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Abstract

Abstract

The integration and correlation of multiple nanoen@l components and junctions in a singular
device can open exciting new avenues for more ahhfunctionalities in nanodevices. One of
the key challenges is to achieve controlled andoarible synthetic protocols of such complex
heterostructures with optimal material combinatiansl geometries. Due to the current global
challenges including growing energy demand, linotatof natural resources, as well as envi-
ronmental issues, research efforts have been dkwuotethe development of self-powered
nanodevices that are capable of harvesting renewaérgies such as solar and mechanical
energies. Nevertheless, the current concept ofpsslered nanodevices is based on coupling an
external energy harvesting unit, such as a sollhrocepiezo-electric nanogenerator, with the
functional nanodevices. In this work, an innovatagproach, named solar diode sensor (SDS),
has been developdd realize an autonomously operated gas sensorneitadditional need of
coupling it to a powering devices. The SDS based QuUS@n-ZnO/p-Si nanosystem unifies gas
sensing (CdS@n-ZnO) and solar energy harvestingn®-Si) functionalities in one single
device. A novel sensing mechanism (change of openitvoltage,AV ), in comparison to the
well-known conductometric sensordR), was demonstrated. It was explained in terms of
modulated polarization of the nanoparticles/nanewiterface, gas-material surface interactions
and the subsequent changes indbreor density of ZnO (N, which is manifested in the varia-
tion of Voc in CAdS@n-ZnO/p-Si. The fabricated sensors weraldapof detecting oxidizing (e.g.
oxygen) and reducing gases (such as ethanol arfthnetwith reproducible response at room
temperature and with no need of any other energgcecexcept solar light illumination to deliver
a self-sustained gas sensor signal. The genemalitfhe new concept was demonstrated by
extending the approach to other nanomaterial gatseincluding radial heterojunctions of
CdS@2ZnO/p-Si nanowires and thin-film planar hetanofion.

Additionally, the fabrication of stand-alone singianowire devices was employed to
study the inherent intrinsic electrical and fungibproperties of single coaxial heterostructures.
In this work, the electrical characterization, fhteotovoltaic and gas sensing performances of a

heterojunction device based on a single coaxiah®/B-Si nanowire were preliminary assessed.

Vi



Zusammenfassung

Zusammenfassung

Die Integration und Korrelation verschiedener Naaterialien und die damit verbundene Erzeugung von
Grenzflachen-bestimmende Eigenschaften innerhalbseBauteils, erdffnet interessante Wege fir die
Herstellung neuartiger Nanobauteile mit kombiniefinktionen. Eine der zentralen Herausforderungen
hierbei liegt in der Entwicklung kontrollierter umdproduzierbarer Syntheseprotokolle solcher korgsle
Heterostrukturen mit optimaler Materialkombinatiand Geometrie. Aufgrund der aktuellen gloablen
Herausforderungen wie steigender EnergienachfiRgssourcenknappheit, sowie zunehmender Umwelt-
verschmutzung, wird vermehrt an der Entwicklung \Wanobauteilen mit eigener Energieversorgung
geforscht, welche die Mdglichkeit besitzen, regatiee Quellen wie Solarenergie und mechanische
Energie zu nutzen. Dennoch basieren die aktuelrz#&pte fiir energetisch autarke Nanobauteile auf de
reinen Kopplung zwischen einer externen Energidguelie Solarzellen oder Piezoelementen, und einer
funktionalen Einheit. In dieser Arbeit wurde eimavativer Ansatz namens Solar-Dioden-Sensor (SDS)
verfolgt, um einen selbstversorgenden Gassensaniwickeln, welcher ohne die Kopplung an eine
Energiequelle auskommt. Dieser Ansatz basiert adS$@n-ZnO/p-Si Nanosystemen welche einen
Gassensor (CdS@n-ZnO) und eine Solarzelle (n-ZiBD/p? einer einzigen Baueinheit vereinen. Ein im
Vergleich zu den bekannten konduktometrischen Sens@R) neuartiger Sensorik-Mechanismus
(Anderung der LeerlaufspannungyV,) wurde entwickelt und erlautert. Grundlage hier§imd eine
modulierte Polarisation von Nanopartikeln/NanodeahtGas-Material-Wechselwirkung und darauffol-
gende Anderungen im DotierungslevebjNwelche sich durch eine Variation desMn CdS@n-ZnO/p-

Si wiederspiegelt. Die hergestellten Sensoren warater Lage bei Raumtemperatur und ohne externes
Bauteil zur Energieversorgung nur mit Hilfe von 8enlicht ein reproduzierbares und anhaltendes
Sensorsignal auf oxidierende (z.B. Sauerstoff) tedlizierende (z.B. Ethanol und Methan) Gase zu
liefern. Die Allgemeingultigkeit und Anwendbarkalieses neuen Konzeptes wurde demonstriert durch
Erweiterung des Ansatzes auf andere Geometrien naidiale Heterostrukturen basierend auf
CdS@2znO/p-Si Nanodrahten und Dunnschicht-Heterkistren.

Zusatzlich wurden autonome Einzeldraht-Nanobautelgestellt, um die inharenten intrin-
sischen elektrischen und funktionellen Eigenschafton koaxialen Heterostrukturen zu
studieren. In dieser Arbeit wurde die elektrische@kterisierung, die Photovoltaikleistung und
die sensorische Effizienz einer Heterostruktur drasid auf einzelnen, koaxialen n-ZnO/p-Si

Nanodrahten zum ersten Mal adressiert.
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Motivation and Research Objectives

1. Motivation and Research Objectives

Nanotechnology is one of the most challenging ammingsing scientific research avenue during
the last two decades. Recent interest and advamdbis field can be related to the invention of
nano-characterization techniques, such as scanuaimgeling microscope (STM) in 1981, which
gives scientists insights into the small wonders‘rano-world” and led to the discovery of
fullerenes in 1986 and carbon nanotubes in 199.[However, the conceptual background of
this field happened over a longer period of timartsg by introducing the idea of manipulating,
and controlling materials by Richard Feynman infarmsous talk “There’s Plenty of Room at the
Bottom” in 1959 [3]. Additionally the term "nanethnology" was first coined by Tokyo Sci-
ence University Professor Norio Taniguchi in 1974, refer to precision processes in
semiconductor engineering [4].

Exploration, synthesis, and characterization of mamomaterials were the major research
objectives during the last years, a huge numbeaepbrts have been published reporting new
materials with novel nanoarchitectures [5-8]. Atech relatively long time of active research,
the products based on nanotechnology are stilpperal in market and are far away from the
bullish anticipations about their commercializatitlResearch is high and the market is far away”
[9] this statement, published in a recent repoduamanotechnology and market, summarizes the
current situation. Such limitations shifted thee@sh orientation towards the challenging issues
that impedes the production of mature nanodeviesgd on nanomaterials building blocks that
can replace the dominating microelectronic techgiel®in real life applications.

One of the key challenges is to achieve contradied reproducible synthesis of nanomateri-
als. Furthermore, the ability to tailor their stwes and compositions is crucial for tuning their
properties according to the application requirement meet such goals, a substantial amount of
work is required to improve and optimize our cutr@pproaches in nanomaterials synthesis. This
can open up the possibility of developing new cpteand applications benefit from the out-

standing merits of such tailored nanostructures.

1.1 Novel approaches for low- and self-powered nanodengs

The global challenge of population growth, the teachous energy demands, and natural re-
sources limitation are widely recognized. Unconierdl strategies are required to face such

daunting challenges; this requires fundamental avpments in all aspects of the energy chain,
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from generation to storage and use. In this regdedeloping renewable energy technologies is
rising nowadays as an alternative to overcome disilffuel depletion crisis. In particular, solar
energy is one of the potential energy solutionfsifare, since it is available in abundance in most
parts of the world. The amount of solar energydant on the earth’s surface is approximately
1.5 x 16®kWi/year, which is about 10,000 times the curremtuah energy consumption of the
entire world. The sun’s total energy is composed%f ultraviolet radiation, 47% visible radia-

tion, and 46% infrared (heat) radiation [10], de® $pectrum in Figure 1.

Solar Radiation Spectrum

uv : Visible : Infrared —>
I 1

25

Sunlight at Top of the Atmosphere

1.54 5250°C Blackbody Spectrum

Radiation at Sea Level

0.51
Absorption Bands
H20 co,

Spectral Irradiance (W/m2/nm)

H,0

0.
250 500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength (nm)

Figure 1 The solar spectrufil].

Along with energy challenges, air pollution and ieomwmental problems are of critical im-
portance due to their impact and harmful effecthhoman health besides other safety concerns.
Gas sensors have been developed for environmepghtaion including air pollution monitor-
ing, and detection of harmful and explosive gasasrent research effort is mainly directed
towards the development of small dimensional, ie@spve, sensitive, and low-power consuming
gas sensors.

With the advance in nanotechnology and its divapgdications, which is expected to cover
and dominate almost every aspect of our daily lifiere is a need to develop low- and self-
powered nanodevices with multi-functionalities. Rvihis in mind, the current thesis work was
inspired by the concourse of the well-establishedvwkedge and progress in three different

research disciplines namely, conductometeric gasoss, solar cells, and self-powered devices,
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to postulate and develop a novel concept of seNigged devices that can be used in fields such
as gas sensing and photo-detection application®. #Zanostructures were the first candidate
materials to accomplish such a goal because of thelti-functional characteristicsmaking
them suitable for many applications in fields swashelectronics, optoelectronics, and energy
applications [12].

In the field of gas sensors, one-dimensional Zn@ostuctures such as nanowires, nano-
rods, and nanotubes, are excellent sensing matdoiathe detection of oxidizing and reducing
gases due to their features such as good chargerdeansport, relatively high conductivity and
good crystalline quality. The conductometeric gasssers based on semiconductor metal oxides
such as ZnO, are operated by providing appliedeatsrto deliver the sensing signal (change of
resistancé\R) in addition to supplying energy (in the formlefat or UV light) needed to acti-
vate the analyte gas/ metal oxide interaction. Resgiminating the need for thermal heating,
the requirement of a UV light source to generatgters in the wide band gap of common metal
oxides hinders the convenience of this approacheR¥y visible light assisted gas sensors have
been reported as a promising approach to overcbheneded of UV activation, by coating narrow
band gap sensitizers on the surface of ZnO, whiténe the photo-response into the visible-light
region. However, such sensors still need applieceots to operate.

On the other hand, ZnO heterojunctions with p-tyemiconductors, such as p-doped silicon
substrates, are interesting for applications sgcéotar cells or photodiodes. Due to the difficulty
involved in producing stable p-type ZnO, such hagterctions represent good alternatives to p-n
homojunction of ZnO.

In parallel with the above mentioned research a@asctive field of research focusing on
developing self-powered nanodevices has been emhesgently, profiting from the advances
made in the field of nanogenerator§he current concept of self-powered nanodevisdsased
on coupling an external energy harvesting unithsas a solar cell or a nanogenerator with
functional nanodevices (e.g. gas sensor or UV sgreoprovide the power needed for their
operation. Despite of the novelty of this approaiti®e powering solution still manifested the
integration of different macroscopic functional tsniand the challenge associated with the

assembly of complementary functionalities, such@sering and sensing units at the nanoscale.

! For example, ZnO is exhibiting semiconducting pieoelectric dual properties [12].
2 Nanogenerators are based on harvesting mechamieaiies to convert them into electricity [12].

3
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Learning from all these different aspects and t@gkiito account their promises and chal-
lenges, considerable efforts should be undertakdahbricate low power consuming gas sensors
and to use the available renewable energies suckolas energy to develop self-powered
nanodevices for future applications. With theselg@a mind, an innovative approach, named
solar diode sensor (SDS), has been developed & wiork (European Patent number: EP
11179783.3). SDS is a real self-powered gas sethstris autonomously operated with no
additional need of other powering devices. It isdshon the integration and correlation of
complementary functionalities originating from nipike junctions in a singular nanostructure. In
this work, the gas sensing and solar energy hangesibilities of ZnO nanostructures were
utilized to design a self-sustained gas sensorrava@ew sensing mechanism was proposed and
the proof of concept was demonstrated. Then, thergéty of the new concept was expanded to
other materials and systems.

Additionally, the fabrication of stand-alone singlanowire devices was employed to study
the inherent intrinsic electrical and functionabperties of single coaxial heterostructures. In
order to achieve a better understanding and asabfsithe quality of interfaces of their analog
bulk-type nanowire arrays systems, since the iaterg factors of the bulk systems (such as the
statistical dispersion and contact effects) areimmiged. Such fundamental studies on the single
nanowire scale is curial for providing deeper ustierding needed for development of more

efficient bulk nanodevices based on nanowire arrays

1.2 Research objectives

Heterostructures of inorganic materials such asabime¢tal oxide or oxide/oxide offer a new
paradigm for assembling nanoscopic structuresfurtotional devices, which requires fundamen-
tal advances in the synthesis of multiscale strestwvith controlled properties and interfaces.
This work deals with the design and controlled Bgsts of ZnO nanowires as well as their
heterostructures. The synthesized materials wiluged to fabricate functional devices (either
based on nanowire arrays or single nanowires).rébearch objectives of this work will be as
follows (see figure 2):

1. Controlled synthesis of 1D ZnO nanostructures
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Many synthesis routes have been developed to mepa nanomaterials, however, for re-
alizing prototype devices based on ZnO nanostrastiand heterostructures controlled and
reproducible synthesis is crucial to fully realtheir unique electrical, chemical or morphological
properties. The controlled synthesis of well algnene-dimensional ZnO nanostructures re-
quired for applications that need efficient generatand transport of charge carriers and ions
such as optoelectronic, energy conversion and gasirgy applications will form the primary
focus of this work (see Goal 1) [Chapter 4 entitlEdbrication and controlled growth of func-
tional nanomaterials” will address this objective].

Controlled synthesis

Morphology control
Orientation control

1D ZnO nanostructures

Goal 1 Controlled synthesis of 1D ZnO nanostructures.

2. Fabrication of ZnO based heterostructures withdeed properties

Hybrid materials and heterostructures are promisimgroaches to build nanosystems with
multifunctional and adjustable properties. In tiwark, different heterostructures based on ZnO
were fabricated such as p-n heterojunctions (inkioation with different p-materials such as
planar p-Si substrates and p-Si nanowires and rdiffep-metal oxides), and morphologies
enabling both radial (core-shell) as well as platiade structures (see Goal 2) [This objective
will be introduced in chapter 4 “Fabrication andtolled growth of functional nanomaterials”,
(see sections 4.2, and 4.3)].
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10NS

“p-n heterojunct
3D heterostructures

€

NPs/NWs or core-shell

Zn0O based heterostructures

Goal 2 Fabrication of ZnO based heterostructures witloted properties.

3. Exploration, demonstration and validation of sedfaered solar diode sensor (SP-SDS)
concept
The new concept of self-powered solar diode sen&@®PsSDS) will be introduced and dis-
cussed in terms of structural analysis of the systad the prototype device fabrication (see Goal
3), the demonstration of their electrical, optiGaid gas sensing properties. The underlying gas
sensing mechanisms will be examined to explainrthas sensing behavior toward different
gases. Additionally, different heterostructure cambons and systems will be used to prove the
generality of the SP-SDS concept. Finally the aurhallenges and limitations and the future
prospects to develop the SDS concept will be dssigThe details will be given in chapter 5
entitled “Self-powered solar diode sensors (SP-3DS)
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Goal 3Exploration, demonstration and validation of selfygred solar diode sensor (SP-SDS)

concept.

4. Fabrication of stand-alone single nanowire devit@senergy and sensing applications
The prototype devices based on single nanowirerdsdtactures will be investigated in
terms of their fabrication, electrical charactetima as well as their potential applications as
stand-alone nanodevices (see Goal 4) for energyasdensing applications [Chapter 6 entitled

“Single nanowire heterostructures for energy amcsisgy applications” will address this objective
in detail].

Goal 4 Fabrication of stand-alone single nanowire devioegnergy and sensing applications

Final Objective of this thesis is to demonstratacapts enabling integration of heterostructures
in conventional device designs in order to enhaheg functional performance.
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Figure 2 Schematic representation thie research objectives of this thesis: 1) corgdoynthe-
sis of 1D ZnO nanostructures, 2) Fabrication of Zh@sed heterostructures with tailored
properties, 3) Integration and testing their deypogential, and 4) Investigation of self-and low
powered gas sensing applications.



State-of-the-art

2. State-of-the-Art

Zinc oxide (ZnO) represents one of the most impdriaaterials that are expected to play a key
role in future applications based on nanotechnoldgys result from their unique merits includ-
ing their important physical and chemical propertiecombined with a rich family of
nanostructures and different morphologies. ZnO besn effectively used in enormous of
applications in fields of electronic, optoelectmnielectrochemical, and electromechanical
devices such as ultraviolet (UV) lasers, gas sensswlar cells, light-emitting diodes, field
emission devices, piezoelectric hanogenerators, n@ambpiezotronics [13-15]. ZnO represents
the best candidate for fabrication of hybrid systebenefit from their facile synthesis, tunable
and modulated chemical composition, size, and naogly, as well as their multifunctional
charactet.

In this work, the main focus is the developmentelf-powered, solar light-activated gas
sensors based on p-n junction composed of n-ZnOo#mel p-doped materials (such as p-Si
substrate, p-Si nanowires, p-NiO), respectivelyer€fore, in this chapter the use of ZnO in gas
sensing, and energy-harvesting related domaingigighted. Later, the basic properties of one-
dimensional ZnO nanomaterials are introduced ardiuhdamental advances in their synthetic

strategies and their modification to produce hetteuctures are discussed.

2.1 Conductometric gas sensors

Among the different gas sensor technologies, caioduetric gas sensors based on metal ox-
ides unify the highest robustness level and mininuasts. Typically the term conductometric
sensors refer to sensing materials that changeetleeitrical resistance when exposed to different
atmospheres such as oxidizing or reducing gasesfirgt fabricated conductometric sensor goes
back to the 1960s by Seiyama and Taguchi [16,18thi€nductor metal oxides (mainly ShO
and ZnO) are the most widely used materials forctramercial solid state chemical sensors, as
their properties (chemical, physical, and eleclyieae often highly dependent on the changes in

the chemical environment [18-20] .

% ZnO has a unique ability to demonstrate semicaimiy@nd piezoelectric, catalytic activity, or sasé

adsorption characteristics simultaneously [6].
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ZnO nanomaterials are favoured for sensing andopbtitic applications due to their high
conduction electrons mobility (200 éw™ s?), as compared to other metal oxides such as, TiO
WOs In,03 and Sn@ (0.4, 10, 100, and 160 énd™ s*, respectively), which promotes an effi-
cient carrier collection [21,22].

Since the work done by Yamazoe [23], which showed the reduction of the size of ShO
crystallite resulted in a significant increase émsor performance, there was an active research on
fabricating gas sensors with smaller structure$ [@fong ZnO nanomaterials, one-dimensional
structures such as nanowires, nanorods, nanotatesgcently used more often for the detection
of chemicals and gases due to their large surias®lme ratios and Debye length comparable
to their size. Besides their facile fabricationqess and good stability (due to their high crystal-
linity), low power consumption, and integration afpities in microsystems [24—26].

Due to the large number of reports as well as titge wariety of research aspects published

in this field, only some relevant points will bedadssed in the following narrative.

