZnO
nanoparticles. The generally accepted UV photoconductivity
mechanism in ZnO involves oxygen adsorption. However, here we
find that humidity and surface carbonates are found to have a
big influence on the photoresponse of ZnO nanoparticles. The
electrical observations are correlated with surface wettability
and FTIR spectra to elucidate the surface mechanisms which

impact the photoconductivity.
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3.1 Introduction

ZnO is a wide band gap metal oxide semiconductor with some unique optoelectronic
properties such as the high optical transparency and an exciton binding energy of 60
meV at room temperature %!, Optoelectronic devices based on ZnO nanoparticles
(NPs) have witnessed revolutionary developments in their applications such as
photodetectors, wearable and flexible display devices. However, in order for those
applications to be industrially viable, a very good understanding of the effects of storage
environment on the photoactivity of the ZnO NPs is needed, since mostly all the

optoelectronic devices are exposed to the ambient environment in one way or another.

ZnO mainly absorbs light in the UV which enables it to be very efficient in UV
photodetection applications. However, ZnO in the nanostructure form has a number of
very active surface defects, which are found to affect the material’s electrical and
optical properties. With a variety of advanced fabrication techniques, solution-processed
ZnO nanostructures are considered to be low-cost, relatively simple to fabricate and
compatible with mass production. However, organic ligands are often added to the ZnO
nanoparticles to improve solubility in organic solvents and aid device fabrication. This
approach has disadvantages since they electrically isolate the ZnO particles and hinder
electronic transport in the resulting thin films. There may be other organic residues from
the starting precursor in the processed thin film, which may also affect the film quality.
Therefore, it is important to remove ligands and other contaminants after the fabrication
process. Normally, organic ligands are carbon-based complexes which can be removed
or partially decomposed by either UV irradiation or annealing. Another important issue
is the interaction with the environment. Solution-processed ZnO NPs photodetection is

widely affected by the surrounding environment, specifically oxygen and humidity.

70



CHAPTER THREE

In this chapter, we present a study of how the device preparation, storage and
measurement environment can influence the magnitude and time dependence of the
photoconductivity. The experiments are correlated with surface wettability and FTIR

measurements to elucidate the surface mechanisms which impact the photoconductivity.

3.2 Chemical reactivity of ZnO nanostructures surface

ZnO has a wide and direct band gap and has great potential in optoelectronics and gas
sensing applications. The optical and electrical properties of ZnO are varied when the
material is reduced in size to the nanoscale, mainly due to the quantum confinement
effect where optical absorption is blue shifted with reducing the particle size "% The
surfaces of ZnO nanostructures also have a rich defect chemistry 2°”! and are considered
as attractive sites for oxygen molecule adsorption. For example, oxygen ™ and ozone
(1991 represent oxidative gases which help trap electrons from the conduction band of
ZnO leading to a decrease in its conductivity. A space charged region is then formed on
the surface of ZnO as a result of electron trapping, as shown in figure 3.1. The diameter
of this region is known as Debye length (1) and it may be comparable to the material’s
diameter depending on the concentration of electrons and temperature. For ZnO with
dielectric constant of 8.2 and carrier concentration of 10 to 10*° cm™, the depletion
region area (1) was found to be 1-3 nm M. Kolmakov et al. ¥ found that the
diameter of the depletion region could reach 30 nm for undoped ZnO. On the other
hand, CO ™2 and H,0 311 represent reductive gases which react differently with the
ZnO surface. These gases release the trapped electrons by desorbing the oxygen
molecules on the surface leading to an increase in electrical conductivity and therefore,
reducing the depletion layer . This represents the vital role by which ZnO or other

metal oxide semiconductors can function as a gas sensor. The smaller the size of the
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material (equal or smaller than the Debye length), the higher the sensitivity. The
mechanism by which electrons are captured by oxygen molecules has been explored
over many years. The ionization energy of these electrons is very low owing to the
small energy gap with the conduction band. Therefore, large numbers of electrons are
easily ionized and transferred to the conduction band at room temperature or lower. This

is believed to be the responsible of the material’s n-type conductivity (L]
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Figure 3.1: (A) An illustration of the surface reaction of ZnO nanoparticles
located in air. Oxygen molecules are adsorbed on the surface of ZnO creating a
space charged region with thickness equivalent to the Debye length, Ap. Adapted
from ref, 1141, (B) A model illustrating the energy band bending at the surface of
a wide band gap semiconductor after chemisorption of oxygen and the formation
of the space charged region denoted as Ag;,- [119]

The electrical properties of ZnO nanostructures are closely related to the space charge
region on the surface, which is very sensitive to the surrounding atmosphere. For
instance, when ZnO interacts with CO gas or water vapour, the region is affected by the
interaction of atmospheric gases with the adsorbed oxygen on the surface. Normally,
oxygen molecules and water vapour (in the form of either molecular or hydroxyl
moieties) compete to react with the oxygen vacancies sites on the surface of Zno !,

On the other hand, CO gas interacts with adsorbed oxygen (0 4q4s)) leading to release

the trapped electrons (e~) and the formation of carbon dioxide gas COy,y Mo,
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Furthermore, CO is also found to react with the lattice oxygen on the surface giving
carbonate groups at temperature between 150 to 400 °C and carboxylate groups at

temperature between 250 to 400 °C as indicated by FTIR M,

Surface reactions with atmospheric gases could help reduce the Schottky barrier
because the captured electrons are released to the conduction band increasing the
electrical conductivity. In this situation, the semiconductor conductance (G) can be

given by the relation 19129

G ~ exp (M) (3.1)

KgT

where Vgurrace represents the height of the surface potential barrier. The surface
charging or the depletion region causes a potential barrier on the surface (which is
denoted as a Schottky barrier) with height depending on the oxygen adsorbed
concentration (captured electrons) Y as shown in figure 3.1-B. The depth of the
energy band bending is related to the Debye length (1,) which is a characteristic of the
semiconductor and strongly depends on the concentration of surface defects, surface
adsorbed oxygen, dielectric constant of the metal oxide semiconductor (¢) as well as the

carrier concentration (N,,), as calculated from the following question ™

1. = (KT Ya
b =(52) (3.2)

e2Np
where Ky is Boltzmann constant, T is the operating temperature and e is the electron
charge. The increased potential barrier resulting from the surface depletion region
affects the mechanism of electron transport between the grains of two neighbouring
nanoparticles. Therefore, the metal oxide conductance is highly related to the
surrounding environment. As illustrated in figure 3.1, the space charge region has a
stronger effect on small particles compared to larger ones. When the particle size is
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small and the depletion region is of the order of the radius of the particle, any reduction
in the depletion length greatly increases the conductivity because of the greater ease of
inter-particle hopping between the high conductivity regions of the particles. This
feature is the cornerstone of gas sensors based on metal oxide nanostructures, where the
sensitivity substantially increases with reduced structure size 2%, More information
about how the grain size affects surface potential can be found in ref. 122124125 ¢ jg
also found that the particle size has a significant effect on the carrier concentration of
ZnO. In air with oxygen adsorption onto the surface, large particles of size 50 nm have
carrier concentrations between two and four order of magnitude higher than smaller

particles of size 20 nm ™!,

The change in surface conductivity resulting from this charge transfer is governed by a
few important parameters, such as the surface atomic composition, bonding and ZnO
surface polarity. The ZnO crystal orientation (polar and nonpolar facets where ZnO
surface has either a Zn terminated plane or an O-terminated plane) is believed to

potentially affect the UV photoconductivity. Chao et al. 1

, have used plasma-
enhanced chemical vapour deposition to synthesize the polar and nonpolar thin film UV
detector. The Zn-terminated plane is found to be more chemically active than the O-

terminated surface which is useful in detection applications.

Oxygen can be adsorbed onto the surface as either molecular (O2") and/or atomic (O’)
species based on the provided temperature. It was found that oxygen is adsorbed as a
molecule at a temperature below 150 °C, while atomic adsorption is dominant at a

temperature greater than 150 °C %!,
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3.2.1 Water reaction on the surface of ZnO

A Schottky junction is normally created when ZnO is intimately interfaced with 1TO
metal oxide electrodes due to the relative difference in their Fermi level energies as
discussed earlier in chapter 1, section 1.7. Upon contact, the Fermi levels of both
materials come into equilibrium and a potential barrier is established at the interface
limiting electrons flow between the ZnO and the ITO. The barrier height can be
increased or decreased by applying a negative or positive bias voltage respectively on
the metal. Schottky junctions are found to be sensitive to the presence of humidity
especially when forward biased, owing to the water electrolysis at the positive
(oxidation) and negative (reduction) side of the junction 2"/ Water vapour on the ZnO
surface can be adsorbed and electrolyzed at the interface with a metal electrode.
Therefore, water can be decomposed to form oxygen at the anode whilst hydrogen can

be formed at the cathode, according to the reactions "%%!:
2H,0 & 0, + 4H* + 4e~  (at the anode) (3.3)
2H* 4+ 2¢e~ & H, (at the cathode) (3.4)

Water electrolysis on the surface results in proton conductivity. In the work of Chatman
et al. ' the current generated by protonic conduction resulting from water electrolysis
is about 10 mA which is significantly higher than the Schottky current which is in the
range of 10-100 pA. Electrical conductivity of adsorbed water is carried out by protons,
by means of a mechanism explained by Grotthus and given his name %!, The protons
transfer between the water molecules by the formation and breaking of covalent bonds
via hydrogen bonding with neighboring molecules in the liquid phase as illustrated in

figure 3.2.
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Figure 3.2: An illustration of proton transfer between adjacent
water molecules as explained by the Grotthus mechanism 12,
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Normally, ZnO behaves differently in the presence of humidity. With the very high
level of water vapour, water molecules are physisorbed and chemisorbed on the surface
leading to protonic conductivity. Water adsorption on the surface takes place in three
different stages as shown in figure 3.3-A. At the beginning, a water molecule is
chemically adsorbed onto a surface active site to form an adsorption complex. This
adsorption complex eventually forms surface OH" ions. Thereafter, another water
molecule approaches the surface and is physisorbed by two hydrogen bonds to the
hydroxyl groups. It is believed that no proton conduction takes place at this stage owing
to the missing hydrogen bond between them. However, the first physisorbed and
chemisorbed layers can help with electron tunneling between the adsorbed water
molecules on the surface ™. With a high level of water molecules approaching the
surface, water forms an extra layer on top similar to bulk liquid water, by the formation
of a hydrogen bond. This process is illustrated in figure 3.3-B and leads to protonic

conduction as described above by the Grotthus mechanism 1!,
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Figure 3.3: An illustration of (A) the three stages of water adsorption to a binary metal (Me)
oxide semiconductor, and (B) the multilayer structure of water adsorption on iron oxide
Fe,0, 1129289]

The interaction of OH~ with the surface of ZnO greatly affects the surface chemical and
electronic properties. Generally, there are two different known types of OH groups
originating from the interaction of hydrogen, produced by electrolysis, with ZnO at
room temperature. The first one resulting from water dissociatively adsorbed on the
oxygen and zinc sites, similar case to stage two illustrated above in figure 3.3-A which
give rise of strong IR signals at 3498 cm™ and 1708 cm™ assigned to the stretching
vibration of OH and ZnH respectively. The water adsorbed on the ZnO surface, which
eventually dissociates to hydroxyl groups, shows surface orientation and
crystallographic dependence. Noei et al. ™Y found that the polar and nonpolar ZnO
surfaces respond differently to the water adsorption. Different OH species were created

when water is dissociated on ZnO surface with different atomic terminations.

3.3 ZnO as a UV photodetector

ZnO has received great attention due to its superior performance in photonic and
electronic applications. The wide direct band gap enables ZnO to be the material of
choice in photodetection applications especially in the UV part of the light spectrum.

ZnO has a band gap of 3.37 eV at room temperature which made it a very good light
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absorber in the spectral range from 320 to 400 nm, also known as UV-band A. ZnO has
a great history as a UV photodetector started from the late 1980s ™% with simple
structured devices having poor performance until the current generation of very
advanced device structure with outstanding performance. High-performance ZnO UV
photoconductors were developed by adopting a variety of techniques such as n-doping
the ZnO, utilizing different metals electrodes and different device structures. Moreover,
ZnO based nanostructures are considered as a promising approach to modifying the
electrical and optical properties by changing the size and shape of ZnO . Upon
irradiation with UV light, electron-hole pairs are photogenerated. The holes migrate to
the ZnO surface along the potential gradient resulting from the energy levels band
bending and desorb the oxygen molecules from the surface leading to the release of
trapped electrons to the conduction band as shown in figure 3.4. Electrons generated by
the photoabsorption in addition to the electrons released from the surface significantly
increase the ZnO conductivity ™. Oxygen adsorption/desorption on the surface of the
ZnO is found to play a crucial role in the optical responsivity of the ZnO photodetector.
As we know, oxygen adsorption introduces energy levels (traps) within the band gap.
The photocurrent value and the response time of the detector depend on the number of

traps levels, so it is important to control trap levels for reliable device fabrication.

Metal-semiconductor-metal (MSM) is the common device configuration with ZnO as an
active medium. This type of configuration has the advantage of high internal gain based
on hole trapping which enables electrons to pass the circuit many times before

recombine. However, it normally has a high dark current and slow decay time.
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Figure 3.4: An illustration of the photoconduction mechanisms in
ZnO nanowires. (a) Photogenerated electron-hole pairs are created
with light absorption, (b) prior to photoexcitation, oxygen
molecules are adsorbed on the surface of ZnO nanowire trapping
electrons, and (c) oxygen molecules are discharged by the
photogenerated holes, releasing the trapped electrons [133]

There are a variety of ZnO thin film preparation techniques including chemical vapour
deposition (CVD), electron beam lithography, thermal evaporation, solution processing
and more. Solution processing using sol-gel preparation method is a low-cost approach
to fabricate photodetector devices, compatible with large-scale production. However,
solution processed UV photodetector devices are not yet commercialized due to their
low performance as compared with gallium nitride (GaN) photodetectors. One of the
main problems is the charge transport in the solution processed film. Nanoparticles, for
instance, have many grain barriers in addition to extra barrier to electron transport
caused by the organic ligands added to processes the film. Great progress has been
achieved concerning the device fabrication and photoresponse. For example, solution-
processed ZnO colloidal nanostructures blended with organic ligands show very low

dark current with high UV responsivity of 61 A/W "8,

In this short review, we summarise work on persistent conductivity in solution-
processed ZnO photodetectors to provide context to our own research results. Solution-

processed fabrication technology represents a future vision for low-cost manufacturing
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due to the ease of processing, large-scale production, less energy consumption and
relatively low cost as compared with conventional fabrication methods. All those
factors have encouraged more research in this promising field. Therefore, a variety of

g [134138]  nanobelts 11361

ZnO nanostructures, such as nanoparticles 8 nanowire
nanorods ™37, etc have been fabricated and used in photodetector devices. A highly UV
sensitive, single ZnO nanowire photodetector prepared by vapour phase transport was
reported for the first time by Yang et al. ®¥ The UV photoresponse of the wires was
high and the dark current was low. It was found out that the photoconductivity is highly
sensitive to the environment with a slow response time in vacuum and inert gases and a
fast response time in air owing to the adsorption of oxygen molecules. Solution-
processed ZnO polycrystalline UV photodetector were prepared and investigated by D.
Basak et al. [*® with gold electrode contacts. The device shows a low responsivity of
0.040 A/W at 350 nm with 5V bias and 14% quantum efficiency. The search for
solution processed photodetectors with high optical response led researchers to
chemically dope the ZnO with different metals. Zi-Qiang Xu et al. ™ reported the
fabrication of MSM photodetectors based on solution processed, Al-doped, ZnO films
with gold electrodes for lower dark current and hence better signal to noise ratio as well
as tuneable UV photodetection. The low dark current results from the high Schottky
barrier that ZnO made with the Au. The device shows a photocurrent of 58.05 pA at 6V
bias. Greenham et.al. ["® used ZnO colloidal nanoparticles as a UV light absorber in
MSM photodetector using gold electrodes. The device was visible blind and showed
good reproducibility with very low dark current and responsivity of 61 A/W at 370 nm
with 120V bias. The photocurrent mechanism was dominated by electrode injection
rather than oxygen adsorption on the surface. The injection barrier between the ZnO and

the metal contacts played an essential role in controlling the dark and photocurrent as
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shown in figure 3.5. Moreover, adsorbed oxygen at the ZnO/metal contact interface
altered the density of defects states and hence the injection barrier height. By switching
off the UV light, readsorption of oxygen at the ZnO/Au electrode interface will help
increase the barrier height leading to a fast decay in photocurrent compared to the ZnO

interfaced with Al where the barrier height is very small.
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Figure 3.5: The effect of oxygen adsorption on the electrons injection
barrier between the ZnO and the Au electrode is shown. The Schottky
barrier at the electrode is shown (a) in the dark and (b) on
photoirradiation. The adsorption of oxygen on the surfaces of the
nanoparticles traps electrons in the dark in (c). (d) Photogenerated
holes results in the removal of adsorbed oxygen, releasing electrons
and reducing the injection barrier upon UV irradiation (8]

Chen et al. **9 investigated the effect of the crystallization on the photodetection
properties of sol-gel ZnO film. The device showed low dark current with a responsivity
of 1.1 A/W at 360 nm with 5V bias. Sangsig Kim et al. ™4 also reported the
fabrication of UV photodetector based on ZnO nanoparticles. Their device showed a
high light to dark current ratio of about 10° with 0.1 mA/W at 1V bias at 325 nm.
Ligiao Qin et al. ™2 reported a big improvement in MSM based ZnO NPs UV detectors
with a responsivity of 371.42 A/W at 345 nm with 20V bias. They showed that surface
defects such as Zn2* ions and oxygen vacancies were passivated by coating the ZnO

nanoparticles with polyvinyl-alcohol (PVA) to give a reproducible device with high
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optical responsivity. Afal et al. *4 reported a lateral UV photodetector based on
solution processed ZnO nanowires grown hydrothermally. The device was in situ heated
at 150 °C on the hot plate during the responsivity measurements to remove any water
molecules remaining or adsorbed on the surface of the ZnO wires and also to enhance
the oxygen molecules adsorption for better responsing time. The device measured at
150 °C showed shorter response and recovery times compared to the one measured at
room temperature, with responsivity of 0.46 A/W at 380 nm with 2V bias measured at
150 °C. The UV photoresponsivity of ZnO was also enhanced by the incorporation of
plasmonic gold nanoparticles. The Au nanoparticles work as hole trapping points which
improve the device performance ™. ZnO photodetectors have also been grown on
environmentally friendly paper substrates at low temperature 1. This reflects the
technological development and the great potential of ZnO to lead in the photodetection
industry. Solution processed ZnO nanoparticles with film thickness of 5 nm deposited
on flexible PET substrate, exhibited a remarkable transparency of 90% and UV
responsivity of 1.51x10° A/W owing to the incorporation of 2-4 nm Au nanoparticles on
top of the film. The depletion layer created by the adsorbed oxygen molecules on the
ZnO surface, in addition to the localized Schottky junctions between the ZnO particles
with the Au nanoparticles, helped to significantly reduce the dark current of the

photodetector device 44,

3.4 ZnO surface wettability

Surface wettability is indicated by the value of contact angle of the surface with water.
For materials to be defined as hydrophobic, the water contact angle with the surface has
to be larger than 90°. On the other hand, if the water contact angle is smaller than 90°,

the material is classified as hydrophilic. The surface wettability of ZnO can be
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transformed by either covering the surface with specific coatings or by irradiation with
UV light. It was shown that the surface changes from hydrophilic to highly hydrophilic
after UV irradiation. This effect is found to be reversible: after removing the UV light
the sample returns to its original state of hydrophilicity after time. The suggested
mechanism is that carbon contamination adsorbed on the surface is released by UV
irradiation and adsorbed back onto the surface after the UV 431 However, later results
showed that carbon removal from the surface did not produce a hydrophilic surface 4.
This suggests that the photocatalytic removal of surface contamination by UV
irradiation might not be an accurate explanation to what is going on. Sun et al. 4®
reported changes in the wettability of ZnO and TiO, after irradiation with UV. Their
study shows that an oxygen environment with humidity < 10% plays an important role
in returning the surface wettability of ZnO from hydrophilic to hydrophobic after UV
irradiation. On the other hand, the contact angle was found to increase much less when
storing the sample in pure argon with humidity < 10%. They suggest that upon UV
irradiation, oxygen molecules adsorbed on the surface are released and water molecules
adsorb dissociatively on the defect sites on the surface. They also found out that, after
annealing at a temperature higher than 300 °C, the contact angle decreased remarkably
resulting from the increase in the density of surface defects and hence adsorbed water
molecules. This result is supported by Hu et al. 4" who theoretically investigated the
surface wettability of ZnO with and without oxygen vacancies by simulating the surface
bond between Zn in ZnO and O in H,0 in the presence of one water molecule, a water
monolayer and a water film. Water adsorption on the surface of ZnO was found to
increase with increasing the oxygen vacancies. It also reveals that the surface
hydrophilicity of the ZnO strongly depends on the density of oxygen vacancies on the

surface.
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It was observed that hydrophilic ZnO (irradiated with UV) tends to change its
wettability to hydrophobic when stored in dark places. The time needed to convert
wettability depends on the sample and treatment but could take a few weeks in the dark
to reverse the wettability. Surface roughness was also found to play an important role in
the value of the contact angle. A low contact angle is observed with rough surfaces 481,
Another study suggested that, for TiO,, ZnO and other wide band gap semiconductors,
the contact angle starts to return to its original value before the UV by irradiation with

visible light 41,

Upon UV irradiation, water can better penetrate the film grooves so that it covers a
higher surface area on the ZnO giving high hydrophilicity. On the other hand, in the
dark, the lack of OH on the surface prevents water from penetrating and so leads to high
hydrophobicity. This comes about because the surface is energetically unstable after
OH~ adsorption, while oxygen is thermodynamically stable when strongly bonded to
the defects sites. It is also suggested that this adsorption/desorption of oxygen and
hydroxyl takes place on the surface of the metal oxide leaving the core bulk untouched,

which explains the long term durability in wetting switching %%,

The wetting states of metal oxide semiconductors are normally controlled by two main
key factors, the surface morphology and surface defects. Defect radicals attached to the
surface can be efficiently detected by FTIR. Water wettability is linked to the
concentration of hydroxyl and carboxyl groups on the surface of ZnO nanowires with
the surface showing higher wettability when the density of these groups on the surface
is high. The surface converts to hydrophobic when the density of these groups decreases
or disappears (due to their thermodynamic instability) when the sample stored in dark.
Yadav et al. ®Y reported the effect of oxygen and hydrogen gases on the surface

contact angle of ZnO. The water contact angle followed a consistent trend with a higher
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contact angle when annealing in hydrogen and lower contact angle with oxygen

annealing, as shown in figure 3.6.
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Figure 3.6: The ZnO contact angle following annealing in different
ambient gases, oxygen and hydrogen %,

3.5 Methodology

3.5.1 Device preparation

ZnO nanoparticle suspensions of 2.5 wt. % concentration in chloroform was
incorporated as the active layer in UV photodetectors with a planar configuration. The
layer was spin coated either in air or nitrogen on a glass/interdigitated 1TO substrate at a
fixed spin speed and baking temperature for device comparability. Moreover, the
particles have a uniform size distribution of 11.8 £ 1.7 nm according to TEM (figure
3.8-A). The device thickness was about 120 nm (£ 5 nm) unless stated otherwise. After
spin coating and baking, the film was annealed at 350 °C in air, oxygen or nitrogen for
better film uniformity and also to remove the capping octylamine ligands for better
electrical connection. The device area and ITO substrate specifications are specified

earlier in chapter 2 section 2.3.1. The photodetector fabrication process did not involve
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any vacuum evaporation or any harsh processing steps. A schematic representation of

the ZnO UV photodetector is shown in figure 3.7.
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Figure 3.7: 2D schematic illustrating the solution processed ZnO UV
photodetector used in this study. It also illustrates electrons injection from the
electrode to the ZnO nanoparticles. The ZnO thickness is about 120 nm. The
inset depicts electron transport by hopping between the particles.

The interface between the particles and the electrodes is not continuous owing to the
spherical particles’ shape. Therefore there are voids where gases in the atmosphere can
easily penetrate to the interface region. Moreover, in this planar device configuration,
the ambient environment influences the electrical and optical properties of the ZnO and
its photocurrent response. It is also suggested that electrons are more likely to be
injected to the ZnO from the large ZnO/ITO electrode contact area on top of the
electrodes rather than the sides, where a very small area of the nanoparticles is in direct
contact with the ITO. Furthermore, the electrons’ percolation path will be dictated by

the interface, environment and voids within the film.
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3.6 Experimental results

3.6.1 Physical characterization

Solution-processed ZnO NPs structural properties were characterized using different
techniques including dark field HR-TEM, XPS, FTIR and XRD. The crystallinity of the
ZnO NPs is confirmed using the dark field HR-TEM as shown in figure 3.8-A. The
average particle diameter is found to be 11.82 + 1.7 nm (based upon analysis of more
than 100 particles) with a lattice spacing (d-spacing) of 0.26 nm for the (002) lattice
plane. Moreover, an XRD scan shows a typical diffraction pattern of the ZnO wurtzite

crystal structure as shown in figure 3.8-B.
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Figure 3.8: (A) A TEM dark field image of the as-synthesized ZnO NPs. The inset
shows a dark field high resolution TEM image of crystalline ZnO nanoparticles, (B)
X-ray diffraction of the ZnO nanoparticles prepared by the sol gel method. The
spectrum of ZnO was taken in the powder form.

ZnO NPs films spin-coated on silicon substrates and annealed at 350 °C in air or
nitrogen were investigated using X-ray photoelectron spectroscopy (XPS). The XPS
spectra of O 1s, C 1s and Zn 2p spectral regions of the ZnO NPs after the annealing are

shown in figure 3.9. The Zn:O atomic ratio was essentially the same for annealing under
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both environments at ~0.65, somewhat lower than expected for stoichiometric ZnO
indicating the presence of oxygen vacancies. In contrast, the C:O atomic ratio was
higher for the sample prepared via N, versus air annealing (0.86 versus 0.65
respectively). This also contained trace surface nitrogen, together suggesting an
incomplete decomposition of the octylamine stabiliser during nitrogen thermal
processing. Zn 2p XPS spectra (figure 3.9-A) exhibited a single chemical environment
at 1021.4 eV binding energy consistent with Zn®* in ZnO 3. The O 1s spectra (figure
3.9-B) exhibits three distinct chemical environments and can be fitted with three peaks
according to Zhang et al **®. The three peaks are associated with the oxygen lattice
(0.) in ZnO at 530.14 eV, oxygen vacancies (0y) at 531.24 eV, and either a dissociated
oxygen species (O.) or surface hydroxyls (which possess a higher intensity following
annealing in air) at 532.2 eV € The ratio of (0,) : (0y) : (O.) components for the
nitrogen annealed sample was 1.0 : 0.24 : 0.14 while that for the air annealed sample
was extremely similar at 1.0 : 0.27 : 0.21, indicating similar surface concentration of
oxygen vacancies following both pretreatments and different level of surface hydroxyl
in the two samples. The C1s XPS spectra (figure 3.9-C) of both samples exhibit two
distinct chemical environments, a strong feature at 284.4 eV consistent with an aliphatic
hydrocarbon chain arising from the octylamine stabiliser, and a weak high binding
feature at 288.9 eV indicative of a carboxylate ™****°\ This is due to either partial
decomposition of the acetate precursor or adsorption of atmospheric CO, during sample
storage and handling in air. Since the ZnO NPs were annealed to 350 °C prior to XPS
analysis, sufficient to fully decompose the zinc acetate precursor ™ the former
possibility can be discounted for the sample annealed in air, with carbonate formation

simply reflecting atmospheric CO, adsorption.

88



CHAPTER THREE

(A) (B) (C)
Airannealed Ot Al led
Air annealed sample sample Iranneale
sample
= = o) 0y, =
B = c @
I3 5 5
£ < =
o o o, o
> > | N,annealed X | N, annealed
& N, annealed sample o sample 2 | sample
N o 0 )
v,
Oc
T T T

1044 1034 1024 1014 533 531 529 527 205 290 285 280 275
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 3.9: XPS spectra of ZnO NPs spin coated and annealed at 350 °C for 1 hour in air and
N, showing the spectral regions of (A) Zn 2p, (B) O 1s and (C) C 1s. Spectral fitting was
performed using CasaXPS with help from G. Kyriakou and A. Lee, Aston University,

Birmingham.

3.6.2 Surface morphology

Atomic force microscopy (AFM) working in the tapping mode was used to investigate
the surface topography and roughness of ZnO NPs films prepared and annealed in air
and nitrogen. This section sheds light on the impact of preparation environment and

annealing on the ZnO NPs surface morphology.

3.6.2.1 ZnO NPs films prepared and annealed in air

AFM images shown below reveal the porous nature of ZnO NPs films prepared and
annealed in air. Figure 3.10-A and B show the surface morphology of ZnO NPs films
after baking and annealing respectively. Regardless of the particle size, spin coating the
ZnO NPs in air followed by baking at 100 °C for 10 min results in dense particle-like
features distributed semi-uniformly on the surface as shown in figure 3.10-A. The
average surface roughness (is a property of the surface which describes the irregularities
of the sample morphology) extracted from the full-size AFM image is 8 nm. Figure

3.10-B shows the 2D and 3D topography images of the ZnO NPs prepared and annealed
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in air at 350 °C for 1h. Film morphology in the two processing conditions (after and

before annealing) looking similar with ridge-like features and roughness of 8 nm.

28.9 nm

-33.9 nm

30.4 nm

-31.8 nm

Figure 3.10: 2D AFM images with their corresponding 3D topography of ZnO NPs
films prepared in air with (A) baking at 100 °C for 10 min and (B) annealed after
baking at 350 °C for 1h. Surface roughness, as represented by the average root mean
square of the overall AFM image, is 8 nm for both samples.

3.6.2.2 ZnO NPs films prepared and annealed in nitrogen

ZnO NPs films prepared and annealed in nitrogen environment were also imaged by
AFM. Figure 3.11-A shows the 2D and 3D AFM images of ZnO NPs film prepared in a
nitrogen environment and baked at 100 °C for 10 min. The film shows particle-like
structures with bigger agglomeration features compared to the air sample shown in
figure 3.10-A. The surface roughness after baking was 8 nm which is the same as the

sample prepared in air. After annealing the sample for 1h at 350 °C in nitrogen, the
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surface morphology shows some particle agglomeration, which increases the film

roughness to 15 nm.

(A)

400.0 nm

400.0 nm

Figure 3.11: 2D AFM images and their corresponding 3D topography of ZnO NP films
prepared in nitrogen with (A) baking at 100 °C for 10 min and (B) annealed after baking
at 350 °C for 1h. Surface roughness is 8 nm and 15 nm for (A) and (B) respectively.

3.6.3 FTIR analysis

Solution-processed ZnO nanoparticles drop cast onto GaAs substrates were investigated
by Fourier transform infrared spectroscopy (FTIR). Figure 3.12 shows the FTIR spectra
of (A) a ZnO NPs film prepared from the zinc acetate, (B) the octylamine stabilizing
ligands and (C) the ZnO NP thin film with the octylamine ligands following baking the
film at 100 °C for 10 min in air. The assigned modes in figure 3.12 represent the main
absorption peaks which are believed to give an important indication of the effect of

surface treatment on the surface composition.
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Figure 3.12: The FTIR spectrum of (A) ZnO NPs film prepared from zinc acetate
precursor, (B) octylamine ligands, (C) ZnO NPs presented in (A) after adding the
octylamine ligands. ZnO samples were prepared on GaAs substrates.

The ZnO NPs film fabricated from zinc acetate precursor shows transition peaks at 500
cm™ assigned to ZnO backbone transitions and a broad absorption peak at 891 cm™
which is reportedly assigned to the substitutional hydrogen at oxygen site (Ho) bound to
the lattice zinc site (Zn-Ho) ™8, This substitution has the potential to act as a
shallow donor in ZnO ™. The absorption peaks around 1559 cm™, and the poorly
resolved doublet at 1415 and 1441 cm™ are related to the stretching C=0 and C-O
bounds respectively, which are believed to be associated with the acetate complex
(CHsCOO") groups chelated on the ZnO surface 61591 although some papers
associate them also with the weakly bond water %!, Moreover, these peaks are also
reportedly assigned to the asymmetrical and symmetrical stretching of the zinc
carboxylate %% Figure 3.12-B shows the FTIR spectrum of the octylamine ligands
as a film drop-casted on GaAs substrate. Figure 3.12-C shows the FTIR of ZnO NPs

film after the addition of octylamine ligands. Both films show absorption peaks at 2854
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cm?, 2923 cm™ and 2956 cm™ which are related to the asymmetric and symmetric C-H

stretching vibrations of hydrocarbon chains 1621631,
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Figure 3.13: FTIR spectra of ZnO NPs thin films deposited on GaAs substrate
following different processing. The baking temperature was 100 °C for 10 min. The
annealed conditions were 350 °C, for 1h in air or nitrogen.

Figure 3.13 shows the effect of preparation conditions and surface treatment on the
chemical composition of ZnO NPs films as indicated by FTIR spectra. The baked
sample serves as a reference. It shows a large number of transitions mainly originating
from the remaining unbounded carbons and/or acetate groups from the starting
precursor. The assignment of FTIR transitions relevant to these studies are shown in
table 3.1. The reference sample used in this experiment was thick which explains the
saturated absorption of some of the stretching vibrations of the surface carbonates.
However, when ZnO NPs films are annealed at 350 °C, for 1h in air and nitrogen, some
of the transition peaks are slightly shifted and the FTIR spectra become smoother
compared to the reference sample, resulting from decomposing most of the remaining
carbons and unreacted chemical groups. The spectrum shows a significant reduction in
the characteristic peaks at 1570 cm™ 1415 and 1450 cm™, assigned to acetate groups

originating from the precursor when the ZnO NPs film is annealed in air compared to
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nitrogen. This suggests its incomplete decomposition for the latter condition. While
preparing and annealing the ZnO NPs in an oxidizing environment shows a semi-
complete decomposition of the ligands attached in addition to higher relative absorption
of water as shown in figure 3.13. Furthermore, the transition peak at 1260 cm™ is
assigned to the adsorbed carboxylate group (COO") on the surface 41, which shifted to
1267 cm™ after annealing, shows higher absorption in nitrogen compared to ZnO
annealed in air. The C=O0 transition peak at 1570 cm™ is slightly blue shifted to 1565
cm™ after annealing for 1 h in air and nitrogen in addition to the C-O doublet at 1415
and 1450 cm™ which are shifted to about 1419 cm™ and 1454 cm™ respectively. The
three transition peaks assigned to the octylamine ligands are significantly reduced
and/or removed after annealing in air and nitrogen and show a small absorption peak at
2956 cm™, while the other two peaks at 2854 and 2923 cm™ are almost completely
removed. FTIR spectrum of ZnO NPs film prepared and annealed in nitrogen shows
two transition peaks located around 806 cm™ and 1020 cm™ believed to be assigned to
the C-H bending modes of surface hydrocarbons **! and carbonate ions CO3~ stretching
mode % respectively. Those two transition peaks are completely removed when ZnO
NPs prepared and annealed in air as shown in the purple spectrum in figure 3.13. The
broad absorption peak from 3000-3650 cm™ is related to the adsorbed water which

shows high absorption after annealing in air.

The above observations are in good agreement with the XPS results shown earlier in
figure 3.9. The calculated C:O ratio is found to be higher when ZnO NPs prepared and
annealed in nitrogen versus air which supports the incomplete decomposition of organic
ligands in a nitrogen environment. Moreover, the results also suggest the presence of
higher hydroxyl absorption when the sample is prepared and annealed in air rather than

nitrogen. This is also discussed in more detail later. In order to investigate the effect of
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the storage environment and ageing in more detail, new experiments were performed
involving measuring the FTIR spectra of ZnO NPs films prepared and annealed in air

and nitrogen and stored in their respective environments for 51 days.

Table 3.1: Illustrate the important FTIR transitions locations in ZnO NPs before annealing
and their assigned chemical composition. Few transitions peaks are shifted with annealing

treatment.

FTIR (t:;?;'tlon Assigned chemical composition References
801, 1020 C-H bendmg modes of surface hydrocarbons from [165]
octylamine ligands.
891 Substitutional hydrogen at oxygen site (Ho) bound to [157,158]
the lattice zinc site (Zn-Ho).
1260 Adsorbed carboxylate group (COO) on the surface. 164]
1570’11%5 and Stretching C=0 and C-O bounds respectively. [116], [159], [151]
Asymmetric and symmetric C-H stretching vibrations
285§'é52§ 23, | of hydrocarbon originated from the octylamine | [SU/[16211163]
ligands.
i Stretching mode of the hydroxyl groups (O-H) L1531, T
3000-3650 originated from the atmospheric moisture. [162],[166],1167]
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Figure 3.14: The FTIR spectra of ZnO NPs prepared and annealed in air and
measured immediately after preparation, storing and UV irradiation for 40 min in air.
(A), (B) and (C) show different spectral regions with (B) displaying the C-H
stretching vibrations of hydrocarbon chains and (C) O-H hydroxyl groups
respectively.

Figure 3.14 shows the FTIR spectra of ZnO NPs film prepared, annealed and stored for
51 days in air. The sample aged for 51 days then irradiated with UV light of power
density 0.45 W/cm? for 40 min in air and retested immediately. As shown in figure
3.14-A, the absorption peaks related to the carbonates stretching bonds around 1565 cm’
11419 and 1454 cm™ increased after storing in air for 15 days. Further storing the
sample for 51 days shows no change in their absorption intensities indicating that 15
days are enough for the adsorbed carbonates to saturate on the surface. A small
absorption band grows also around 673 cm™ assigned to the transitions developed from
the interaction with atmospheric CO, 1. A small absorption peak assigned to the
adsorbed carboxylate group (COO) is also observed at 1267 cm™ which found to
slightly increase and widen after 51 days storage in air. Figure 3.14-B shows the C-H
stretching modes, which arise from adsorbed hydrocarbons. By storing the sample in air
for 51 days, three transition peaks, 2858 cm™, 2930 cm™ and 2965 cm™, are found to

develop suggesting a possible chemical adsorption reaction of aliphatic organic
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components from the air. The transitions are slightly red-shifted from the transitions
originating from the octylamine ligands of the unannealed sample, see figure 3.13.
Figure 3.14-C indicates the adsorption of the hydroxyl group onto the surface of ZnO

NPs film with time.

After irradiating the sample with UV for 40 min in air, significant and interesting
changes in the FTIR transition lines took place. The transition line at 1267 cm™ is
dramatically reduced and slightly red-shifted upon UV irradiation. FTIR absorption
peaks at 1565 cm™ 1419 and 1454 cm™ are reduced substantially with UV irradiation.
Moreover, the three absorption peaks of the hydrocarbons stretching modes are
completely removed with UV irradiation. The hydroxyl group transitions related to the
adsorbed water shows an interesting reduction of 12.5% in its relative absorption after
UV irradiation. What is more, the transition line assigned to the substitutional hydrogen
at the oxygen site (Ho) bound to the lattice zinc site (Zn-Ho) at 891 cm™ is red shifted

and slightly reduced in strength after UV irradiation.
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Figure 3.15: The FTIR spectra of ZnONPs prepared and annealed in nitrogen and
measured immediately after preparation, storing in nitrogen and UV irradiation for 40
min in air.(A), (B) and (C) show different FTIR spectral regions with (B) displaying
the C-H stretching vibrations of hydrocarbon chains and (C) O-H hydroxyl groups
originated by water adsorption.

Figure 3.15 shows the FTIR spectra of ZnO NPs prepared, annealed and stored in a
nitrogen environment and measured immediately after preparation, storing in nitrogen
and UV irradiation for 40 min in air. Most of the absorption peaks have approximately
the same strength after preparation and following storing the sample in nitrogen for 15
and 51 days as shown in figure 3.15-A. The transition peak at 891 cm™ observed when
ZnO prepared and annealed in air is shifted to 882 cm™ when ZnO prepared and
annealed in nitrogen. The stretching vibrations of the hydrocarbon chains shown in
figure 3.15-B only contain a single absorption peak at 2965 cm™ which is found to be
unaffected by storing the sample in nitrogen for 51 days. Figure 3.15-C shows a
comparison of water absorption on ZnO NPs film just after the preparation (0 days),
storing for 15 and 51 days. The spectra look similar suggests that OH transition hardly
changes with time when ZnO NPs film stored in nitrogen. Irradiating the sample with

UV significantly decreases the absorption peaks of the transition lines associated with
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the C-H bending modes of surface hydrocarbons (801 cm™ and 1020 cm™). In addition,
the absorption peak of the adsorbed carboxylate at 1267 cm™ is also reduced and
slightly red-shifted with UV irradiation. The peaks at 1565 cm™, 1419 and 1454 cm™
are also reduced with a slight red shift in the later transition position. Moreover, the
absorption peak at 882 cm™ is also shifted after UV treatment. In contrary, hydroxyl
group related to water adsorption shows a significant increase by 50.6% in its relative

absorption spectrum after UV irradiation in air as shown in figure 3.16.
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Figure 3.16: The absorption strength of the hydroxyl group located in the
spectral region 3000-3650 cm™, as a function of sample storage time for the
ZnO thin films annealed at 350 °C, 1h in their fabrication environments and
stored in air and nitrogen. The figure also shows the effect of UV irradiation in
air on the OH adsorption strength. The relative absorption is calculated by
subtracting the transmittance minimum from the background as illustrated by
the red line in figure 3.18-B.
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Figure 3.17: The FTIR spectra of ZnO NPs prepared and annealed in air and measured
immediately after preparation then stored in nitrogen for different times and UV
irradiation for 40 min in air. (A), (B) and (C) show different FTIR spectral regions with
(B) displaying the C-H stretching vibrations of hydrocarbon chains and (C) O-H
hydroxyl groups originated by water adsorption.

Figure 3.17 shows the FTIR spectra of ZnO NPs prepared and annealed in air and
measured immediately after preparation. Then, the sample is stored in a nitrogen
environment for 15 and 51 days and then irradiated with UV light for 40 min in air.
Figure 3.17-A shows that there is not a big change in the absorption peaks of the surface
carbonates after ageing the sample in nitrogen for 15 and 51 days. Moreover, the C-H
stretching modes, which arise from adsorbed hydrocarbons, show a slight change in its
absorption intensity after storing the sample for 51 days as shown in figure 17-B.
Whereas, water adsorption is reduced with storing the sample in nitrogen as shown in
figure 3.17-C. Figure 3.18-A shows the FTIR spectra of the hydroxyl transition for ZnO
NPs films fabricated and stored in air and nitrogen for 51 days in addition to a sample
fabricated in air and stored in nitrogen for the same amount of time. The spectra show a
big difference in water absorption for all three samples. The higher water absorption is

found in the sample fabricated (prepared and annealed) and stored in air, whilst the
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sample fabricated and stored in nitrogen shows the lowest water absorption, by a factor
of three. The ZnO sample prepared in air and stored in nitrogen has an intermediate
value of water adsorption. These results correlate with the presence of humidity in air
compared to the isolated nitrogen environment. As discussed above in section 3.2.1,
ZnO NPs is well-known as a hygroscopic material. Figure 3.18-B shows the FTIR
spectra of a single sample annealed in air and then stored in a nitrogen environment for
51 days. The spectra show that water absorption decreases by about 8% when stored in

nitrogen implying desorption of hydroxyl groups from the surface.
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Figure 3.18: (A) the FTIR spectra of ZnO films processed and stored in air
and nitrogen for 51 days. The figure illustrates the difference in the adsorbed
hydroxy! group (OH) depending on the processing and storage environment
(B) The FTIR of a single sample measured immediately after the fabrication
in air and again after storing in nitrogen for 51 days.
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The absorption of water on the surface of ZnO is generally linked to the presence of
surface defects sites. Annealing the ZnO in air leads to form surface defects by the
decomposition of organic ligands and precursor acetate. This happens to a greater extent
in an oxygen atmosphere and not in nitrogen. With storing in air, atmospheric water is
likely to be adsorbed on the defects sites (with concentration proportional to the defects
density) as indicated by Grotthus mechanism discussed earlier in this chapter, section
3.2.1. This is in a good agreement with XPS results (figure 3.9) which indicate that
surface hydroxyls (at 532.2 eV binding energy) possess a high intensity following

annealing in air versus nitrogen.

Water adsorption on the ZnO surface is also affected by UV irradiation. Feng et al. !
attributed the increase of surface hydroxyl (OH) with UV irradiation to the competition
between water and oxygen adsorption on the surface vacancy sites resulting from the
reaction of photogenerated holes with the ZnO lattice oxygen. Herein, FTIR spectra
show that water adsorption increases with UV irradiation in air for the sample fabricated
and stored in nitrogen, while the sample fabricated and stored in air shows reduction in
its water absorption after the UV irradiation. Interestingly, the absorption peak of the
transition line 891 cm™ is slightly reduced after UV irradiation for the sample fabricated
in air as shown in figure 3.14. However, the same transition (slightly shifted to 882 cm™
in nitrogen) shows 18.2% relative increase in its absorption after UV irradiation as
shown in figure 3.15. This transition peak is assigned by Senthilkumar et al. **® to the
substitutional hydrogen at oxygen site (Ho) bound to the lattice zinc (Zn-Ho). This
increase in hydrogen on zinc sites could be linked to the passivation of nitrogen bonded
on the ZnO surface fabricated and stored in nitrogen where hydrogen is more likely to
bind with nitrogen and forms No-H complex 281, The presence of nitrogen traces could

help decrease the surface states by passivating the surface defects. UV
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photoluminescence (PL) of ZnO NPs prepared in air and nitrogen was also measured.
PL normally originates from the radiative recombination of electrons and holes. The
ZnO NP film prepared in nitrogen shows PL, three times higher than the sample
prepared in air as shown in figure 3.19-A. This higher PL could be related to the
nitrogen bonded on the surface of ZnO NPs during and\or after the preparation process
which helps increase the recombination process owing to its role in passivating the
surface defects which trap the carriers %% This is also consistent with XPS results
which indicate the presence of nitrogen traces at a binding energy about ~ 400 eV [170)
in the sample fabricated in nitrogen as shown in figure 3.19-B.
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Figure 3.19: (A) Band transition PL spectra of ZnO NPs prepared (spin coated and
baked) in air and nitrogen excited with 350 nm. (B) XPS scan showing the N 1s core
levels of nitrogen traces in ZnO NPs fabricated in a nitrogen and an air environment.

Table 3.2 shows the relative difference in absorption values for the asymmetrical and
symmetrical stretching of the surface carbonates adsorbed on annealed ZnO surface
before and after storing for 51 days in air and nitrogen (extracted from figures 3.14 and
3.15 respectively). The table illustrates the significant increase in absorption in both
transitions when sample fabricated and stored in air versus nitrogen. The change in the

surface carbonates is much bigger in air than in nitrogen suggest that surface reactions,
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involving the formation of both bidentate and monodentate adsorbed carbonate are
taking place, by the interaction of ZnO surface (oxide anions and oxygen vacancies (V))

with atmospheric gaseous carbon dioxide (CO,4)) in air as shown in the reactions

below :
ZIn—0+ COz(g) 2 ZnC 05 (monodentate) (3.5)
In—-V—-Zn—-0+ COZ(g) 2 ZnCO0; (bidentate) (3.6)

Table 3.2: The relative absorption strength of the stretching vibrations of the surface
carbonates originated from the acetate complex (CH;COO") groups chelated on the ZnO
surface. The relative absorption is calculated by subtracting the absorption peak from the
higher point as illustrated by the red lines in figure 3.18-B.

Transition Fabricated in Fabricated in
- Air Relative Nitrogen Relative increase
. i by (% by (%
(cm 1) 0 days | 51 days increase by (%) 0 days 51 days v (%)
1454 0.053 0.096 56.7 0.088 0.102 14.7
1565 0.083 0.194 80.1 0.198 0.223 11.8

This interesting observation suggests that ZnO is developing new organic compounds
on the surface, probably by a surface reaction involving CO, adsorption from the air. To
get further insight into this, a new experiment was performed by fabricating ZnO NPs in
air and storing it in a vacuum cell filled with CO, (150 mbar). FTIR spectra were
measured immediately after the fabrication, as a reference, and after storing for 3 and 6
days as shown in figure 3.20. It is realized that OH absorption increases after storing the

ZnO in CO,, by about 53% after storing for 6 days.