2.1.1 Gas sensing mechanism of conductometric gas sensors

The sensing mechanism of ZnO mainly relies on thenge of electrical conductivity;AG)
contributed by interactions between the metal oxdddace and the surrounding ambient. The
sensing response of ZnO to different gases ishated to the chemisorption of oxygen on the
ZnO surface and the subsequent reaction betweembadsoxygen and different gas (oxidative
or reductive), which causes the change of condigtfAG). The sensing response can be
described by the following steps: Surface adsomptgurface reaction, and DC conductance
change AG) (or resistance chang®R) which is the sensing response signal.
(i) Surface adsorption

The first interaction between gaseous moleculestl@nO surface takes place by adsorp-
tion processes, where the gas species are physisorbthe metal oxide surface. Physisorption
is a slightly exothermic process that does not raatidation [24].
(i) Surface reaction

The ZnO nanowire in the ambient atmosphere is saded with oxygen molecules, which
upon providing suitable activation energies (eithgrthermal heating or illumination) are iono-
sorbed on ZnO surface to oxygen species, (O, O%) according to the following simplified

reaction steps [27]:

1C
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e + 0, (g) < 05 (ads) [1]
0, €20 (2]
e” +0< 0 (ads) [3]

The sensing mechanism in metal oxides gas serstissically related to the surface re-
actions between the gaseous species and ionossubade oxygen. When a reducing gas (such
as CO) is introduced to the metal oxide surfacegacts with the ionosorbed oxygen moieties
and oxidizes to C&(see equation 4 [28]), with the consequent releasaptured electrons back
to the metal oxide surface, as shown in equatid@8p, which result in a drastic surface re-

sistance drop [24].
CO (g) - CO(ads) [4]
CO(ads) + O~ (ads) — CO,(g) + e [5]

The details of the specific surface reactions atecertain till now and still a subject of sci-
entific debate. As an example, another proposedasicefor CO sensing was explained by the
reaction with hydroxyl groups that produces atoimydrogen, which in turn recombines with
oxygen of the lattice to release a free electr@®j. [l addition to the above mentioned possibili-
ties, a direct adsorption of CO (as GQ@an also takes place [24,30]. Direct adsorptibn o
oxidizing gases, like the strongly electronegatN®, gas, is also proposed which result in a

surface resistance increase (see equations 6 [@8&]).7

NO, (ads) + e~ = NO; (ads) [7]

(iii) DC conductance (resistance) change
The sensor response towards analyte gas for matiEssensors, such as ZnO, is defined as
the (relative) change of conductance or resistanbere the conductance of a ZnO nanowire can

be calculated according to equation8 [21]:

G = Ny.e.pn.m.d? /L q]

11
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where N, is the original donor density, the electronic chargey the mobility of the electrons,
andd andL are the radius and length of the metal oxide namowespectively.

The change in conductance can be expressed byi@ydqR1]:

AG = ANp.e.p.m.d? /L 9]
Equation 9 can be simplified as follows (equatioy [R1]:

AG/G = ANp/ny 10]

The change in conductana®) is depending on the change of donor density @ Z&Np)

which results from the variation of surface cagigtl].

2.1.2 Surface activation of conductometric gas sensors

The sensing signal of metal oxides is derived fgylyang a constant bias current and moni-
tors the change in resistance upon gas exposunee $ine adsorption and desorption of gas
molecules on the surface of metal oxides are awtBednic processes, activation energies are
needed for the interaction of gas molecules onmbké&l oxide surface. The activation energies
usually supplied either in form of thermal heatiogby a non-equilibrium process such as
illumination (UV-, or visible- light illumination]24,31,32].

2.1.2.1 Thermally activated conductometric gas sensors

Adsorption and desorption of gas molecules on tinfase of metal oxides are both activated
processes, typically high temperatures in the rasfg200-400 °C are needed to enhance the
adsorption/desorption process on the sensor sufg&8je The physisorption is a slightly exo-
thermic process that typically occurs at low terapaes, while the chemisorption takes place at
higher temperatures due to the energy barrierttasto be overcome for a physisorbed molecule
to reach the chemisorption well according to Lednlones adsorption model (as is illustrated in
figure 3) [27]. For the thermally activated gasseg process, the molecular form of ionosorbed
oxygen (Q), which has lower activation energy, is dominatimg to about 200 °C, while at

higher temperatures above 200 °C the atomic forihd@minates [28].

12
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Figure 3 (a) Lennard-Jones model for physisorption and ckerption of a molecule. An energy
barrier AEA has to be overcome for a physisorbed moleculesdahr the chemisorption well.
Typical adsorption isobars are shown in (b). Theldmes are equilibrium physisorption and a
chemisorption isobar, the dashed line represergsersible chemisorption. A maximum cover-
age of chemisorbed molecules is obtainable at aaesture T Below Thaxthe chemisorption
is irreversible because the rate of desorption tmesonegligible [27].

Identification of optimal working temperature foretal oxides is a key factor determining
the gas sensor responses. For optimal conditibessénsor must be operated in a temperature

range where reversible chemisorption takes platp [2

2.1.2.2 UV light activated conductometric gas sensors

Nowadays, exploring viable alternatives to therhedting for activating gas sensors at room
temperature sensors is earning more interest, miptfor energy consumption reduction but also
for safety requirements. Heated gas sensors ar@awatirable in some applications like explo-
sive environments. Furthermore, the typically higinperatures used for sensing activation can
affect both the devices lifetime and sensitivity,addition to the complex circuitry required to
maintain accurate temperature control during opmETdB4].

Ultraviolet (UV) light illumination of metal oxidegsuch as ZnO) is the most studied alterna-
tive to replace the traditional thermally activagas$ sensors. A wide variety of gases, such,as O
H,0, HCHO, GHsOH, and NQ, has been detected under UV light irradiation g different
ZnO nanostructures [24,34-39]. The illuminatiortted ZnO surface with UV light, with energy

equal or larger than its band gap (3.4 eV), geesratlarge numbers of photo induced carriers

13
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that decreases the depletion layer width, whiclhuanfces the adsorption and desorption of
surface molecules [40].
The gas sensing mechanism of UV-activated gas senan be explained as following:

Under dark conditionsthe chemisorbed oxygen species are thermallyestainl cannot be
removed from the metal oxide surface at room teatpes condition because of the large adsorp-
tion energy (figure 4 a) [40].

Under UV-light illumination electron—hole pairs are generated and the ptitoed holes
discharge the negatively charged chemisorbed oxi@es) causing desorption of oxygen ions
(05) from the ZnO surface in the form of oxygen as desdr by equations 11, 12 (see figure 4
b) [40]:

hv > h* + e~ 11]
h* + 03 (ads) - 0, (g) L2]

Additionally, photoinduced oxygen ions are creadeeé to the reaction between the ambient
oxygen molecules with the photoelectrons, accordmg@quation 13 [40], which results in a
slight increase of ZnO resistance. These two pessesontinue until a steady state is reached

where the rates of oxygen adsorption and desorpgaomes equal (figure 4c).
0, + e (hv) - 03 (hv) 13]

The photoinduced oxygen ion®f (hv)) are highly reactive and are responsible for the
room temperature gas sensitivity of ZnO. These ghdticed oxygen ions, which are weakly
bounded to ZnO surface as compared to the strosttgyched chemisorbed oxygen ions, are
participating in redox reactions when a reduced l@sH, is introduced (figure 4 d, e). The
electrons released from this process cause thegeban the measured electrical resistance of
ZnO [40].

05 (hv) + 2H,(g) —» 2H,0(g) + e~ 14]

14
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(a) In dark (b) Under UV (c) Under UV (steady state)
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Figure 4 Schematic representation of the UV-activated gasisg mechanism of metal oxides at
room- temperature. The photoinduced oxygen ionshayiely reactive and able to interact with
H, at room temperatuidO].

2.1.2.3 Visible light activated conductometric gas sensors

Room temperature operated gas sensors could bevadhby using UV illumination (as al-
ternative to thermal activation), as discussed abélowever, the practical application of such
sensors is hindered due to the high cost of UVtlgburces and the harmful nature of UV-
exposure on the human body, which may causes aodtehronic health effects on the skin and
eyes. Visible-light-activated gas sensors have ntgcedbeen reported as a promising sensor
platform for practical applications [31,32,41-4B]compared to UV light, there is much more
energy produced by the sun in the visible lighgenf spectrum, also visible light sources have
lower costs [42].

Many approaches have been used to extend the @ibsogh wide band gap metal oxides

from the UV light region into the visible light sgteal range such as incorporation of transition-
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metal ions (like La, Ni, Mn, and Fe) [41,45-49]rrfong heterostructures with other metal oxides
(such as CuO [50], F®; [51], WOs [31], In,O3 [42]), incorporation of a narrow band gap
semiconductor (such as CdS [52], CdSe [53], Pb§ BE4S; [55], and LnP [56]), or incorpora-
tion of oxyhalides such as bismuth oxyhalides (8i@I) [57]. Many reports have shown the
promises of using such modified heterostructuresvisible light-driven applications such as
photocatalysis [51,58], solar cells [59], photoalechemical (PEC) hydrogen generation [53,60].
Han et al fabricated a visible-light assisted gas senssedan 1rOs/ZnO heterostructure

for detection of formaldehyde by applying extermaltage of 10 V and under 460 nm visible
light illumination [31]. The room temperature phelectric gas sensing of formaldehyde
(HCHO) based on the Fe-doped flowerlike ZnO powaes studied (under 532 nm visible light
irradiation, and applied bias of 10 V) [41]. Zieti al. used CdS NP/ZnO microcrystal hetero-
structures to develop visible light induced gasssesy, where applied constant voltage was used
to enable measuring the sensing signal, the usebses shown schematically in figure 5 [32]. It
was shown that the response is enhanced with siogaf surface coverage density of CdS on
ZnO to a maximum value and then decreased witthdurtiecoration density, where the fully
covered sample with CdS shell on ZnO core showestl no sensitivity to the gases indicating
that ZnO is the active sensing element in thisesg§32]. An unclear point in this regard is that
the ON/OFF sensing curves were obtained by tuniNgdBF the 500 W Xe lamp. Obviously the
ON/OFF curves showed the best appearance becaughdtocurrent is zero under dark, which
could better reflect the photocurrent detectiomeathan the sensing response (i.e. the recovery

was not real in such case).
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Applied Voltage

Figure 5 Schematic representation of visible-light assigtasl sensor based on CdS/ZnO hetero-
structureg32].

The gas sensing mechanism of visible-light actvagas sensors is similar to that described
for the UV-light activated sensors, where the phmtoced oxygen species, created due to light
interaction with MOx surface, plays a major roleeimabling room temperature sensing. Under
dark conditions oxygen is adsorbed on the surfac®rm chemisorbed oxygen species which
results in a high-resistance depletion layer (&g@ra). Under visible-light illumination electron—
hole pairs are generated and holes discharge &abecthe captured adsorbed oxygen ions such
as (07), in a form of oxygercausingthinning of the depletion layer and an increaseha
conductance of the metal oxide (figure 6 b). Additilly, oxygen in the ambient atmosphere
reacts with photogenerated electrons and create®ipduced oxygen species that are weakly
bounded to the sensor surface (see figure 6 b).pfbteesses of oxygen adsorption and desorp-
tion will continue until a steady state is reacheldere the rates of the two processes equals
(figure 6 c). Thus the thickness of the depletayel as well as the conductivity of MOx gradual-
ly achieves a stable state. Upon exposure to aciegllgas such as formaldehyde, the highly
active photoinduced oxygen ion®f (hv)) participate in a redox reaction at room tempeeatu
(according to equation 15 and as shown schematicafigure 6 d, ) and electrons released to

the surface of the MOx cause a decrease in theurezheesistance of the gas sensor [31].

05 (hv) + HCHO(g) - CO, + H,0(g) + e 1p]
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(b) Under visible light (c) Steady state

CO,

0, Chemisorbed oxygen
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a Photoinduced oxygen
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(d) Formaldehyde exposure (e) HCHO reacts with
under visible light photoinduced O,

Figure 6 Schematic representation of the visible-light atd gas sensing mechanism of metal
oxides at room temperatujl].

2.1.2.4 Self-heating of individual nanowires

Many approaches have been used to activate gasrsems] to enhance their surface chem-
istry in order to reduce their operational tempam®tsuch as the use of UV or visible light for
photoactivation as previously mentioned. Alternalfyy the self-heating of individual semicon-
ducting nanowire chemiresistors is another promgisapproach for producing low power
consumption gas sensors. The main idea of operaibased on applying well-controlled bias
current values through individual nanowires (i.adwctometric sensor) in the way that the Joule
heating® released in the chemiresistor is sufficient torwaip the nanowire to the temperature
required for surface redox reactions and thus ¢l@irement of external heating is avoided [61—
63].

“ Also known as ohmic heating and resistive heating.
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2.2 Energy production by clean energy harvesting

A fundamental demand for developing renewable gneoyrces is rising as an alternative to
overcome the fossil fuel depletion crisis. In thégard, many renewable energy technologies
have been developed such as solar cells, fuel, dedéuels, and nanogenerators [64]. In this
section the solar light harvesting by solar cedléofved mechanical energy harvesting by nano-

generators will be discussed in detail.

2.2.1 Solar energy harvesting

Solar light harvesting is an attractive approaahpimduction of clean and renewable green
energy. Nanomaterials have been extensively stuaiethe building blocks for energy-related
applications such as solar fuels, in which solagrgy is converted into chemical energy, and
solar cells, where solar energy is converted ifgotacal energy.

Many types of solar cells have been investigateih s1$ dye-sensitized solar cells (DSSC),
bulk heterojunction (BHJ) photovoltaic cells, andagtum dot solar cells (QDSC) [65]. The
focus will be devoted to quantum dot sensitizedrsoklls. Albeit different in their modes of
operation and working principles, QDSC share comsionlarities to the model system that will
be used in the current thesis work regarding thlet labsorption, charge separation, and charge
collection processes [66].

Heterostructures capable of absorbing solar ligatgenerally composed of a donor semi-
conductor in contact with an acceptor material digio shared interfaces. While the donor
material should possess a high absorption coefficeeross the solar spectrum (e.g. metal
chalcogenide such as CdS, CdSe, PbS, and PbSeaydietor materials are generally wide band
gap semiconductors (such as 7i@n0O, or Sn@ that act as conductive pathways for transfer-
ring photoexcited carriers between the donor aadcthrent-collecting electrode [67]. In addition
to the solar light absorbing nanomaterials, theeeother components needed to design the solar
cell device such as electrodes and hole-transgpraterial (usually an electrolyte solution
containing a chemically and energetically compatitédox couple such as®{S,%) and its
analogues). The combination of nanoparticles with dimensional metal oxide nanowires is one
of the promising approaches to produce efficietarseells. Depending on the synthesis method

NPs can be directly contacted to the MOx surfacg @ILAR, successive ionic layer adsorption
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and reaction, and chemical bath deposition methad#)rough a molecular linkage between the
NPs and MOx (such in case of linker-assisted bipdnethod).

Upon light illumination of a semiconductor, photasigh energy larger than its band gap are
absorbed. This results in excitation of electranshie valance band to the conduction band and
the creation of an exciton (i.e. electron-hole ypalihe major charge transfer processes can be
summarized in the following steps as shown scheaatiin figure 7, (1) electron injection from
the excited metal chalcogenide (donor) into theamexide (acceptor), (2) electron transport to
the collecting electrode surface, (3) scavenginigadés with a redox couple, and (4) regeneration
of the redox couple at the counter electrode. Quthese processes there is a possibility that
unfavourable processes can occur such as (5 athe @harge recombination of electrons at the

electrolyte interface [68].

~N
/\/”j\\o
S —> e —>» /\J’\I\
= Electron
T i + Hole

Figure 7 A schematic representation of the charge transtergsses that occur upon illumination
in quantum dot sensitized solar cells (QDSCs). @leetron transfer steps are described on the
text [68].

Since the charge carrier separation occurs atdterdjunction interfaces, it is crucial to fab-
ricate heterostructures with suitable band enetggment and high-quality interfaces which
enable an efficient charge transfer and hence fanesit solar energy conversion [67]. Band gap
alignments can be classified into three types figeee 8): straddling (type 1), staggered (type 1)

and broken (type Ill). Type | band alignment proesotecombination (i.e. not suitable for solar
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energy harvesting) where the band energy levelenef material straddle those of the other,
resulting in the transfer of both holes and elewrto the narrower band gap material (i.e. both
holes and electrons accumulate in one of the twaicgaductors) such in case of CdS@ZnS,
CdSe@ZnSe, INAs@CdSe [69]. Conversely in casep# tiy and type lll heterostructures the

charge separation occur, where the band energysleve staggered (type Il) (i.e. either if the

band edges of the core material are located irgépeof the shell material, such as CdS@ZnO,
ZnSe@CdS, CdTe@CdS, CdTe@CdSe;S@mCuS) [69] or broken (type lll) so that charge
separation is energetically favorable.

Type I Type I1 Type 111
Straddling Staggered Broken

—
E(‘B — E(‘B c— P—

— E(‘B —]

Eyp s—

E(‘B —

Figure 8 Different types of heterostructure band alignm¢ais.

2.2.1.1 Charge transfer at interfaces of nanoscale heterasictures

Despite the growing interest on investigation ofengunctions of metal chalcogenides
(e.g., CdS, CdSe, PbS, and PbSe) with wide bandngaal oxides (MOx such as Ti(¥ZnO) for
wide range of applications, there are only few igsicbn the charge transfer and recombination
kinetics of metal chalcogenides@MOXx heterostrustumaproving the fundamental understand-
ing of charge transfer at interfaces of nanoscaderbstructures is essential for future
development of efficient solar conversion devices.

Kamatet al. have studied the transient absorption spectranimecularly linked CdSe
QDs on various metal oxide acceptors (Si€nQ, TiO,, and ZnO) following 387 nm excitation
at different pump—probe delay times. As shown gurfe 9 (A-E), different rates of suppression
were observed due to electron injection from th&€@Ds to the metal oxides. This difference
can be more clearly compared in the transient glisorkinetic spectra (figure 9 F). Additionally

the electron transfer rates were calculated binditthe obtained kinetic traces where ultrafast
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electron transfer rates were estimated, genenalthe picosecond range [70]. Other researchers
have demonstrated charge transfer on analoguesnsyqsuch as PbS/TiOPbS/Sn@ CdS/
TiOy) [67,71-73]. It can be concluded that the chargasfer rate and mechanisms are influ-
enced by the driving force from the band energgretient, the linker length, and the electronic
coupling. It was shown that the higher electromgfar rates and yields occur when shorter
molecular linkers are used [67].

The epitaxial connection between the donor andmocesemiconductors is expected to
improve the charge-transfer efficiency due to timead contact as well as the high-quality of
shared interfaces [74,75]. Preliminary investigagiby Gomezt al. showed that charge transfer
in CdSe QDs decorated TiQ@repared by SILAR is generally faster than in agatis QDs with
molecular linkers [76]. When compared to molecyldihked heterostructures, the charge
transfer properties of epitaxially sensitized QDE8#heterostructures have not been investigated
in depth. Tachibanat al. have provided a deeper insight into the photoieducharge transfer
processes at an situ chemical bath-deposited CdS/Tiiterface by comparing of the transient
absorption spectra between CdS/Fi&hd CdS/AIO; (Al,O3 employed as an insulator) it was
concluded that an efficient electron injection asctrom CdS into the Ti©conduction band
[77].
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Figure 9 Time resolved spectroscopic investigation of chafhiclinked CdSe QDs.A) UV-
visible and B-E) transient absorption spectral traces of 4.2-namaiter CdSe quantum do#s) (
in toluene and attached tB)(SiO,, (C) SnQ, (D) TiO,, and E) ZnO. Transient spectra shown at
pump-probe delay times of 0 (black), 1 (red), 1luép 100 (cyan), and 1,000 ps (pink). Also,
transient absorption kinetic tracds) (of 4.2-nm-diameter CdSe quantum dots attacheshth
MOx substrate at the 3&1S transition[Taken from reference [7D]

Surface photovoltage (SPV) is a contactless tecieniqr characterizing semiconductors
by observing changes in surface voltage resultiogn fillumination at a given wavelength, where
the difference between the surface potential bamiedark and the one under illumination is
defined as the SPV signal [78]. SPV measurementsatso confirm the occurrence of charge
separation and provide information about the chagageers and their dynamics: the identity of
the dominant carrier, lifetime, and diffusion leng79-81]. The dependence of surface photo-
voltage (SPV) on the CdS shell thickness was syieally studied based on the separation of
photogenerated electron-hole pairs at the interfdc@dS shell/TiQ core heterostructure. It was
shown that the diffusion length of an electron ohiSCshell is between 30 and 60 nm. The optimal
CdsS shell thickness for optoelectric applicationGufS/TiQ heterostructure should be thinner
than light penetration depth and the electron di€fn length in CdS [81].

Kelvin probe force microscopy (KPFM), as one ofrsdag probe microscopy technique,
is a very powerful tool for real space exploratadrthe correlation between structural and electri-

cal/electronic properties of hybrid interfaces [88} Recently, KPFM has been used to observe
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photovoltaic effects on nanoscale structures. &datily, the charge generation at the interface
can be easily visualized and correlated with thepmology by KPFM [84]. As an example,
KPFM measurement were used to visualize the dojpargsition across a homojunction of ZnO
nanorods (see figure 10), in which the As-doped ZAa@orod (p-type) was grown onto undoped
ZnO nanorods (intrinsic n-type) [87].