It is interesting to see that the characteristic absorption peaks at 1565 cm™, 1419 and

1454 cm™ related to carbonates group become broader and much stronger after storing

104



CHAPTER THREE

the sample for 3 and 6 days in the CO, environment while no corresponding growth in
aliphatic groups was observed. This could be related to the adsorbed carbonate species
from CO, uptake on the ZnO surface. The absorption bands at 1486 and 1552 cm™,
appearing after storing, could be assigned to the asymmetric v3;(0—C—0) and
symmetric v3(0 — C — 0) vibrational modes of monodentate and bidentate carbonate

species respectively I

. The carbonates and carboxylates groups’ absorption is
saturated after 3 days in CO,. The peak shown at 2338 cm™ is related to the
physisrobed bent CO; in the ZnO and could be assigned to the asymmetric stretching
mode of CO,. This peak is also attributed to the trapped CO, in porous structure of ZnO
[116162172] It has been suggested by Baltrusaitis et al. "3 that CO, will interact with
surface adsorbed water and form carbonate species when catalysed by water. The
interaction will results in the production of bicarbonate intermediate and ultimately

forms carbonic acid which is stabilized by the strong hydrogen bond with surface

adsorbed hydroxyl groups.

FTIR results indicate the formation of surface carbonates on the ZnO surface with time
when sample stored in air. Surface composition is varied when ZnO prepared and
annealed in air and nitrogen because of the remain organic ligands and acetate groups
from the precursor when ZnO annealed in nitrogen compared air. Water adsorption is

increased with time when sample stored in air.

105



CHAPTER THREE

—— 0 days in Air
—— 3 days in CO,
6 days in CO,

2338 cm™
I

Tansmittance (a.u)

1 v 1 v 1 v 1
1000 2000 3000 4000
Wavenumber (cm™)

Figure 3.20: FTIR spectrum of ZnO NPs film stored in CO, environment. The
sample is fabricated in air on GaAs substrate and then stored in a vacuum cell filled
with CO, (150 mbar) above the atmospheric pressure.

3.6.4 Contact angle measurements

Contact angle (CA) measurements were performed to further examine the effect of
surface treatment and storage environments on the ZnO NPs surface and its wettability.
The surface wettability together with FTIR spectroscopy provides a powerful tool to
study the chemisorption and bonding molecules on the surface. All films were prepared
by spin-casting onto glass substrates following the same procedure and from the same
ZnO suspension. The ZnO NP film thickness for all samples was about 120 nm (+ 5
nm). Figure 3.21 shows optical images of the deionized water drop on the surface of
ZnO NPs films prepared and treated with different conditions. The ZnO NPs films are
hydrophilic and hydrophobic with contact angles of 55.3° and 91.1° when baked at 100

°C for 10 min in air and nitrogen respectively, as shown in figure 3.21-A and B.

106



CHAPTER THREE

The contact angle decreased to 11.5° and 25.2° after annealing at 350 °C for 1h in air

and nitrogen respectively as shown in figure 3.21-C and D.

. -5z 6 =9LL

Figure 3.21: Optical images of the DI water drop on the surface of
ZnO NPs films (A) baked in air, no annealing, (B) baked in N,, no
annealing, (C) baked and annealed in air and (D) baked and annealed
in N,. All DI water drops had the same volume and were released on
the surface from the same height.

The effect of storing environments and UV irradiation on the surface wettability of ZnO
NPs films were also investigated. Three samples were measured, two annealed in air at
350 °C for 1 hour and the other in nitrogen for the same conditions. Table 3.3 shows the
variation in contact angle (CA) values for the three samples, following storage in air and
nitrogen. For all samples, the contact angle increases with storage time, reaching a value
of 87° when stored in air and 50°-57° when stored in nitrogen. In other words, the ZnO
NP surface becomes highly hydrophobic after storing in air for 51 days compared to a

lower degree of hydrophobicity when stored in nitrogen.
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Table 3.3: The contact angle (CA) of samples prepared and annealed in air and nitrogen
and stored for up to 51 days in their respective environments. The reference samples
represent the CA measured immediate after baking and before annealing, while 0 days
indicates immediate measurement after annealing. The table also shows the CA after
irradiating the Ref. and ZnO sample stored for 51 days with 0.45 W/cm® of UV light for
40 min in nitrogen and in air respectively.

_ Contact angle of ZnO NPs films (°)
Aging time : : —_— -
(days) Fabmcatgd a.nd Fabrlcat(.ed |r.1 Air and Fabrlsatefj and
stored in Air stored in Nitrogen stored in Nitrogen
Ref. 55.3 55.3 91.1
0 / 115 14.9 / 252
15 /[ 732 35 /[ 419
51 \ 876~ 50.4 ~ \ 569~
UV in Air N 824 74% N\ 1134
UVin N, 4115 4422

The CA of ZnO NP films were also measured after irradiation with 0.45 W/cm? of UV

light for 40 min in air and in nitrogen. The reference samples (baked at 100 °C in air and

nitrogen) were irradiated in a nitrogen environment, while the annealed samples stored

for 51 days were irradiated in air. For the latter set, the contact angle obtained after

irradiation was approximately the same, 7°-8°, for the two samples annealed in air,

irrespective of the storage conditions. The sample annealed in nitrogen had a slightly

higher value post-irradiation. The reference samples irradiated in nitrogen both showed

a drop in contact angle, to a significantly lower value for the sample annealed in air. The

contact angle results are summarised in figure 3.22.
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Figure 3.22: Time dependence of the contact angle of various
annealed sample fabricated and stored in air, nitrogen and CO,. The
ref. values represent the CA of unannealed ZnO films. The arrows
show the fall in CA (high surface wettability) after UV irradiation in
air.

The CA of ZnO NPs film stored in the CO, environment for 6 days is also measured.
The sample is annealed in air, measured and then introduced into a small vacuum
chamber filled with 150 mbar CO,. The CA for the sample stored in CO; increased
substantially from 13.2° to 92.4° after only 6 days in CO,. After UV irradiation in air,
the contact angle dropped to 7.7°. An inspection of figure 3.22 shows that the highest
CA values belong to the samples that are fabricated and stored in air and CO,, in
addition to the reference sample baked in nitrogen. Interestingly, after UV irradiation in
air, all CAs are dropped to very similar values as shown by the shaded area in figure
3.22. This observation indicates that the compounds or surface bond which responsible

for increasing the contact angle could be the same.

The CA change induced by the surface treatment and storage environments could be

linked to the change in water absorption, surface hydrocarbons and CO.. First of all, let
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us consider the relation between water absorption and CA change. One might expect
that hydrophilicity (low CA) is associated with water absorption. As discussed in
section 3.6.3 above, the extent of water absorption on the surface of ZnO NPs depends
on the fabrication conditions. ZnO absorbs more water when fabricated in air than
nitrogen. Indeed the ZnO surface wettability is higher (lower CA) when the sample is
fabricated in air rather than in nitrogen. When storing in air, the extent of water
absorption increases gradually with time up to 51 days, as indicated by FTIR data in
figures 3.16 and 3.18. In contrast, water absorption does not increase when ZnO is
stored in nitrogen for 51 days. However, the CA of both samples increases significantly
with storage time which does not correlate with changes in OH adsorption. Figure 3.16
also shows that OH absorption decreases following UV irradiation of the sample
annealed and stored in air, whilst surface wettability substantially increases. Based on
the above, we suggest that water absorption is not responsible or has a low impact on
surface wettability and CA change. This observation contradicts the work by Ren-De
Sun et al. ! which reported the important role of water absorption and surface defects
such as oxygen vacancies in promoting the surface wettability in metal oxide

semiconductors especially ZnO.

Now, let us discuss the change in stretching vibrations of the C-O groups, at 1565 cm™
1419 and 1454 cm™ in relation to CA measurement. These transitions originate from the
acetate complex (CH3COO") groups from the precursor materials chelated on the ZnO
NPs. The absorption strength of the transition peaks significantly decrease after
annealing the ZnO in air, as the groups are decomposed. However, absorption at these
wavenumbers increases substantially with storage time in air (slightly shifted). This is
attributed in section 3.6.3 to carbonate formation by surface reaction with CO,. The

carbonate groups are finally decomposed by UV irradiation. The CA of an identically
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processed sample is substantially reduced by annealing, then increases with storage time
and finally drops to a very low value on irradiation. Therefore we suggest a correlation
between high CA and carbonate formation on the NP surface. This hypothesis is
supported by results from the sample annealed and stored in nitrogen, where smaller
changes in both CA and carbonate absorption are observed with storage time. Similarly,
the sample stored in a CO, environment develops very strong carbonate transitions and

a hydrophobic surface.

3.6.5 Conductivity and photoconductivity

3.6.5.1 Photocurrent and responsivity measurements

The electrical properties of metal-semiconductor-metal (MSM) planar devices based on
solution-processed ZnO NPs were evaluated to identify the mechanism of persistent
photoconductivity as well as what influences its magnitude. We measured -V
characteristics in the dark and on irradiation with UV as well as the photocurrent
spectrum and transients. We investigated ZnO NP devices fabricated in air and nitrogen
and tested in different controllable atmospheres in order to study whether these factors
affected photocurrent generation. It is generally accepted that the UV photoresponse of
ZnO is impacted by the adsorption of oxygen molecules from the ambient environment
on the surface of ZnO NPs, as outlined in section 3.3. However, air is a mixture of
molecules including water and carbon dioxide, which may also affect the photocurrent
generation when testing the device in air. We aim to show that many other surface

species, such as water and/or surface carbonates, are also relevant.

Figure 3.23 shows the I-V characteristics in addition to the photocurrent transients of
ZnO NP devices prepared and annealed in air and nitrogen. Devices were prepared

following the preparation and fabrication procedure illustrated in section 3.5.1. The
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devices were tested in air at room temperature. The device prepared in air (spin coated
and baked at 100 °C for 10 min) is used as a reference to the other two ZnO NP devices,
fabricated (prepared and annealed at 350 °C for 1h) in air and nitrogen. ZnO NPs
prepared in air show an asymmetric 1-V behaviour in the dark, indicating charging
effects. At a bias of 20 V, the dark current density was about 4.77x10° A/cm?. When
ZnO NPs were fabricated in air, the device also shows asymmetric I-V behaviour with a
dark current density of 4.27x10” A/cm? at 20 V. The lowest dark current is found for
ZnO NPs fabricated in nitrogen, with a current density of 5.27x10° A/cm? at 20 V as

shown in figure 3.23-A.
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Figure 3.23: (A) Semi-log plot of dark and photoinduced I-V characteristics of ZnO NP films
fabricated (prepared and annealed) in air and nitrogen. The sample prepared (spin coated and
baked) in air represents the reference device. (B) The photocurrent transients of the ZnO films
shown in (A). The devices were measured in air with 20 V biased. (C), (D) and (E) show the
photocurrent transients and the corresponding time constants fitting for devices prepared in
air, fabricated in air and fabricated in nitrogen respectively. The devices were measured in air.

The 1-V characteristics devices were also measured on illumination with UV light of

wavelength 363 nm and intensity 0.31 mW/cm? in air. The highest photocurrent density

was recorded for the sample fabricated in air followed by the sample fabricated in

nitrogen and finally the reference device with a recorded responsivity of 11.3, 1.77 and
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0.23 A/W respectively. All three devices show a consistent and repeatable photocurrent
cycles when irradiated with UV light. The temporal response of the devices was also
characterized by illuminating the samples at 1 min time intervals separated by 1 min
gaps, as shown in figure 3.23-B. The ZnO NPs prepared in air show the lowest
photocurrent of 7.07x10° A/cm?, about an order of magnitude higher than the dark. The
device fabricated in air shows the highest photocurrent density of 9.7x10° A/cm?, about
four orders of magnitudes higher than the dark current density. Finally, the device
fabricated in nitrogen shows a photocurrent density of 5.15x10* A/cm? five orders of
magnitudes higher than its dark current density. However, these observations contradict
that of Hatch et al. ' who found that photodetectors of ZnO-nanorod/CuSCN
annealed in nitrogen exhibited the highest photocurrent in the UV, about 30 pA,
compared to oxygen and air annealed samples. This is attributed to N-related shallow
donor defects formed during the highly reducing nitrogen-anneal coupled with the

absence of V2, trap states.

The photocurrent transients shown in figure 3.23-C to E show slow response times
confirming persistent photoconductivity. Figure 3.24 shows the log plot of the
photocurrent density as a function of the incident UV light power density, albeit over a
limited range, for ZnO NPs fabricated in air and nitrogen. Both devices follow the
power law function with power variations given by I;;,,, « P* where a represents the
power law factor which is related to the charge generation, trapping and recombination
processes 1. The values of « for devices fabricated in air and nitrogen were extracted
by linearly fitting the photocurrent data and are equal to 0.8 and 0.9 respectively as
shown in figure 3.24. The difference between the a values may be related to the

variation in charge generation and/or electron-hole traps with fabrication environment.
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Figure 3.24: A log plot of the photocurrent as a function of the incident
UV light power for devices fabricated in air and nitrogen and tested in
air. The blue line represents the fit to the power law function defined in
the text.

115



CHAPTER THREE

3.6.5.2 Conditioning of photoconductivity with storage
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Figure 3.25: The semi-log plot of the evolution of the UV photocurrent
density evolution with time of ZnO NP devices fabricated in air and nitrogen
and stored in different environments. The devices stored in air and nitrogen
were irradiated with UV and retested again as shown in the highlighted area.
All devices were tested in air except for the sample stored and measured in
CO..

We have shown in section 3.6.3 and 3.6.4 that the surface composition of ZnO NPs is
affected by storage in different environments. For example, surface carbonates are
formed by storage in air and CO; and the contact angle also changes significantly with
time. We now consider how the storage environment affects photoconductivity. Figure
3.25 shows the UV photocurrent of ZnO NP devices fabricated in air and nitrogen as a
function of storage time up to for 51 days in two environments namely; air and nitrogen.
For a better understanding of the effect of a nitrogen environment on the photocurrent, a

ZnO NP device fabricated in air but stored in nitrogen was also examined. The three
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devices were then irradiated with UV of 0.45 W/cm? for 40 min in air and then retested
immediately. A fourth device was stored and measured in CO,. All devices irradiated
and electrically tested following the same conditions and light source for comparable
reasons. It is clear from the figure that the performance of all devices improves with
storage time. Persistent photoconductivity occurs because normal electron-hole
recombination is prevented because the photogenerated holes are quickly removed from
the system, possibly by reaction with adsorbed oxygen, or by trapping. There is an
excess of long-lived electrons and the photocurrent is proportional to the density of
excess electrons according to the conductivity equation outlined in chapter 4, section
4.1. Therefore the increase in photocurrent on storage may originate from the more
effective removal of holes. Alternatively “conditioning” in the storage environment may
involve the removal of electron traps which reduce the density of electrons. This may
occur by the adsorption of moieties onto the ZnO NP surface, eliminating a surface trap.
We note that conditioning occurs irrespective of whether there is an oxygen, nitrogen or
CO;, environment. It would be interesting if we could correlate the formation of
carbonate groups on the ZnO surface with the improvement in photoconductivity on
storage. Unfortunately, this is not the case. The FTIR result in figure 3.17 shows that
there is no significant formation of carbonates when the device, fabricated in air, is
stored in nitrogen. However, the photoconductivity of this device increases with storage
time, albeit initially more slowly than for the device stored in air. Figures 3.17-A, B and
C show that irradiation with high-intensity UV light removes material from the surface
of ZnO. This may be associated with the large drop of responsivity following irradiation
using similar conditions, possibly resulting from the photogeneration of a high density

of electron traps or recombination centres.
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3.6.5.3 Temporal characteristics of persistent photoconductivity

We now consider in more detail the temporal characteristics of the three devices
discussed in figure 3.23. The photocurrent response times were found by fitting the rise
and decay current transients to separate exponential curves, with the time constants
tabulated in table 3.4. The equations used to fit the transient photocurrent with different

time constants are given below:

O =], +4 {kexp(— %ﬂ @37)
J®) =]+ A (l—exp_r—ltj + A [1—exp;—2t] (3.8)
J@©) =J, + A exp[— ij (3.9)
J® =], + A exp[— Tllj LA, exp[— ;_2] (3.10)

Where J, representing the photocurrent, Ais the photocurrent amplitude coefficient, t

is the irradiation time and 7 is the increasing time constant. Equations 3.7 and 3.8
calculating the rising transient with single and double time constants respectively, while
equations 3.9 and 3.10 used to calculate the decay transient with single and double time

constants respectively.

The fitted curves are given along with experimental data, in figures 3.23-C to E. The
temporal response of the device prepared in air is well described by the mono-
exponential rise and decay functions shown in figure 3.23-C. The device fabricated in

air has an additional slower component to the rising transient, which is well described
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by a double exponential function with two time constants. The decay can be fitted with
one time constant as shown in figure 3.23-D. Finally, the device fabricated in nitrogen
requires double exponential functions for both the rising and decaying photocurrent

transients as shown in figure 3.23-E.

Let us now discuss the significance of these exponential temporal characteristics.
Persistent photoconductivity in ZnO requires an excess of long-lived electrons and the
photocurrent is proportional to the density of excess electrons. On irradiation, the
density of electrons grows with time until equilibrium is reached over the timescale of
the excess electron lifetime. This may depend on trapping times or scavenging by
surface electrochemical reactions. When the light is switched off, the photocurrent
decays over a timescale depending on the excess electron lifetime. A simple exponential
decay curve is observed if there is a single dominant decay mechanism. A second
component in the rising photocurrent signal relates to a second independent contribution
to the generation of excess electrons. This occurs for the two samples fabricated in air

and nitrogen respectively and may indicate electron release from shallow traps. The
relative coefficientsA and A for the sample fabricated in air are 3.7 and 6.3
respectively (note that the photocurrent is normalized for clarity). While, the relative
coefficients for the sample fabricated in nitrogen are 4.23 and 5.67 forA and A

respectively. This indicates that the second component in the rising photocurrent signal

is the dominant of the overall photocurrent response in both samples.

The photocurrent decay transient, observed on switching off the light source, is related
to the excess electron lifetime and may also have two components, as observed in figure
3.23 (E), for the sample fabricated in nitrogen. A stretched exponential (not observed

here) may result if relaxation to/from multiple trap levels is involved.
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Table 3.4: Time constants calculated from the fitted curves describing the
photocurrent transients shown in figure 3.23.

) Rise time constants Decay time constants
Devices
Tq (sec) T, (sec) T4 (sec) T, (sec)
Prepared in air 4.3 4.0
Fabricated in air 3.6 7.1 4.0
Fabricated in N; 3.9 11.2 0.57 4.0

Normalized Photocurrent

== UV, High intensity (2.4 mW/cm?)
== UV, Low intensity (0.02 mW/cm?)

100

200
Time (Sec)

300 400

Figure 3.26: The normalized UV photocurrent transients
for the same ZnO NPs device (fabricated and tested in air)
measured on irradiation with UV light of intensity 2.4 and
0.02 mW/cm? for 4 min. A voltage of 20V is applied for
the measurement. .

Figure 3.26 shows the normalized time dependence of the photocurrent for the same

ZnO device in response to light pulses of 4 min duration measured in air. Neutral

density filters were used to vary the UV light intensity from 2.4 mW/cm? to 0.02

mW/cm? to make the two measurements. The different temporal regions are labelled

(1), (2) and (3) for clarity of discussion. The relatively long response time of region (1)

at low intensity is explained in the literature by trap filling. At high intensity the traps

become filled. In this case the sharper rise time indicates a shorter electron lifetime
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maybe involving reactions with surface species or electron-hole recombination 7677,

If the latter mechanism dominates, it involves recombination with trapped holes, as the
lifetimes are still orders of magnitude longer than those typical for interband
recombination. For similar reasons, on switching off the light source, the photocurrent
decay, shown in region (3), is shorter for the higher intensity light source. Region (2)
shows a slow exponential like decay of the photocurrent even when illumination is
maintained, but only when the incident intensity is high. Therefore the new decay
mechanism is nonlinear and so we may assume that it involve electron-hole
recombination. An inspection of figure 3.27-B, which shows multiple photocurrent
transients for a similarly prepared device, reveals further information about the
mechanism. The generation of new recombination centres is photoinduced. Secondly
the centres are permanent rather than volatile over the timescales of the experiment,
since the original photocurrent is not restored by subsequent pulses of light. Therefore
we can rule out the mechanism of carriers being scavenged by adsorbed groups to form
volatile molecules which escape from the surface. For example, water dissociation on
the surface of ZnO was found to capture charge carriers and therefore, reduce the
photocurrent 781, However the current would be restored in the subsequent pulse which
is not that is observed. Instead we suggest that the photo-decomposition of adsorbed
moieties, observed by FTIR, results in the creation of long-lived defects on the surface
which act as recombination centres which remain active to quench carriers created by

subsequent pulses of light.
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Figure 3.27: The UV photocurrent transient of ZnO NPs, but measured in air
and dry nitrogen respectively. Both devices were irradiated with UV light of
intensity 2.4 mW/cm? and measured on application of 20 V.

A second sample, prepared and annealed in nitrogen, was illuminated under the same
conditions and its photocurrent transient is shown in figure 3.27-A. The initial
photocurrent of both devices is about the same. However, the latter device is stable over
a number of pulses. This suggests either that the surface groups involved in defect

formation are not present or that the photochemical reaction is oxidative.

3.6.5.4 Measurements in wet and dry environments

A probe station was mounted in a glove box (GB) in order to compare devices measured
in four distinct environments. For clarity, devices fabrication and testing conditions are
summarized in table 3.5. Four devices fabricated in air are labelled (A), whilst those
fabricated in nitrogen are labelled (B). The latter devices were transferred to the probe
station glove box in a sealed container and so did not interact with air. After introducing
to the GB, samples were stored for about 30 min in the GB before taking the

measurement. The samples were tested in 4 different environments: dry nitrogen (1);
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dry oxygen (2); wet oxygen (3) and wet nitrogen (4). The relative humidity was about
3% for conditions 1 and 2 and 90% for conditions 3 and 4. A different sample was used
for each testing condition. All devices were baked at 100 °C for 10 min and annealed at

350 °C for 1 hour in their fabrication environment.

Table 3.5: Gives device preparation and testing conditions for
glove-box experiments. The A and B letters included in the
device number refer to the device annealing condition, where A
represents the device annealed in air and B in nitrogen. The low
water content indicator corresponds to a relative humidity of
about 3%, while the high is about 90%.

) Testing conditions
Devices — P
Condition | Oxygen | Water | Description
1A and 1B 1 Low Low Nitrogen
2A and 2B 2 High Low Oxygen
3A and 3B 3 High High Wet oxygen
4A and 4B 4 Low High | Wet nitrogen

Figures 3.28 and 3.29 show the dark I-V and the photocurrent characteristics in addition
to the time dependent photocurrent measurements of all the devices. Each sample was
irradiated using the same conditions of a UV light pulse of duration 5 min and intensity
2.4 mW/cm?. We do not discuss all the data in depth but present a few key results. First
let us recall the generally accepted mechanism of persistent photoconductivity in ZnO,
illustrated above in figure 3.5. The adsorption of oxygen on the surfaces of the
nanoparticles traps electrons in the dark. Free electrons and holes are created by
excitation at energies above the semiconductor band-edge. The photogenerated holes

react with the adsorbed oxygen, according to equation O, +h* — O, , resulting in its

2(9)
removal and the release of the trapped electrons. The lifetime of the excess electrons is
determined by the capture rate of molecular oxygen to reform the adsorbed ionic

species. This mechanism was used to explain the slow recovery times often found when
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samples are measured in an inert atmosphere, e.g. nitrogen or vacuum 8. The electron

lifetime is long because of the low density of oxygen, however it is clear from the

results that something more complicated is going on.
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Figure 3.28: The semi-log plot of dark and photo- 1-V characteristics for the set of
devices tested in (A) dry nitrogen and (B) dry oxygen. The photocurrent transients of the
devices tested under both conditions are shown in (B) and (D). The insets show the
normalised transients. The devices were irradiated with 2.4 mW/cm? UV for 5 min with
an applied voltage of 5V.
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Figure 3.29: The semi-log plot of dark and photo- I-V characteristics for the set of devices
tested in (A) wet oxygen and (B) wet nitrogen. The photocurrent transient of the devices
tested under both conditions is shown in (B) and (D). The insets show the normalised
transients. The devices were irradiated with 2.4 mW/cm? UV for 5 min with an applied
voltage of 5V.