Multiresonant coherent multidimensional spectrogo@iMDS) is one of the emerging sur-
face and interface characterization methodologesntvestigate the coupling between the
guantum states of nanostructures as well as tlysiardics with quantum state resolution. The
technique is a mixed frequency- and time-domainhoektthat selectively excites individual,
energetically disparate quantum states, with meltipnable femtosecond or picosecond excita-
tion pulses, and measures their dynamics [67,88losBcond CMDS technique has been
successfully used to reveal quantum state resalyedmics of the surface states in PbSe QDs
[88].

mV

(b f : .

Figure 10 (a) Topography image and (b) KPFM image of a homcjon ZnO nanorods, where
brightness contrast appears obviously near the lenidgdjion of the nanorod where the brighter
region corresponds to the n-ZnO part, whereas dhleed region corresponds to the p-doped ZnO

part in the homojunction [taken from reference [87]

2.2.2 Mechanical energy harvesting

Harvesting energy directly from the environmenthe end goal for many active ongoing
researches, as one of the most effective approdoh@ewering nanodevices and it is expected

to dominate wide range of future applications. Besisolar energy harvesting, mechanical
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energy represents another source of green enargyrldaily life we are surrounded by many
forms of mechanical energy such as sonic waveshamécal vibrations and impacts, air flow,
friction, hydraulic and ocean waves. The concepnahogenerators (NG) which is converts
different forms of mechanical energy into elecpmwver using piezoelectric nanostructures was
introduced by Wangt al. (see figure 11)89]. The mechanism of the nanogenerator reliethen
coupling of piezoelectric and semiconducting praperof ZnO, where a piezoelectric potential
is created once it is subjected to a strain. Théggpotential is created due to the polarization of
the ions in the crystal. This potential can driveansient flow of the electrons in the external
circuit, which is a process of generating eleatnergy. In addition to ZnO, which has intensive-
ly investigated by Wangt al, the piezoelectric properties of many other mateffior the use as
nanogenerators have been demonstrated recentlyasuelad zirconate titanate (PZT), cadmium

sulfide, barium titanate, and gallium nitride [12,91].
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Figure 11 Different forms of mechanical energy that can bevésted by a nanogenerators and
the potential future applications of nanogeneratorspowering variety of functional devices
[92].

2.3 Towards self-powered nanodevices and nanosystems

Self-powered nanosystems (which can operate indigmely and sustainably by itself
without using a battery) are attracting more anderaitention due to the growing energy de-

mands in world. These innovative self-powered systbave been fabricated profiting from the
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recent advances in environmental energy harveggobnologies, which open an access for
developing environmental friendly, independent, segrand mobile, maintenance-free operating
nanodevices. The current concept of self-powerenbadevices is based on coupling an external
energy harvesting unit (i.e. powering unit), suchaasolar cell or a nanogenerator, with the
functional nanodevice of concern (e.g. gas sensdy\b sensor) to fulfil the demand for the
operation.

Recently, Wanget al. have demonstrated that nanogenerators, basedrioicalvand lateral
integration of ZnO nanowires into arrays, can poadaufficient power to operate nanodevices
such as UV sensors, pH sensor, environmental serffmr Hd" ion detection) and electro-
chromic (EC) devices (that are capable of reveysiblanging optical properties upon charge
injection and extraction driven by an externallylegd voltage) [12,93-95]. For instance, dye-
sensitized solar cells (DSSC) based on ZnO nansjul®e photoanodes, were used as robust

power source to drive a humidity sensor as showigure 12 [22].
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Figure 12 The voltage drop across a humidity sensor as aimof the relative humidity (RH).
The sensor was powered by a DSSC shown by the stiteaircuit in the inset [Taken from
reference [22]].

As previously discussed, ZnO based heterostructiaese been demonstrated as materials of
potential for gas sensingnd energy harvestingpplications However, these applications re-

quired a controlled synthesis and assembly of timesematerials into devices, which is still
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challenging. In the following section the synthemmsl post-functionalization of ZnO nanomateri-

als will be discussed in detail.

2.4 ZnO general properties and synthesis methods

Among wide bandgap semiconductors, ZnO is one @ftbst popular acceptor oxide materials
attract increasing interests for energy conversan other related applications. Because of the
rapidly expanding body of literature on ZnO nanestures, attention will is to selected structural
and fundamental characteristics of ZnO, their smtutbased synthetic strategies, and their

modification with narrow bandgap donors to enab&rtuse in the desired device application.

2.4.1 Crystal structure and general properties

ZnO is a (II-VI) binary compound semiconductor wéasnicity resides at the borderline
between the covalent and ionic semiconductors. Ba®different crystal structures, where the
thermodynamically stable phase is the hexagonalziteirstructure besides two other metastable
cubic phases (zinc blende and rocksalt) as scheatigtshown in Figure 13. The zinc blende
phase can be stabilized only by growth on cubissates whereas the rocksalt (NaCl) structure
may be obtained at relatively high pressures. énwthrtzite structure Zn and O are arranged into
a hexagonal form with interpenetrating lattices mgh@ach Zn ion is surrounded by four O ions at
the corners of a tetrahedron or vice versa [6]. Zmn@tals have a noncentral symmetric wurtzite
structure and are composed of close packedatd Zri* layers piled alternatively along the c-
axis, producing positively charged Zn-terminate@0@D polar surfaces and negatively charged
O-terminated (00D) polar surfaces [96]. Additionally, ZnO has alsanfpolar surfaces (1120)
and (1010) which have an equal number of Zn antb@s Because of the low symmetry of the
wurtzite crystal structure combined with a largecélomechanical coupling in ZnO, ZnO has

strong piezoelectric and pyroelectric properties.
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Figure 13 Stick-and-ball representation of ZnO crystal stuues: (a) hexagonal wurtzite [97],
(b) cubic rocksalt [98], (c) cubic zinc blende [9&reen and red spheres denote Zn and O atoms,
respectively.

ZnO is a direct bandgap semiconductor with an gngegp of 3.37 eV at room temperature
[100]. Generally in direct bandgap materials thebgl extrema of the uppermost valence (VB)
and the lowermost conduction bands (CB) occur atsdime point in Brillouin zone at k=0 (i.e.
I'-point) [100]. In case of ZnO, the lowest CB (LUM®@)formed from the empty 4s states of
Zn?* or the antibonding Sghybrid states, while the VB (HOMO) is originatifrgm the occupied
2p orbitals of & or from the bonding Sporbitals [100]. ZnO has many advantages associated
with its large bandgap such as high-temperature tagh-power operation, high breakdown
voltages, and ability to sustain large electri¢dfig]. ZnO also possesses a high exciton binding
energy of 60 meV, compared with, e.g. 25 meV in GaNis large exciton binding energy
indicates that efficient excitonic emission in Zm@n persist at room temperature and even
higher. Additionally, ZnO exhibits strong luminesce in the green—white region of the spec-
trum, which enables its application as a phosphaterial [101]. ZnO displays a native n-type
behavior because of deviation from stoichiometrg ttuthe presence of intrinsic defects such as
O vacancies (¥) and Zn interstitials (Zh Despite it is experimentally known that unintenal-
ly doped ZnO is n-type, the origin of these defewtd their assignment are still controversial
issues. Undoped ZnO shows n-type conductivity wiéittron densities as high aston*[6].

ZnO probably has the richest family of nanostruesusmong all nanomaterials such as nan-
owires, nanorods, nanotubes, needles, nanobettsspleres, nanocombs, nanorings, nanocages,
and complex structures (some examples are showigure 14). A combination of the three
types of fast growth directiong2110, (0110, and(0001)) and the three area-adjustable facets
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({2110}, {0110}, and {0001}) of ZnO enable the grdlw of a diverse group of hierarchical
nanostructures [15,102].

Among various ZnO nanostructures, one-dimensioh8l) (materials such as nanowires
(NWs) (which are a set of materials with size < 100 in two out of three dimensions) are
exhibiting a variety of interesting and fascinatprgperties such as quantum confinement effects
and high surface-to-volume ratios. These novel @iogs offer a basis for the exploration of new
and interesting phenomena in different fields sastphysics, chemistry, biology, and materials
science [15,64,103].

Figure 14 Examples of different ZnO nanostructures synthessireder controlled conditions by
solution based synthesis methods; a) nanorodsarimtubes, c) nanowires, d) needles, e) flower-

like, and f) platelets.

2.4.2 Synthetic strategies and surface modification of Z® nanowires

ZnO nanostructured arrays can be synthesized layiety of techniques which can basically
be divided into two main categories: Gas-phaseh®gid and solution-phase synthesis.

* Gas- phase synthesis:
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In the initial studies of ZnO NW growth vapor-phasethods has been conventionally used
for synthesis, where condensed or powder sourcerialst are vaporized at elevated tempera-
tures and the formed vapor phase condenses undeinceonditions on a high-temperature
substrate with Au catalyst to form the desired pots. Many techniques based on vapor-phase
methods have been extensively exploited such asiichkvapor deposition (CVD), thermal
evaporation, metal organic chemical vapor deposi(i®OCVD), and catalyst-assisted laser
ablation. The growth of 1D nanomaterials via vapbase processes is governed by two main
mechanisms, either by vapor-liquid-solid (VLS) magism or vapor-solid (VS) mechanism
[104,105]. Despite the fact that gas-phase appesaclually produce high-quality ZnO NWs,
however the high growth temperatures (above 50Q @@y product yield, limited choices of
substrate, and the possibility to incorporate gatampurities into the produced nanostructures
hinders there integration and assembly into deviagswell as their commercial potential
[14,106].

* Solution-phase synthesis
In contrast to the fabrication complexity and aosgas-phase synthesis, solution based syn-
thesis provides many advantages such as facilenargensive procedures, need of moderate or
ambient temperature, compatibility with large scédérication, and good reproducibility of
physical properties [107]. The solution-phase méshoan also be classified under two main

categories namely; template-assisted and templeg¢eniiethods.

Template-assisted methodisese methods include using of a template as fokt&br guid-
ing the growth, where the precursor can fill or @othe template to produce nanostructures that
mimic the shape of the used template. The resuttiaterials are then separated from the tem-
plate by a post synthetic treatment. The main deakiof this approach is the difficulty to obtain
single-crystalline nanowires [108]. 1D nanostrueturcan be synthesized by using periodic
structured porous templates, such as anodic alumioxide (AAO), molecular sieves, and
polymer membranes [24].
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Template-free methodtemplate-free methods have attracted the intefestany research-
ers for the deposition of 1D nanostructures inidgisuch as wet chemical synthesis, surfactant-
assisted methods, solvothermal and hydrotherm&tspand microwave synthesis.

The low temperature solution based synthesis of Zadwires as well as their modification
and decoration to tailor their properties for tlesided application requirements will be discussed
in more detail.

2.4.2.1 Solution-based synthesis of ZnO nanowires

The main approach for achieving 1D growth is toleitphe difference in surface chemistry
between the polar and non-polar facets of ZnO,dbgcsively promoting or suppressing growth
on these facets. Due to the high energy of therdatzets (like + (0001) facet), the incoming
precursor molecules tend to favorably adsorb onpiblar surfaces during the growth of the
newly formed ZnO nucleus. After adsorption of omager of precursor molecules, the polar
surface transforms into another polar surface witterted polarity (i.e. from Z#i-terminated
into O°-terminated surfaces or vice versa). This processpeated over time, leading to a fast
growth along the £ [0001] directions and thus ressah growth of 1D nanostructure [14].

ZnO is expected to crystallize by hydrolysis of Zalts in a basic solution, which can be
formed using strong (e.g. KOH or NaOH) or weak kkge.g. NH.H,O, and amine com-
pounds). The synthesis of ZnO nanowires from zialtssin solution as well as the growth
mechanisms will be highlighted in the following redive.

Growth mechanisms

I. Growth in alkaline solutions

An alkaline solution is needed for the formationZoiO nanostructures since divalent metal
ions do not hydrolyze in acidic environments [L3DH and NaOH are commonly used alkali
compounds for synthesis of ZnO. In aqueous soluiofi’ coordinates in tetrahedral complexes
and can exist in a series of intermediates inclydinOH)*, Zn(OH),, Zn(OH),;~, Zn(OH),*".
These intermediate forms are in equilibrium, witke major forms being different under different

reaction conditions. At a given Znconcentration, the stability of these intermedizaeplexes
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is dependent on the pH value and temperature adhgion as shown in figure 15. ZnO forms

finally by the condensation of these intermediids.
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Figure 15Phase stability diagrams for the ZnO (s)6Hsystem at 25 °C as a function of precur-
sor concentration and pH value, where the dasimes ldenote the thermodynamic equilibrium
between the Zii soluble species and the corresponding solid phfEseen from reference
[110]].

ii. Growth in hexamethylenetetramine (HMTA) aqueous saltion

It is known that weak bases such as amines prasriat aqueous Zn environments and
slowly release hydroxide ions, which forms varidishydroxide complexes. The most success-
ful and commonly used condensation reaction for Za@owires growth is the hydrolysis of zinc
nitrate in water in the presence of HMTA. The exat¢ of HMTA during the growth of ZnO
nanowire is still an area of debate in literatutehas been suggested that HMTA, which is a
nonionic cyclic tertiary amine, act as a bidentais base that is capable of bridging two zinc
(1) ions in solution [85]. HMTA is a rigid moleceland it hydrolyzes in water and gradually
producing formaldehyde and ammonia as shown intequa6 (in the pH and temperature range

of the growth reaction).
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HMTA + 6H,0 < 4NH; + 6HCHO [16]
NH; + H,0 < NH,* + OH~ [17]
Zn2* + 4NH; < [Zn(NH;3),4)** [18]
Zn?* + 20H~ < Zn(OH), [19]
Zn(OH), < ZnO + H,0 [20]

The slow decomposition of HMTA, which act as a plffér, provide a gradual supply of
ammonia which can form ammonium hydroxide as well camplex with Zn?*to form
[Zn(NH;3),]?** as can be seen in equations 17, and 18 [109]. dHilisy to coordinate t&n?*
and keeping the free Zhconcentration low prevents the quick precipitatidiZn* ions which
might result in fast consumption of the nutrient gsrohibit the oriented growth of ZnO nan-
owires. Additionally, the attachment of HMTA to thenpolar side facets of wurtzite ZnO also
facilitates the anisotropic growth along the pdarfaces in the [0001] direction. One or all of
these suggested scenarios might explain the casiaV role of HMTA in the morphology
control of ZnO during the growth [14].

Besides the above mentioned mechanisms, the ceonte@are found to play an additional
role on the resulting ZnO morphology. Acetate, fatep and chloride mainly result in the for-
mation of nanorods; while nitrate and perchlorate faund to produce nanowires; and sulfate

yields flat hexagonal platelets [111].

Examples of solution based synthetic methodologies
Simple wet-chemical synthesis methods have beed fasethe synthesis of different ZnO
nanostructures at low temperatures such as hydaroghelow temperature wet chemical growth,

anodization, and surfactant-assisted methods.

(i) Hydrothermal synthesis of ZnO nanowires
Hydrothermal method is one of the well-established commonly used routes for the syn-
thesis of 1D ZnO nanomaterials. In this methoda@neous solution containing a soluble metal

salt (metal or metal organic) of the precursor maltés placed in an autoclave held at relatively
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low temperatures in the range 100—400 °C and uhiggr pressures (above 1 atm) [101]. ZnO
nanostructures have been synthesizes hydrotherimallging different Zn salts, capping agents,
and bases. Het al. have synthesized ZnO nanorods hydrothermally lygugnCh, NaCO;,
and sodium dodecyl sulfonate (SDSN) in a Teflomdirstainless steel auto-clave at 140 °C for
12 h [112]. Recently, flower-like ZnO nanorods hde=n successfully synthesized via a surfac-
tant assisted hydrothermal method [113]. Additibnahinner ZnO nanorods (with diameters
less than 50 nm) have been achieved by hydrothirrtteltment (at 180 °C for 20 h) of a
mixture of Zn(NQ), and NaOH (1 : 20 molar ratios) in pure alcoholvan ethylenediamine as
a capping agent [114]. Another simple method wpsented for direct synthesis of ZnO nanorods
by cetyltrimethylammonium bromide (CTAB) favoreddmgthermal oxidization of zinc metal at
180 °C [115]. Different morphologies of ZnO candigained by using various capping agents in
solution; for example ZnO nanobelt (NB) were prasthdiydrothermally by using a mixture of
ZnSQ, urea, and ethanol in a Teflon autoclave at 16t 2 h, where the selective adsorption

of urea on certain planes promotes the growth nbbalt morphology [116].

(i) Low temperature wet chemical growth

In comparison to hydrothermal synthesis, which megurelatively high temperatures and
pressures in an autoclave, wet chemical methodsdadower temperature pathway, low cost, as
well as a wide variety of material compatibilitynéreset al. reported the growth of ZnO nano-
rods from a mixture of HMTA and Zn(N{) or ZnCh at temperatures below 100 °C [109].
Different zinc salts including acetates, format@giates, perchlorates, and chlorides as well as
many capping agents such as ethylenediamine, sodadacyl sulfate, and polyethylenimine,

have been successfully used in the synthesis dri nanostructures [117-119].

(iif) Anodization

The anodization technique is a versatile surfagatitnent, in which an electrochemical etch-
ing of metal foil results in very uniform and adivesoxide films on metals. The synthesis is
simple and scalable and can also be used for dewpia metal surface and/or improving corro-
sion/wear resistance. However, the resulting strestare typically polycrystalline. Inspired by
the breakthrough in the anodic formation of selfdeved porous oxide films on aluminum

reported by Masuda and Fukuda in 1995, more atieritas been paid to anodization of other
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metals such as Ti and Ta to produce nanostructetalraxides [120]. However, there are only
few reports on formation of ZnO nanostructured ¥ anodization [121-125]. Kinet al.
reported formation of self-assembled ZnO stripayaiby anodization of Zn in ethanolic$0,
[126]. Heet al.reported ZnO thin films with diverse nanostructyrie@cluding nanodot, nanowire
and nanoflower, by anodizing zinc foil in mixed etelyte of water, HF, and methanol [124].
Long ZnO nanowire arrays were reported by anodizing foil at room temperature in a slightly

basic solution [127].

Direct growth of well-oriented nanowire arrays

The controlled growth of well oriented nanostruetiis one of the fundamental challeng-
es for many applications that require efficient gration and transport of electrons, ions, and
other molecular species such as in photovoltaiaiebes, gas sensors, capacitors, thermoelec-
tronics, and other unconventional methods of enemwersion [128]. Due to the large lattice
mismatch between ZnO and the desired substratgslé&tice mismatch with Si ~40%), it is
difficult to directly grow well-aligned ZnO nanows on a pristine Si substrate. One of the
possible approaches to overcome this problem ryustiher materials that have relatively small
lattice mismatch with ZnO such as Au [129], Pd [13d Cu, etc [131]. However, introducing
such metal catalysts might be unfavorable for sopt®electronic applications. Alternatively,
vertical growth from textured ZnO seeds has beemldped, where a ZnO seed layer deposited
on a nonepitaxial substrate (such as silicon csgjlaan act as a nucleation layer for nanowires
growth. This method is substrate-independent andbeaapplied on a large scale to almost any
surface. Also the produced nanostructures havetdimntact with the substrate, which is crucial
for device applications that require pure intera¢228]. Growth on existing seeds is more
favorable than nucleation in homogeneous solutinoesin presence of the pre-deposited ZnO
seeds heterogeneous nucleation is favored as # l@ger activation energy barrier than homo-
geneous nucleation. Moreover the interfacial endrgiween crystal and substrate is usually
lower than that between crystal and solution [1%,128]. Seed layer can be prepared by many
methods including deposition of ZnO or depositidnZa followed by oxidation, sol-gel/spin
coating, and atomic layer deposition (ALD) techm@guThe nanowire growth can be influenced
by the properties of the seed layer such as thgkrgrain size and roughness, and post-annealing

treatment [104]. Various attempts have been madsytthesize ZnO nanowire arrays with
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proper orientation in a controlled manner, butl stibre research is needed to achieve such a

goal.

2.4.2.2 Surface modification of ZnO nanowires

Hybrid materials are good candidates to build ngstesns with multifunctional and adjusta-
ble properties. As previously discussed, facilergbaransfer as well as efficient solar energy
conversion can be obtained via heterostructurds avsuitable band energy alignment and high-
quality interfaces [67]. While band energy alignmeould be controlled by the appropriate
choice of materials and by tuning the bandgap efs#nsitizer (or donor) such as CdS NPs the
later factor still remains a challenge in termdayming favorable interface in order to facilitate
efficient electron transfer. The design strategfies have been used to integrate sensitizer (NPs)
on the surface of metal oxide nanowire acceptonsbeaclassified into the following three main
categories: proximally contacted NPs, chemicalhkdéid NPs, and epitaxial attached NPs (as

shown in figure 16).

I. Proximally contacted NPs:

Include deposition of NPs suspensions, which weepared separately using standard NPs
synthesis techniques, on the acceptor material (XW3) either by drop-casting or spin-coating.

Since the donor NPs are very small in dimensioy ttem easily intercalate in-between and into
the surface of NWs [67]. The NPs attached by tipgr@ach suffer from inhomogeneous and

unordered distribution and low coverage of NPs lom dxide acceptor, as well as low charge

transfer efficiency.

ii. Chemically linked NPs

The NPs are attached to the acceptor material ghrauifunctional molecule, which has prefer-
ential binding of the different groups to the adoe@nd donor materials. One of the commonly
used linkers is 3-mercaptopropionic acid (MPA), ethis bifunctional linker bearing carboxylate
and thiol functional groups, since the carboxylodagroup (-COOH) is a good ligand to most
metal oxides and the thiol (-SH) group is a gogdnd to bind to the metal chalcogenide (see
figure 16) [67]. Despite the advantages of thishmdtsuch as the ability to tailor the size and

control the coverage of NPs on the acceptor météhi@ lack of a direct lattice connection can
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affects the charge- transfer efficiency, wheretthasfer rate decreases with the increase of the

linker size[65].
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Figure 16 Schematic illustrations of different binding stigitss of NPs/MOXx heterostructure and

their corresponding deposition techniques.

iii. Epitaxial attached NPS
This approach involves a direct growth of a donéshn the acceptor material, where an

epitaxial interface is more likely to be achieveddenefiting from the nanoscale dimension that

can better tolerate interfaces formed between alryattices with large lattice mismatches and

different crystal structures than their bulk coupgets. There are numerous methods used to

obtain the epitaxial contact of NPs such as chdriath deposition (CBD), successive ion layer

adsorption and reaction (SILAR), and electrodepmsifas shown in figure 16). The advantage
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of these approaches is the high coverage of thepémcsurface, but it provides less control over
the NPs size and morphology than the methods ictwpie-synthesized colloidal NPs are used
as discussed above [65] [132].

Chemical bath deposition(CBD) is performed by submerging a substrate dilate solu-
tion of the precursors required for the synthegithe semiconductor QDs, where various metal
salts and molecular chalcogenide sources (e.gachtamide, thiourea, or hydrogen chalcogeni-
des) are allowed to react €100 °C under ambient pressure in tightly sealegeles[69]. At
proper concentrations, the donor material is dé@oon the acceptor surface and also precipi-

tates from solution, where the growth of crystaflitan be controlled by the reaction time.

Successive ion layer adsorption and reactio(SILAR), includes sequential dipping of a
substrate, bearing acceptor material (e.g. ZnO NW®) individual cationic and anionic precur-
sor solutions. The size of the QDs prepared by &loan be controlled to some degree by the
number of SILAR reaction cycles; however, this noethequires a time-consuming rinsing step
between the successive adsorption processes for dtions and & anions, to remove the
excess ions from the surface [67].

Electrodepositionis carried out by suspending the substrate witlepior material as elec-
trode in a precursor solution. Then by passing raeat through the substrate, a reduction (or
oxidation) of the precursors takes place at thetedlde surface which is resulting in NPs growth
[67]. This method has many merits such as thetgpliti control the desired amount of QD
loading on the electrode surface by manipulatirgy ¢bncentration or time of deposition, alt-
hough the produced materials often suffer from intpyphases and low morphological quality
[67].

38



Experimental and Methods

3. Experimental and Methods

3.1 Chemicals and substrates

All chemicals were of analytical grade and usedeasived without further purification (see table The
used substrates were typically cleaned in acetth@nol and isopropanol successively in an ultiason

bath (10 min each) before their use, unless otlserapecified.

Table 1 Commercially purchased chemicals and substrates.

Substance Formula Company
Zinc nitrate hexahydrate H12N2012Zn Merck
Hexamethylenetetramine 6812N4 Merck
Aluminum isopropylate 6H21AI03 Sigma-Aldrich
Formamide CRNO Acros Organics
Thioacetamide EHsNS Merck
Ammonia NH Merck
Thiourea CHN,S Acros Organics
Cadmium sulfate CD,,S;-8H,0 Acros Organics
Monoethanolamine £E1:NO Acros Organics
sodium hydrogen carbonate NaHEO Alfa Aesar
2-Methoxyethanol eHsO, Alfa Aesar
Hydrofluoric acid 40% HF Merck
Sodium hydroxide pellets NaOH Merck
Sodium chloride NaCl Merck
Zinc acetate dehydrate 481006ZN Merck
Oxygen Q Air Products
Synthetic air N/ O Air Products
Ethanol (1000 ppm) £1:0 Air Products
Zinc foil 0.25mm thick Zn Alfa Aesar
Silicon wafer Si Crys Tec
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3.2 Synthesis and controlled growth of one-dimensionalnO nanomaterials
3.2.1 Hydrothermal growth of aligned ZnO nanowires

— Seed layer thin films depositions:

Sol-gel seed layerTypically, a sol—gel solution was prepared [133] by dissolviimg Ace-
tate (ZA) dehydrate, Zn(GEOO0)-2H,0, (0.75 mol [}) in 2-methoxyethanol (2MOE) (0.75
mol L™) with monoethanolamine (MEA) (20 ml) as stabilizethere the molar ratio of ZA to
MEA was kept at 1. The resultant solution was etirat 60 °C for 30 min until clear and homo-
geneous solutions were formed. Then the obtainddtisos were aged for 24 h at room
temperature. The prepared sol was stable and &esrgpwith no precipitation observed in more
than 2 weeks. The ZnO seed layers were preparegpibycoating the sol (2000 revolutions per
minute (rpm) for 10 s) onto clean silicon subssatsfter each spin coating cycle, the films were
dried at 350 °C for 5 min to evaporate the sohard to remove organic residuals. The thickness
of the obtained films was controlled by repeatimg $pin coating/drying procedures. Finally ZnO
seed layer was obtained by annealing the film®at°® for 1 h.

DC-sputtering: The Zn film was prepared by sputtering a Zn (99%8) metal by applying
50 pA direct current (DC) for different time periods jpmesence of high purity Ar (99.999 %)
gas. The sputtered metal films were oxidized viaeating in air at 500 °C for 1 h to obtain a
crystalline ZnO seed layer. The thickness of thedskyer was controlled by adjusting the
sputtering time.

ALD seed layer: Atomic layer deposition (ALD), as a vapor-phasehteque, is becoming
an important tool for deposition of thin films wittomic-scale thickness control. ALD film
growth is a self-limited processthat is based on surface reactions [134,135]. Ald3 the
advantage of depositing conformal coating on higpeat-ratio nanostructures with excellent
uniformity [134].

In this work, ALD technique was used for deposit@mnZnO seed layers on different sub-
strates as well as for coating high aspect-ratim&iowires, by using Beneq TFS 200 ALD
system. Two liquid precursors were used namelyhgizenc (DEZ) as a precursor for zinc and
deionized water as the oxidation source. The pdisations of water and DEZ were 200 ms for

each precursor. The purge and pumping periods tverand Mwas used as the purge gas. The

® ALD involves a sequence of two self-limiting réaas between gas-phase precursor molecules arlitissdace,
thus the precursor reacts with the target substiratiball available surface reaction sites arestoned [134].
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substrate temperature was maintained at certaipdeature during the deposition (see table 2).
Each ALD growth cycle contain the following sequerad DEZ/N/ H,O/N, with their corre-
sponding durations. The thickness of the depodibed was controlled by the number of ALD
growth cycles. After the deposition, the thin filnwere annealed in ambient air at certain temper-
ature for 1 h to obtain a better crystallinity. Tdhetails of the ALD deposition and post annealing
conditions are summarized in Table 2.

Table 2 ALD deposition parameters and post annealing cmmditused to deposit different ZnO

seed layers on substrates.

Precursor 1/ Substrate  pulse  Purge/pumping Number of Post-
precursor temperature durations time cycles annealing
2 (O (ms) (s) (n) temperature
(C)
DEZn/H,0O 125-200 200 1/1 100-1000 400-800

— Growth of ZnO nanowire arrays on p-Si substrate

ZnO nanowire arrays were grown on ZnO seed layeppsited by the above mentioned
techniques, by using a second step of hydrothesyathesis reported previously [136]. The
growth solution was composed of equimolar aquealstisns of zinc nitrate hexahydrate
(Zn(NGs)2.6H,0) and hexamethyl-enetetramineg{zzN4, HMTA) with (saturated) or without
(hydrothermal) addition of aluminum-iso-propylase¢ table 3). The temperature of the growth
solution was maintained at 75 °C in a water tantt doe pH value of the growth solution was
monitored at 7.2 during the growth process. THessate was removed from the growth solu-
tion, washed with deionized water, dried at 80 6€Z0 minutes, and then annealed in air at 400
°C for 1 h.
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Table 3 Summary of the experimental conditions used inhi@rothermal synthesis of ZnO
NWs.

Method HO ZNn(NGQ;),.6H,0O HMTA aluminum-  reaction
(ml) (mol L™ (mol L)  iso-propylate time
(mol L") (h)
Hydrothermal 100 0.025 0.025 0 20
Saturated 100 0.025 0.025 0.005 20

3.2.2 Synthesis of ultra-long ZnO nanowires and nanotubethrough anodization method:

The method for preparing ultra-long ZnO nanowiresimilar to that of Hiet al. [127] a
zinc foil (99.99% purity, 0.25 mm thickness, 2cnem) was first cleaned with acetone, ethanol
and deionized water in an ultrasonic bath (5 michgaSubsequently, an electropolishing step
was performed by immersing zinc foils in a solataf phosphoric acid and ethanol (3:7 volume
ratio) at 20 V DC and 5 °C with strong stirring @ min. in a slightly basic electrolyte of 0.05
M NaHCG; aqueous solution. The anodization was performedtimo-electrode electrochemical
cell, in which the zinc foil is acting as the waorgi electrode and a graphite plate as the counter
electrode. The distance between the two electradsslO cm. A direct current power supply was
used to drive the anodization at a certain celepial for a selected time at different operation
temperatures. Finally, the as-anodized foils warged using deionized water and dried at 80 °C
for 20 min followed by an annealing step at 250r7@ir for 30 min (see table 4).

Table 4 Summary of different anodization parameters usedltoa-long ZnO NWs synthesis.

Applied voltage Anodization time Anodization Electrolyte concentration

V) (min) temperature (mol L)
(C)
5-20 1-60 5-70 0.05
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3.2.3 Synthesis of ZnO nanorods by simple oxidation of Zffoil:
— Direct oxidation of zinc foil in an aqueous solutia of formamide

Zn foil (99.9% purity, 20x40x0.25 nthwas initially mechanically polished with abrasive
paper, and then cleaned in deionized water anchetha an ultrasonic bath for 10 min each.
Then, the Zn foil were immersed in 100 mL of 5%nfiamide aqueous solution (v/v) in sealed
vial placed in a hot bath at a constant temperadfir®5 °C for 24 h. The samples were then
rinsed thoroughly with deionized water and driecim

To study the effect of ionic strength and posséitshing effects of Clons on the growth of
ZnO nanostructures, 0.45 M NaCl was added to theeahqueous solution (5% formamide) and
the reaction was repeated under the same condfioor4 h and the samples were then rinsed

thoroughly with deionized water and dried in air.

— Direct oxidation of zinc foil in an aqueous solutia of NaOH

Zn foil (99.99% purity, 60x40x0.25 minwas first polished with abrasive paper and then
cleaned ultrasonically in ethanol, and deionizeteweespectively for 10 minutes each. Then, the
zinc foil was placed into a teflon-lined stainledsel autoclave (200 ml) with 160 ml aqueous
solution containing 0.63 g NaOH then the soluticmswheated at 80 °C for 24 h. The as-grown
products were rinsed with de-ionized water and ttheed in air. One of the foils with the as-
grown ZnO nanowires were ultrasonicated in deiahiz@ter for 20 min to remove the formed
nanowires and then the above mentioned growth guredn autoclave was repeated again at 80
°C for 24 h and finally the obtained products wensed with de-ionized water and then dried in

air.

3.3 Fabrication of Si nanowires

Silicon nanowire (Si NW) arrays have been realiasithg wet chemical etching of bulk sili-
con wafers (p-Si and n-Si) according to a methatiusy Sivakowet al.[137], where p-Si(100) (
1-40Q.cm), p-Si (111) (1-2@.cm), and n-Si (100) (1-2Q.cm) wafers were mainly used in this
work. Initially silicon wafers were ultrasonicaltfeaned in ethanol followed by deionized water
for 10 min each. Native SiOwvas removed by dipping the wafers shortly in 409drbfluoric

acid (HF) solution followed by a 2% HF rinse fomdin. Finally, the samples were rinsed in
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deionized water and dried under nitrogen streamhydrogen-terminated silicon surface is
produced which promotes the subsequent silver depo®n an oxide free silicon surface. The
chemical etching method to produce Si NWs is baged two-step process. In the first step, Ag
nanoparticles were deposited on silicon wafer sedaby immersing the wafers in aqueous
solution of 0.02 M silver nitrate (AgN§pand 5 M HF in the volume ratio 1:1 (solution ¢y 60s.
Subsequently, silicon wafers covered with Ag namiaglas were immersed in a 50 mL of second
etching solution containing 5 M HF and 30%C in the volume ratio 10:1 (solution 1) (45.5 ml
HF and 4.5 ml KOy) in a Teflon vessel for different etching timesr@m temperature. Finally
the Si wafers were rinsed several times in dei@hizater and dried at room temperature. The Si
NWs arrays were washed in a concentrated (65%ig ragid (HNQ) for 15 min to remove

residual Ag nanopatrticles from the SINW surfaces.

3.4 Fabrication of p-n heterojunctions and their surface modifications to
obtain heterostructures

3.4.1 p-NiO film deposition on n-Si substrate

NiO were deposited on Si substrate (n-doped, (1@8)stivity 1-20Q.cm, cut in 1 cm x 1
cm dices) by DC sputtering using Ni target (99.993ftity metal) and high purity Ar gas (99.999
%) and 5QuA applied current for 16 min. The as-deposited irfédta was then annealed in air at
500 °C for 5 h to obtain a crystalline NiO film.i#irto the deposition of Ni film, a thin isolation
layer of SiOx film was deposited on a small partteé n-Si substrate (2 mmx1cm) for device
fabrication requirements. SiOx film was depositgdpbasma enhanced chemical vapor deposi-
tion technique (PECVD), where the reactants use@ Wwexamethyldisiloxane (HMDSO) and O
with a gas flow of 25 sccm and 50 sccm respectiaey0 W and 15 mTorr. (sccm denotes cubic

centimetre per minute at STP).

3.4.2 Synthesis of CdS nanoparticles@ZnO heterostructures

CdS nanoparticles (NPs) were deposited on theidhdifferent ZnO nanostructures via a
chemical bath deposition (CBD) [138]. 2 mM precursolution was prepared by dissolving
cadmium sulfate (CdS@8/3H0) and thiourea (CS(NBb) (molar ratio urea: Cd = 5:1) in 1
mol L™ ammonia solution. Before the decoration reactf@nZnO substrates were cleaned in a
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N, flow and then immersed into the CdS precursortgwiuor few minutes to ensure the diffu-
sion of the precursor into ZnO nanostructures. 3blation containing the ZnO substrate was
heated in an oil bath at 60 °C. During the CBD pses; the sample colour was changed from
colourless to bright yellow indicating the precgtion of colloidal CdS. The CBD deposition
times varied depending on the desired CdS NPs ageeon ZnO surface. After the CBD pro-

cess, the ZnO samples were immediately washeddsitinised water and dried in air.

3.4.3 Synthesis of ZnS @ZnO heterostructures

ZnS shell was synthesized on ZnO nanowires by atedmbnversion of ZnO nanowires at
low temperatures (< 100 °C) [139]. The substratZm® nanowires was immersed into a sealed
vial containing 0.2 M thioacetamide (TAA) (GEISNH;) aqueous solution and the sulfidation
reaction was carried out in a hot bath at a congtamperature of 90 °C for 5 h. Finally, the

obtained products were washed with deionized watdrthen dried in air.

3.4.4 Synthesis of 3D heterostructures of ZnO nanowire aays

Branched 3D heterostructures of ZnO were fabritég aqueous solution method [140].
First, the arrays of ZnO nanowires were synthesaredeeded substrates as described in section
(3.1.1). Secondly, the ZnO nanowires substrateirdxdafrom the first step were recoated with
seed layers of ZnO nanoparticles by ALD or DC-sputy techniques. Finally, the branched
nanowires were grown by using the same wet chemegihod used in section (3.1.1) for differ-
ent synthesis times. The branched ZnO nanowiree Vireally rinsed with deionized water and

annealed in air at 450 °C for 1 h to remove anidtes organics.

3.5 Material characterization techniques

After the synthesis of nanomaterials and befordr thee in different applications a variety of
characterization methods are utilized to assessghgsical and chemical properties. The details
of structure and property characterization metha#sl to investigate the produced nanomaterials

in this dissertation will be discussed in the foliog subsections.
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3.5.1 Morphology and composition characterization

— X-ray diffraction (XRD) analysis

XRD technique is frequently used to study the imaércrystalline structure of inorganic ma-
terials to reveal information about their chemicamposition, crystal structure and grain size.
XRD involves monitoring the diffraction of X-raydter they interact with the sample. Only
materials that have ordered structure can be ctesirzed with this technique, while, it cannot be
used directly to study amorphous materials. Atoinsystalline materials are ordered in a space
lattice forming series of parallel planes separéigd distance d, which is varying depending on
the nature of the material. This interplanar spgdoh of crystal can be calculated by Bragg's

Law (as shown in equation 21) [141]:

2dsin6 = nA (21)

Wherel is the wavelength of the incident X-ray bednis the angle of the diffracted wave,
and n is an integer known as the order of theatifeed beam.

In this work, the phase composition of nanomatenehs characterised on a STOE-STADI
MP X-Ray vertical diffractometer operating in aleetion mode using Cuk(1.5406 A) radia-
tion.

Scanning Electron Microscopy (SEM) and Energy-Disgrsive X-ray Spectroscopy
(EDX) analysis

The SEM is one of the most routinely utilized teiciures for the characterization of materials
with nanoscale resolution, revealing their topogre@l and morphological features through
scanning an electron probe across a surface andamog the secondary electrons emitted.
Additionally, the compositional analysis of nanoaral can be also determined by monitoring
X-rays produced by the electron-specimen interactmd thus providing detailed maps of
elemental distribution [141]. In this work, the mostructures of the samples were examined
using field-emission scanning electron microscoyE-GEM, FEI Nova NanoSEM 430)
equipped with an EDX analyser.
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Transmission Electron Microscopy (TEM) analysis

TEM is a powerful characterization tools in hanbtemogy that can to provide a wide range
of information from the measured nanostructuresluging morphology, diffraction patterns,
lattice constants, particle sizes and elementalpositions. In a TEM, a beam of focused high
energy electrons is transmitted through a thin $arapd only certain parts of it are transmitted.
An image is formed from the interaction of the &lees transmitted through the specimen. The
obtained image is magnified and focused onto amjimgadevice, such as a phosphor screen or a
charge coupled device (CCD). Crystal structures @lan be investigated by high resolution
transmission electron microscopy (HRTEM) where ithages are formed due to differences in
phase of electron waves scattered through a trenimen [141]. In this work, TEM measure-
ments were performed on a Philips CM300 FEG/UT-STE40 kV) transmission electron
microscope.