Firstly, there are significant differences between the A and B devices for all testing
conditions. FTIR, see figure 3.13, tells us that annealing of the A devices in air more
effectively decomposes precursor acetate group and the octylamine ligands, so creating
more surface states than the B samples annealed in nitrogen. It is unlikely that device
1B, annealed and tested in nitrogen, has a high concentration of surface adsorbed
oxygen, yet photogenerated holes are efficiently removed to generate a large number of

excess electron to produce the large photocurrent maximum of 8x102 A/cm? shown in
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figure 3.28-B. A comparison of the photocurrent decay timescales (when light is
switched off) in figures 3.28-B and 3.28-D shows that the electron lifetime is much
slower when tested in a nitrogen rather than an oxygen environment. This implies that
surface reactions with atmospheric species affect the excess electrons lifetime and that
these are more likely in an oxygen environment. A comparison of the decay transients
of the A and B devices of the same two figures shows a correlation between a shorter

electron lifetime and a higher density of surface traps.

Figure 3.29-A and C shows that devices tested in a highly humid oxygen or nitrogen
atmosphere have extremely high dark currents. These results are in agreement with the
work of Lai et al *"® who find that the dark current of a ZnO nanorod device increases
with relative humidity in air. As discussed in section 3.2.1, electrical conductivity by
adsorbed water is carried out by protons, by means of the Grotthus mechanism. Indeed,
figure 3.29-A shows that the dark current is higher than the photocurrent in the higher
voltage regions of the two devices tested in wet oxygen. In both cases, the photocurrent
measurement begins at a voltage of -20V. The observed photocurrent appears
asymmetric with respect to voltage as it reduces over time as the devices are scanned.
This suggests that photo-electrochemical reactions are removing protons as well as
electrons (or creating holes) and further implies that the adsorbed water is removed by
oxidative reactions. The temporal characteristic of device 3A is particularly complicated
showing competition between current generating and current reduction mechanisms,
both under irradiation and in the dark. The proton mediated dark current of the device
4A, which was annealed in air and tested in wet nitrogen, appear to be unaffected by
irradiation, as the photocurrent sits on a stable background. This suggests that the
adsorbed water is not removed by irradiation and that it does not appear to quench the

photocurrent of the device. Since device 4B was annealed in a nitrogen environment, it
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is unlikely that hole capture by adsorbed oxygen to release molecular oxygen is unlikely
to be the mechanism of persistent conductivity. Despite this the electron decay time is

fast, see figure 3.29-D.

3.7 Summary

The objective of this chapter was to investigate how the device preparation, storage and
testing environment influences the magnitude and time dependence of the ZnO NPs
photoconductivity. Solution processed ZnO NPs devices were fabricated in air and
nitrogen and electrically tested in air and in a controlled environment in a glove box.
The experiments are correlated with surface wettability and FTIR measurements to

elucidate how surface states affect the photoconductivity.

FTIR indicates some important observations related to the surface composition of ZnO
NPs after fabrication in air and nitrogen. We found that annealing the ZnO NP film in
an oxidizing environment, i.e. air, decomposes most of the organic ligands and the
residual acetate from the starting precursor, and so creates surface states. However, CO,
is adsorbed from air on storage to form carbonate groups which possibly passivate the
surface states and so increase photoconductivity. NP films annealed in nitrogen retain a
significant fraction of precursor acetate and ligand groups and show different
photoconductivity behaviour. Water absorption is found to increase gradually with time
when ZnO NPs are stored in air but not in nitrogen. Irradiation with high intensity UV

light in air removes many surface groups. This affects the stability of devices.

The contact angle (CA) of ZnO NPs is very sensitive to the surface treatment and
storing environments. The NP thin film is initially hydrophobic and then becomes
hydrophilic following annealing in air. The change towards hydrophobicity on storage

in air is attributed to carbonate formation.
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A major aim of the work was to fabricate a ZnO persistent photoconductive device,
which was temporally stable. Though not tested for extended periods, the ZnO NP film
annealed and tested in dry nitrogen appears to be a very promising device. We find that
UV light irradiation in an oxidative environment creates permanent recombination
centres. These quench photoconductivity may be associated with the photochemical
removal of surface groups. We were unable to elucidate the exact mechanism of
persistent photonductivity in ZnO NPs, although it is clear that electrons can be
generated or quenched by a number of different interactions with surface states or
atmospheric species. It is evident from this work that the standard mechanism,
involving the adsorption and desorption of molecular oxygen, cannot be valid for many

of the devices discussed.
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Dual Wavelength (UV and Green)
Photodetection of ZnO NPs

In this chapter, steady-state and transient measurements are
discussed to probe the origin of persistent narrow-band green
photoconductivity. Surface defects associated with the
photoconductivity mainly originate as a result of the production
method and are highly affected by the surface treatment and
storage environment. FTIR spectroscopy of the ZnO surface after
and before annealing shows the evolution of the compounds

which might cause this phenomenon.
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4.1 Introduction

ZnO colloidal nanoparticles are potentially useful semiconductors in electronic and
optoelectronic applications due to their compatibility with low-cost and highly scalable
manufacturing for the next generation of smart products for the Internet of Things,
wearable technologies, mobile medical devices, security etc. The direct, wide band gap
at room temperature (3.37 eV) and the high exciton binding energy (60 meV) enable
ZnO to be the material of choice for some photonics applications Y. Simple production
techniques and ease of processing are considered advantageous for any material to be
technologically viable for low-cost applications. Hence, solution-processable ZnO
nanoparticles have many applications in device technologies such as transistors, light-
emitting diodes, photodetectors, sensors etc. Due to its superior electronic properties,
ZnO represents the most reported metal oxide semiconductor in thin film transistors
(TFTs) to date . From an optoelectronic perspective, it is often combined with
organic materials to improve electron injection or collection in hybrid OLEDs,
photovoltaics and photodiodes 8! Furthermore, there is a tremendous research
interest in solution-processed ZnO nanoparticles due to their remarkable ultraviolet
photoconductivity (PC) 3382 Recently, ZnO has been used as core-shell nanorods
with CdS to make a self-powered dual wavelength photodetector ZnO CdS operating in
both ultraviolet and blue-green spectral regions ™. Such multispectral photodetectors
are interesting for applications such as discrimination of objects, lab on a chip,
environmental and biological sensing. Low-cost, electronic and optoelectronic materials
must be easily patterned in order to achieve the promise of the disruptive technologies
mentioned above, but there is limited work on the patterning of ZnO to date. Thin ZnO
seed layers are often used to seed the growth of vertical ZnO nanowires by solution-

processing or chemical vapour deposition and the growth can be patterned by masking
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the seed layers with patterned photoresist 8. Alternatively, the seed layers can be
patterned photolithographically or by inkjet printing . Zinc oxide vertical nanowire
arrays have also been sculpted to form three-dimensional patterns using

photolithography 8¢

. A photolithographic approach was used to pattern ZnO,
deposited by spray pyrolysis, to modify the electron injection barrier of a gold/organic
semiconductor interface and therefore improve the efficiency of a light-emitting,

organic field-effect transistor 871,

The conductivity o of a semiconductor is given as a:(neye + peyh) where e is the

elementary charge, n and p are the density of electrons and holes respectively and
and s, their respective mobility. Photoconductivity (PC) results in a change of
conductivity by irradiation with light, normally due to the increase in n and/or p. No
energy is generated and the current is provided by the external circuit via the contacts,
reducing to zero as the applied field goes to zero. ZnO shows PC with response times in
the nanoseconds regime determined by electron-hole recombination %1% byt there are
also many examples of persistent PC 38133189 7n0 js an n-type semiconductor with a
very deep valence band so it is generally assumed that the persistent photocurrent is
carried by excess electrons. The generally agreed mechanism is that a low conductivity
depletion region is generated at the surface of ZnO in the dark because electrons are

trapped by the adsorption of gaseous oxygen according to the reaction O,(g)+e~ — O,

. Free electrons and holes are photogenerated by absorption of light with above band-
gap energy. The holes migrate to the ZnO surface along the potential gradient produced
by band bending where they release the adsorbed oxygen according to the reaction

O, +h™ —0,(g). The persistent photocurrent build-ups over the timescale, seconds or

longer, of the electron lifetime, which is determined by trapping or scavenging via
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surface electrochemical reactions etc. A photoconductive gain (equal to the number of
electrons generated per photon) greater than one is often observed as the electrons pass
across the circuit multiple times. The PC signal may also have a contribution from the
reduction of the injection barrier at the Schottky contacts due to the trapping of
photogenerated holes in the depletion layers **78 There are reports of nominally
undoped ZnO showing PC below band-edge and in the visible spectral range. The
visible PC is spectrally broad and is attributed to transitions between various defect

states and the conduction or valence band 1891901911

Surface defects become very effective when the material structure is brought down to
nanoscale size because of the large surface to volume ratio. The effect of surface defects
on the optoelectronic properties of ZnO nanostructures has been investigated by many
research groups. Great efforts are made to identify the surface defects by linking the
visible photoactivity to the material’s light emission "%, However, due to the wide
distribution of surface defects with different sub-bandgap energy levels, visible
photocurrent in ZnO nanostructure has a broad spectrum. M. Kavitha et al. **3
investigated the visible photocurrent from ZnO nanostructures prepared by different
methods. They tried to identify the dominating surface defects by comparing the
photoresponse with their photoluminescence (PL) emission. Visible PL emission and
photocurrent were found to be quenched and reduced respectively when the sample was
annealed at 550 °C suggesting the reduction in oxygen vacancies density. Moazzami et
al. ™ also realized a visible photocurrent from ZnO epilayers prepared by plasma-
assisted molecular beam epitaxy. They studied the carrier trapping associated with the
presence of surface defects using photoconductive transients under white light. They

claimed that persistent photoactivity in the visible is related to deep hole traps with a

small electron-hole recombination rate. Reemts and Kittel 1% suggested that persistent
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photoconductivity from porous ZnO film prepared by electrodeposition is attributed to
the lattice relaxation process after the photoexcited electrons are distributed in sub-
energy levels within the ZnO band gap. Dipanwita Sett et al. % tried to identify the
defects by studying the photocurrent transient and correlating it with PL emission from
chemically grown ZnO nanorods. They investigated the relation of annealing with the
number of hole and electron traps using the photocurrent transient at different
wavelengths. A relevant study correlating surface defects of ZnO nanorods with the
surface morphology has recently been conducted by K. Bandopadhyay and J. Mitra %4,
By spatially resolving the photocurrent using the conductive mode AFM with a green
excitation light source at 532 nm, the photoconductive regions related to the surface
defects were found to be distributed within the grain boundaries of the ZnO rods where

lattice dislocations normally take place.

In this chapter, we discuss narrow-band persistent PC below the band-edge of colloidal
ZnO nanoparticles. The transitions observed in the green spectral region are sharp,
which suggests that charge transfer occurs between discrete states rather than to the
broad conduction or valence band. We propose a model based on defect and shallow
donor states to explain the spectral and temporal dependence of the photocurrent. This is
different to most sub-bandgap PC, which occurs over a broad spectral range, resulting
from optical transitions between defect states and the conduction or valence band. We
show how device processing and storage can be controlled to increase the density of
defects and thereby enhance PC in the green. The photoconductive thin films are
solution-processable and we demonstrate that they can be patterned using
photolithography to obtain a dual wavelength photodetector. Multi-step

photolithography allows different pixels to have different spectral responses; one is
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sensitive to both green and ultraviolet light whilst the green response is suppressed in

another.

4.2 Photodetector device fabrication

The photodetector device used in this study was designed with a planar configuration,
as shown in figure 4.1. More details about the substrate, device specifications,
synthesizing of ZnO NPs solution and device fabrication procedures are mentioned in
chapter two. A new solution batch was prepared for almost every new experiment
indicating the consistency and repeatability of the results. The ZnO NPs annealing
temperatures were varied as mentioned later in device pixilation procedure. The
resulting ZnO layer thickness was kept almost the same, around 120 nm (£5nm) with
good uniformity. Depending on the surface treatment, the device preparation
environment is changed to be either air or nitrogen, following the same preparation
parameter to assess and control the surface defects of the ZnO NPs film. ZnO NPs
devices were electrically tested in air and nitrogen using the 1-V characterization
measurement discussed in section 2.2 in chapter two. The light beam intensity typically
was about 0.31 mW/cm® and 0.5 mW/cm” at 363 nm and 550 nm respectively. The
photocurrent transient was also measured in a nitrogen-filled glove box using a laser
diode with a wavelength of 532 nm and a power of 0.15 mW. The electrical
measurements were performed using a testing circuit board bought from Ossila
connected to a Keithley 2400 source meter and interfaced with the computer using
BenWin+ software to measure the photocurrent density as a function of wavelength and

time. All electrical the measurements were performed at room temperature.
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Figure 4.1: The photodetector device structure used in this study
showing the ZnO NPs film on top of ITO inter-digitated electrodes.
ITO edges have been wiped for direct electrical contact.

4.3 Results and Discussions

4.3.1 Visible photoconductivity of ZnO nanostructure

Surface defects of ZnO represent a rich subject of investigation. The high surface to
volume ratio of ZnO nanoparticles enables those defects to significantly affect the
material properties and hence its applications. The simple chemical formula of ZnO
encourages the defects such as Zn interstitials and O vacancies to accommodate sites in
its open structure. Those native defects have different ionization energies by which they
alter the electrical and optical properties of ZnO ?°!. ZnO has a wide band gap of around
3.37 eV at room temperature, enabling it to be an excellent photoconductive material in
the UV. However, due to the surface defects, ZnO NPs also have photoactivity in the
visible, depending on the defects densities and types. Here, solution-processed ZnO
nanoparticles exhibiting photoactivity in the UV which originates from the band
transition and a defects-based narrow-band photocurrent peaking at 550 nm with a

shoulder at 596 nm, as shown in figure 4.2, are investigated.
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Figure 4.2: Semi-log plot of absorbance and photocurrent responsivity spectra
from a thin film of ZnO nanoparticles following annealing at 350 °C in air for 2
hours. The inset shows the visible photocurrent spectrum (solid line), measured
on application of a voltage 20 V across a device length of 5 um, and the green
colour matching function (dashed line) of the CIE colour system.

The figure above shows semi-log plot of the optical absorption and photocurrent
responsivity spectra of a ZnO film. The strong excitonic absorption peak around 360 nm
shows a small quantum confinement effect compared with the peak of bulk ZnO at
about 370 nm. A weak absorption tail decays into the visible region of the spectrum,
which is attributed to defect states. The responsivity of the photocurrent peaks at 5.3
A/W in the UV. The expected tail in the visible is accompanied by a remarkable
narrow-band photocurrent with a peak responsivity of 10.2 mA/W at 550 nm and a
shoulder at 596 nm. Noting that the responsivity of ZnO photodetector depends on
defect concentration, the UV responsivity reported here is comparable to that reported
by others, i.e. 61 A/W for colloidal NPs by Greenham et al ["® and 1.1 A/W for a sol-gel
ZnO film by Chen et al ®*. The reduced responsivity in the visible spectrum is

compatible with the literature. For example, ZnO nanowires show a UV responsivity of
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2x102 A/W, whilst the corresponding broad-band responsivity in the visible is 10> A/W
(%] The inset of figure 4.2 shows the visible PC spectrum on a linear scale. Its full
width at half maximum (FWHM) is about 40 nm with some sample-dependent variation
in the relative heights of the peak and shoulder. There is no corresponding visible
feature in the absorption spectrum, indicating that a low density of the defect states is
associated with the PC, which must have a much higher photoactivity than the defects
associated with broadband visible absorption. As the inset shows, the green PC
spectrum is completely contained within the green colour matching function of the CIE
colour system (International Commission on Illumination), showing its applicability for
green imaging devices. The UV PC spectrum is also narrow with FWHM of 32 nm,
although the high-energy spectral range may be limited by the declining output of the

measuring light source below 340 nm.

The time dependence of the photocurrent in the UV and green is shown in figure 4.3-A
using a semi-log plot. Figure 4.3-B shows the UV and green photocurrent as well as the
dark current as a function of voltage, again with a semi-log plot. The UV signal has a
rise time of less than 0.5 sec and this increases as the intensity of the irradiation
decreases as discussed earlier in chapter three. Slower response times are found for the

green signal.
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Figure 4.3: (A) A semi-log plot of the current transients of ZnO
nanoparticles in response to the light in the UV (363 nm) and green (550
nm) for the same working device. The device was annealed at 350 °C for 2
hours in air. The incident light pulse length was 60 seconds for both, and the
time interval between each light pulse was 60 seconds for the UV and 120
seconds for the green. The responsivity in the UV and green is 8.6 A/W and
0.18 A/W respectively, (B) Current density versus field in the dark and on
application of light of intensity of 0.31 mW/cm® and 0.5 mW/cm’ at a
wavelength of 363 nm and 550 nm respectively.
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4.3.2 Origin of green photoconductivity

There is a fundamental difference between the visible PC reported here and reports in
the previous literature [18919173193196801 \\hich show PC over a broad spectral range,
with typical spectral width >> 100 nm. These are attributed to optical transitions
between defect states and the conduction or valence band. For example, Kavitha et al.
(%] "and others “*™ studied the ZnO photoconductivity in the visible and assigned it to
the electron transitions between sub-bandgap ionized energy levels introduced by the
oxygen vacancies and the conduction band. Furthermore, Kang et al. ™" have proposed
a different mechanism based on first principles calculations suggesting that, hydrogen-
zinc vacancy defect complex (H —Vz,) formation is the responsible of persistence
photoconductivity in ZnO. Upon light absorption, the zinc defect complex results in a
0 — 0 bond which give rise to metastable conducting states. The spectrally narrow
visible photoconductivity from undoped ZnO observed in our devices has not yet been
explored for the best of our knowledge. Moreover, surface reactions involving CO,
adsorption from the atmosphere have been suggested to be the responsible of defects
formation which causing the narrow photoactivity. In a study by Liu et al. **® CO, can
be photoreduced (by illumination with solar simulator light source) on the surface of
TiO, to CO and CH,4 with the presence of oxygen vacancies. That is to say, the presence
of oxygen vacancies on the surface could promote CO, activation both in dark and
under illumination by generation of CO; intermediates by the surface reaction with
surface adsorbed H,O or OH groups. This study suggests an association between

carboxylate formation and the presence of oxygen vacancies.

The visible photocurrent spectrum shown in the inset of figure 4.2 cannot involve
transitions to a continuous band because of the two transitions, peak at 550 nm and

shoulder at 596 nm, are spectrally narrow and so must involve discrete states. In
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suggesting a model to explain the origin of PC, we are hampered by the huge variation
in the attribution of defect states to spectral transitions in the literature. Therefore, our
proposed model can only be tentative. For example, the green luminescence in ZnO has
been linked to transitions involving Zn vacancies !, 0 vacancies ™! etc. Jannotti
and Van de Walle have calculated the transition energies of various defects. These are
the Fermi energies at which the formation energies of two charge states are the same %71,

They, as well as others ?® show that the Zn vacancy is a deep acceptor with a low

formation energy. It exists in its double ionised state, szn_ in n doped ZnO, since the

transition from the - to 2- charge state occurs at a Fermi energy of 0.87 eV above the
valence band maximum. It is often passivated by hydrogen substitution, since strong O-

H bonds are formed. Oxygen vacancies are deep donor states in ZnO and can exist in

one of three different charge states. The neutral state Vg contains two electrons which

may be removed to form VS and V(§Jr respectively. In n type conditions, where the

Fermi level is near the conduction band, the neutral state is stable with a calculated
energy about 2.0 eV below the conduction band minimum. The concentration of defects

has an inverse exponential dependence on the formation energy which is proportional to

_gf _ . . . .
exp(%) 2] The calculations predict that oxygen vacancies have high formation

energy and therefore exist at low concentrations. However, the surface density of
oxygen vacancies in ZnO nanoparticles should be much higher because of their large
surface area. The XPS results in chapter three (figure 3.9) show a large concentration of

oxygen vacancies in our samples.
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Energy

Config. Coordinate

Figure 4.4: lllustration of the proposed model to describe discrete PC
transitions. The minimum energy of the oxygen vacancy defect occurs ai

different values of the lattice configurational coordinate for the ¥, and V;

states. The electron is transferred from the V) state to a nearby ionised donor
according to equation (4.1). Two discrete donors, D1 and D2, account for the
PC peak at 550 and shoulder at 596 nm respectively. The ionised V; state
then relaxes by lattice deformation to its equilibrium position.

We now discuss a model to explain PC at the two discrete wavelengths of 550 nm and
596 nm below the band-gap of ZnO. We assume that electron transfer comes from the

V2 defect because of the good match of its energy to theory, but a similar model would
be relevant for the V7 . The model is illustrated in figure 4.4. PC arises by electron

exchange between the vacancy and two local and independent donors as follows:
Ve +D1" +hv, =V, +D1° and

4.1)
Ve +D2" +hvgy, =Vg +D2°
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The subscript in the photon energy term refers to the peak wavelength of each of the
two transitions. The photon energy matches the energy difference between that of the
neutral vacancy and the ionised shallow donor D*, which gains an electron. First

principle calculations show that the VJ state is thermodynamically unstable [27.201,74]

However, as illustrated in the configuration coordinate diagram of figure 4.4, it can be
stabilised by lattice interaction (i.e. displacement of nearest neighbour Zn atoms from

their equilibrium positions) into a metastable state, the minimum energy of which

occurs at a completely different lattice coordinate to that of the V$ state. This means
that there is a significant activation barrier for the decay of the metastable V state to
reform the V7 state. Interestingly, electron paramagnetic resonance and Hall

experiments with ZnO show the presence of two distinct shallow donors, one of which

is associated with hydrogen .
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Normalised Photocurrent
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Figure 4.5: Normalised photocurrent as a function of time in response to an
incident light pulse at (A) 545 nm and (B) 596 nm and length 300s. Both
wavelengths have the same intensity of 0.52 +0.03 mW/cm? The rising
photocurrent part of the transients is fitted to the monoexponential function
given in equation (4.2). The decay part of both curves is fitted to a
biexponential function given in equation (4.6).

Let us now consider the temporal response to support the existence of two independent

donors, D1 and D2. As discussed above, it is generally assumed that photocurrent in

ZnO is carried by excess electrons. Persistent photocurrent transients in ZnO often have

long time constants, which can vary from seconds to hours, depending on the lifetime of

the excess electrons /370191781 Electrons can decay by recombination, trapping or by

electrochemical reactions with surface groups or atmospheric species. The transients are

mostly non-exponential because different traps have different trapping times and

saturation effects. Figure 4.5 shows the normalised temporal response of the

photocurrent at (A) 545 nm and (B) 596 nm in response to an optical pulse of length

300 sec. The rising transient of the current is well described by a single exponential,

given as:
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Iy =, + A{l—exp(— iﬂ 4.2)
T

as shown by the fitted dash lines in figure 4.5. The time constant zis 6.5 sec and 14.5
sec for the transitions at 545 nm and 596 nm respectively. The mono-exponential fits,
with a different time constant for each transition, indicate that electron transfer occurs
by a single but different route in each case. The time constant is a measure of the
lifetime of the transferred electron, which includes the time taken for electron transfer
from the neutralised donor to the conduction band and the reaction time with an

electroactive species at the nanoparticle surfaces.

4.3.3 Variations of defect/dopant densities with processing conditions
We found large variations in the magnitude of the PC at 550 nm depending on device
processing, storage conditions and storage environment. Here we attribute these
variations to the density of defects/dopants and correlate these measurements to changes
in the FTIR spectroscopic transitions of surface species in the ZnO thin films. Figure
4.6-A shows the FTIR spectrum of a thin film of ZnO without annealing. The ZnO
backbone transitions are observed about 500 cm™. There are a number of transitions
relating to the acetate ligand groups (from the starting precursor) chelated with zinc
atoms on the surface of nanocrystals and the added octylamine ligands %221 A thick
sample was used so some of these transitions are saturated. Annealing in the air at 350
°C, see figure 4.6-B1, removes the octylamine and most of the acrylate groups. This is
shown by the large reduction in the stretch C-O transitions between 1000 and 1150 cm’
! the C-H bends between 620 cm™ and 950 cm™ and the sharp stretching C-H
transitions between 2850 and 2950 cm™. Note the saturated unidentate transitions, C=0
at 1570 cm™ and C-O doublet at 1415 and 1450 cm™, from the precursor acetate groups

are nearly completely removed by annealing in air, as shown in figure 4.6-B1 and C1.
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However, transitions at similar wavenumbers, i.e. at 1565 cm™, 1419 cm™ and 1454 cm’
! increase significantly after storage of the thin films in the air for 15 days, see figure
4.6-B2. Only a very small increase in these transitions is observed when the sample is
stored in a nitrogen environment with O, H,O < 1.5-2 PPM, see figure 4.6-C2, for the
same time. This is consistent with CO, adsorption by ZnO from the atmosphere to form

surface carbonate.