Atomic Force Microscope (AFM)

AFM is used to measure attractive or repulsivedsigetween the scanning probe tip and the
sample surface and to acquire atomic-scale imafjesurdaces. AFM can provide valuable
information about surface roughness, grain sizesiagbe of the tested materials. The AFM can
be operated in different modes such as contact nomestant force mode and tapping mode or
dynamic force mode. Contact mode is the most commode, where the tip is in intimate
contact with the surface. As it is raster-scanrerdss the surface, it is deflected as it encounters
surface corrugations [141]. In this work, Atomicrde microscopy (XE-100 Park system
equipped with 910 ACTA cantilever, operating in @ and noncontact modes) was used to
analyze the topography of the films and nanowiraye:

Focused ion beam tomography (FIB)

FIB is a versatile maskless lithography technidueg is used in numerous fields. FIB sys-
tems generally employ a beam of Ga ions which eafobused to a spot size as small as 7 nm in
diameter and can be accelerated up to 50 keV asergecently, FIB etching is used to develop
prototype devices, such as integrated circuits;tebal and optical devices, as well as direct

milling on the different surfaces. Additionally FIBan used in nanopatterning, where metal
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electrodes can be deposited by using a high-en&apFIB [142]. In this work, individual
nanowires were electrically contacted by direct Used-lon-Beam (FIB) platinum deposition,

using dual beam FIB FEI-235 equipment.

3.5.2 Optical characterization

Ultraviolet-visible (UV-vis) spectroscopy is widelysed to characterize inorganic nano-
materials. The constituents of a substance, coratents, and the functional groups in molecules
can be identified by this technique. Additionakyze dependent properties, such as peak broad-
ening and shifts in the absorption wavelength, lmaobserved in a UV-visible spectrum. Besides
electronic properties, such as the band gap of teriah that can also be determined by this
technique. The absorption spectra was recorded WV aspectrometer (Lambda 950 UV/vis
spectrometer from Perkin Elmer) in transmission enad the wavelength range from 800-
200nm.

3.5.3 Surface wettability

Wettability is a very important characteristic o$@id surface. The surface wettability is de-
pending on the chemical composition and morpholofjgurface and can be determined by
measuring their water contact angle, where surfaaase hydrophilic (if water contact angle <
90 deg) or hydrophobic (when water contact ang89>leg) [143]. In this work, surface wetta-
bility of the produced thin-films was studied by asearing the water contact angle (CA) via a
DSA100 Kruss instrument at 28& using the sessile drop fitting method for theistabntact
angle and deionized water () as test solution. Contact angles were determungdg the

tangent method.

3.5.4 Electrical measurements

The current-voltage characteristics (I-V curvesiliffierent heterojunctions were acquired by
using a Keithley 2400 source meter, in a two prodrdiguration. The capacitance-voltage (C-V)
measurement (1 MHz) was performed in a reverse dnadition and in different atmospheres
(Agilent E4980A LCR meter).
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3.5.5 Gas sensing measurements

To evaluate gas sensing properties, the devicepleggd in a test chamber with gas inlet
and quartz window (Figure 17). The device was ilhated by a solar simulator (Newport 96000
Oriel 150 W, AM 1.5) with an output intensity of @@nWi/cnf, as the light source. The open
circuit voltages as well as electrical resistangethe sample under different gases were meas-
ured with a Keithley 2400 source meter. Syntheticratrogen, oxygen and reducing gases such

as ethanol and methane were used as baselinestgdises, respectively.
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Figure 17 Schematic representation of the PC-automated geamgesystem used in this work.
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4. Fabrication and Controlled Growth of Functional Nanomaterials

In this chapter, the controlled growth of ZnO bas®hostructures and heterostructures for
various nanodevice applications will be studied.npassues still remain to be investigated,
including ability to control their size, shapes amdformity over large surfaces. Additionally, the
growth of well aligned one-dimensional ZnO nanadintes that is needed for gas sensing and

energy applications will be given particular focus.

4.1 Synthesis and controlled growth of one-dimension@nO nanomaterials
4.1.1 Hydrothermal growth of aligned ZnO nanowires

The hydrothermal synthesis of metal oxide semicohdg materials is one of the commonly
used solution-based syntheses as an alternatite tmthe high temperatures synthesis. It offers
potential for large-scale, low-cost production, ahenables the possibility to systematically
control and tailor the growth of nanomaterials [[L&L key requirement for many applications is
to grow highly oriented and well aligned ZnO nan@sidirectly on conducting substrates, and
thus realize homogeneous material interfaces fitatsle electrical transitions. To achieve such a
goal a seed layer of ZnO is required before thedtheérmal growth, since the growth on existing
ZnO seeds (i.e. heterogeneous nucleation) is mawerdble than nucleation in homogeneous
solution, since it has a lower activation energyiba[14,111,128]. Moreover, the use of ZnO
seeds for the nanowire growth is beneficial for pugity of the produced nanowires since it
excludes the need of using metal catalyst for th8 growth of nanowires which may introduce
impurities into the final products. In this worket influence of pre-deposited ZnO seed layers,
prepared by different deposition techniques, ongttosvth of aligned ZnO nanowires is investi-

gated.

— The role of ZnO seed layer thin films on the growtrof ZnO nanowire

The growth and alignment of ZnO nanowires are @rilted by the crystallinity, orientation
and thickness of the underlying ZnO seed layer J[1Bdr this reason substantial efforts were
made to optimize the quality and orientation of #reD seed layer deposited by different ap-
proaches, such as sol-gel/spin-coating, DC-spag&nnealing, and atomic layer deposition
(ALD).

51



Fabrication and Controlled Growth of Functional Naraterials

I. ZnO seed layer deposited by sol—gel/ spin-coatingé DC-sputtering/annealing
techniques

ZnO thin films serving as the seed layer for thengh of ZnO nanowires were deposited by
either sol-gel method or DC-sputtering/annealirdhiéques as described in details in the exper-
imental section. Figure 18a shows the XRD pattdrthe DC-sputtered and sol-gel deposited
ZnO seed layers on a p-Si substrate indicatingtiranced crystallinity of the DC-sputtered seed
layer with a preferred growth orientation in th€®2) direction (JCPDS: 80-0075) in comparison
to the sol-gel seed layer.

The SEM images of the DC-sputtered ZnO seed ldigaré 18c) illustrated a uniform coat-
ing over large surface with high reproducibilitytbe deposited films for all prepared samples. In
contrast, the uniformity and reproducibility of sggl/spin-coated ZnO thin films was poor due to
from the formation of bubbles during the spin cogtprocess, which affects the homogeneity of
the produced film and hence the nanowire growth.r Fois reason, mainly DC-
sputtered/annealing technique due to many advasitageh as ability of thickness control,
reproducibility, homogeneity, and uniformity overde surface areas up to a wafer scale, were
preferentially used in this work. The thicknesstioé DC-sputtered ZnO seeds can be easily
controlled by changing the deposition time as presein figure 19 (a,b). The deposition rate is
approximately 4 ~ 5 nm/minute as shown in figure.J&gure 19d shows EDX spectrum of the
DC-sputtered ZnO seed layer, in which the featwakp are corresponding to the elements Zn
and O can be observed in this spectrum in addibahe Si peak due to the underlying silicon
substrate. This finding is not due to an incompteteerage of the seed layer, but is caused by the
penetration depths of the electron beam that gefathan the ZnO film thickness. The detection

of only Zn, O and Si atoms confirms the high puatyhe deposited ZnO films.
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Figure 18 XRD pattern of ZnO seed layer prepared by spiniogaand DC-sputtering and

annealing technique (a). SEM of ZnO seed layer gmexp by spin-coating (b) and by DC-
sputtering technique (c).
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Figure 19 Cross-sectional SEM images of DC-sputtered/annesded layer deposited for (a) 4
minutes, (b) 20 minutes. (c) the change of filncithess with deposition time and (d) EDX
spectrum of ZnO DC-sputtered/annealed seed layer.

The DC-sputtered seed layer were deposited forid0tes and annealed at 400 to 800 °C in
air for 1 hour. The XRD patterns in figure 20a shomly the characteristic (002) peak of ZnO,
which indicates a c-axis orientation of the depakitiims. The crystallinity was improved by
increasing the annealing temperature up to 700Ti@ intensity of the (002) peak slightly
decreased at 800 °C. Similar behavior was obsdvydehnget al, which can be attributed to the
disturbance of the crystal structure at higher tenajures [144].

The crystallite size of ZnO films (D) can be calted from the full-width at half-maximum
(FWHM) of (0 0 2) diffraction peak by the Schereguation (see equation 22) [141].

KA
D= Bcos 6 BZ]
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where K is the shape factor (if a Gaussian funcisoused to describe the broadened peak,
then the constant K is equal to 0.8B)s the X-ray wavelengtl§ is Bragg diffraction angle and
B is the FWHM of the ZnO (0 0 2) diffraction peak.

XRD data in figure 20b show that the FWHM was dasesl with increasing annealing tem-
perature due to the slight increase of crystal sith annealing. Further AFM image of figure
20c presents the formation of a uniform ZnO filnmealed at 500 °C with a surface roughness of
about 1.2 nm.

The contact angle (CA) measurement (figure 20d)ahstnated a contact angle-©f58.90°,
indicating a slight hydrophilicity of the DC-sputtel films.
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Figure 20 (a) XRD pattern of DC-sputtered ZnO film at difint annealing temperatures. (b) the
variation of FWHM of the (002) peak and the grairesof the ZnO film with the annealing
temperature. (c) AFM image of DC sputtered film amshealed at 500 °C. (d) the contact angle
measurement for surfaces of the DC-sputtered Zin©di 500 °C.

After the successful deposition of ZnO seed layeittee desired substrates (such as p-Si,

conductive glass (F:SnOFTO), and Ni-foil), hydrothermal synthesis wasdigo grow ZnO
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nanowires on the deposited seeds. Since the armmtaf ZnO nanowires is influenced by the
properties of the used ZnO seed layers, it is itgmorto study the effect of ZnO seed layers on
the growth of ZnO nanowire arrays.

The top and cross-sectional images of ZnO nanewviird-igure 21 show that the ZnO nan-
owires grown on seed layer prepared by DC-sputiaimealing, and sol-gel/spin-coating
techniques have c-axis orientation perpendiculdnéd substrates with average diameter of 140-
160 nm. However, the ZnO nanowire on DC-sputteagaiealed ZnO seed layer show a better
alignment as compared to the nanowires grown ocgalédpin coated films.

The nanowire alignment of the ZnO nanowires withpezt to the surface of the substrate
can be studied by XRD. Figure 22 shows that the Aa@owires grown on the DC-sputtered/
annealed seed layer are uniform and verticallynaligon their substrate and that the other
prominent peaks in powder diffraction patterns moé seen. This is in agreement with the fact
that the (002) peak of ZnO nanowires originatesnfionO seeds that have their c-axis aligned
perpendicular to the substrate surface [14]. FerahO nanowires grown on sol-gel/spin-coated
seed layer the intensity of the (002) peak is ietnsive when compared to the ZnO nanowires
on DC-sputtered and annealed films and the oth@emiment peaks are present in the diffraction
spectrum. The extent of the nanowire alignmentleafurther examined by calculating the ratio
of the (002) peak height to the (101) peak heighictv indicates the relative fraction of nan-
owires that are growing vertically from the surfawfethe substrate [145,146]. The (002)/(101)
ratio is 197 and 8 for the ZnO nanowires on DC+gpatl and annealed films and sol-gel/spin-
coated seed layers respectively. These valuesaitedizetter alignment for the ZnO nanowires
grown on DC-sputtered and annealed seed layerhwhiconsistent with the SEM observations
(shown in figure 21). The uniform orientation of@manowires on sputtered/annealed seed layer
additionally showed a very uniform height and tégt Surfaces. Thus, the high quality of the
seed layer also enables a homogeneous growth afmreglthe entire sample. It will be shown in
chapter 5 that the here achieved uniform heigl&rd@d nanowires on p-Si substrates is a crucial
property to enable the direct assembly of thes@stauctures in devices for gas sensing applica-

tions.
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400nm

Figure 21 SEM micrographs (top and cross sectional viewyo® nanowires on seed layer
prepared by (a,c) sol—gel/ spin-coating and (b,@)dputtering and annealing depositions.
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Figure 22 XRD patterns of ZnO nanowires on the top of segdrlgprepared by DC-sputtering
and annealing, and sol-gel spin-coated techniqonsst shows a magnified part of these spectra.

ii. ZnO seed layer deposited by Atomic layer depositin(ALD)

To continue identification of optimal growth paraers for the growth of aligned ZnO nan-
owires, the ALD techniqgue was used to deposit Zm@dslayers for growing aligned ZnO
nanowires. The sequential deposition of atomic Za@gers enables the realization of very
homogeneous seeds with a very good control ofeékd fayer thickness. A series of depositions
were performed to study and to optimize the infeeerof ALD process parameters, such as
deposition temperatures, as well as the effectast-pnnealing treatment on the as-deposited
films.

ZnO films were deposited at different temperatwed25, 175, and 200 °C, keeping the
number of deposition cycles constant. The XRD spetin figure 23a shows the characteristics
peaks in the range ob2 30°-40° ascribable to a polycrystalline wurziteagé of ZnO. All ALD
deposited films showed very low peak intensitiesygared to previous films prepared by sput-

tering or spin coating possibly due to low film dkmesses and accordingly lower diffractions
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values. The crystallinity of the ZnO seed couldshghtly enhanced by increasing the deposition
temperatures during the ALD process. Figure 23lwshie effect of post annealing tempera-
tures on the crystallinity of the produced ZnO S8lnit is clear that the crystallinity is increasing
by increasing the annealing temperature and tlemsityy of the (002) characteristic peak 2
34.5°) is increasing, which indicates that the isaxientation is also dominating in these sam-
ples.
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Figure 23 (a) XRD patterns of ALD ZnO films at different ALBeposition temperatures, and (b)
for the film deposited at 200 °C with different pasnealing temperatures.

The cross sectional SEM images, in figure 24 (askdpw the dependence of the thickness of
the deposited films on the number of ALD depositignles.
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Figure 24 Cross-sectional SEM images of ALD deposited ZnQl dager for (a) 400 cycles, (b)
600 cycles, and (c) 1000 cycles. (d) the relatietwieen the number of deposition cycles and the
film thickness.

The AFM images in figure 25 demonstrate that théAleposited films are highly homoge-
nous and uniform. The root-mean-square) (Bf surface roughness derived from the AFM
studies is depending on the number of ALD cycles thickness of the film). The;Ralues were
0.6 nm for films deposited in 100 cycles, 0.7 nmA60 cycles, and 0.8 nm for 300 cycles. These
results indicate that the roughness of the filimcseasing with the increase of the film thickness.
The roughness of ALD deposited filmsy&0.8 nm) is lower than that of the DC-sputterdwahdi

of the same thickness {R1.2 nm).
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(b)

Figure 25 AFM images of ZnO films deposited by ALD after (@0 cycles, (b) 250 cycles, and
(c) 300 cycles.

Electrical properties of two ZnO films (80 nm thjakeposited at 200 °C and post annealed
at 400 and 500 °C were studied by the Hall effeeasnrements, which was carried out by the
direct current (DC) four point probe method at romperature. The donor concentration of
ZnO films annealed at 400 and 500 °C were 5.9%%a®° and 1.08x18 cmi®, respectively. A
substantial reduction in the free electron coneiain is observed with the increasing of the post
annealing temperature which can be related to #teetbcrystallinity and the lower number of
defects and oxygen vacancies in the films annestlétgher temperatures [147].

The contact angle measured for ZnO thin films daedsat different ALD deposition tem-
peratures (see figure 26) show hydrophobic charadtéhe deposited films, where the sample
was kept forl day in dark before the measuremdihis.slight variation of the measured contact
angle of the thin films can be primarily attributiedthe difference in their surface roughness and
crystallinity [148]. The contact angle decreasestfoee ZnO films upon UV-light irradiation
(for 4 hours) indicating that the hydrophilicity dfie films increased through the UV-light
irradiation (see figure 26 b,d,f). These decreasesontact angle can be explained in terms of
surface activation by UV-light. Upon UV illuminatip electron—hole pairs are generated at the
surface of ZnO. The created holes can react witltéaoxygen to form surface oxygen vacan-
cies, while the electrons react with lattice métais (Zrf") to form defective sites (i.e. surface
trapped electrons). These defective sites areikallst more favorable for adsorption of hydroxyl
group (or water molecules). This results in impraeat of surface hydrophilicity and the water
contact angle is significantly reduced [148]. Itaiso worth to mention that this transition from
hydrophobicity to hydrophilicity is reversible bxpgosure to UV light and can be revert back to
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its original state by keeping the films in dark fordays. This result from the replacement of
hydroxyl groups adsorbed on the defective siteexygen atoms, since the oxygen adsorption is

thermodynamically favored [148].

Dark UV light

(a) (b)

(d)

Figure 26 Contact angle measurements for surfaces undefligdV irradiation and in dark
condition of the ZnO film deposited at differentjgeratures of (a, b) 125 °C, (c, d) 175 °C, and
(e, f) 200 °C.

The orientation of the nanowires is a key factat tinfluences the design of prototype de-
vices for gas sensing applications. The XRD ditivgcam of the ZnO nanowire arrays on ALD

seed layer (see figure 27a) show three characdteditraction peaks that can be indexed to the
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(100), (002), (101) planes of the wurtzite ZnO,pedively. It confirms that as-prepared nan-
owire arrays are wurtzite ZnO with a vertical otaion along the c-axis. The SEM image, in
figure 27b, shows the grown ZnO nanowires with ardter of 50-80 nm which is remarkably
thinner when compared to ZnO nanowires grown ondp@ttered and annealed films. The ratio
of the (002) peak height to the (101) peak heightdifferent seed layers of the same thickness
were 196, 14 and 8 for ZnO nanowires on DC-spultered annealed, ALD, and sol gel/spin
coated seed layers respectively. These valueshaagreement with the SEM observations and
indicate that the alignment of ZnO nanowires on Ei@-sputtered and annealed is the most
suitable candidate for fabrication of prototype gassing devices (see chapter 5).

ALD and DC sputtering techniques will be mainly d$er most of the depositions depend-
ing on the application requirements. DC-sputteestihique will be used for device design which
requires better alignment and ALD depositions Wi used for applications that need good
control in terms of homogeneity, composition, anidkness to produce heterostructures or to be

used as a seed layers to produce thinner nanoanceseed layers on 3D structured substrates.
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Figure 27 (a) XRD pattern and (b) top-view SEM image of Zné@hawires on ALD deposited
ZnO seed layer.

Besides the effect of ZnO seed layer, the influefcaaturation level of hydrothermal solution on

the crystal morphology is also studied as follows.
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* The effect of super saturated solution on the alignent of ZnO nanowires:

In order to control the orientation of nanowiregramising strategy has been used to control
the crystal growth during the hydrothermal synthdbrough suppression of the homogeneous
nucleation of ZnO in the bulk solution, which wowtherwise consume the ZnO precursor and
negatively affect the growth of ZnO nanowires oa Hubstrate [136,149]. Figure 28 shows the
SEM images of the nanowire arrays prepared withwaitidout aluminum-iso-propylate on sol-
gel/spin coated and DC-sputtered seed layers uh@esame conditions and for 20 h growth
time. The ZnO nanowires synthesized in presene@duohinum-iso-propylate were more vertical-
ly aligned with higher aspect ratio when compa@the nanowires grown without the addition.
The presence of aluminum-iso-propylate could presdstainable support for the preparation of
long length and high aspect ratio nanowires becéuseuces the formation of zinc aluminum
layered double hydroxide (ZnAl:LDH) instead of Zm@noparticles in the bulk solution and
promote the anisotropic growth of long ZnO nanovdreays on the substrate [136]. The reac-
tions that may be involved in the growth of ZnO oaires in solution containing aluminum-iso-

propylate are described as follows [136]:

Al(OC3H;); + OH™ + 3H,0 —» AI(OH); + 3 C3H, OH 2B]
C¢H2N4 + 6H,0 —» 4NH; + 6 HCHO R4]
H,0 + NH; < OH™ + NHj 25]
Zn%* + 4NH; < Zn(NH;)3* 26]
AI(OH); + Zn(NH3)3* + (NO3)~ + H,0 < ZnAl:LDH + 4NH; 27]
Zn?* + 4(OH)™ < Zn(OH)%~ 78]
Zn(OH)3~ - ZnO + 20H™ + H,0 9]
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Figure 28: cross-sectional SEM images of ZnO nanowires ongsblspin coated seed layer
without (a) and with (b) aluminum-iso-propylatedaft) on DC sputter seed layer with alumi-
num-iso-propylate.