The interaction of ZnO nanoparticle with atmospheric CO, can lead to a variety of
adsorbed species depending on the presence or absence of humidity in the gas
atmosphere. Possible adsorbed species include monodentate and bidentate carbonate
species formed by the direct interaction of gaseous carbon dioxide (CO,()) with surface
oxide anions and oxygen vacancies (V) in the absence of water (Equations 4.3 and 4.4)
and bicarbonate from the interaction of COyg with surface hydroxyl groups present in
humid environments (Equation 4.5) ™. The strong IR absorption bands at ~1565 cm™,
in addition to those at 1419 and 1454 cm™ suggest that both bidentate and monodentate

adsorbed carbonate are formed.

ZIn—0 + COZ(g) 2 ZnC 05 (monodentate) (4.3)
In—-V—-Zn—-0+ COz(g) 2 ZnCO0; (bidentate bridging) (4.4)
Zn — OH + COz(g) 2 ZnHCO; (bicarbonate) 4.5)

The annealed samples have many transitions which do not change with annealing.
These include the broad peak from 3000 - 3650 cm™ and the strong peak at 900 cm™,
both attributed to adsorbed —OH groups, as well as the sharp peak at 1267 cm™. A
comparison of figure 4.6-C and D shows that an oxidising air rather than a nitrogen

annealing environment assists the removal of the precursor acetate ligands from the
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ZnO thin film. The FTIR spectrum of the nitrogen annealed sample does not change

significantly following storage in nitrogen for 15 days.
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Figure 4.6: FTIR spectrum of thin films of ZnO drop-cast onto a semi-insulating GaAs
substrate using different preparation and storage conditions: (A) Sample was baked at 100 °C
to remove solvent; (B) Sample annealed at 350 °C in air for 1 hour, measured immediately
(B1) and after storage in air for 15 days (B2); (C) Sample annealed at 350 °C in air for 1 hour,
measured immediately (C1) and then after storage in nitrogen for 15 days (C2); (D) Sample
annealed at 350 °C in nitrogen for 1 hour, measured immediately (D1) and after storage in
nitrogen for 15 days (D2). The spectra are shifted vertically for clarity. The vertical lines and

labelled transitions clarify the differences in wavenumber between the C-O transition in the
unannealed sample and following annealing and storage in air.

Figure 4.7-A shows the dependence of the PC peak at 550 nm on annealing temperature
and atmosphere. The highest photocurrent was observed following annealing in air at
350 °C for 2 hours. However, annealing at the same temperature in a nitrogen
environment significantly reduces the visible conductivity. A correlation of these

observations with FTIR results given in figure 4.6 suggests that samples, where the
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precursor acetate groups are efficiently removed, give enhanced PC. Possibly, the

removal of the acetate ligands creates oxygen vacancies, thus increasing the density of
defect states V2. Alternatively, or even simultaneously, the oxidising annealing

environment may remove traps, which reduces the electron lifetime.
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Figure 4.7: (A) Photocurrent of freshly annealed samples at 550 nm as
a function of annealing temperature. The inset label refers to the
annealing atmosphere and annealing time. (B) Variation of
photocurrent as a function of storage time in different atmospheres.
Both samples were prepared and annealed in air at 350 °C for 2 hours.
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Figure 4.7-B shows that there are correlations between the FTIR spectroscopic changes
(figure 4.6-B and C) to the ligands on storage and the magnitude of PC at 550 nm. Both
samples were prepared and annealed in air but stored in different environments, air and
nitrogen. When stored in air, the signal increases by ~25 with storage before saturation.
This correlates with the capture of CO, from the air, as shown by the increased
carbonate signal in figure 4.6-B2 after 15 days of storage. Possibly, shallow donor states
local to the vacancies are created by this electrochemical reaction. A much smaller
increase in the PC signal is observed with storage in nitrogen, correlated to negligible
changes to the carbonate transition in the FTIR spectrum, see figure 4.6-C. There are
also significant differences between the FTIR spectroscopic C=0 and C-O signals at
1565 cm™, 1419 and 1454 cm™ on storage in air (figure 4.6-B) and nitrogen (figure 4.6-
C), both following annealing in air. The intensity of these signals is approximately
doubled on storage in air but hardly changes when stored in nitrogen. This is consistent
with the capture of CO, from the air, as discussed above. It may be a coincidence that
enhanced photoconductivity is associated with carbonate formation. Alternatively, it
may suggest that shallow donor states local to the vacancies are associated with the
adsorbed carbonates. A possible model for this is now discussed. Vacant oxygen

interstitial surface sites (VOISSs) exist at the surface of ZnO NPs in addition to the

neutral oxygen vacancy defect, v8. However, the former defect is not charged in its

neutral state . It is suggested that photo-excitation can result in electron transfer from

V3 to VOISS B, This can be described by the reaction given in equation 4.1 with

VOISS as D' and (VOISS)™ as D. Furthermore, it is suggested that (VOISS)™
facilitates the adsorption of CO; in the first step of methanol synthesis, so it may be

stabilized here by the capture of free CO, to form the adsorbed carbonate CO,". A
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careful examination of the FTIR spectra before and after long storage in air, illustrated
in figure 4.8, shows the development of transitions from neutral CO, at 673 cm™, 2332
-1 -1 [164,204] : .
cm™and 2362 cm™ after storage . We do not believe that water and oxygen in the
atmospheric air are responsible for the narrow-band PC of ZnO NPs in the green. Water,
for instance, is found to increase the electrical conductivity of ZnO by the protonic
conduction %!, On the other hand, it is well known that oxygen is associated with PC

of ZnO NPs in the UV, particularly when the surface to volume ratio is high 1327,

= Fresh sample
T m Stored in air 15 days

Transmittance
--—
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Figure 4.8: FTIR spectra from figure 4.6-B showing transitions due to free
CO;, at 673 cm™, 2332 cm™ and 2362 cm™, indicated by arrows, increase in
intensity following 15 days storage in air. The sample was annealed at 35C
°C in air for 1 hour, measured immediately and after storage in air for 15
days.

Our results above clearly show that surface reactions play a major part in determining
the PC by changing the density of defect or dopant states. Here we show that they also
affect the lifetime. Since electron-hole recombination occurs on a nanosecond timescale
very rapidly, the dynamics of persistent PC depend on the lifetime of the excess density

of electrons over that of holes. Electrons can decay to intrinsic traps in the material or
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can be scavenged by reaction with surface moieties. Let us consider the decay of the PC
signals at 545 nm and 596 nm respectively when the optical pulse is switched off,
shown in figure 4.5. Unlike the mono-exponential rising transient, a double exponential
function given below is required to fit the decay curve:

Jt)=J,+ Aiexp[— lJ + A, exp(— t—) (4.6)
T.

1 7,

This indicates that the carrier lifetime is different in the dark than in the presence of
light, suggesting that photochemical reactions remove electrons. At 545 nm, the time
constants are ©n = 2.5 sec and 7=18.8 sec respectively, whilst they are longer, 71 = 6.6
sec and 7=25.6 sec, for excitation at 596 nm. The two time constants for each
wavelength of excitation show that there are at least two independent decay
mechanisms. One of these decay times may reflect the time taken for electron transfer
from the dopant to the conduction band, which would be longer for the deeper dopant
D2 and its subsequent decay time. The second time constant may indicate the timescale
of surface reactions at the dopant site. The visible PC decay transient measured at 532
nm in a nitrogen environment, shown in figure 4.9, is non-exponential. At short times
(< 500 sec) only, its decay can be approximated by equation 4.6 with two distinct
timescales, 11=17.7 sec and 1,=96.3 sec (calculated over the same temporal range as in
figure 4.5), both much longer than those obtained with measurement in air, see figure
4.5. The figure also shows that there is no significant electron capture over the measured

timescales by the metastable V; to reform the v state. This is an intrinsic process and

its timescale would be independent of atmospheric conditions. This suggests that the
removal of electrons from the neutral dopant and conduction band in air involves

reaction with an atmospheric species, such as oxygen, water or carbon dioxide. The
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increase in response time when measuring in nitrogen compared to air also happens

with ZnO UV photoconductors.
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Figure 4.9: Semi-log plot of photocurrent from air annealed ZnO photoconductor,
stored in air and tested in nitrogen. The sample was excited at a wavelength of 532
nm for a duration of 180 sec. The inset is a fitted linear plot of the PC transient
taken over the same temporal range as in figure 4.5.

4.3.4 Pixelated dual wavelength detector

We now present a low-cost and scalable approach to the fabrication of pixelated ZnO
thin film, with different pixels showing different spectral responses. A two-pixel device
is produced where one pixel shows both a UV and green photoresponse, whilst the
green response is suppressed in the second pixel. A photolithographic process based on
the positive photoresist AZ5214 (Microchemicals Gmbh) is used to define the pixels. A
solution-processed thin film of ZnO on pre-patterned ITO coated electrode is processed
photolithographically to define a single pixel P1. This is annealed in air at 350 °C to
optimise the efficiency of PC in the green spectral region. A similar photolithography

step is used to mask P1 with an overlying photoresist layer before spin-casting a second
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thin film of ZnO over the complete substrate. The second pixel is photolithographically
patterned and developed. The substrate is finally washed with acetone to remove the
photoresist overlying P1 and P2. Key steps of the photolithography process are
schematically explained in figure 4.10, whereas a full description is discussed in chapter

two.

[ Substrate

ZnO nanoparticles
[ Photoresist
Mask

Developer removes ZnO,
Acetone removes photoresist,
Baked at 350 °C.

—p

Photolithography
—

Deposit photoresist to protect P1,
Deposit ZnO layer.

Photolithography to define P2. l iii

Acetone removes Developer removes

/ photoresist ’ ’ ZnO.
— —

Figure 4.10: Photolithography steps to fabricate the pixelated photodetector. Each step is
numbered as described in the text below.

Figure 4.11-A shows the spectrum from both pixels excited under the same conditions.
P1 has the greater current density in the UV and green. The UV current density is
decreased by a factor of 4.5 in P2, whilst its green PC is a factor of 44 less than that of
P1. Figure 4.11-B shows that the photocurrent can drop below the dark current. This
may result from photocatalytic reactions which remove groups, such as adsorbed —OH,
which contribute to the dark current so that the dark current is lowered for some time
after photoexcitation. Figure 4.11-B also shows that the voltage to the device can be
adjusted, here to below about 10 V, as indicated by the arrow in the figure, so that the

green photocurrent drops to a value below the dark current. Under these circumstances,
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P1 can act as a dual wavelength photoconductor whilst P2 only detects the UV light.
Note that the current density in the UV is over two orders of magnitude greater than that
of the green. They can be equalised by coating the device with a UV absorbing thin

film.
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Figure 4.11: Photocurrent from two pixels on the same device. (A)
Photocurrent spectrum showing UV and green signals from pixels P1 and P2,
(B) Photocurrent versus voltage for both pixels. The arrow indicates the voltage
at which the green signal equals the dark current in P2. The solid and dash-dot
lines show data from P1 and P2 respectively.
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4.4 Summary

A spectrally narrow PC at 550 nm and a shoulder at 596 nm (with a spectral width of
0.16 eV) are observed in ZnO nanocrystalline photoconductors. A model involving
electrons transfer between the deep natural state of oxygen vacancy and two local and
independent discrete shallow donors is introduced to account for the unusually
spectrally sharp PC observed in the green spectral region of ZnO. The existence of those
shallow donors are supported by the difference in rising time constants observed by
measuring the temporal response for each wavelength. This is fundamentally different
than what is proposed in literature where electrons transitions are normally taking place
between the defects states and the continuous conduction band which resulting in

spectrally broad PC.

The PC is enhanced by annealing and storing the photoconductor in air and the
enhancement is correlated to the surface capture of carbon dioxide. We do not believe
that water and oxygen in the atmospheric air are responsible for the narrow-band PC of
ZnO NPs in the green. We exploit this control of PC to make low-cost dual wavelength
photodetectors. The green PC response can be spatially patterned by multi-step
photolithography so that dual (ultraviolet and green) and single (ultraviolet only)
wavelength detecting pixels can be produced on the same substrate. Hence, a 2D
detector array can be fabricated with a spatial response which varies with wavelength.
This is interesting for security and imaging applications. A similar approach could be
used for full-colour imaging, where gold or aluminium NP-doped ZnO pixels could be

used to obtain blue and red PC via plasmonic effects 2°5:2%1,
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Near-infrared Photodetection with
Plasmonic Gold Nanoislands

This chapter explores how hot electrons generated as a result of
localized surface plasmonic resonances (LSPRs) in gold
nanostructures can modify the ZnO photoresponse in the near-IR.
We demonstrate a significant near-IR photocurrent by utilizing a
simple device geometry incorporating a hole transporting layer in
direct contact with the gold nanoislands. The device shows high
photocurrent responsivity with slow rise/decay time constants
due to hot electrons trapping by ZnO surface defects leading to

persistent plasmonic photoconductivity.
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5.1 Introduction

Plasmonics has emerged as a promising new technology that has a variety of
applications in the field of biomedicine, biochemistry, optoelectronics and information
technology ?°. It involves light-matter interactions which enable the electromagnetic
fields to be localized and confined to the surface of metal nanostructures in dimensions
smaller than the incident light wavelength. By manipulating the size and shape of the
metals, and taking the refractive index of the surrounding medium in consideration, it is
possible to tune the extinction spectrum of metals from the visible to the IR %, |t is
now possible to control the size and shape of metals on the atomic scale, due to the
great development of nanofabrication technology. This helps to explore the plasmonic
effect of metal nanostructures in a more detailed way rather than relying only on theory.
Plasmonic nanostructures can be synthesized by a variety of techniques, such as wet
chemical methods 2%2%211 "nanosphere lithography 2 evaporation techniques *,
electron beam lithography ?*#*° and more. Wet chemical nanofabrication is considered

an easy and cheap way to prepare and size control metal nanoplasmonics.

Semiconductors are important optoelectronic materials because of their superb optical
and electrical properties. Light absorption and photoconductivity in semiconductors are
normally dictated by their optical band gap, although we have shown in chapter four
that defects can result in sub-bandgap photoactivity. Photodetection of semiconductors
at wavelengths below their band gap is also possible by utilizing the plasmonic injection
of hot electrons from an interfacing metal. The physics of plasmonics has introduced a
new generation of photodetectors with tunable photosensitivity independent of the
semiconductor optical band gap. After plasmonic excitation by light, the strong electric
field resulting from the metal’s electrons oscillation dephases nonradiatively leading to

the generation of energetic electron-hole pairs. Those electrons are energetic enough to
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cross the Schottky barrier established with the semiconductor and are injected into its
conduction band leading to a detectable photocurrent. This phenomenon has attracted
great interest among many research groups who have tried to integrate plasmonic
nanostructures into photodetectors 26211 and solar cells ?*#2'% Most of these are
prepared using very expensive and complicated tools such as electron beam lithography.
Solution-processed devices are considered to be cheap, easy to process and feasible on a

large scale.

We report on a vertical configuration photodetector device based on a simplified hybrid
plasmonic geometry, which utilizes the plasmonic effect to tune the optical response of
ZnO NPs in the near infrared (IR) based on hot electron-hole generation. Gold nano-
islands underlying a ZnO NPs thin layer serve as photosensitized material, which
absorbs light within the plasmonic resonance and generates hot charge carriers by the
plasmon decay. Plasmonic photoconductivity is observed when the gold nanoislands are
interfaced with a thin hole transporting layer PEDOT: PSS (poly(3,4-ethylene

dioxythiophene) polystyrene sulfonate).

5.2 Overview

Nanomaterials (materials with size smaller than 100 nm) were discovered and used
several centuries ago, by the Romans in the late 4™ century AD to decorate glasses and
windows by metal nanoparticles to give vibrant colours ??%. The Lycurgus drinking cup,
depicting the death of King Lycurgus exhibited in the British Museum illustrated in
figure 5.1-A is a famous example of the incorporation of silver and gold nanoparticles
within the fabricating glass matrix. The cup appears in two different colours, green and

red resulting from light scattering and absorption by the metal nanoparticles. A similar
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technique is followed to colour glasses and windows in old churches and cathedrals in

Europe as shown in figure 5.1-B.

(A)

(B)

0!
=,

Figure 5.1: (A) the Lycurgus cup showing two colours by light
scattering. (B) colour-stained glass windows in churches made by
incorporating nano-sized metals with different sizes and shapes %%,

A plasmon is the collective oscillation (synchronized) wave of billions of electrons in
the metal when excited by the external electromagnetic field with light frequency
matching the plasmonic resonance. The secret of having different colours in the Roman
cup and cathedral windows was scientifically revealed in 1908 by the German physicist
Gustav Mie ?? with his study of the optical properties of metal spheres. Upon light
excitation, the metal nanostructures show an intense absorption spectrum at the
plasmonic resonance attributed to the collective oscillation of the free electrons on the
metal surface. The plasmonic resonant frequency of the metal crucially depends on the
metal size, shape, type and the surrounding medium as explained by Mie theory. Hence,
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altering these parameters enables the manipulation of light on the nanometre scale. The
structure of this chapter starts by giving a general theoretical background of the main
concepts behind plasmonics accompanied by a short review on the possibilities of
plasmonic energy transfer mechanisms and few examples of plasmonic photodetectors.
The next part goes through the experimental results and discussion of the findings and

ending with the conclusion.

5.3 Theoretical background

Plasmonics is a field of research that encompasses electrodynamics and light-matter
interaction theory. Therefore, a good understanding of plasmonic dynamics requires
good background knowledge of the above concepts. The following sections will provide
a general introduction to some aspects of plasmonics applicable to the work undertaken
in this chapter. However, more details and thorough explanations can be found in
electrodynamics by J.D.Jackson #?2 optical properties of solids by M. Fox ?#! and

plasmonics by S. Maier 224,

5.3.1 Maxwell’s equations in matter

The plasmonic phenomenon is stimulated by light-metal interaction. As we all know,
light is a combination of electric and magnetic fields propagating perpendicular to each
other through space at the speed of light. In order to understand the physics behind
plasmonics, we need to understand the conditions by which the plasmonic resonance is
stimulated. Metals are electrical conductors with an abundance of free negative charges
(electrons). When an electromagnetic wave (light) at a specific frequency (wavelength)
impinges the metal, electrons start oscillating in relative to the positive nuclei in

response to the applied electric field.
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Maxwell’s equations are a powerful tool to describe the behaviour of the electric and
magnetic fields and their interaction with a solid medium. The equations link four
macroscopic fields represented by the dielectric displacement D, the electric field E, the
magnetic field H and finally the magnetic induction or flux density B with the external

charge and current densities pex: and J,.,; respectively induced by the external field and

given by 2242251,
V.D = pext (5.1)
V.B=0 (5.2)
VXE=-2 (5.3)
VXH = oy + 3 (5.4)

Equation 5.1 is representing Gauss’ law which describes the behaviour of the electric
field around electric charges. Equation 5.2 is known as Gauss’ law of magnetism.
Equation 5.3 is called Faraday’s law which explains the creation of an electric field with
a moving magnetic field. Finally, equation 5.4 is known as Ampere’s law which
describes the relation between current flow and magnetic field. The equations above
indicate that the separation of any positive and negative charges induces an electric
field. Therefore, this will give rise to an internal current and charge densities inside the
medium representing the system response to the external field, which in total will be
given as Jior = Jext +J and pior = pext + p. HOwever, since the charge density is a
property of the given system, a relation could be defined involving the electrical
permittivity (&) and permeability (i) in free space linking the electric dipole moment
per unit volume (P) inside the system and magnetisation (M) with the four macroscopic

fields given by:
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H=—B-M (5.6)

The electric dipole moment in equation (5.5) results from the internal charge density
response to the external electric field and therefore, it can be linked to the internal
charge density via the conductivity (p) by the relation V.P = —p. Moreover, since our
interest is on the nonmagnetic medium, the magnetic response (M) is not considered

further in this text.

In order to include material properties, a couple of constitutive relations for a

nonmagnetic, linear and isotropic medium (meaning that J and D are parallel to E) can

be given by:
D = g,¢cE (5.7)
B = uouH (5.8)
] =oE (5.9
P = gyxE (5.10)

where &, u, o and x are the dielectric constant or the relative permittivity, the relative
permeability of the nonmagnetic medium (u =1), the conductivity and dielectric
susceptibility (which describes the medium polarization induced by bounded charges)
respectively. These parameters vary with medium and frequency. However, they are

independent of position, direction and fields, as the medium is linear and isotropic.

The dielectric constant is linked with the charges conductivity in the medium: at low
frequency, e describes the response of bound charges to the field while ¢ normally

describes the contribution of free charges to the current flow, the latter of which is also
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the responsible of the polarization of the medium. Both ¢ and o can be used to
determine the optical properties of the metal. Based on the consideration that
conduction electrons are part of the dielectric medium, the parameters are linked by the

complex dielectric function:
e=¢g(1+y) +iow (5.11)

where w is the angular frequency. Maxwell’s equations present a solution to understand
the conduction electrons response to the applied electric field in terms of their dielectric

function which is also linked to the complex index of refraction by n = \/ep.

5.3.2 Dielectric function of metal

To be considered as a dielectric, the charge carriers of a given material can be polarized
in response to an external electric field. The material’s response to the external electric
field can be described by the dielectric constant which has two components, real and
imaginary given by & = &, +ie,. The real component denoted by &, describes the
polarizability response to the electric field and is given by & = n? — k? while, the
imaginary component represented by e, shows the losses associated with responding to
the electric field, such as the interband transitions in gold which dampen the plasmonic
response. It can be given by &, = 2nk ) where n and k are the refractive index and
the extinction coefficient respectively. The refractive index describes the light refraction
at the interface, while the extinction coefficient describes the light absorption inside the
metal. Both are linked by the complex refractive index (N) and given by: N = n + ik

which is linked to the dielectric constant by: & = N2 222,

The optical dielectric function is frequency dependent and can provide important
information about the electronic structure and optical interactions of the metal. For

instance, free electrons in gold respond differently depending on the applied photon’s
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energy. At low energy, intraband transitions of electrons within the conduction band
dominate which gives useful information about the electrons scattering and mean free
path. At higher energy, interband transitions from the d-band to the s-band are

predominant, which reveal important information about the band structure of the metal

[227]

5.3.2.1 Drude model

The optical properties of metals can be explained by Drude theory based on the plasma
model where free electrons in the metal electrically interact with atomic nuclei through
Coulomb force. In 1900, Paul Drude #?®! proposed a theory to explain how electrons in
noble metals respond to an external electromagnetic field with an optical frequency
ranging from the visible to the IR. In this model, electron-electron interactions are
neglected. However, the effective mass of electrons is accounted for. When an external
electromagnetic field interacts with the metal system, free electrons start oscillating in
response to the electrical component of the field. The Coulombic attraction force
stimulated by the electrons displacement relative to the nuclei induces a restoring force
characterized by the oscillation frequency. However, their oscillation is damped by
collisions with the positive nuclei and/or impurities in the lattice. The damping constant

(y) of the electrons motion is inversely related to the collision time which gives the
. 1 . ..
electron mean free path and can be given by y = - where 7 is the relaxation time of

the free electron. The resonant frequency of the collective electronic oscillation or the

plasma frequency can be given by:

nhe

(5.12)

<N

EoMeff

163



CHAPTER FIVE

where w,, represents the plasma frequency, n is the charge density, e is the electrons
charge, &, is the electric permittivity and meg is the electron effective mass. This
oscillation is quantized and known as a plasmon which its frequency lies in the UV for
most metals. In Drude model, the dielectric function of the electrons in the metal

system, at a given frequency (w), can be given by:

2
Wp

ew)=1- (5.13)

w2+iyw

The dielectric function above is a complex and therefore, the real and imaginary terms

can be separated and given by:

w3t?
g(w)=1-—= (5.14)
w3t
&(w) = m (5.15)

That is €(w) = &;(w) + is,(w). & can be determined experimentally at optical

frequencies by measuring the complex refractive index of the medium n (o) = n(w) +
ik(w) from reflectivity. This leads to a relation between the imaginary part €, and the
extinction coefficient (k) which determines the optical absorption of the propagating
electromagnetic waves through the medium. That is to say, the imaginary part is

responsible of the optical absorption inside the medium.

Let us now examine Drude dielectric function given in equation 5.13 in two frequency
regimes with taking in consideration the collision time. At low-frequency regime,
wt K 1 indicates that the real part can be neglected and the imaginary part is

predominant which results to dissipate the incident energy in the metal by optical
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absorption. Therefore, the complex refractive index of the metal will be comparable to

the imaginary part and can be given by:

, 2
n~k= ’8_2 R (5.16)
2 2w

The incident electromagnetic wave penetrates in the metal for a distance called the skin
depth, which has a characteristic value depending on the metal. On the other hand, at
high-frequency regime with w is large or above wp, (wt > 1), the damping coefficient
in equation 5.13 become negligible and the dielectric function of the metal is
predominantly real with a real refractive index and therefore, equation 5.13 can be re-

written as:
fw)=1—— (5.17)

From the above equation, two frequency regions can be distinguished: when w < wp,
the external electromagnetic wave will be screened by the electrons in the metal plasma
leading to perfect light reflection in the wavelengths from the visible to the far infrared.
On the other hand, when w > wp, the external field will be transmitted into the metal
where the electrons in the metal plasma are too slow to follow the external electric field.
Therefore, the metal become transparent dielectric with wavelengths from the visible to

the UV as can be seen in the reflectance graph of gold and silver shown in figure 5.2.

In the case where interband transitions of electrons take place at energies in excess of 1
eV, such as in noble metals like gold and silver, an additional term represented by

Lorentz model is added to equation (5.13) which now can be written as [2242%]:
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2 ,
e(w)=1-—-22_4_ 4 (5.18)

w?+iyw  wi-w?-iy;w

where A; is the oscillation strength taking place at electrons transition represented by

w;, v; 1s the oscillation damping constant.

Gold
= Silver
3
2
=
3] \
) 1 Plasmonic edge
q) 1
o \ wp
IR ' Visible ! uv
483 nm 312 nm

Frequency (o)

Figure 5.2: The reflectivity of both gold and silver as a function of
frequency assigning the plasmonic edge in wavelength. The graph shows
the plasmonic frequency cut-off by which a metal can be either a perfect
reflector or transmitter with w < wp or with w > wp respectively. The
reflectivity for gold and silver are calculated online using ref. %,

5.4 Plasmon resonance modes

Surface plasmon can be defined as the interaction or coupling between the coherent
oscillated charge carriers and the incident electromagnetic wave at the interface between
two mediums with different permitivities, negative such as a metal and positive such as
a dielectric. The ability to confine the electromagnetic field in a small volume, beyond
the diffraction limit, enables plasmonics to be very valuable in photonics. Generally,
plasmons can exist in different modes based on the metal dimension and/or geometry.

Two main modes can be distinguished and given by; surface plasmon polariton (SPP) (a
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propagating plasmon mode occurs at the metal-dielectric interface) and localized
surface plasmon (LSP) (a localized plasmon mode occurs in nanoparticles and

nanostructures). A brief description of each mode is presented in the following sections.

5.4.1 Surface plasmon polariton (SPP)

Surface plasmon polariton (SPP) describes the propagation of electromagnetic
excitations along the interface between the metal surface and the dielectric =%, The
term polariton indicates the dipole-electromagnetic wave coupling **¥, in other words,
the coupling between the excited electrons in the metal plasma with the external
electromagnetic field. The resulting charge displacement creates an internal
electromagnetic field inside and outside the metal. Generally, there is a dielectric
material at the interface with the metal, so that the created electromagnetic field is
extremely confined and propagates along the metal-dielectric interface until it dissipates
exponentially away in both media perpendicular to the interface as illustrated in the
inset of figure 5.3. Due to the highly confined nature of the plasmon’s electric field at
the interface (stimulated by the electrons oscillation), its intensity (amplitude) is
normally much higher than the external electric field causing the excitation leading to

what is called near-field enhancement.
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Dielectric medium - - E E,

Metal

= = = High electron density region ++ + Low electron density region

Figure 5.3: Illustration of the longitudinal surface plasmon polariton (SPP)
wave propa?ati]on alongside the metal-dielectric interface. The schematic is

taken from

291 The figure inset showing the dissipation of the SPP away

from the interface (Z=0) where metal is at Z < 0 and the dielectric is at Z > 0.

Now, let us discuss the surface plasmon propagation along the metal-dielectric interface

by taking a look

at the plasmon dissipation relation. In principle, the propagation of

surface plasmon polariton is similar, yet more complicated than light wave propagation

in a vacuum. An illustration of the surface plasmon dissipation relation compared to the

light is plotted in terms of frequency versus wavevector and showing in figure 5.4.

Light in Vacuum
W= CKx

Surface plasmon frequency

Surface plasmon polariton

=

K

X

Figure 5.4: The surface plasmon polariton dispersion relation of

metals

with an air interface. The figure is inspired from [224]
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Figure 5.4 shows the dispersion relations of light propagating in a vacuum and the
surface plasmon shown in black and red lines respectively. The dispersion relation of
SPP propagation along the metal surface can be derived by solving Maxwell’s equations
of the electric and magnetic fields components as a function of time and position to give

the relation 2%

w = /M ck, (5.19)
Eméd

where w is the angular frequency of oscillation, ¢, and ¢, are the dielectric constants of
the metal and the dielectric respectively. c is the speed of light in vacuum and finally k&,

is the wavevector along the x propagation direction.

The SPP shows similar behaviour to light at low wavevector (k) as illustrated by the red
line in figure 5.4. However, its propagation become sub-linear with increasing the
wavevector until the frequency reaches a saturation value indicated by the surface
plasmon frequency (ws,). The horizontal dashed line in purple represents a given
surface plasmon frequency. At this plasmon frequency, surface plasmon polariton
shown in red line has a higher wavevector (inversely proportional to wavelength) than
light represented by the black line in figure 5.4. Hence the momentum of light is
different than the surface plasmon for the same frequency, so light cannot excite the
surface plasmon unless momentum is conserved. Various methods can be adopted to
provide an additional momentum such as modifying the surface roughness, using a
grating pattern or a prism. Each of those methods has a working mechanism and

specific conditions which is not considered further in our discussion.
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5.4.2 Localized surface plasmon (LSP)

This type of plasmon mode occurs in confined metal structures like some noble metal
nanoparticles. It is a non-propagating oscillation of the electronic plasma coupled with
an external electromagnetic field. It was not until 1908 when the German physicist
Gustav Mie gave an explanation for the vibrant colours from metal nanospheres when
excited at certain photon energies ??!. Charge oscillation redistributes the electrons
over the metal particle surface so that negative and positive charges accumulate on each
side of the particle, forming a dipole as shown in figure 5.5. The strength of the
restoring force is a characteristic of the charge distribution and therefore governs the
oscillation which occurs at a resonance frequency. This frequency is known as the
localized surface plasmon resonance (LSPR). This plasmon mode stimulates an electric
field, a few orders of magnitude higher than the exciting field. The electric field
amplification occurs inside and outside the metal particle for a very short lifetime. This
is followed by charge damping leading to energy generation in the material
neighbouring the metal nanostructure. This process is further discussed later in this

chapter.

A A >> Particle size

A
4 N

Electric field

Metal sphere - - =

Light wave

Electron cloud

Figure 5.5: A schematic representation of the charge distribution on the
metal particle surface as a result of localized surface plasmonic resonance
(LSPR) excitation %2,
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The direct excitation of the localized plasmon resonance by light is facilitated by the
small size of the metal particle which enables the solution of the quasi-static
approximation to be applied. This approximation describes the interaction of
electromagnetic field with a metal particle of diameter, d, significantly smaller than the
excitation wavelength, A, i.e. d < A as shown in figure 5.5. Under this assumption, the
exciting electric field distribution is practically uniform over the metal particle volume
which enables the simplified case of a particle in an electromagnetic field to explain the
plasmonic excitation field ?**. The quasi-static approximation can well describe the
excitation field in the particle size range d < 100 nm. In order to do so, the Laplace
equation of the electric potential (®) is used to calculate the electric field around a
uniform, sub-wavelength metal nanoparticle by E = —V®. This leads to define the

electrons polarizability (a) of a metal particle located in a dielectric medium by

utilizing the electrostatic approximation. This relation can be given by ?24:

a = 4nr3Smd (5.20)
Em+2€4 '

where r represents the particle radius, ; and &, are the surrounding medium and the
metal dielectric constants respectively. Equation 5.20 shows the polarizability
dependence on the particle volume. The localized plasmonic resonance frequency can
also be tuned, i.e red or blue shifted, when the aspect ratio and/or shape is altered. This
can be understood by the difference in the oscillation path that electrons take when
particle size is increased. The oscillation frequency decreases because of the longer

pathway inside the particle, which leads to increase in the resonance wavelength.
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5.5 Photoelectric effect of metals

In general, metals are characterized by the abundance of free electrons which are tightly
bound to the nucleus by the positive attractive force. The electrons are free to move
within the metal but they cannot escape because they do not have the energy needed to
break the bond which is equivalent to the metal work function (the minimum energy
needed for the electrons in metal to be emitted from the surface). When light with
photon energy higher than the metal work function hits the metal surface, an energy
transfer process takes place between the incident photons and the metal electrons as
schematically shown in figure 5.6. As a result, electrons are excited and have enough
energy to overcome the metal’s work function and escape from the metal surface. This
phenomenon is called the photoemission effect and was discovered many decades ago
by Heinrich Hertz in 1887 12, In 1905, Albert Einstein °° reported the key explanation
of this phenomenon by suggesting that light consists of photons, each with a quantized
energy (E) linked to its frequency (v) by Planck’s constant (k) and so given by E = hv.
This represents the ground-breaking discovery by Einstein which reveals that the energy
of both light and matter is discontinuous with particle/wave duality behaviour. The
importance of this phenomenon is shown in applications in photoelectron spectroscopy,

sensors and photodetectors.
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(A) (B)

Light (hv) Light (hv)

Metal Metal Semiconductor

Figure 5.6: An illustration of (A) photoemission of electrons from a metal as a result
of energy transfer from an incident light beam, (B) electrons photo-emitted from the
metal can be injected in the neighbouring semiconductor when they have energy
higher than the Schottky barrier. The schematic is inspired from 2.

The photoemission effect has opened a new understanding in fundamental research of
the physical and chemical impact stimulated by energetic electron generation. Any
electrons with energy higher than the Schottky barrier can overcome it to reach the
semiconductor in a process called internal photoemission of electrons. Internal
photoemission of electrons in metals is first realized in the 1930s by Fowler B¢ A few
years later, the process has been quantitatively described by Spicer ¥ in three main
steps represented by: first, free electrons with isotropic momentum distribution will be
generated in the metal as a result of light absorption. Second, excited electrons diffuse
in the metal before getting thermalized. Finally, excited electrons with enough energy to
overcome the metal work function can be emitted from the metal surface in an internal
photoemission. The efficiency (n) of this process is described by Fowler’s model in
terms of the incident photon energy (hv), Fowler emission coefficient (device specific

related to the work function) (Cr) and the Schottky barrier energy (q@5) formed at the

metal-semiconductor interface and given by the relation ©%°™:

(hv-q@p)*

- (5.21)

n = Cr
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Equation (5.21) indicates that the photoemission yield increases with the incident
photon energy. However, energetic electrons generated by photoexcitation are emitted
in all directions reducing the number of electrons crossing the Schottky barrier. Exciting
electrons in plasmonic metal nanostructures solves this problem by adopting plasmonic
nanostructures designs by which electron momentum is directed towards the interface to

boost charge collection.

5.6 Plasmon-induced energy transfer

As discussed earlier, the plasmonic near field can be several orders of magnitude higher
than the external driving field owing to its confined nature. These local electromagnetic
field enhanced regions are normally called hot spots due to the high field intensity.
After a few femtoseconds (10 — 30) fs ¥ the intense field is dephased either
radiatively by reemitting photons (scattering) or nonradiatively by either promoting
electrons to higher energy states (hot electrons) or dissipating as heat (localized heating)
as shown in figure 5.7. The nonradiative dephasing process can be controlled by
manipulating the metal composition and dimensions ?4. We discuss now how the
plasmonic near-field energy has the potential to be harnessed actively in a variety of

applications such as the coupling with a nearby semiconductor.
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Radiative decay Non-radiative decay

d-band

Hot electrons excitation Near field enhancement

Figure 5.7: An illustration of the mechanisms by which localized surface plasmons
decay and transfer energy; radiatively by reemitting photons or non-radiatively by
promoting energetic electrons via inter-intraband excitation process and/or near-
field enhancement which can stimulate electron-hole generation in the nearby
semiconductor 27,

5.6.1 Plasmonic near-field enhancement (PNFE)

The evanescent electric field enhancement in the medium close to the metal
nanostructure takes place as a direct consequence of electron imbalance over the metal
surface by plasma charge oscillation. Its amplitude is limited by the ohmic losses in the
metal volume such as absorption and scattering which leads to plasmon damping. The
field decays rapidly away from the surface after very short time. Before reaching this
stage, the strong plasmon dipole moment can stimulate energy transformation in the
surrounding medium, such as in a neighbouring semiconductor, leading to local
enhancement of absorption and hence, electron-hole pair generation below the optical
band gap of that semiconductor. This process can be explained by the coupling reaction
between the plasmon dipole and the nearby semiconductor interband transition dipole.
This energy transfer is known as plasmon induced resonance energy transfer (PIRET)
and generally characterized by balancing the dephasing times of the plasmon and
semiconductor, and the distance between the metal and the semiconductor as illustrated
in figure 5.8-B 2!, The dephasing time for the plasmon is defined as the time needed
for the plasmon dipole to decay by losing its phase coherence. On the other hand, for
the semiconductor, it is the interband transition time. This technique allowed a remote
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transfer of energy from the metal dipole to the semiconductor dipole without the need of
direct contact. However, the semiconductor still needs to be within the active region of
the near field plasmon decay which is about 10 nm from the metallic interface %,
Basically, when a semiconductor is put close to an excited plasmon, both systems
interact by their dipoles until one system diphases which break the near-field
interaction. If the plasmon in the metal dephases faster than the semiconductor, the
dipoles interaction breaks and no energy is transferred. On the other hand, if the
semiconductor diphases faster than the plasmonic dipole, energy is transferred to the

semiconductor leaving the plasmon in the ground state *”). The principal mechanism of

PIRET can be shown in figure 5.8-A.

This phenomenon was proved experimentally by observing a long rise time in the
absorption transient of Cu,O as a result of resonance energy transfer from the gold
despite the insulating SiO, barrier between them 1. Another important condition for
PIRET is the absorption spectral overlap between the plasmonic resonance in the metal
and the semiconductor. This also has been confirmed experimentally by exploring the
charge enhancement of TiO, with both Ag and Au core metals. PIRET was observed in
Ag-TiO, core-shell by transition absorption spectroscopy, while no such energy transfer
is observed when Au replaces the Ag. This is attributed to the absorption spectral

overlap between the Ag and TiO- in the UV 2,
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Figure 5.8: (A) A schematic representation of the PIRET operation principle
represented by the highlighted red box. (B) The operating conditions required for
which PIRET and hot electron injection leading to photoconversion in a
neighbouring semiconductor 1%,

5.6.2 Plasmon hot electrons injection (PHEI)

Hot electron injection is another mechanism whereby plasmon energy can be transferred
to a semiconductor via a non-radiative plasmon dephasing process. The term hot
electrons refer to the highly energetic electrons that are not in thermal equilibrium with
the metal system. Hot electrons based on this technique crucially depend on a direct
contact between the metal and the semiconductor, contrary to PIRET. The plasmon
loses its coherent oscillation (dephasing), and energy is transferred to the metal volume
leading to inter and intra-band excitation of free electrons as illustrated in figure 5.9.
However, it should be noted that in order for electrons to be excited from the d-band
energy levels, there must be an energy overlap between the resonance photon energy
and the metal inter-band transition energy. For instance, in Au, the d-band energy levels
are located at 2.4 eV below the Fermi level whilst the plasmonic resonance of Au is at
about 530 nm (2.3 eV) %20 Therefore, the possibility of exciting inter-band
electrons in gold is weak. This leaves us with the intra-band transition where electrons
are excited within the conduction band of gold nanostructure surface close to the Fermi

level. The excited hot electrons are characterised by their wide energy distribution based
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on their original energy before excitation. The distribution ranges from the Fermi level
to the maximum energy E,,.. = Er + Aw as shown in figure 5.9-A. However, hot
electrons still need to travel to the metal-semiconductor interface to be emitted. During
this journey, the excited electrons further lose energy as a result of collisions with other
electrons and/or lattice phonons. Therefore, only hot electrons reaching the surface with
energy high enough to overcome the metal workfunction and the barrier are free to be
injected in the semiconductor and contribute in the overall current. The most efficient
way of capturing hot electrons is by adopting the photodiode principle by making a
Schottky barrier with an appropriate semiconductor of high density of state (to insure
fast charge injection). This technique allowed energetic hot electrons to move in one
direction crossing the Schottky barrier and relax in the conduction band of the
semiconductor as shown in figure 5.9-B. In addition, it is also possible yet unlikely that

electrons will tunnel through the barrier towards the semiconductor.

DOS

Figure 5.9: (A) Plasmonic hot electron excitation with different energy
distributions. (B) Hot electrons with high energy cross the Schottky
barrier and are injected into the conduction band of the neighbouring
semiconductor %7,
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Having enough energy to overcome the Schottky barrier is by no means the only
requirement needed to ensure efficient collection of hot electrons. Several parameters
need to be carefully considered such as the metal type, structure, metal-semiconductor
interface quality and the overall system design. For example, the size of the metal
particle size was important when optimizing the number of hot electrons. A study by
Nordlander et al. **¥ compared the lifetime, number and energy distribution of hot
electrons generated from 25 and 15 nm silver spheres. Hot electrons emitted from the
larger spheres had a large lifetime range of 0.05 — 1 ps with a large number of hot
electrons. On the other hand, the smaller sphere had a resonance lifetime of 0.5 — 1 ps
and generated fewer but more energetic hot electrons. Another important issue is the
momentum distribution of the hot electrons following emission from the metal. The hot
electron momentum distribution needs to be directed towards the contact area (the
interface) with the semiconductor to increase the efficiency of injection. As shown in
figure 5.10-A, when the plasmonic metal is on top of the semiconductor, the junction is
limited to the contact area between the metal and the semiconductor. Only electrons
with the momentum lying within the red cone can inject into the semiconductor
conduction band. On the other hand, electrons directed parallel to the interface relax
back to the metal causing heat losses **?. Halas and co-workers 2**! provide a possible
solution to increase the hot electron injection efficiency by embedding the metal
nanostructure into the n-type Si and making a three-dimensional Schottky junction as

shown in figure 5.10- B.
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(A)

(B)

Figure 5.10: Hot electrons injection into the semiconductor is
governed by the junction design. (A) 1D and (B) 3D junction.
Having a three-dimensional Schottky junction by embedding the
plasmonic structure within the semiconductor will improve
electrons injection according to their momentum distribution %31,

Another important example reported by Zheng et al. **! investigated the fundamental
difference between photocarriers generated in gold by direct photoexcitation and by
plasmon decay. Hot carriers generated by the former mechanism are based on light
absorption by the bulk gold leading to the excitation of electrons from the d-band (high-
density states). On the other hand, hot carriers generated by plasmon decay are
stimulated by the strong enhancement in the near electric field close to the plasmonic
nanostructure. Therefore, carriers generated by plasmon decay have more energy to
overcome the barrier with the interfaced material. Interestingly, the photocurrent
generated by both mechanisms can be distinguished by tailoring the interface with the

semiconductor as shown in figure 5.11.
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Figure 5.11: A schematic illustration of hot charge generation and
transformation to the neighbouring semiconductor for (A) a Schottky barrier
and (B) an ohmic contact, (C) and (D) show the band diagram established in
the case of Schottky junction formation and ohmic contact respectively [244]

5.7 Plasmon photodetection devices

Photoelectrons ejected from the metal are a very promising approach to photovoltaic
devices which rely on photocurrent and photovoltage generation by light absorption.
The working efficacy of these devices depends on the active material, which normally
absorbs light at a specific region of the spectrum depending on its optical band gap.
Plasmonic hot electrons enable devices to extend their absorption spectrum and
consequently their efficiency at longer wavelengths by hot electron injection.
Photodetection based on internal photoemission in metals dates back to 1967 when
Peters (®*! utilizes internal photoemission over the Schottky barrier between silicon and
gold as a detection mechanism of infrared. However, this field is re-explored over the
last few years by applying the knowledge of plasmonic hot electrons to enable sub-
bandgap photodetection over a wider spectral range, from UV to the infrared.

Plasmonics enable photodetection in semiconductors by either a direct injection of hot
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electrons in the conduction band or by stimulating the generation of charge carriers in

semiconductors by amplifying the optical absorption through near-field enhancement.

The concept of hot electron generation and injection has been experimentally proved by
many research groups. However, the real challenge is to make an efficient working
device based on the hot electrons. Herein, we will briefly review some examples of
photodetection with plasmonic enhanced charge generation at different spectral
wavelengths. Charge separation originating from a plasmonic resonance was first
reported by Zhao et al. **! when a visible photocurrent was noticed from wide-band
gap solution-processed TiO;, (3.3 eV) containing a suspension of gold and silver
nanoparticles. Tian et al. ?*%%*"! reported a visible photocurrent from TiO, nanoporous
film incorporating Au nanoparticles by plasmon-induced photoelectron-chemistry using
an electrochemical cell with a coexisting electron donor. It was found that the lifetime
of the hot electrons in Au and Ag NPs is usually very short, on the subpicosecond time
scale 1. Therefore, in order to have efficient electron collection, electron injection
needs to be faster than the hot electron’s lifetime. Furube et al. **! used a femtosecond
transient absorption spectroscopy with an IR probe to calculate hot electrons transfer
from 10 nm gold nanoparticle to the TiO, nanoparticles porous film. The film was
heated at 500 °C to decompose any organic ligands separating the Au and TiO,. They
have found out that hot electron transfer takes place within 240 femtoseconds with 40%

yield.

Energy generation was realized by coupling the strong plasmonic near-field resonance
with the semiconductor leading to amplification of the light absorption of the
semiconductor at sub-bandgap wavelengths and therefore enhancing the overall power
conversion efficiency. In a study by Bob Y. Zheng et al. %) visible photodetection was

demonstrated based on plasmonics near-field enhancement effect magnified by optical
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interference effects. The MSM device is fabricated by integrating an aluminium grating
on top of a silicon substrate. The responsivity was spectrally filtered by changing the Al
grating configuration. Pitches of 500, 400 and 300 nm were used in order to measure
red, green and blue respectively. The responsivity recorded was 11.18 A/W, 12.07 A/W
and 12.54 A/W for the red, green and blue respectively. The high responsivity is
partially explained by the strong coupling between plasmonic resonance from the
aluminium grating fingers and the silicon despite the separating thin SiO, oxide layer.
This provides more evidence of indirect energy transformation through the insulating

oxide layer between the grating and the silicon via PRIET as shown in figure 5.12.

(B) 750

1375 T

550 450
T r 1 & T 7

~11.00

8.25

Responsivity (AW

P PR P b R
1.6 1.8 20 22 24 26
Energy (eV)

Figure 5.12: (A) MSM plasmonic photodetector incorporating an Al grating to
filter the plasmonic resonance and hence the spectral responsivity of the detector.
(B) The experimental spectral responsivity data recorded by changing the pitch of

the grating. Near field enhancement and light interference result on high

responsivity and photocurrent selectivity [206]

As discussed above, the excitation of localized surface plasmons results in a hot
electron-hole generation. Hot holes are just as important as hot electrons in stimulating
energy transfer and have been investigated. Tapan Barman et al. ™ reported a
plasmonic photodetector working at OV bias in the region 400-500 nm based on a
polyaniline-gold nanocomposite thin film as shown below in figure 5.13. Gold
nanostructures with different sizes and shapes were incorporated in a p-type organic

semiconductor polymer matrix to tune the resonance absorption spectrum and hence the
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spectral response of the photodetector. The study attributed the responsivity in the blue
region to hot holes generation as a result of electrons excitation from the d-band in the
gold nanostructures. The hot electrons were blocked by the conduction energy level of
the polymer matrix. The confirmation of hot hole involvement in plasmonic
photodetection could be very useful to further understand the physics of hot charges

generation and injection.
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Figure 5.13: (A) A schematic representation of the plasmonic-organic

photodetector. (B) Energy band diagram of the gold polyaniline system showing
hole conduction through the polymer 2°%.