As can be seen in the SEM images in figure 28cctimebination of the controlled super-
sturation growth on a proper seed layer could aeh@n optimal alignment of the nanowire
arrays. Achieving such well aligned nanoarrays ubsate is a fundamental step towards direct
synthesis and integration of nanostructures irdédsred nanodevices.

The growth of ZnO nanowire arrays is subjectednt reaction-limited growth, where the
rate of nanowire growth is found to be decreasingven vanishing after a certain time [136]. To
overcome such limitation, multicycles of growth4fO nanowires in fresh solutions was used to
elongate the length of nanowires perpendiculahéar substrates and thus increase the surface to
volume ratio of the nanowires. Figure 29 shows Bred nanowires of aboutj4m were obtained
after 3 cycles of growth. Such long nanowires whigh aspect ratio are favorable for solar

energy harvesting applications [150].
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Figure 29: cross-sectional SEM of ZnO nanowires produced &#fefl cycle and (b) 3 cycles of
growth, where the duration of each cycle was ob@rs.

4.1.2 Synthesis of ultra-long ZnO nanowires and nanotubethrough anodization method

In a further approach [151], ZnO nanowires werdlsgsized by anodizing Zn foil in slightly
basic electrolyte of NaHCOThe XRD diffraction pattern (figure 30a) of Znilfanodized at 5
and 10 °C under the same anodization conditions\(pplied voltage, anodization time 1h,
electrolyte concentration 0.05 M NaHgQhen annealed at 250 °C for 1 h in air) show the
characteristic peaks of the polycrystalline hexag@mase of ZnO (JCPDS 36-1451) in addition
to the zinc peaks originated from the zinc subst(d@CPDS 04-0831). The crystallinity of the
nanowires obtained at 10 °C anodization was higbenpared to other temperatures used. The
nanostructures produced via anodization were nextdimanowires and nanotubes as shown by
SEM images in figure 30 (b,c). The formation of otbes from nanowires has already been
observed for several materials (such as ZnO and Zn8 can be attributed to the chemical
dissolution of the nanowire core [152,153].

The TEM image (figure 30d) shows the polycrystaland the porous nature of the pro-

duced nanowires with a diameter of 170 nm and reof5um
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Figure 30: (a) XRD patterns of Zn foil anodized &tand 10 °C under the same anodization
conditions followed by annealing treatment at 260 (b, ¢) SEM and (d) TEM images of ZnO
nanowires and nanotubes obtained from anodizatié0 aC under 10V applied voltage for 1 h.

The effect of different parameters of the anodaraprocess was studied to understand the

growth mechanism and to optimize the growth pracess

* The effect of electropolishing pretreatment of theZn foil

The electropolishing of Zn foils before anodizatisrvery important to obtain a more uni-
form nanowire film on the whole substrate. Electitghing is reducing the surface roughness

and removing the irregular surfaces as can be wbddrom the SEM images (see figure 31b) of

untreated foils and their electropolished countegpa
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Figure 31 SEM of Zn foil with (a) no pretreatment and (b@atopolishing pretreatment.

* The effect of growth time

The early stages of ZnO nanowires growth were oeskeby successive SEM images taken
at different growth times. The SEM image of Zn faflodized for 1 min (figure 32a) show many
surface pits with flower like thin needles insidleTihe number of surface pits increased with time
with longer flower like needles springing out oétpits (figure 32b). The needles are grow longer
with time and form long nanowires that covered nudsthe foil surface at 20 min anodization
period (figure 32c). The increment of anodizatiaovgh time results in growth of ultra-long

nanowires with length of about 4@n for 1h anodization (figure 32d).

* The effect of applied voltage

The effect of applied voltage was studied and asvehin SEM images a lower applied volt-
age is favorable for the growth of nanowires wittiferm sizes and lengths. Films start to crack
when higher voltages are applied (20 V) and thedipeel off from the surface of the foil. The
obtained ZnO nanowires are mesoporous on the salls aws can be seen in figure 33. The
porosity of the nanowires is found to decrease witlneasing the applied voltage up to 15 V.
The suitable control over the applied voltage @aulto control over the porosity of the produced
nanowires which is interesting for applicationstthequire higher surface areas and better

diffusion such as gas sensing applications.
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Figure 32 SEM images of ZnO nanowires at different growthetsnof (a) 1 min., (b) 5 min., (c)
10 min., and (d) 20 min.

* The effect of reaction temperature

SEM observations (see figure 34) indicate thatréaetion temperature has an influence on
the growth of nanowires and that lower temperat(eeg 10 °C) are favorable for the nanowire
growth up to room temperature. When the temperahareases up to 40°C irregular nanowires
are grown and surface cracking was observed. Wiitihér increasing of the temperatures up to
70 °C, hair-like microstructures were observed. Hest results of homogenous dense and
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uniform nanowires arrays were obtained for fiim®dined below room temperature, possibly

due to more controlled etching process.

Figure 33 SEM images of ZnO nanowires at different appliettages of (a) 5 V, (b) 10 V, (c)
15V, and (d) 20 V.
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Figure 34 SEM images of ZnO nanowires at different growtmperatures of (a) 10 °C, (b)
room temperature, (c) 40 °C, and (d) 70 °C.

The proposed growth mechanism of ZnO nanowires byredizadion:

Based on the above observations, the growth mesinaof ZnO nanowires by anodization
will be explained. The aqueous solution of NaHd® slightly basic which in presence of an
applied voltage corrodes the Zn foil and thus clvahmnd electrochemical etching processes are
simultaneously active on the zinc surface. In ataoce with literature for a similar electrolyte,
the electrochemical etching process dominatesaarlapplied voltages (in the range of 10-20 V)

[127]. In the presence of low applied voltagescZends to dissolve and result in the formation
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of the local pits observed from the first minuteamodization. The ongoing anodic and cathodic

reactions are described in the following equatid23]:

Cathode reaction:

Zn - Zn%* + 2e” 30]
Zn?* + 20H™ - Zn(0OH), (s) [31]
Zn(OH), + 20H™ - Zn(OH);? 32]
Anode reaction:
2H" + 2e™ - H; () [33]

When a voltage is appliedn(OH);? ions form the needles like nanostructures which be
come nanowires with increasing reaction time. Th&ioed products were converted to uniform
ZnO nanowires by annealing at 250 °C in air.

The use of Zn foil to produce ZnO nanowires viadipation offers many advantages such
as the lattice match between ZnO and Zn, whicHitiasi the growth of well aligned nanowire
arrays. Additionally, no catalyst or a seed lagemeeded for the growth, since Zn foil act as both
the reactant and the substrate [127]. The mainddasdage of the anodization method is the
difficulty to integrate the produced nanowires iidbased electronic and optoelectronic devices.
Besides the instability of the produced nanowiikssf on their substrates, that hinders exploita-

tion of their useful properties as well as thesqtical applications.

4.1.3 Synthesis of ZnO nanorods by oxidation of Zn foil

The current approach for a simple synthesis ofdimensional ZnO nanostructures is based
on natural oxidation of Zn foil in presence of dika solutions such as ammonia or NaOH
solution or with the aid of aqueous solutions agfifamide. Acceleration of the natural oxidation
is needed due to the fact that of oxidation of znetal in water by the naturally dissolved

oxygen is very slow caused by the formation of sspee ZnO surface layer on its surface [154].
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» Direct oxidation of zinc foil in an aqueous solutia of formamide

Formamide aqueous solutions are used to accel@tgow zinc oxidation process. Zn re-
acts with formamide to form zinc-formamide complexéquation 34) [155,156]. These
complexes are continuously supplied from the zoicdnd then dissociate thermally to produce

zinc ions that readily oxidize and produce ZnO.

Zn + nHCONH, + 2H,0 — [Zn(nHCONH,)]%* + 20H™ + H, 1 [34]

The XRD patterns shown in figure 35a verify thegance of hexagonal wurtzite ZnO with
a preferential orientation in the [002] directiam addition to less intensive (001) and (101)
reflections. SEM images (see figure 35b) show tren&tion of ZnO nanorods of about 80 nm

diameter.
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Figure 35 (a) XRD patterns, (b) SEM image of ZnO nanorodsagr@n a zinc substrate im-
mersed in an aqueous formamide solution for 2466acC.

» Salt assisted oxidatiorof zinc foil in formamide
In order to control the shape of the nanostructpreduced by oxidation of Zn foil, a certain
amount of NaCl salt was added to the formamide agmisolution (keeping the same reaction
conditions) as a shape-control agent. Novel wefihéd platelet-like ZnO microstructures were
formed as can be seen in SEM image in figure 36e fbrmation of the platelet-like ZnO

microcrystals can be explained based on the sedcédalt effect” where upon introduction of
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NacCl into the solution precursor chloride ions wbbk selectively adsorbed on the positive polar
face of the (0001) ZnO and hinder further growitngl the(0001) direction and thus accelerates
the radial growth to form platelet-like structudd$7]. The chemical composition of the pro-
duced platelet-like ZnO was confirmed by EDX measwents (see figure 36b). It shows the

presence of only Zn and O elementary componentsaudittle of Cl impurity.

Intensity (a.u.)

Energy (KeV)

Figure 36 (a) SEM image and (b) EDX spectra of platelet-ld&@O grown on a zinc substrate
immersed in 5% formamide aqueous solution contgifid5 M NaCl salt for 24 h at 65 °C.

» Direct oxidation of zinc foil in an aqueous solutia of NaOH

The zinc foil turned to grey when it was immersedhie alkaline solution of NaOH at 80 °C
for 24h due to the surface oxidation process ofzhdoil. The Zn foil reacts with the alkaline
solution to form a complex dfn(OH);? which further decomposes to form ZnO. The SEM
image (figure 37a) shows the formation of ZnO nadsrwith hexagonal pyramid-like sharp tips
and well-defined crystallographic faces. The foioratof the pyramid-like sharp tips can be
attributed to differences of growth rates of di#fiet crystal faces which control the final shape of
the produced ZnO nanorods [158]. The EDX spectrbows that the elementary components
existing are Zn and O only (see figure 37b).

The as grown ZnO nanorod layer were ultrasonia&igoved, a pattern was left on the foil
surface of the foil (see figure 37c) that act a&ed layer for the growth of thicker ZnO nanorods
composed of multi-segments with rougher surfaceddacheter of about 200-250 nm (see figure

37d). The size of the produced nanorods suggesatgtta nanorods were directly grown on the
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pattern left on the Zn foil surface. This can bgramising approach for developing novel
nanostructures by using scaffold nanostructurethersurface of the desired substrates to design
a nano-imprint pattern for a second step growtle EBX spectrum shows that the elementary

components existing are Zn and O only.

Zn (b)

Intensity (a.u.)

500 nm

100 nm

Figure 37 (a) SEM image and (b) EDX spectra of ZnO nanorodh wyramid-like sharp tips
grown on a zinc substrate. (c) the pattern lefthenZnO foil after ultrasonic treatment. (d) multi-
segments nanorods formed on the pattern in shown in

To sum up, the various ZnO nanostructures synteéson Zn foil by the different methods

mentioned in this section are summarized in table 5
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Table 5Summary of ZnO nanostructures synthesizedmifoil by different methods.

Method Morphology Precursors
Anodization Ultralong NWs/nanotubes NaHCGQ;electrolyte
Formamide assisted oxidation Highly oriented nanorods Formamide aqueous
solution
Formamide/salt assisted oxida- Platelet-like 5% Formamide + 0.45
tion NaCl

NaOH assisted oxidation =~ Nanorods with pyramid-like tips NaOH aqueous solution

NaOH assisted oxidation on pre-Microrods composed of multi- ~ NaOH aqueous solution

pattern segments

4.2 Fabrication of Si nanowires

Silicon nanowires (Si NWs) are promising buildingdks for new nanoelectronics and en-
ergy harvesting applications as an alternativeléaogr Si devices due their attractive properties
such the excellent light-harvesting capabilitiesl #me enhanced carrier collection and transport
efficiencies [159,160].

The metal-assisted chemical etching was chosentbefabricate Si NWs as a simple and
low cost method, besides it can provide nanowires from contamination usually found in the
traditional vapor—liquid—solid approaches [159].eTabrication of Si NWs can be achieved by
etching the Si wafer in two solutions; solutiorcofisist of AQN@/HF) to form an Ag layer on
the surface of the Si wafer where the morphologyhefdeposited Ag nanoparticles is strongly
depending on the immersion time, followed by solatil (contain HO,/HF) as schematically
represented in figure 38. The mechanism of etcbin®i NWs is still not clear so far and is an
active subject of debate [161,162]. One of the axglions is considering that Ag particles
protect the underneath Si from etching solution anly etching occurs in the surrounding area
which results in Ag capped Si NWs, while the othesposed mechanism argues that Ag parti-
cles catalytically etching away the underneatltailithat is directly in contact with them [162].
The explanation of the etching mechanism was nggstigated in this work; the attention was

mainly paid to optimize the fabrication procesptoduce Si NWs with controllable and repro-
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ducible lengths. The produced Si NWs will be furtbeed, as it will be described later, for the

fabrication of p-n heterojunctions with metal oxsd®ich as ZnO and NiO.

AgNO3/HF

—

Si substrate Deposition of Ag film
HF/H,0,

d} .
Y. Ag

N,

HNO3

7 NW

Wet-etched Si nanowires Ag-catalyzed etching

Figure 38: A schematic illustration of wet chemical etchinggess of silicon substrate by using
two solutions; solution | (consist of AgNMBIF) followed by solution 1l (contain ¥D,/HF).

The main factors that can influence the Si NWs ftion are the AgN@concentration, the
HF concentration, and the etching time [137]. Aereral experiments, using different condi-
tions, here the most reproducible results are diiced, which can produce Si NWs with the
same structural characteristics. Figure 39a shbe€itoss-sectional SEM images of the Si NWs
after etching and before removing of the Ag pagscby immersion in concentrated HNQt
clearly shows the presence of Ag nanoparticles @@.30 nm of average diameters and also

some Ag nanoclusters can be observed.
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Figure 39: (a) Cross-sectional SEM image of etched Si NWs wth nanoparticles and
nanoclusters, (b) XRD pattern of Si NWs etchedifdr, (c) their top view SEM image. (d) the
effect of etching on both sides of Si wafer.

The etched Si NW array architecture strongly depesrdthe orientation of the used silicon
wafer, which is p-Si (100) in case. XRD patterngh# wet etched Si NWs (figure 39b) shows a
preferential orientation along [100] direction wahgood crystalline quality. The top- and cross-
sectional SEM images, shown in figure 39 (a, c)thef Si NWs formed by etching the silicon
wafer for 1 h with a silver layer deposited for Inote show that the Si NWs are uniform and
vertically oriented to the substrate. They havendoun length of about 25 pm with a diameter
ranges from 120 to 270 nm. As can be noticed amrdi@9d, the backside of the Si wafer was
also etched and Si NWs were formed, which may oy n@ be detrimental depending on their
desired applications. Since the nature and theityual the Si backside can influence the

nanodevice performance and hence their functioredepties, it is crucial to protect the backside
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of Si wafer before etching. This effect of doubidesetching, if controlled, can be taken as an
advantage to fabricate so called hybrid deviceslwhise the double sides of Si wafer to reach a
maximum efficiency per unit device.

The length of Si NWs on a Si (100) wafer shows alnaolinear relationship with the etching
time as can be seen from the cross-sectional SEdyes of Si NWs which were etched at

different periods (see figure 40).
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Figure 40: Cross sectional SEM view of Si NWs etched for (ai@ with length of 1.2um, (b)
10 min with length of 4.8um, (c) 1 h with length of 25.@m, and (d) 3h with length of gom.

4.3 Fabrication of p-n heterojunctions and their heterctructures

Heterostructures with a suitable band energy algrmnand high-quality interfaces are good
candidates to build nanosystems with multifunctiqeraperties. Heterojunction is formed at the
interface of two doped semiconductor materials édiopith either p- or n-extrinsic dopant atoms

or intrinsic defects) to produce p-n junction. Tégsnctions promote the charge separation and
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collection at their interfaces [163]. The heter@jtimn can occur along the diameter (i.e. radial
junction) or length (axial junction) of the nanowior at the substrate interface (planar junction).
The junction can induce a chemical potential ddfere that causes electrons and holes to move
in opposite directions to allow for carrier colliect [163].

In this work, p-n heterojunctions composed of n-Za@ other p-doped materials (such as
p-Si substrate, p-Si nanowires, p-NiO) were faliedaas alternatives to overcome the difficulty
in the reproducible growth of high quality, statded controllable p-type ZnO [164].

4.3.1 Planar Heterojunctions
4.3.1.1 Planar n-ZnO film/p-Si (substrate) heterojunction

Planar n-ZnO/p-Si heterojunctions were fabricatgddbposition of n-ZnO thin films by a
variety of deposition techniques like ALD and DQ#pr annealing, on a p-doped Si wafer. The

details and the optimization of deposition proocgese discussed above in section 4.1.1.

4.3.1.2 Planar p-NiO film/n-Si (substrate) heterojunction

NiO is a promising semiconductor material for ogotronic applications such as light emit-
ting diodes, photodetectors, and solar light atdéidayas sensors. The p-NiO/n-Si heterojunction
diode was fabricated by DC-sputtering of a Ni métal on n-doped Si wafer followed by a post
annealing in air.

XRD patterns of deposited films post-annealed & BD reveal the formation of p-NiO, as
shown in figure 41c. The post-annealing temperatgezl was held at 500 °C as requirement for
device fabrication as well explained later. Oxyg#asma treatment of the as-deposited NiO
films does not show better crystallinity which daacaused due to the physical ablation effect of
the oxygen plasma on the surface of the NiO filiftse cross sectional-SEM image of p-NiO
film confirms the deposition of p-NiO films withittkness of 160 nm (see figure 41b).

The electrical as well as the functional propertéshe planar p-NiO film/n-Si (substrate)
heterojunction will be discussed in detail in cleas.

8C



Fabrication and Controlled Growth of Functional Naraterials

(a)

— untrcated
C —— 10 min O, plasma
204
- —— 20 min O, plasma

(200) NiO

30 40 50 60
20 (degree)

Figure 41: Top- and cross sectional- SEM view of p-NiO/n-Sienejunction (a, b) and its
corresponding XRD pattern (c).

4.3.1.3 Planar ZnO nanowires/p-Si (substrate) heterojunctio

The ZnO nanowires were grown on p-Si wafer withr@DZseed layer. The structural properties
and synthesis details were described before inose@1.1 and their electrical and optical

properties as well functional characterization Wwél given in the next chapter.

Surface modification of ZnO nanowires/p-Si (substrge) heterojunction

CdS is used as sensitizer to decorate the as-gZod@nnanowires, because its relatively nar-
row bandgap (2.42 eV) enables light harvesting he wisible light region [165]. This
modification is necessary since the absorptionaseZnO, which is a typical wide band gap
semiconductor (3.37 eV), occurs in the UV regioe.fi < 400 nm) [166].

CdS nanoparticles (NPs) were deposited on ZnO naeswia chemical bath deposition
(CBD) by using an agueous solution of cadmium E&dSQ), aqueous ammonia (as a complex-
ing agent), and thiourea ((N}ACS, as a sulfur source). The decoration densigd$ NPs was
controlled by the time of CBD process. The gensgattion pathway for the CdS formation can
be described as follows [138]:

NH; + H,0 < NH,* + OH" [35]
Cd?* + 4NH; < Cd(NH,)?** [36]
(NH;),CS + OH™ < CH;N;, + H,0 + HS™ [37]
HS™ + OH™ < S2~ + H,0 B8]
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Cd?* + 82~ = cdS 39]
Cd?* + 20H™ < Cd(OH), 4O0]
Cd(OH), + S?~ < CdS + 20H" 41]

By dissolving ammonia in water two equilibrium réans can take place (equations 35 or
36) where OH ions are produced as well as cadmium tetraamimaplex is formed.
Meanwhile, thiourea decomposes and generates dtigesions (equations 37 and 38). CdS can
be formed either by an ion-by-ion mechanism (equa89) or a hydroxide cluster mechanism
(equations 40 and 41), or by both mechanisms [138].