Ran Jia et al. " reported a dual-band plasmonic photodetector actively working in the
UV and green based on gold nanostructures sputtered under vacuum on Ga-polar
gallium nitride (GaN). Gold nanostructures were annealed at 300 and 500 °C to control
the surface coverage of the devices. GaN is an n-type wide band-gap semiconductor
known to have an abundance of defects. By incorporation of gold nanostructures, the
photoelectric responsivity in the UV and green is increased by 50 times compared to the
blank GaN as illustrated in figure 5.14. They attributed the enhancement in
photoresponsivity in the UV to interband electrons (excited from the d-band) which are
injected from the gold nanostructure, while the photocurrent enhancement in the green

to hot electrons excited close to the surface (intraband transitions) amplified by
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coupling with sub-bandgap trapped electrons in GaN surface defects leading to external

quantum efficiency of 27.6%.
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Figure 5.14: An illustration of the dual wavelength plasmonics photodetection
mechanism in a GaN device. (A) and (B) show the interband excitation of hot
electrons when gold NPs are irradiated in the UV and the corresponding time
dependence of the UV photocurrent respectively. (C) and (D) show the intraband
excitation in gold NPs when irradiated at the plasmonic resonance wavelength and
its corresponding time-dependent photocurrent in the green 2%,

Mubeen et al. %! were among the first to demonstrate the sub-bandgap photoactivity of
TiO; in the visible by direct electron injection from gold nanoparticles. The device
shown in figure 5.15 is fabricated by the insertion of multilayers of evaporated gold
nanoparticles with a diameter of 14 nm between layers of TiO, of thickness 200 nm.
The gold particles are separated by about 14 nm and each layer is well isolated by the
TiO,. The study shows that the visible photoconductance increases with the number of
layers of gold nanoparticles since more hot electrons are injected via localized surface
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plasmon decay. However, this device shows no direct electrical contact between the
plasmonics structures and the electrodes which mean that gold, nanoparticles are
theoretically isolated. This means that near-field enhancement of gold nanoparticles
could also be responsible for visible photocurrent by stimulating light absorption in
TiO,. Moreover, the author didn’t mention any effect of near-field coupling between

nearby Au particles owing to the short separation distance.

Increased
photoconductance o

Figure 5.15: An illustration of the Au-TiO, plasmonic composite for sub-
bandgap photodetection. (A) Schematic illustration of the device. (B) SEM
cross-section showing the incorporation of multilayers gold nanoparticles
embedded in TiO,. The inset showing the optical absorption and the
photocurrent spectrum of the plasmonic device [205]

Lee et al. *®@ constructed a plasmonic photodiode by depositing a 10 nm gold film on
top of TiO, as shown in figure 5.16. The gold film was modified to form connected
islands by thermal annealing at different temperatures in air. The plasmonic
photocurrent recorded from the modified gold islands (after annealing) is significantly
higher than the untreated film. This enhancement in photon to electron conversion
efficiency is attributed to the localized surface plasmonic resonance supported by the
formation of gold islands, which enable the generation of hot electrons. It was suggested
that the plasmonic photocurrent based on hot electrons can be significantly improved by

roughening the metal-semiconductor interface area [>32>4,
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Figure 5.16: (A) Schematic illustration of the hot electrons driven by
plasmon absorption from the gold islands developed on top of TiO,. (B)
The relation between the active surface area of gold nanoislands on the
TiO, surface (created by different annealing temperatures) and the visible
photocurrent by plasmon effect. Low surface area of gold nanostructures
enhances the plasmon photocurrent [252]

Plasmonic photodetection is also observed in the near infrared (IR) region by both hot
electron injection and PIRET. Knight et al. ™ reported an example of hot electrons
excitation and extraction by embedding an optical nano-antenna of gold nanorods in n-
type Si substrate. They show that utilizing different gold nanorods dimensions changes
the photocurrent response accordingly, following the antenna’s plasmonic resonance as
shown in figure 5.17. They also show that modification of the Schottky barrier height
enhances the hot electron photocurrent efficiency. Therefore, a very thin layer of 1 nm
Ti film was used between the Au NRs and the Si to reduce the barrier and also to
improve the gold adhesion. The device quantum efficiency was low, close to 0.01%, It
is believed that this could increase to about 2% by considering a different Ti layer

thickness as well as different experimental parameters.
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Figure 5.17: Plasmonic photodetection based on gold nanorod optical
antenna: (A) A schematic representation of the hot electron plasmonic
device incorporating gold nanorods on an n-type silicon substrate with a
transparent 1TO front electrode. (B) SEM image of the optical nanodiode
arrays. (C) Energy band diagram illustrating the energy band alignment and
charge injection through the Schottky barrier. (D) Optical photodetection
from the embedded plasmonic photodiodes with different gold antenns

lengths 2%,
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tuned by changing the interslit distance to give a near infrared signal.

A plasmonic photodetector with a narrow band optical response was successfully
reported by Ali Sobhani et al. ! using an Au grating on a silicon substrate shown in
figure 5.18. They utilize the plasmonic modes from the enhanced light transmission
through the subwavelength periodic gold slits to couple the light with the gold and
generate hot electrons. In this plasmonic structure design, the optical response was
tuned by changing the Au thickness, slit width and interslit distance. The photocurrent
responsivity is highly dependent on the gold thickness resulting because of surface
plasmon interactions between the top and the bottom of the Au fingers. By changing the
thickness, the plasmon interference can be controlled to maximize hot electron

generation at the bottom interface of gold/silicon. The spectral photoresponse can be
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Figure 5.18: (A) A schematic illustration of the plasmonic gold fingers with

incident polarized light, (B) SEM image of the gold fingers and (C) the optical
responsivity of the plasmonic device [256]

Wenyi Wang et al. 7 have investigated a plasmonics photodetector working in the
near-IR region based on hot electrons injection in a 2-dimensional molybdenum
disulphide (MoS;) semiconductor from interdigitated plasmonics gold nanowires. The
work investigated the efficiency of hot electrons injection in plasmon photocurrent
amplification. The device is irradiated with two different wavelengths, 532 nm
originating from the semiconductor direct transition and 1070 nm originated from hot
electrons injection, to identify the mechanism of photocurrent amplification realized in
the near-IR as shown in figure 5.19. The device shows near-IR responsivity of 5.2 A/W

with hot electron current amplification factor of 1.05x10° which is comparable to the

silicon-based hot electron photodetectors reported by Knight et al. 2],
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Figure 5.19: (A) a 3D schematic illustration of a MoS, layer on top of plasmonic gold

wires. (B) Current transient measurements of the same device irradiated above the

band gap with a transition wavelength of 532 nm and the plasmonic resonance

wavelength of 1070 nm. Both transients show similar time constant values for the

rising current [2571

The injection of hot electrons from colloidal gold nanorods decorating a single ZnO
nanowire (NW) device was investigated in comparison to a bare ZnO NW device by
Pescaglini et al. 28 The hybrid device, shown in figure 5.20-A, actively detected light
at wavelengths 650 and 850 nm based on the plasmonic resonance of gold nanorods as
shown in figure 5.20-B. The study shows that the photoconductance of ZnO in the
visible (650 nm) is enhanced by a strong localized plasmonic effect from the gold
nanorods which internally excite the trapped electrons at the ZnO surface defects. On
the other hand, photoconductance at 850 nm is only realized in the hybrid device
according to direct hot electron injection from the gold nanorods. This study also
suggests the possible coupling between the near-field enhancement of plasmonic
nanostructures with the sub-band gaps defects in the metal oxide semiconductors

leading to a boost in photoconductivity as illustrated in figure 5.20-C.
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Figure 5.20: (A) A SEM image of the hybrid device where the ZnO
NW is coloured in pink and the gold nanorods in yellow for clarity.
The inset shows the photocurrent and band diagram of the proposed
device. (B) and (C) show the photoconductance in the visible and
near IR from both the hybrid device and the bare ZnO device
respectively 2%,

In a work by Mohammad Amin Nazirzadeh et al. *% plasmonics photoconductivity in
the near-IR is realized using randomly distributed gold nanoislands on top of silicon. An
aluminium doped ZnO layer is deposited on top of the gold nanoislands working as a
transparent electrode and also electrically connecting the gold islands. The gold film is
annealed at different temperatures to control the islands shape and size distribution. A
photoresponse of 2 mA/W is achieved with 155 nm gold islands size indicating the
importance of big islands in improving the plasmonics resonance absorption and hence

hot electrons generation and injection.
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5.8 Methodology

5.8.1 Device fabrication

Devices were fabricated following a simple vertical configuration structure. The devices
were built on pre-patterned 100 nm ITO fingers (20 Q / square) evaporated on a 20 nm
coating of SiO, (synthetic quartz) overlying a 20x15 mm? polished soda-lime, float
glass substrate bought from Ossila. Each working device consists of three 1TO fingers,
each of 100 pm in width by 10 mm in length, all connected to a 2 mm wide ITO pad.
Each substrate has 8 working devices, 4 on each side of the substrate, and we can switch
between devices by moving the needle probe to a different ITO pad. The substrate was
cleaned thoroughly followed by UV/Ozone treatment for 3 min, to remove any organic
and impurities remaining on the surface and to improve surface wettability, and then
coated by spin-casting a 30 nm (poly(3,4-ethylene dioxythiophene) polystyrene
sulfonate) PEDOT:PSS layer in air at 2000 rpm for 30 sec followed by thermal
annealing at 150 °C for 10 min in air. High purity gold thin film of thickness ~25 nm
was thermally evaporated on top of the PEDOT: PSS and ITO (described below in table
5.1) with a 0.1 A/sec evaporation speed at 5x107 mbar using an HHV Auto 500
multifunctional evaporator. Additional substrates simulating the investigated devices
were evaporated simultaneously for the absorption and AFM measurements. Devices
were fixed at about 30 cm from the gold crucible on a rotating holder inside the
evaporator chamber to prevent any excess heating to the PEDOT: PSS layer. The gold
layer deposited on ITO and PEDOT: PSS in devices 2 and 4 respectively were treated
similarly. Thereafter, a 120 nm (£ 5nm) thickness of ZnO NPs was deposited by spin
coating at 2000 rpm for 30 sec from a suspension (2.5 wt.%) dissolved in chloroform.

This was followed by annealing the device at 150 °C in air for 10 min. The device was
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then irradiated with 2 min UV/Ozone to remove any ligands attached to the ZnO NPs

before evaporating a 150 nm thick Al back electrode.

Visible photocurrent measurements were performed using a high intensity, 150 W
Xenon white light solar simulator bought from Abet Technologies (model 10500) as a
light source covering the wavelengths from 400 nm to 1800 nm. Narrow spectral bands
were selected using a set of dielectric bandpass filters, bought from Thorlabs with 10
nm bandwidth (£3 nm) and peak wavelengths of 600nm, 650nm, 700nm, 750nm,
800nm, 850nm, 900nm and 950nm. On the other hand, UV photocurrent measurements
at 363 nm were recorded using the Xenon lamp equipped with the monochromator. The
light intensity was measured using a digital compact power and energy meter console
with calibrated photodiode sensors from Thorlabs (PM100D). The devices were
irradiated with a normally incident light beam covering the whole device area shown in
figure 5.21. 1-V and photocurrent transients were recorded using two electrical needle
probes connected to a 2400 Keighley source meter interfaced with a PC using the
BenWin+ software. All I-V and photocurrent measurements were conducted at room

temperature unless stated otherwise.

(A) (B)

100um¢
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Figure 5.21: (A) A schematic illustration of the plasmonic working device
giving the ITO finger dimensions and (B) an image of the actual substrate to
show the active working device used in this work.

193



CHAPTER FIVE

5.9 Results

5.9.1 Photodetection devices

In this chapter, four photodetection devices were chosen to investigate the near infrared
(IR) photoactivity realized by the incorporation of gold nanoislands. The devices were
numbered from 1 to 4 and described below in table 5.1. Devices 2 and 4 investigate the
plasmonic induced photocurrent in the near-IR with and without the insertion of a hole
transport/electron blocking layer represented by the organic PEDOT: PSS between the
gold nanostructures and the ITO electrode. On the other hand, devices 1 and 3 are the
respective control devices. All devices were prepared at the same time following the
same experimental procedures for data consistency and comparison reasons. The
devices were irradiated from the side of the gold islands to provide two important
advantages. Firstly, light directly targets the gold-ZnO interface which helps to generate
more hot electrons. Secondly, gold islands scatter the incident light which helps to

maximize the light absorption.

Table 5.1: Layer structure of the photodetector devices used in this work.

Device No. Device structure
1 ITO/ZnO NPs/Al
2 ITO/Au islands/ZnO/Al
3 ITO/PEDOT: PSS/ZnO/Al
4 ITO/PEDOT: PSS/Au islands/ZnO/Al
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Figure 5.22: (A) a representation of the plasmonic near-IR photodetector device
incorporating gold nan-islands evaporated on top of a PEDOT: PSS layer. Each working
device consists of three devices as in (A) connected to the same ITO pad. (B) Energy
band diagrams showing the energy levels offset for the four devices investigated in this
work. The interface energies are shown in (B) of ITO, PEDOT: PSS, Au, ZnO NPs and
Al were based on references 2%

A schematic representation of device 4 in addition to the energy band diagrams of the
four devices are shown in figure 5.22-A and B. Photocurrent is normally carried out by
the dominant charge carriers passing the device, which are either electrons or holes.
Since ZnO is an n-type semiconductor, current is mainly carried by electrons flow. ZnO
is a wide band gap semiconductor with a band gap of 3.3 eV at room temperature.
Therefore, it is only expected to have photoactivity when irradiated in the UV. Upon
light illumination, charge carriers are normally generated in such devices by either
crossing the Schottky barrier (hot electrons injection from the gold nanoislands) or by

ZnO band to band transition or by both. Therefore, by choosing the right irradiation
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wavelength, we can control the generated photocurrent. For carriers generated by
crossing the barrier, useful wavelengths should be in the range @5 < hv < E; where
@ represents the Schottky barrier height, hv and E, are the incident photon energy and
band gap respectively. A Schottky barrier is expected to form when ZnO brought in to
contact with ITO as a result of the energy bands difference between the ZnO conduction
band (4.3 eV) and the work function of ITO (4.7 eV) **"8 On the other hand, an
ohmic contact is expected to form on the other side of the device where ZnO NPs layer
interfaces the Aluminium (Al) due to the similarity between the ZnO conduction band
and the metal work function (4.3 eV) ™. A Schottky junction is expected to be
established when ZnO NPs interfaces the gold nanoislands whose barrier height could
reach 1 eV depending on the junction quality and interface conditions ["®. Whereas, a p-
n junction is formed when ZnO NPs with n-type conductivity interfaces PEDOT:PSS
with p-type conductivity as illustrated in figure 5.22-B ®). PEDOT: PSS is a highly
conductive p-type organic semiconductor that helps transporting holes to the anode due
to its suitable HOMO (highest occupied molecular orbital which is equivalent to the
valence band in inorganic semiconductors) energy level of 5.1 eV % However,
PEDOT: PSS dose not conduct electrons due to its high LUMO (lowest unoccupied
molecular orbital which represents the conduction band in inorganic semiconductors)
energy level of 2.2 eV which make it impossible for electrons to cross through. Hence it
is often used as an electrons blocking layer in optoelectronic devices. The workfunction
of gold is similar to that of PEDOT: PSS (5.1 eV) so any barriers for holes transport to
the ITO electrode are lower in energy than that for electrons at the Au/ZnO NPs

interface.
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5.9.2 Gold nanoislands formation

An atomic force microscope (AFM) was used to image the surface profile of the gold
nanostructures films deposited on top of ITO and PEDOT: PSS spare samples prepared
together with the actual working devices. The easy and cost-effective way to fabricate
surface Plasmon-supported gold nanoislands is by direct thermal evaporation of gold
thin film at very low evaporation speed 2622532841 This enables gold atoms to form 3-
dimensional islands with nanoscale edges having a random size distribution much
bigger than the deposited thickness %!, The mechanism by which gold islands formed
is fundamentally based on the interaction between gold atoms and the surface. During
the evaporation process, gold atoms arrive at the substrate surface and undergo
physisorption leading to weakly attaching to the surface. Gold atoms are normally
diffuse (based on their kinetic and vibrational energies which provided by the given
temperature of the atom) on the surface looking for high binding energy sites which
therefore increase the probability of nucleation growth resulting from the high bonding

s %681 In our devices,

force between gold-gold atoms compared to gold-surface atom
gold films were only annealed at 150 °C for 10 min in the air after spin coating the ZnO
NPs on top of the gold layer. Figure 5.23-A and B show the AFM images of a 2x2 pm
scan area in 2D, 3D in addition to the phase image (a powerful AFM technique recorded
simultaneously with surface morphology to indicate the difference in surface
composition based on surface stiffness and/or softness and the adhesion force between
the surface and the AFM tip) of gold nanoislands films evaporated on top of
PEDOT:PSS and ITO respectively. The resolution of the AFM image is 1024x1024
data points. There is an obvious difference in the gold film morphology when deposited

on PEDOT:PSS and ITO despite the similar evaporation process. The gold thin film on

PEDOT:PSS shows irregular and complex shapes of connected islands distributed
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irregularly on the surface. Furthermore, nanogap distances (in the range 10-50 nm as
calculated by AFM) between gold islands were also realized. The inset in figure 5.23-A
represents a magnified image in addition to the red circles showing an example of the
nanogap distance between two gold islands. These gaps form hot electromagnetic spots
which help confine and intensify the applied electromagnetic field in the in-between gap
(2671 On the other hand, gold deposited on top of ITO shows well packed, non-uniform,
spark-shaped nanoislands in domains with random orientation covering almost the
whole ITO surface. Gold nanoislands formed on top of PEDOT: PSS are bigger in size
and shape and with an average height of about 30 nm compared to the gold
nanostructure formed on ITO which appears to be smaller and denser with an average
height of about 20 nm. However, both sets of gold nanoislands are still within the mean
free path of plasmonic hot electrons transportation in gold (35 nm) 288261 which
ensures a possibility for a high number of hot electrons to cross the Schottky barrier
towards the ZnO NPs. The distance between the nanoislands is important to help create
a three-dimensional Schottky interface with the ZnO NPs layer which will boost the hot
charge separation and transportation. The difference in the gold surface profile may be
related to the surface energy of the substrate and its texture. The formation of well-
defined islands when gold film deposited on PEDOT: PSS could be resulting from the
molecular scale nanostructures of PEDOT: PSS surface composition which helps
promote gold nucleation process and highly impacting the film formation dynamics. A
similar observation is realized when gold film deposited on a transparent optical
polymer 7% This will hinder the spreading of gold atoms on the surface leading to the
formation of islands. On the other hand, gold atoms on ITO surface (with a surface

roughness of 1.8 nm) have more freedom to diffuse, especially after cleaning the ITO
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substrate with 3 min UV/Ozone which increase the surface energy and therefore gold

forms almost a continuous packed film.

(A)

14.5°

-34.1 nm

i 222nm

-26.0 nm

Figure 5.23: AFM images of the thin gold nano-islands evaporated on top of (A) PEDOT: PSS
and (B) ITO. The magnified inset image in (A) in addition to the red circles show examples of
the nanogap distances exists between the gold nanoislands. Gold films were annealed for 10
min in air at 150 °C. The topography AFM in A and B above is accompanied by a 3D
illustration and a phase image for the same location.

5.9.3 Optical absorption

We now examine the absorbance of the four structures to investigate plasmonic
enhancements below the band-edge. Figure 5.24 shows the absorption spectrum from
the actual devices before evaporating the aluminium back electrode. Figure 5.24-A
shows the absorption spectrum of gold nanoislands deposited on ITO and on
ITO\PEDOT: PSS layer in order to confirm the responsibility of gold nanostructures on
the broad absorption in the near-IR. The plot shows similar increases in near-IR

absorption when gold nanoislands are deposited on ITO and PEDOT: PSS with a small
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shift in the absorption peak position towards longer wavelengths for the latter. This high
absorption in the near-IR can be related to the combination of light scattering and a
plasmonic resonance caused by local interactions between the neighbouring gold
islands. Similar absorption in the near-IR from the gold islands is also realized by Chen
et al. ™. Furthermore, spin coating the ZnO NPs on top of the gold nanoislands layer

extends the absorption spectra in the UV because of ZnO band absorption.

= |TO\Au,

islands

= |TO\PEDOT\AuU,
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Figure 5.24: The absorption spectrum of (A) gold nanoislands
combined with the ZnO and PEDOT:PSS confirming that
absorption in the near-IR originates from the gold nanoislands.
(B) The four actual devices investigated in this work before
depositing the Al back electrode.
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In figure 5.24-B, the absorption spectra of ZnO NPs deposited on top of the ITO front
electrode, PEDOT: PSS and gold nanoislands are presented. The ZnO NPs absorption
spectra on top of ITO and PEDOT: PSS show the fundamental interband transition in
the UV region (at about 360 nm) with an absorption tail in the visible and no absorption
activity is realized after 700 nm. Moreover, the absorption peak intensity of the ZnO is
higher when deposited on top of PEDOT: PSS compared to ITO, implying an increased
ZnO thickness when deposited on the former. We suggest that an even thicker ZnO
layer is formed when deposited onto gold islands, explaining the significant increase in
absorption of ZnO in the UV for the two samples containing gold nanoislands.
Moreover, a noticeable increase in absorption is also realized in the visible region (from
400 nm to 500 nm) for both samples, possibly related to the light scattering by the gold
nanoislands inside the device leading to absorb most of the incident light in the UV by
ZnO #"2 The strength of the near-IR plasmonic resonance is different for the samples
with and without PEDOT: PSS, possibly because of differences in the gold morphology,

as shown in figure 5.23-A and B.

5.9.4 Photocurrent observation

The four photodetector devices, illustrated in table 5.1 were electrically characterized by
measuring the dark and photocurrent on irradiation with light of photon energy ranging
from 1.3 eV to 2.1 eV (600 nm to 950 nm) in addition to the UV, to identify the charge
generation and injection process through the device. Figure 5.25 shows the dark I-V
characteristics of the 4 devices. For each device, the current was measured relative to
change the direction of current flow over the electrodes (measuring the dark current
through the device when electrons injection sides are exchanged between the Al and
ITO electrodes). The VB maximum of ZnO has an energy ~ 7.6 eV, so there is a very

large barrier for injection of holes at both electrodes. Therefore we assume that the
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current in devices 1 and 2 is electronic in nature. PEDOT: PSS has a high LUMO
energy of 2.2 eV which introduces a similarly large barrier for injections of electrons at
one electrode. A Schottky barrier of about 0.4 eV is believed to be formed between the
ZnO and the ITO electrode due to the difference in energy level alignment. An ohmic
contact may be expected to form on the other side of the device with the Al due to the
similar work function of ZnO to the Al (4.3 eV). Furthermore, a change in the barrier
height formed is expected when gold islands, with a work function of 5.1 eV, are
incorporated in the device. Figure 5.25-A and B respectively show the dark current
versus the applied voltage for devices 1 and 2 with and without gold nanoislands
between the ITO and ZnO NPs. Without the gold nanoislands, device 1 shows almost
symmetric behaviour in the forward and reverse biased voltages with a low rectification
trend. Interestingly the current is slighter higher with electron injection into the ITO
electrode where a higher Schottky is expected. This may be caused by the development
of a thin aluminium oxide layer at the Al-ZnO interface, so the contact is not ohmic.
Such a layer is observed using TEM to develop during storage in the air by co-workers
at the Aluminium interface of titanium dioxide nanoparticles (Dr E. Verrelli, private
communication). A linear I-V characteristic with a substantially higher current is
observed for device 2. This suggests that there may be some small areas of contacts
between the Au aggregates (see figure 5.23-B AFM) and the Al electrode which could

short-circuit the device.

Both devices 3 and 4 contain a PEDOT: PSS layer with an overlying gold layer only in
device 4. Figure 5.25-C and D shows the dark I-V of devices 3 and 4 respectively with
different applied voltages polarity. Both devices show a substantially lower current than
devices 1 and 2 since PEDOT: PSS blocks electrons. Furthermore, the I-V

characteristics become asymmetric as electrons can only be injected from the Al
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electrode and holes from the other. Device 3 shows diode-like characteristic with a turn-
on voltage of about 1 V. This behaviour is reflected by the junction established between
the ZnO NPs and PEDOT: PSS as illustrated in figure 5.22-B Y. Device 4 shows a
steep rectifying behaviour compared to device 3, when forward biased, with higher dark
current and the turn-on voltage of about 0.3 V which is much lower than device 3. This
indicates that the Schottky junction formed with the ZnO NPs dominates the device
working principle since the other contact with Al is considered to be semi-ohmic.
Recombination of electron-hole may be more efficient at the gold-ZnO NPs than the
PEDOT: PSS interface. Furthermore, the dark current in device 4 shows 3 orders of
magnitude higher compared to device 3 in addition to a leakage current in the negative
part of the I-V plot when forward biased as indicated by the black line shown in figure

5.25-D.
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Figure 5.25: I-V characteristics of devices 1 to 4 in the dark. The labels indicate the
electrode polarity under forwarding bias. The insets illustrate the dark 1-V characteristics
using a semi-log plot.

The diode-like behaviour of devices 3 and 4 have different ideality factors (a factor
describing the similarity or how close the current rectification in the examined devices
to an ideal diode’s current). The ideality factor for both devices was determined by
measuring the slope of the linear part of In(l) versus applied voltage when the device
was forward biased following ref. 2™ ts value for devices 3 and 4 was 2.9 and 5.7
respectively. Generally, a higher value of ideality factor indicates trap assisted charge
tunnelling, current leakage and multiple charge recombination sites. These most likely
originate from surface trap states at either the ZnO-gold interface or gold-PEDOT: PSS

[275,276]

interface or both . Furthermore, the high value of ideality factor could also
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indicate the non-uniform interface and lateral inhomogeneity of the Schottky barrier at

the interface between the gold nanoislands and the ZnO NPs.
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Figure 5.26: (A) Photocurrent transient comparison of the four photodetector devices
investigated in this work on irradiation with UV light (363 nm) with a power density of
0.31 mW/cm?. (B) The fitted photocurrent transient of device 4 on irradiation with UV
light. (C) Photocurrent transient of the same devices as in (A) on irradiation with near-
IR wavelength (<850 nm) light with a power density of about 6 mW/cm? and (D)
photocurrent transient from device 4 at 850 nm fitted with a double exponential
function. A bias of 10mV was applied across the devices which were irradiated for 5
minutes.

Photoconductivity can be defined as the increase in conductivity of a material upon light
absorption. The photocurrent transient behaviour of four photodetector devices was
investigated by irradiation with UV (363 nm) light with a power density of 0.31
mW/cm? and near-IR (850 nm) light with a power density of 6 mW/cm? as shown in

figure 5.26. As discussed in the optical measurements in section 5.8.1, a bandpass filter
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was used to select the appropriate near-IR wavelength range. A forward biased voltage
of 10 mV was applied to all devices prior to the measurement. Devices were also
measured with — 10 mV and found to have almost symmetric photocurrent for devices 1
and 2 and asymmetric current transient for device 3 when measured in the UV.
Furthermore, device 4 also shows asymmetric behaviour at — 10 mV with less
photocurrent when irradiated in the UV and near-IR due to electrons injection blocking
by the PEDOT: PSS. Figure 5.26-A shows the time-dependent photocurrent upon
irradiating the four devices at 363 nm for 5 min in air. The figure inset represents the
photocurrent as a function of time for devices 2, 3 and 4 for clarity. All devices show a
photocurrent response with UV light as expected from ZnO. However, the photocurrent
values are different. The highest photocurrent was observed in device 1 with
4.6x107 A, followed by device 4 with 9.2x107A, device 2 with 3.1x10” A and finally
device 3 with 9.3x10° A. Interestingly, the observed photocurrents are lower than the
measured dark current showing in figure 5.25. This drop in photocurrent below the dark
could be originated from the presence of adsorbed species such as —OH which could be
removed upon testing the device with UV. Such adsorbents increase the dark current
which is lowered after device irradiation. The temporal response of device 1 is similar
to devices discussed in chapter four, although in this case, the device configuration is
vertical rather than planar. The energy band diagrams of the four devices are illustrated
earlier in figure 5.22-B. When UV light is on, light transmits through the ITO electrode
and gets absorbed by the ZnO NPs layer leading to photocurrent generation.
Photocurrent in ZnO NPs is carried out by the excess electrons which normally have
long lifetimes since holes being trapped at the surface as discussed earlier in chapter
four, section 4.1. Herein, photogenerated holes could also be trapped at the ZnO NPs

surface and/or collected by the anode. When UV light is switched off, the photocurrent
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decays gradually depending on the lifetime of the electrons. The slow decay of the
current is a characteristic phenomenon of the persistent photocurrent in ZnO as a result
of multiple electron decay processes such as recombination, electrons trapping by either

defects or adsorbed atmospheric species.

Device 2 (red line), where a gold nanostructured layer is introduced between the ITO
and the ZnO NPs, has a much lower UV temporal response than device 1(about two
orders of magnitude lower). This device shows a substantial dark current which could
be linked to possible electrical contacts between the gold agglomerates and the Al back
electrode. This, however, will introduce recombination centres which limit the
photocurrent by reducing the number of electrons and holes. By switching off the light,
the current decays in two distinctive independent mechanisms, very fast and long
decays, a signature of charge trapping effects possibly originated from native defects
and/or adsorbed surface species. Device 3 represented by the green line shows a very
low UV photoresponse and a different temporal response compared to devices 1 and 2
as shown in green line in figure 5.26-A. The device shows a large current spark when
switching on the light followed by a steady low photocurrent. This large current spark
could be resulting from a fast recombination process stimulated by the trapped species
at the PEDOT: PSS/ZnO interface. Device 4, represented by the blue line, shows the

second-best UV photoresponse similar to device 1 with lower photocurrent magnitude.

The same four devices discussed above were also irradiated with the near-IR light at
850 nm to investigate the plasmonic resonance absorption and its corresponding
photocurrent as shown in figure 5.26-C. Devices with gold nanoislands (devices 2 and
4) showed high enough photocurrent for a direct measurement without the need for a
current amplifier when irradiated at the near-IR. Device 2 (red line) shows spiky dark

current followed by a small current increase (indicated by the red arrow) which could be
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a noise since current increase occurs sometime after near-IR light switched on. On the
other hand, device 4 shows a significant photocurrent response to the near-IR light
indicated by a gradual increase in current until reaching the maximum of 6x10°A.
When the light is switched off, the photocurrent decrease relatively fast followed by
slow decay until the dark current value is restored. On the other hand, devices 1 and 3
(without the gold nanoislands) do not show obvious photocurrent response with
irradiation at near-IR, thus supporting the assignment of the IR photocurrent to

plasmonic effects.

To get insight into the lifetime of the photogenerated carriers, the photoresponse of
device 4 at the two wavelengths, 363 nm and 850 nm were fitted. Figure 5.26 B and D
shows the temporal response of the normalized photocurrent in device 4 when irradiated
at 363 nm and 850 nm respectively. When the device was irradiated with UV light, the
photocurrent growth can be described using a mono-exponential function used earlier in
chapter three (equation 3.7), while the decay transient is best fitted with a double
exponential function, given by equation 3.10. When the same device irradiated at 850
nm, the rise and decay time constants were best fitted by using equations 3.8 and 3.10

respectively.

Time constants for both wavelengths are gathered below in table 5.2. The photocurrent
rise and decay times at 850 nm are much slower than what is normally recorded from
plasmonic hot electrons shown elsewhere 2°2%"1 where hot electrons have very short

relaxation times in the timescale of femtoseconds 278271,
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Table 5.2: The time constants used to fit the temporal response of
device 4 at the UV and near-IR.

Irradiation Rise time constants | Decay time constants
wavelength (nm) | T; (sec) | Ty (sec) | T (sec) T, (sec)
363 26.26 4.65 39.47
850 9.59 73.59 15.54 81.78

The device shows a single component of the current growth when irradiated with 363
nm compared to the slow rising time represented by the two components when
irradiated at 850 nm, this possibly because current density in the near-IR is low so that
deeper traps in the ZnO are filled first. This phenomenon is realized and explained in
chapter three when ZnO irradiated with different UV power densities. The biexponential
decay time constant values in the near-IR are about double the time constants when
device irradiated in the UV. This shows that the rise and decay of the temporal response
in the near-IR are substantially lower than the UV. This phenomenon is also observed in
gold nanostructures (with similar size as in our device) supported plasmonics
photocurrent in GaN photodetector device Y. The device also shows two exponential
components to the current decay indicating two independent charge trapping/ losses by

a possible recombination and/or interaction with surface species.
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Figure 5.27: (A) Photocurrent at 850 nm as a function of time on irradiation with light of
different intensities. The light intensity was controlled using a range of natural density
filters. (B) Photocurrent and responsivity at 850 nm as a function of incident power
calculated from (A). (C) The responsivity of device 4 as a function of wavelengths with a 10
mV bias and a set of bandpass filters with 10 nm (x 3nm) FWHM. (D) The absorption
spectrum of device 4 combined with the responsivity measured at different wavelengths.

To get more insight of the near-IR photoactivity, device 4 was irradiated with 850 nm
and a photocurrent transient was recorded for a set of irradiation periods of 5 min as
shown in figure 5.27-A. The photocurrent is reproducible in shape and time despite the
change in light power, using a set of different natural density filters. The light band at
850 nm was found to have the highest power density (about 6 mW/cm?) compared to
the other wavelengths after using the bandpass filters in front of the solar simulator.
Therefore, we chose this wavelength to better clarify the power dependent photocurrent

using a range of natural density filters. The device photocurrent increases sub-linearly
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with incident power density following the absorption spectrum except at 0.4 mW/cm?
where no photocurrent signal is recorded probably related to the low photocurrent signal
compared to the background current noise. Increasing the light power generally leads to
increasing the number of photogenerated hot electrons by a single photon/hot electron
generation process with photon energy higher than the Schottky barrier % The sub-
linear increase in photocurrent with incident light power indicates that some of the
injected hot electrons are getting trapped in ZnO NPs where the sub-linear dependence
of photocurrent in ZnO is already been reported [*3. The photocurrent responsivity (R),

defined earlier in chapter one as the generated photocurrent (I,},) divided by the incident

light power (P;,,) and given by: R = ;‘”—_h extracted from 5.27-A is plotted as a function of

mn

incident light power and given in figure 5.27-B. The device responsivity in the near-IR
is decreases with light power. This could be explained by the slow electrons
reimbursement provided from the gold nanostructures so that hot electrons can be
sustained and injected in the ZnO. Increasing the incident power means that high
number of incident photons strike the plasmonic metal leading to increase the hot
electrons emission. However, the concentration of hot electrons emission is limited by
the hot electrons regeneration rate in the metal nanostructure. The electrical neutrality of
the gold nanostructures is possibly maintained by the PEDOT: PSS layer which
transport the photogenerated holes to the ITO, balancing the charge and sustain the
electric current. Otherwise, the positively charged gold nanostructures (after hot
electrons injection in the ZnO) will be sustained by possible electrochemical reactions.
Photoconductivity measurements using different optical bandpass filters were
performed to investigate the spectral dependence of the plasmonic induced photocurrent

of the device.
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Figure 5.27-C showing the time-dependent photocurrent from device 4 after irradiation
with different wavelengths for 5 min. The photocurrent maximum for each wavelength
is corrected with the incident light power in order to calculate the device responsivity in
the visible and near-IR. Given that the responsivity is nonlinear, care was taken to
ensure that R was measured using roughly the same intensities, i.e. 0.9-1.1 mW/cm? for
all wavelengths. As figure 5.27-D also show, the plasmonic resonance absorption from
device 4 extends from 550 nm to beyond 1 pum. Note the absorption measurement was
made before evaporating the back aluminium electrode. The photocurrent responsivity
shown in figure 5.27-D gradually increases with wavelength from 600 nm until it peaks
at 800 nm with a responsivity of 2.5x10™ A/W. However, the responsivity values show
a rapid decrease with irradiation at longer wavelengths of 850nm, 900nm and 950nm.
The plasmonic effect is known to excite hot electrons with broad energy distribution in
the metal nanostructures depending on the metal size and shape especially in the case of
gold nanoislands. Therefore, this sharp decrease could be related to the insufficient
photon energy to excite enough electrons above the Schottky barrier with the ZnO NPs.

Additionally, it could also be related to the lack of carrier concentration.

5.10 Discussion

The results suggest that the near-IR photocurrent observed in this work is stimulated by
a plasmonic resonant excitation of gold nanoislands between the PEDOT: PSS and the
ZnO NPs. Absorption occurs at the plasmonic resonance energy in the gold nanoislands,
which leads to energy transfer to the surrounding medium when appropriate conditions
are satisfied. Energy could be transferred in the form of hot electrons injection or by
near-field enhancement around the gold nanostructure by the presence of hot spots

which increase the absorption in the neighbouring medium. The mechanism of charge
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generation and separation when device 4 is irradiated with UV and near-IR is different.
At photon energy of 3.4 eV ( hv > E,), light is mainly absorbed in the ZnO NPs leading
to an interband transition and electron-hole generation. In comparison, when the device
is irradiated in the near-IR with photon energy of 1.45 eV (850 nm) (hv < Ej), light is
mainly absorbed by the gold nanoislands through the effect of the strong near
electromagnetic field enhancement originating from the synchronized oscillation of the
conduction electrons in the metal with the incident electromagnetic field. This
resonance oscillation will decay non-radiatively after a very short time (in the
femtosecond time scale) and give rise to hot electrons. Hot electrons generated in areas
close to the surface may have enough energy to overcome the Schottky barrier and relax
in the conduction band of the ZnO NPs or become trapped in the defects states. This
gives them long lifetime similar to the timescales for persistent UV photoconductivity
in ZnO NPs observed in chapters three and four. The close behaviour of the temporal
responses at both wavelengths (850 and 363 nm), as shown in figure 5.26-B and D,
indicates the similarity in electrons trapping mechanisms. This support our assumption
that photocurrent at 850 nm results from electron transfer from the gold nanoislands to
the ZnO NPs. This scenario is also supported by a recent work of Ran Jia et al. ! with
their interesting findings revealing the plasmonic photoelectric enhancement by the
polarization field of GaN (without the need of absorption overlap between GaN and
gold nanostructures) originating from the lack of charge inversion symmetry from the
Ga to the N terminated surfaces. The coupling between localized surface plasmons and
the defects states in the surrounding medium is also supported by other research groups

such as Hwang et al. *®" and Lian et al. %%,

Gold film deposited on top of the PEDOT:PSS shows a completely different

morphology compared to the film deposited directly on ITO as shown in the AFM
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images in figure 5.23-A and B. Gold islands on PEDOT: PSS are found to improve the
plasmonic photocurrent in the near-1R which is consistent with results by Lee at al. %2
They realized a significant plasmonic photocurrent generated by connected nano-sized
gold islands compared to a continuous gold film when both are brought into contact
with TiO,. This current enhancement is inversely proportional to the interface area with
the semiconductor owing to the localized surface plasmons effect. Therefore, we believe
that PEDOT: PSS layer in device 4, plays a significant role in providing better interface
areas between the ZnO NPs and gold nanoislands provided by the spaces between the
gold islands which are much smaller in device 2. Furthermore, PEDOT: PSS layer will
also help to extract the hot holes towards the ITO electrode. The incorporation of
PEDOT: PSS as a hole transport layer (HTL) has been found to play a crucial role in the

charge transporting in organic photovoltaic devices %%,

The number of hot electrons injected in the ZnO is highly affected by the Schottky
barrier height. Generally, it is not easy to calculate or predict the barrier height with
ZnO owing to the variation of surface states with its rich defects chemistry. However,
we have tried to estimate the barrier height following the photoelectric measurements
demonstrated in ref. B by plotting the square root of the photocurrent responsivity
(RY?) recorded from plasmonic device 4 with incident photon energy (hv). A straight
line region should be obtained by the plot. The extrapolating value of this region with
the photon energy axis gives roughly the corresponding Schottky barrier height. A
barrier height of about 1.3 eV was estimated between the Au nanoislands and ZnO NPs
in device 4 as shown in figure 5.28. This value is about 48% higher than what is
normally expected to the Schottky barrier between the gold and ZnO which is 0.8 eV.
This high barrier value could be attributed to the existence of voids between the

particles and the gold nanoislands resulting from the round and flat shapes of the ZnO
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particles and gold nanoislands respectively which might affect the interface area.
However, hot electrons irradiated with near-IR until the 900 nm can still overcome the

barrier height.

Similar values of Schottky barrier heights were observed by Pescaglini et al. *®!. They
found that the barrier height can vary with the gold nanorod density and/or coverage of
the zinc nanorod as shown earlier in figure 5.20. Another study by Halas et al. ?**! and
Nordlander et al. ** indicated that the excited hot electrons can have an energy of more

than 1 eV above the Fermi level.
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Figure 5.28: The square root of the photocurrent responsivity
versus the incident photon energy for the plasmonic photodetector
device 4. The Schottky barrier height is represented by the intercept
poir[l_)tnbetween the fitting line and the photon energy axes following
ref P,

The evaporated gold nanoislands deposited on top of the PEDOT: PSS layer, showing
in figure 5.23-A, formed random sophisticated geometries with relatively sharp edges
distributed all over the device. When the device irradiated with the resonance

wavelength, the strong field enhancement originated by the localized plasmonic
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resonance generate what is called hot spots regions. Those regions are formed as a result
of plasmonic fields coupling of the neighbouring gold islands when brought into a very
close distance leading to intensifying the applied electromagnetic field in the small gap
between them. Such systems are reported to generate unusually large numbers of hot
charge carriers due to their complex geometry shapes and by enhancing the optical
absorption in the surrounding medium [219:272:285.286.287288] ‘Tha smg| distances between
the gold islands indicated in AFM image (figure 5.23-A) together with hot electrons
injection process could be the responsible of the near-IR photoactivity observed in
device 4. The intensity of the hot spot regions will mainly be governed by the inter-
islands distance which found to be in the range of 10-50 nm calculated from AFM.
Therefore, ZnO NPs located in between the gaps and within a short distance of the
plasmonic near-field would likely to couple leading to increase the absorption cross-

section of the ZnO NPs in the resonance wavelength.

5.11 Summary

A high photocurrent in the near-IR has been directly measured, without the need of
current amplifier, below the band gap of ZnO NPs owing to hot electrons photoemission
from gold nanoislands by localized surface plasmon effect. Those electrons are
energetic enough to cross the Schottky barrier with the ZnO NPs leading to
photocurrent generation. The plasmonic photocurrent measured in our device has a
direct correlation with the gold nanoislands structures and the incorporation of hole
transport layer (PEDOT: PSS) interfacing the gold nanoislands with the ITO front

electrode.

A responsivity of 2.5x10° A/W has been recorded in the near-IR from device 4

explained on the basis of hot electrons injected into ZnO NPs and relax in its defects
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states causing persistent photoconductivity. In comparison, Nazirzadeh et al. ' have
reported a much higher photoresponsivity in the near-IR of 2 mA/W using bigger
plasmonic gold islands distributed randomly on top of the silicon. Furthermore, we also
attributed the near-IR photoactivity to the contribution of electromagnetic hot spot
regions formed between the gold nanoislands. The coupling between the plasmonic
field of those regions with the nearby ZnO NPs leads to generate extra charge carriers

which contribute to the overall photocurrent.

The formation of gold nanoislands did not require high-temperature annealing after
deposition (only annealed at 150 °C for 10 min after depositing the ZnO NPs) which
opens the possibility of applying the same approach to flexible substrates. The
formation of gold nanoislands structures is mainly caused by the impact of substrates
rather than annealing at high temperatures for a long time as usually followed in
literature. The simple structure of the hybrid device presented in this work offers a new
design rule of using 3D nanoislands which opens new possibilities towards developing
tuneable photodetectors covering the spectrum from the UV to the IR. Additionally, the
low-cost device scheme presented in this work could easily be adopted by low
processing temperature optoelectronics technology to enhance the performance of
photovoltaic devices over a wide solar spectrum. Our work shed light on the
performance of connected plasmonic metal nanostructures as an easy way to light

harnessing and energy conversion.
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

Devices made from solution-processed ZnO nanostructure films have gained
considerable interest as the next generation of the transparent semiconductor in a variety
of applications such as photodetectors, transistors, solar cells and flat screens. However,
device stability and reliability are highly threatened by the interaction with atmospheric
surface species, such as water and/or surface carbonates during and/or after device
fabrication. A full understanding and controlling of this issue is crucial for low cost and
efficient device fabrication. This chapter summarizes and discusses the results drawn
from three experimental chapters in separate sections to put in context the importance of

our findings to the field of ZnO photodetection.

Chapter three: This chapter describes the investigation of changes in UV
photoconductivity of solution-processed ZnO NP films induced by different
experimental fabrication conditions. FTIR and XPS measurements indicate the variation
of the surface composition when ZnO NPs are prepared and annealed in nitrogen and
air. These variations identified as the remains acetate group and organic ligands which
are sufficiently and partially removed by annealing in air and nitrogen respectively. The

removal of these species paves the way to new organic complexes and carbonates to be

218



CHAPTER SIX

built on the surface by electrochemical reactions involving atmospheric CO; leading to
high density of surface states. In terms of device stability, our photoconductivity
measurements show that preparing, annealing and testing the ZnO NP device in
nitrogen have promising impact on the photocurrent sustainability while following the
later procedure in air help create quenching centres which affect the photocurrent by
possible photoreactions with the surface. Results from contact angle measurement of
ZnO NP films support the involvement of surface carbonates in promoting surface
wettability. This contradicted with literature which mainly attributed surface wettability
of ZnO NP film with water absorption. It was our aim to identify the mechanism by
which  persistent ~ photoconductivity — works. We showed that oxygen
adsorption/desorption process do not govern all the UV photoconductivity mechanism

of ZnO as it is normally suggested in literature.

Chapter four: In this chapter, we study the unusually narrow green photoconductivity
observed from solution-processed ZnO NPs films. We show that this spectrally narrow
PC can be attributed to electronic transitions involving deep defect states and shallow
donors with discrete energy levels. A model supporting this theory is presented and
correlated with temporal current response and spectroscopic evidence. It may be
applicable to other semiconductors materials as well as ZnO. We also show that
environmental effects such as annealing and storing in different environments can be
used to enhance the green light photoconductivity. Hence the spectral response can be
laterally patterned. We demonstrate a new pixelated photodetector with dual (ultraviolet
and green) and single (ultraviolet only) wavelength detecting ZnO pixels produced on

the same substrate.

Chapter five: This chapter discusses the deep red/infrared PC from ZnO NPs

stimulated by the incorporation of gold nanoislands of random-size in a vertically
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configured photodetector. The photodetector has a simple structure based on gold
nanoislands film directly evaporated on top of PEDOT: PSS layer and an overlying ZnO
layer. The localized surface plasmon resonance of the gold nanostructures stimulates hot
electron injection from the gold to ZnO NPs. This accounts for the steady state

photocurrent observed in the near-infrared

6.2 Future work

Throughout this study, we investigated the possibility of extending the
photoconductivity of ZnO NPs to cover part of the visible and near-IR in addition to the
UV by experimenting with different fabrication environments and surface treatment.
During the course of this research, some areas are realized that could be a focus of

further investigation.

Based on our findings, ZnO NP films used in this work could be further investigated as
a CO; or H,0 sensor. The photolithographic process could be adopted to fabricate a
solution processed full-colour imaging device with different pixels on the same
substrate using a suspension of gold and/or aluminium nanostructures with different
sizes and shapes to locally tune the optical response of ZnO NPs pixels based changing
the plasmonics optical absorption resonance which stimulate hot electrons injection to
the semiconductor. The pixilation process could be explored further by considering
more sophisticated approaches such as a vertically displaced device configuration for
compact imaging device applications. The proposed mechanism for below band-edge,
spectrally narrow photoconductivity could also be investigated in terms of
photocatalysis applications in the visible. Along with this, it would be very beneficial to
investigate the narrow-band, green photoconductivity of different ZnO nanostructures

such as nanowires and nanorods using similar or modified preparation methods.
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Persistent plasmonic photoconductivity could be a useful method to study surface

defects in wide band-gap semiconductors.
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