The SEM images in figure 42 show the depositio€d8 NPs by heterogeneous nucleation
on ZnO nanowires by CBD method for 10, 20 and 60 d&position times. As can be observed
from SEM images, after 10 min deposition time, ofélw nanoparticles were deposited on the
surface of one ZnO nanowire and size and densith®fCdS NPs are increasing for 20 min
deposition. After 60 min deposition of CdS a canelkstructure is obtained where the core of n-
ZnO nanowire is fully covered with a shell of Cd®d Similar behavior were observed byeti
al. for CdS deposition on Tisurface [167]. The EDX analysis shown in figurel 4@r 10 and
60 min deposition time reveal the characteristi@ikgecorresponding to elements of Zn, O, S, and
Cd. The atomic ratio of Cd/S was almost 1 whichficors the formation of CdS nanopatrticles.
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Figure 42 SEM micrographs of CdS NP/ZnO nanowires heterosiracarrays deposited at 60
°C for different times of (a0 min, (b) 20 min, and (c) 60 min, respectivet). EDX spectra of
samples deposited at 10 and 60 min.

4.3.2 Radial Heterojunctions

Radial heterojunctions have superior propertiekiding optical properties (such as optimal light
absorption, low reflection of the sun illuminati@pectrum), and electrical properties (e.g.
efficient free carrier collection) as compared eit conventional planar p-n junctions [168].
This can be attributed to their high surface/volurago and geometry characteristics as will be
discussed latdd 68].
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4.3.2.1 ZnO/p-Si NWs radial heterojunction and their modifications

The radial p-n heterojunction based on Si NWs an@® Zre expected to show better perfor-
mance in solar cell applications, when comparechtd@O/ p-Si planar heterojunction. As their
geometry enable a decoupling of the requirememtdbt absorption and carrier extraction into
orthogonal spatial directions. Each individual eadunction could be long in the direction of
incident light, allowing for optimal light absorpn, but thin in another dimension and thus

allowing an effective carrier collection [163,168].

Radial n-ZnO/p-Si heterojunction

ZnO films were deposited on the Si NWs by using Aaid DC-sputtering and annealing
technigues. The SEM images (see figure 43) of Zf#)/WWs heterojunctions show the confor-
mal coating of ZnO on the Si NWs of the ALD depedifilm over the DC-sputtered film.

200 nm

500 nm

Figure 43 SEM image of n-ZnO film deposited by (a) ALD and C-sputtered/annealed
techniques on p-Si NWs to form radial p-n heterofiom.

XRD pattern of n-ZnO deposited by ALD technique @i NWs (figure 44a) shows the
predominant growth of Si NWs along the (100) diactflanked by distinctive minor peaks in
the 30°-40° range ascribable to the wurzite phdgeolycrystalline ZnO film. The intensity of

ZnO peaks indicated good crystallinity of the filmhich was enhanced by a post-annealing
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treatment at 500 °C in air. The TEM image of theDAtleposited ZnO film on Si NWs is shown
in figure 44b, it can be seen that ZnO film is tajl;ne and anchored to the surface of the core Si
NW with a thickness of 60 nm.

200

. ( a) . —— p-Si NWs

n-ZnO/p-Si NWs||

*ZnO

150 4

Intensity (a.u.)

20 (degree)

Figure 44 (a) XRD pattern of n-ZnO film deposited by ALD ketque on p-Si NWs and the
etched p-Si NWs. (b) TEM image of n-ZnO film depediby ALD technique on p-Si NWs.

Controlled shell thickness of the radial heteradtrites allows the control over their optical
and electrical properties. This can be achieveddntrolling the number of the ALD deposition
cycles. In addition to the fact that the element@gnponents existing in the EDX spectrum are
only Zn, O, and Si; it can be noticed that thenstty of the Si peak is decreasing with increasing
the number of ALD deposition cycles, which is adigation for the increment in the shell
thickness. The EDX spectroscopic mapping of the 2héll with thickness of about 20 nm (100
ALD deposition cycles) on the p-Si NW core is shawifigure 45 (d-f); these figures correspond
to the SEM image shown in figure 45c. The char@ties peaks of zinc [Zn (L)], oxygen [O
(K)] and silicon [Si (K)] appear and it is clearathZn, O and Si atoms are concentrated in the
whole area of nanowire. These analyses confirmadthie coaxial nanowires have a closed ZnO
shell and a Si core, respectively and they alseakthe good coverage of ZnO shell on the Si

NWs surface.
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Figure 45 (a) EDX analysis of n-ZnO shells with differentadkinesses on p-Si nanowires. (b) a
schematic illustration of radial n-ZnO/p-Si NWs érgjunction. (c-f) EDX spectroscopic map-
ping of ZnO (shell) deposited with 100 cycles of[Abn p-Si NWs (core).

Surface modification of n-ZnO/p-Si NWs heterojunctons

The modification and integration of nanowires irsid&ble fashion is still a challenging ave-
nue. Surface modifications and compositional turehgproduced heterostructures was used to
achieve the desired properties required for enbagyesting applications. The solar light harvest-
ing efficiencies can be improved by extending tightl absorption of ZnO/p-Si NWs into the
visible light region of the sun spectrum.
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« CdS@n-ZnO/p-Si NWs
The n-ZnO/p-Si NWs were modified by deposition afSCNPs on their surface to enable

visible light harvesting, which is required for aolight activated gas sensors as well as for other
optoelectronic applications.

The SEM images show that uniform decorations of G on the n-ZnO surface were
achieved with control over the coverage densitieth® nanoparticles on the surface (see figure
46 (a, b)). It can be seen that for longer depmsitimes of CBD (120 minutes, figure 46c¢), the
ZnO layer is totally etched during the CBD procasd big agglomerated of CdS NPs are formed
on Si NWs. The etching of ZnO during the CBD wasoréed before and it can be attributed to
its amphoteric nature, as it can react with boildie@nd basic solutions and dissolve. Since the
CdS deposition solution is highly basic, therefdhein situ etching of the ZnO can take place

during the deposition reaction [138].
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Figure 46 Cross-sectional SEM images of CdS deposited by ©BZnO/p-Si heterojunction at
60 °C for (a) 10, (b) 25, and (c) 120 min respedtiv(d) TEM, (e) FFT, (f) HRTEM images, and
(g) TEM-EDX spectrum of CdS deposited for 25 minZm©O/p-Si heterojunction.
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* ZnS@ZnO/pSi NWs

Complex heterostructures extend the solar lighbgdt®n range for optoelectronic applica-
tions. A proper engineering of the interfaces aiptex heterostructures can promote efficient
photo-induced charge carrier excitation and en#idd transfer through energetically aligned
interfaces [169].

ZnS is a wide band semiconductor with a bandgap.@6 eV at room temperature [170].
ZnS is used as a buffer layer between light absdtite CdS) and ZnO to reduce recombination
of electrons in the ZnO with holes in the absoftipemtroducing a potential barrier [171]. In this
work, ZnS/ZnO heterostructures were synthesized biynple sulfidation conversion of ZnO. In
the reaction system, thioacetamide (TAA) as S souxarolyzes and releasesSHunder 90 °C,
and then HS reacts with ZnO surface to form ZnS [139]. ThevVlSEage in figure 30 a shows
the ZnO shell with smooth surface and sharp edgegsire 47b shows that after conversion of
ZnO to ZnS the nanowire surface became rougheicatidg the formation of a ZnS shell on the
Zn0O. The TEM image further confirmed the formatwina thin layer of ZnS on the surface of
Zn0.

Gy

Figure 47 (a) SEM image of the n-ZnO/p-Si NWs heterojunctifh) SEM and (c) TEM (inset
image is the FFT pattern) of ZnS@ZnO/p-Si NWs lwgterction.

*  CdS/ZnS@n-ZnO/p-Si NWs

Besides the expected charge separation improveahénée interface of CdS and ZnO by us-
ing a thin interlayer of ZnS film, it can clearlg Iseen from the SEM observations (see figure 48)
that the solution pretreatment of the ZnO nanowiéh a sulfide solution to form a thin ZnS
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shell on ZnO surface is found to improve coveragg aniformity of the CdS NPs deposited by
CBD method. The increase of the density of CdS hiPshe surfaces of ZnO nanowires will

result in an increase in the visible-light absaptand therefore the efficiency of their devices.

-
& 200 nm

500nm [l 8T " 100 nm

Figure 48: SEM (a) and TEM (b) images of CdS NPs deposite@B at 60 °C for 25 min on
ZnS@Zn0O/p-Si NWs heterojunction.

4.3.2.2 Three dimensional (3D) radial CdS@n-ZnO/p-Si NWs herostructures

As previously mentioned, well-defined 1D nanostuues and their hetero-architectures are
at the heart of building blocks for future nanodesi with multifunctional characteristics. The
integration of these simpler 1D nanoscale buildaacks, e.g. nanowires, into hierarchical 3D
nanostructures, through a secondary engineeredlgroan significantly enhance their electrical
and optical, and functional properties. Such com@P architectures may benefit applications
that require higher specific surface and porosi§2]. The rational synthesis of 3D nanostruc-
tures with controlled structural complexity will @nle the design of smaller devices with
enhanced functionalities.
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Fabrication of 3D heterostructures and their modifcation

In this work [151], 3D heterostructures of ZnO NW/Si NWs were fabricated through a
two-step process. Firstly, a ZnO seed layer weposited, either ALD or DC-sputtering tech-
nigues, on the wet-etched p-Si NW backbone, foltblwe a hydrothermal synthesis of ZnO NWs
branches on the seeded Si NWs. The cross secB&Mhlimages indicate the growth of branched
ZnO NWs on ALD deposited seed layer perpendicdaheir Si NWs backbone. The length of
the n-ZnO NW branches is adjustable by controltimggrowth time of the hydrothermal process
as can be seen in figure 49 (a-d), while the diamistaround 35-70 nm.

Furthermore CdS NPs were deposited on the 3D rsttaobures of ZnO NWs/p-Si NWs by
chemical bath deposition to enable their solartlabsorption capabilities. SEM images in figure

49 (e, f) confirm that CdS NPs were deposited umnifg on the surface of ZnO branches.
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Figure 49 Cross-sectional SEM images of 3D ZnO NWs branchesvig by hydrothermal
growth for (a, b) 4h, (c, d) 20h, and (e RIS NPs decorated 3D ZnO NWs branches grown by
hydrothermal synthesis for 20h.
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The electrical characterization of 3D radial hetergunctions based on n-ZnO NWs/p-Si
NWs

Recently there is a growing interest in the faliiracaof 3D hierarchical nanomaterials, as
they possess unique optical and electronic pragedue to their substantially enhanced surface
areas [172—-174]. However, studying the electricapprties of such systems in correlation to the
3D structural complexity of their geometries idl $éicking. The investigation of their electrical
properties is a key point in the rational desigrsiwéh complex nanostructured and their integra-
tion in functional devices.

A prototype device was designed to test the intietectrical properties of the 3D hetero-
junctions by using conductive glass (F:$nBT0O) as a transparent top contact on the n-ZnO NW
shell whereas the p-Si backside was contactedsiiter paste.

From the capacitance-voltage measurements, byngdtie inverse squared of the junction
capacitance against the applied reverse voltagedohnor density (M) of the n-doped material
(i.,e. ZnO) can be extracted. For ideal p-n diotie, ¢apacitance (C) per unit area can be ex-

pressed as [175]:

2(N L& + N &
- ( A*1 D 2)(\/bi _V)
ANp N &6, [42]

1
c?
where N is the donor density of the n-doped material (Zr@Q)is the acceptor density in

p-Si NWs,e; ande, are the dielectric constants of n-ZnO and p-Sipeetively,q is the charge

on the carriersyy is the built-in potential of the p-n diode avids the applied bias voltage.

The slope ofL/C>-V plots can be used to calculate the donor den§iBn® (Np) according
to equation 42. Figure 50 shows the capacitancag®el(C-V) measurements of 3D ZnO NWs/p-
Si NWs heterojunctions (Mott-Shottky plot) with féifent n-ZnO NWs branches lengti$C?
vs. voltage plot displayed a linear behavior whionfirms the formation of a p-n heterojunction
diode at the n-ZnO NW/p-Si NW interface. The vatfielonor densitiesNp) for smaller branch-
es of about 100 nm length was determined as 1.18xt0and by increasing the branches length
the donor density decreases to 1.02"%h®® and with further increase of the branches length,

the value continues to decreaseNip= 1.01 x13® m>. Donor density values in order of 110
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10"° m® were typically observed in ZnO nanowires [176,1Fpm these findings it is evident,
that the donor density of n-ZnO (which is relatedtlie oxygen vacancies) can be tuned by
varying the length of 3D ZnO branches and is fotmdiecrease with increasing growth time,

which might be attributed to the decrease in tHeale and the increase in crystallinity.
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Figure 50: SEM images of 3D ZnO NWs branches grown by hydrotiaé method for (a) 4h
(S1) (b) 20h (S2) and(c) 40h (S3).(d) Capacitaraleage measurement. Mott Schottky plots
(1/C* vs. V) of n-ZnO/p-Si nanowires acquired at 1 MHz in teeerse bias region for samples
S1 and S2, and S3 and (e) their calculated donwitiks (\p)..

4.3.2.3 p-NiO/n-ZnO NWs radial heterojunction

ZnO is an n-type semiconductor that is usually dépd on a variety of p-type materials,
such as GaN, Si to form p-n heterojunctions. NiQ-tgpe wide band gap semiconductor that has
a low lattice mismatch with ZnO which is fabricatikey requirement for the formation of
material interfaces with low lattice stress andsthallower defect density or dislocations in this

area of the p-n heterojunction. ZnO NWs were diyesynthesized on conductive glass (F:$nO
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FTO) as a transparent substrate by the hydrotheouge followed by a deposition of p-NiO thin
film by DC-sputtering of Ni followed by thermal asaling.
The SEM images shown in figure 51a reveal the dnafthighly uniform and well oriented

ZnO nanowires with a diameter of 140-160 nm.
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Figure 51 (a) SEM image and (b) XRD pattern of ZnO nanowwasFTO substrate. (c) SEM
image and (d) EDX spectra of p-NiO/n-ZnO nanowjfesl ].

The XRD pattern (figure 51b) indicates the presesfchexagonal wurtzite ZnO with a pref-
erential (002) c-axis orientation perpendiculatthe FTO substrate. The uniform coating with
NiO film can be seen from SEM image in figure 52dditionally, the observed elementary
components in the EDX spectrum are only Zn, O, Min(ee figure 51d)

The current-voltage (I-V) curve of the p-NiO/n-ZiONs heterojunction measured in dark

condition shows a typical rectifying diode behawaod very low leakage current of the formed p-
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NiO/n-ZnO junction (see figure 52a). The threshetdtage of the p-n junction is about 1 V in
forward bias. The capacitance-voltage (C-V) measardgs were performed and shown in figure
52b. 1/C* vs. voltage plot displayed a linear function o&siwhich indicating the successful

formation of a p-n heterojunction at the p-NiO/n&ZNWs interface.
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Figure 52 (a) I-V characteristics of p-NiO/n-ZnO NWs heterojunctiorder dark conditions and
(b) the Capacitance-voltage measurement. Mott Sichgilots (L/C? vs. V) of n-ZnO/p-Si
nanowires acquired at 1 MHz in the reverse biamnreld51].

95



96



Self-Powered Solar Diode Sensors

5. Self-Powered Solar Diode Sensors (SP-SDS)

Spiraling energy requirements place a demand amgusie renewable energy resources more
efficiently and developing new platforms of greenhnologies. Fabrication of intelligent devices
based on functional nhanomaterials that can hammestgy required to run the device through
functionalities embedded in the system are curyertjuired.

Low power consumption, low operating temperaturd eost effective production are the
most challenging issues in gas sensor technol¢g®d, the device architecture presented here
has been designed to palliate such issues. Thaictordeteric gas sensors made of semiconduc-
tor metal oxides are among the most commonly ussdsgnsors in market due to their low costs
and high robustness [19]. The energy needed toatgpsuch gas sensors are supplied either in
form of thermal heating or light to activate theagte gas/ metal oxide chemical interaction. In
addition to the traditional activation of metal daisurface by thermal heating, recently UV light
is also used to activate the sensor response at temperature conditions [36,179,180]. The
requirement of a UV light source to generate exstn the wide band gap of common metal
oxides is a difficulty for commercializing such apach.

Recently much research efforts have been devotetheodevelopment of self-powered
nanodevices that are capable of harvesting renewaérgies such as solar and mechanical
energies and converting them into electricity. Nthadess, the current concept of self-powered
nanodevices is based on coupling an external errengyesting unit, such as a solar cell or piezo-
electric nanogenerator, with the functional nanocks/to meet the demand for the self-sustained
operation [89,93,181,182]. In all these casesptiwering solution manifested the integration of
different macroscopic functional units and the Hraje associated with the assembly of com-
plementary functionalities, such as powering anasisg units at the nanoscale, are inherent
difficulties of this concept. An innovative appréacmamely solar diode sensor (SDS), has been
developed to realize a real self-powered gas seahabiis autonomously operated with no addi-
tional need of other powering devices [183,184]e Bolar diode sensor (SDS) is based on the
integration and correlation of complementary fumadlities originating from multiple junctions
in a singular nanostructure. In this work, the gassing and solar energy harvesting abilities of
metal oxide semiconductors were utilized to deli@eself-sustained gas sensing signal without

any external power sources.
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5.1 Solar diode sensor (SDS) based on CdS@ZnO nanowilesi
heterojunction

One dimensional ZnO nanostructures such as nasoraganowires are highly sensitive gas
sensor materials compared to their bulk countespdue to their high surface to volume ratio
[185]. The heterojunctions based on n-ZnO/ p-Sktakes are interesting for applications such
as solar cells or photodiodes due to their goodqguhito-electron conversion efficiency [186—
188].The deposition of a narrow band gap sensitizer asadS (2.4 eV) [189] on the surface of
a wide band gap semiconductor such as ZnO (3.37[EX)], is found to extend the photo-
response of the heterostructure into the visilgbtlregion [32,80,191-193].

The potentials of the aforementioned systems wadbése to fabricate a new combinatorial
complex architecture of CdS@n-ZnO/p-Si which isdoben the synergetic overlap between a
photo-activated gas sensing unit (CdS@n-ZnO) wifkraheterojunction (n-ZnO/p-Si) capable
of harvesting the energy required to operate the@erom the environment.

5.1.1 Structural analysis of the system and the prototypelevice fabrication

The detailed structural properties of CdS@ZnO/p&ie discussed before (see section 4.3.1). In
brief, a seed layer of about 20 nm of ZnO was diggdy the DC-sputtering/annealing tech-
nique, as it has the preferred growth orientatmgrow well aligned ZnO nanowires, on a p-Si
substrate. In a second step, ZnO nanowires wergngby a modified hydrothermal method, by
adding aluminume-iso-propylate to provide a sustal@aupport for the preparation of long length
and high aspect ratio nanowires, at 75°C for 20 hhe top of deposited ZnO seed layer. ZnO
nanowires (ca. 150 nm) were vertically aligned witiiform size and areal density of ~ @6y

and this was more confirmed by the XRD which res¢hat the as-prepared nanowire arrays had
a wurtzite ZnO structure with vertical orientatialong the c-axis.

The surface decoration of ZnO with CdS NPs as @aonaband gap semiconductor was
achieved by chemical bath deposition (CBD), in whécdirect growth of the CdS NPs on the
electrode surface by chemical reaction of ioniccgseis taking place [194,195]. The advantage
of using CBD is that it produces high surface cagerof CdS with good anchoring to the surface
of ZnO, which is needed to enhance the chargeragpa at the CdS/ZnO interface and to also
minimize the surface trapping and consequentlysdssiue to charge recombination [196]. The

aforementioned features of CBD are very crucialgas sensing application. In this regard, CdS
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NPs were deposited by CBD method for 15 min, SEMges, shown in figure 53 (a, b), demon-

strate a particular and uniform assembly of CdS MiPshe surface of ZnO. The homogenous
decoration of CdS NPs was further confirmed by T&h4lysis shown in figure 53 d. CdS NPs

with average diameters of 10 -20 nm were depositesurface of ZnO nanowires. The coverage
density of CdS was carefully chosen, by controllihg CBD deposition time as discussed
previously in section 4.3.1, to ensure that théaser of ZnO is not fully covered by CdS. The

low coverage density (ca. 11 %) of CdS on ZnO &léhe existence of partial uncovered surface
of ZnO that can be exposed and react with diffeigag molecules. The CdS/ZnO interface
qguality was demonstrated as shown in the insetigpfré 53d, the HR-TEM image reveal a

coherent ZnO-CdS interface. The marked spacingbeotrystallographic planes correspond to
the (100) and (200) of CdS. The EDX analysis shotliedcharacteristic spectra of Cd and S and
revealed a Cd/S ratio of 1:1 which additionally fwon the presence of CdS (see figure 42d). The
EDX spectroscopic mapping reveal the homogenousrege of CdS on ZnO, where the charac-
teristic peaks of Cd [Cd (L)], S [S (K)], Zn [Zn)]..and O [O (K)] appear (see figure 54) .

Figure 53 (a, b) In plane and tilt-view SEM images of CAS@ZNWS on p-Si substrate. (c)
TEM images of ZnO and CdS@ZnO NWs, (d) the inseinshthe lattice fringes of a CdS NP
decorated on the ZnO surface.

99



Self-Powered Solar Diode Sensors

Figure 54 EDX spectroscopic mapping images of CdS NPs/Zn@wags.

The prototype device fabrication

Prototype devices were designed to test the caynebpg functional properties of
CdS@znO/p-Si system. As can be seen from the sdleerapresentation in figure 55a, the SDS
prototype device were fabricated by using a condedlass (F:Sng FTO) as a transparent top
contact on the vertically aligned ZnO nanowiresigsrwhereas the p-Si substrate was contacted
as the back electrode with silver paste [193]. different components were contacted mechani-
cally by using conventional metal clamps. The atig® of the current device design is that it
does not require any complicated assembly process.

AFM topography measurements were performed in dalarvestigate the uniformity of the

lengths of ZnO nanowires. 2D and 3D AFM plots &f thpography of ZnO nanowires, in figure
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55 (b,c), reveal that most of the ZnO nanowiresit@kivery similar lengths, which was also
confirmed by a line scan across the blue line m@id in Figure 55d. This uniformity of ZnO
nanowires guarantees a suitable contact betweenahewires and the top electrode (the FTO
substrate) that can be further enhanced by thaesppiechanical force of the clamps. This is
very important to ensure that the SDS device islpeing the synergetic effects of its compo-

nents.
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Figure 55 (a) Schematic representation of the SDS device2@band (c) 3D plots of the topog-
raphy of ZnO nanowires measured by AFM in non-contaode; and (d) a line scan profile
corresponding to the blue line in figure b [151].
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5.1.2 The electrical and optical characterization of theSDS system

The modification of ZnO nanowires with CdS is exelco modify the optical as well as the
electrical properties as CdS extends the absorgpestra of into visible light range. Figure 56a
shows the UV-Vis absorption spectra of CdS/ZnO names and naked ZnO nanowires, the
optical absorption of CdS@n-ZnO/p-Si sample staftech 520 nm whereas the spectrum of
naked n-ZnO/p-Si sample is located at 400 nm dagiviom the ZnO band gap. CdS and ZnO
form a type Il heterojunction as shown in figurdob&here an efficient spatial charge separation
of electrons and holes upon photo-generation isnpted. The electrons from the conduction
band of CdS will be transferred quickly into th@duction band of ZnO nanowire [77,197].
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Figure 56 (a) UV-Vis optical absorption spectra of ZnO andS@IZnO grown on p-Si substrate

(b) schematic diagram showing the energy band strueamdeelectron—hole pair separation in the
CdS NP/ZnO heterostructure.

The electrical properties of the prototype SDS dewvere investigated by testing the cur-
rent-voltage (I-V) characteristics (see figure 5iMe evolution of the I-V characteristics in dark
confirmed that the typical non-linear and rectityidiode behaviour, which reveals that the
prototype device was successfully fabricated ath@/p-Si heterogeneous junction is formed.
The solar illumination of the device shifts the Ie¥iaracteristics to a photovoltaic effect. This
indicates that the device is capable of directysforming sunlight into electrical power. Possi-
bly due to interface defects at the n-metal oxig#lipon junction, a shift to more linear

behaviour is noticed in the I-V characteristics emniflumination, indicating a lower resistance of
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the diode under reverse biased conditions. Thefeetdeenable a conduction pathway parallel to

the reverse biased direction and cause the plrgislof the diode characteristics.
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Figure 57 (a) Current-voltage characteristics of CdS@n-Zn8S/gn dark and under solar
illumination in N2 atmosphere, (b) a magnified pzfrthe 1-V curve.

5.1.3 Gas sensing properties of SDS

The key idea of the SDS is based on integratiomaficomponent units with multiple and
complementary functionalities in a singular deviBased on our experimental findings and with
the help of state-of-the-art literature, a novelSSBensing concept was developed, based on
monitoring the change of open circuit voltagkV (), in comparison to the well-known conduc-
tometric sensors which are based on monitoringctienge of resistanc&R). The fabricated
SDS was capable of detecting oxidising and redugemses with reproducible response at room
temperature and without the need of any other gr&ygrces except solar illumination to deliver

a self-sustained gas sensor.
The SDS gas sensor devices were tested to demertstear self-sustainability to power and

to deliver reliable gas sensing signals correspanth different surrounding gases. The devices

were operated under the following two different ditions
1. Applied current mode (APP-mode): where the devies monitored by applying regulat-

ed bias currents (+25 and +p®) and the corresponding voltages were measuredrund

simulated solar light illumination (AM 1.5) at rooiemperature.
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2. Self-powered mode (SP-mode): no external curreptiep under simulated solar light

illumination (AM 1.5) at room temperature.

Gas sensing response of SDS under applied currenofe (APP-mode)

The gas sensing properties of SDS device weredtdisst by the traditional sensing meas-
urements by applying different currents to power sensor (APP-mode). In the APP-mode the
sensor is working as a visible light assisted gamsar rather than a self-powered one. Figure 58
(a,b) presents the different gas sensing behavafu€slS@n-ZnO/p-Si in dark and under illumi-

nation conditions.

* In dark conditions

CdS@n-zZnO/p-Si showed no response for differentieghforward bias currents (+25 and
+50 YA) in nitrogen and oxygen atmospheres (see figuaepBobably due to insufficient activa-
tion energy for interaction of oxygen species oa surface of ZnO as there was no external

activation (such as irradiation with light or thexinmeating) [198].

* Under solar illumination

In contrast, under illumination conditions (simel@tsun spectrum; AM1.5) the sensing be-
havior of CdS@n-ZnO/p-Si was totally different. Tlsgstem showed an increase of the
measured voltages at constant applied current @pposure to oxygen atmosphere which is
reflecting an increase in the resistance of the@eunder oxygen gas. The measured responses

were fully reversible and reproducible in differdms currents (Figure 58b).
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Figure 58 Gas sensing characteristics of CdS@n-ZnO/p-Si sys@N/OFF curves (oxygen /
nitrogen) recorded at different constant currentga) dark and under (b) solar illumination
showing different gas sensing behaviors. (c) ON/@&¥ygen / nitrogen) curve recorded with
open circuit voltage M. (I = 0 A) under solar illumination condition.

* The sensing mechanism at different applied bias ctents (APP-mode)

When a constant current is applied to the SDS def@dS@n-ZnO/p-Si), the sensing mech-
anism is the same as for simple conductometrigge)tgas sensors, in which the resistance is
increased when an oxidizing gas such as oxygentrigduced. This effect can be explained in
terms of the increase of the surface depletion zomE can be monitored by the increase of

voltage as shown in Figure 58b in cases of 25 @ndAapplied current [199].
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Gas sensing response of SDS under Self-powered mg@8E-mode)

The most interesting finding was that, the CdS@©@/RSi showed significant gas sensing
responses even at zero bias current, i.e. no extelectric power applied (see figure 58c). The
response at zero bias current was opposite to thfdsas currents, indicating a different underly-
ing sensing mechanism in comparison to the trathticonductometric sensing principle. Since
there is no current flowing at zero bias conditjahge measured voltage signal displays the open
circuit voltage (\¢) of n-ZnO/p-Si heterojunction diode and not thade resistive character of
ZnO itself. In other words, the signal responsencameflect the change of the conductometric
properties of ZnO but has to be originated in angeaof the n-ZnO/p-Si diode properties.A
series of gas sensing measurements were performbe iself-powered mode (i.e. zero applied
current and visible light illumination at room teerpture) to investigate the observed self-
powered gas sensing response of SDS.

Figure 58c shows the ON/OFF curve (oxygen / nimygd CdS@ZnO/p-Si recorded at zero
applied current and under illumination. From thelation of the open circuit voltage.¥(zero
current) it is clear that the value ofMlecreases in oxygen (about 41%) in comparisorntito-n
gen atmospheres (the reference gas). EvidentlyisVan auto-generated signal that correlates
with the atmospheric composition.

In order to demonstrate that this proof-of-concggice (CdS@ZnO/p-Si) can be used to
detect other common target gases, the device wassed to ethanol gas (50-200 ppm) and
operated in the SP-mode. Figures 59 (a,b) showthsignals of CdS@n-ZnO/p-Si in dark and
under solar illumination conditions upon exposureat sequence of ethanol pulses diluted in
synthetic dry air. Under dark conditions, ng. ¥ensing signal was obtained and consequently no
modulation of \{;, was observed. Upon illumination, the CdS@n-Zn&Vighowed significant
dependence of ) on the ethanol concentration (inset of Figure 58bking the monitoring and
correlations of ¥ suitable for quantitative sensing purpose. Thpaomese and recovery sequence
repeated over a long time (~ 8 weeks) showed gtadalisy and reproducibility of the monitor-
ing system.

To further assess the sensing behaviour of SDSelevider different reducing gases, the
sensor was exposed to methane gas and operatbé self-powered mode. The response of
CdS@n-ZnO/p-Si towards different concentrationsnwthane exhibited similar gas sensing

properties (Figure 60a).
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Figure 59 Gas sensing characteristics of CdS@n-ZnO/p-Si sys@N/OFF (ethanol / air)
curves of CdS@n-ZnO/p-Si recorded in (a) dark amdeu (b) solar illumination (Inset shows the
sensitivity of the device with different ethanohoentrations).

In contrast to the good sensing responses obs&vé&tS@n-ZnO/p-Si system, the bare p-
n junction (n-ZnO/p-Si) without CdS decoration ordlgowed low, unstable and non-scalable
response to different methane concentrations (gaeef60b). This is demonstrating the key role

of the CdS@n-ZnO gas sensing unit in the CdS@n-Z+«8DEystem under solar light illumina-

tion.
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Figure 60 ON/OFF (methane / air) curves of (a) CdS@n-ZnO/psl (b) n-ZnO/p-Si recorded
under solar illumination. Insets show the sengitiof the device with different methane concen-
trations.
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The Voc was found to be higher for ZnO/p-Si system comgbarcethe CdS@n-ZnO/p-Si
sample, because in case of bare n-ZnO/p-Si dewdrgint is absorbed by CdS and consequently
the incident light reaches the p-n junction of rZp-Si with a higher intensity. This suggests
that the response of SDS is mainly depends onhthege of . (AV,) under ambient gases and

not on the absolutevalue of the system.

5.1.4 The proposed sensing mechanism of self-powered S{E»-mode)

As discussed before, the system fabricated hertaiosntwo main components: the CdS
decorated ZnO nanorods as active sensing unit aBdOdp-Si heterojunction as the self-
powering unit. Therefore, in this concern, an operacorrelation between these two compo-
nents, active sensing unit and self-powering uhéye been established in order to better
understand the sensing mechanism of the system.d&liee response in different gaseous
species at different working conditions have beealyzed in details and a sensing mechanism
has been proposed. The proposed mechanism witkfdaieed in terms of modulated polariza-
tion of nanoparticles/nanorods interface, gas-natsurface interactions and the subsequent
changes in the doping level §N which is manifested in the variation ofMn CdS@n-ZnO/p-

Si. Here a step by step proposed mechanism isduntesl:
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Figure 61 Step-by-step SDS proposed mechanism: (a) I-V curgesrded in dark and under
solar illumination of CdS@n-ZnO/p-Si, (b) a sketohtheir high energy electron patterning
under solar illumination, (c) I-V curves recordeader solar illumination in Nand Q atmos-

pheres of CdS@n-ZnO/p-Si, (d) their correspondimgrge carrier distribution sketches, (e) I-V

curves recorded under solar illumination in air d4890 ppm ethanol atmospheres of CdS@n-
ZnO/p-Si, and (f) the corresponding charge cadistribution sketches.

l. The effects of the solar illumination

Figure 61 (a,b) shows the of I-V characteristicalS@ZnO/p-Si in dark and under solar

illumination under N and the corresponding sketches of a non-equitibjwocess that could

explain the response of the system in the followiranners:
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(i) Once the photon is absorbed by CdS, a photeg¢ion of electron-hole pairs takes place
in CdS NPs. (i) As CdS and ZnO have proper barmghalent of type Il heterojunction [197],
whereby the lower conduction band edge of ZnO few@n effective charge separation. The
excited electrons (ér are injected from the conduction band of CdS Nfs the conduction
band of ZnO nanowire, whilst the mismatch in thlEamee band and absence of a hole extracting
agent, such as electrolyte, forces holes to renmi@dS side (i.e. efficient carrier separation)
[200]. (iii) The number of holes within CdS increasby the ongoing electrons injection which
leads to a transient electrical polarization cqroesling to dynamic accumulations of holes on
CdS side and electrons on ZnO surface. This idfdireéing process that continues until the
formed electric field blocks any further injectioakelectrons into ZnO. The dynamic processes
of electron injection (CdS» ZnO) and recombination (ZnS> CdS) end up in a steady state in
which an overall increased electron density onsing¢ace of ZnO is achieved [77,201]. These
changes in the surface charge distribution i.ectkation of local electric fields between ZnO (-)
and CdS (+) causes a polarization of the ZnO seyfabich is accountable for variations in the
gas-surface interaction causing the activationhef gensing that drive the sensor response[28].
Some previous works demonstrated that similar &ffelsy using external electric fields, can

activate the gas-metal oxide interaction [202,203].

Il. Effects of oxidizing gases under illumination

Figure 61c shows the change of I-V characterigiic€dS@ZnO/p-Si under Nand Q at-
mospheres in order to study the influence of oxidjzyas molecules on the I-V characteristics. It
is well known that ZnO, like most of the n-type seomductor oxides, can react with oxygen to
form oxygen species (Q Oy, O) [21] on its surface. A schematic representatibdistribution
of charge carriers on CdS@ZnO/p-Si under oxidiatmgosphere is shown in figure.61d. Under
exposure to oxygen atmosphere, the electrons adateduat the ZnO-CdS interface can be
trapped by oxygen molecules to form oxygen speciean exergonic process (i.e. no need for

additional energy) as shown in equation 43 [204].
e~ + 0, (g) - 05 (ads) [43]

The trapped electrons are subsequently compenbgtbdlk ZnO electrons, causing a de-
crease of the apparent donor density within theamexide (Nb decreases). Therefore this

electron accumulation at the ZnO surface by caingction from CdS upon photo-excitation
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can explain the vital role of CdS in the systenthie activation of the sensing response to gases
via sunlight photons. Since better gas sensingoresgs were observed for CdS coated n-ZnO/p-
Si when compared to naked n-ZnO/p-Si. The primapedament has shown that CdS@n-ZnO/p-
Si with full decoration rate of CdS did not showyaensing behaviours indicating that ZnO
surface and interface of CdS and ZnO could plagyar&le in the gas sensing mechanism.

The above proposed explanation postulated a deciaafe concentration of electrons in
ZnO in presence of oxygen, which can be regardeddesrease in the effective concentration of
donor impurities N in the n-type ZnO. The equations of the semicotauguantum theory can
be used to support the described SDS mechanismreldteon between the donor concentration

(Np) and the built-in potential j/in a p-n junction is expressed by equation 44 205

KT | NZN3

Vi = F Ln( NiZnONiSi [44]

where N, Na and N are donor, acceptor and intrinsic doping leveliclwitorresponds with the
free carrier concentration in the impurities iotiza regime, k, T and g are Boltzmann constant,
absolute temperature and electron charge, respBctiv

According to equation 44, the reduction of Mads to a decrease of thg Value in oxygen
atmosphere. Since the open circuit voltagg)(\Vthat appears across the terminals of a p-n
junction under illumination is caused by the abilif this built-in potential () to separate the
electron and hole pairs generated within and ctosthe depleted region, there is a positive
correlation between the photo-voltage values (angairticular the open-circuit voltage,y and
built-in potential (\4) [206,207]. It can be concluded, according toagqun 49, that the reduc-
tion of Np leads to a decrease of;\and consequently the.y/value in oxidizing atmosphere.
Figure 61c shows the I-V characteristics of CdS@/pr8) recorded in oxygen and nitrogen
atmospheres. TheoWalues obtained (I = A) in figure 61c can support the tendency ¢f IN
different atmospheres. Following the proposed mesha a reduction of N in oxidizing
atmospheres causes a lowey; @f the device and thus shows the opposite respdimeetion

compared to conventional n-type conductometricsgasors.
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. Effects of reducing gases under illumination
The sensing behaviors of the SDS device were studieorrelation with the I-V character-

istics in air and ethanol atmospheres respectivelprder to understand the underlying sensing
mechanism. Figure 61e showed the |-V charactesisticCdS@ZnO/p-Si in air and ethanol
(1000 ppm diluted in air) atmospheres under sdiiamination. The \, values of CdS@ZnO/p-
Si sensor was 36 mV in air and 44 mV in ethangbeesvely. This increase in the,Walue in
ethanol can also be explained on the basis of @qusly proposed model, where in this case
the oxidation of ethanol molecules released elesttapped at surface oxygen back to ZnO (see
figure 61f) once the following the reaction takésce [208]:

C,Hs OH ) + 5€ (q45) = CO + CO, + 3H,0 + 5e” [45]

The consequent increase of Mithin the n-doped ZnO causes an increase inaherded V.

value of the sensor as a signal for the presentieakductive gas.

Taken together, these results show that the SD&elean work as quantitative and also
qualitative self-powered gas sensor under solamilhation and it is capable of detecting and
distinguishing between reductive and oxidative gascies. Finally it is worth to mention here
that there are some limitations need to be const&r improve the introduced proof-of-concept
devices such as the limited response and recowmmgstas well as sensitivity values of the
system due to the fact that the gas diffusion thhoilne nanostructures was slowed down, caused
by the easy to build device setup. The possibtrgits that were done in this respect as well as

the promising ideas to improve the performance bgldiscussed in detail in the outlook section.
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Validation of the sensing mechanism

To this end, the proof of concept of SDS was dernatesi in the previous discussions but if
this debate is to be moved forward, a deeper utadeimg of SDS concept is needed to validate
the proposed mechanisms.

l. Capacitance-voltage (C-V) characteristics

The capacitance-voltage (C-V) characteristics ef DS system can be used as an indirect
evidence of the SDS proposed sensing mechanisoyghrmonitoring the dependence of N
values of ZnO on different gas environments catedlafrom the capacitance-voltage (C-V)
measurements. The capacitance per unit area dieahheterojunction diode can be expressed as
(equation 46) [205]:

i _ 2(N,& +Nyes,)
ok ANp NLE.E,

(Vbi _V) 44]

where, in current case,pNs the donor density in n-ZnO,,Ns the acceptor density in p-Si,
€1 and e, are the dielectric constants of n-ZnO and p-Sipeetively, q is the charge of the
carriers, \; is the built-in potential of the p-n heterojunctiand V is the external bias voltage.
As the dielectric constants of both materials dmel doping level of p-Si (N are known, the
slope of 1/G-V plots can be used to determine the donor defisisy of ZnO.

Capacitance data for all sample were plotted intMahottky style and fitted with a straight
line for the negative bias, the slope of the lireswsed to determine the donor density) (bf
ZnO. 1/C versus applied potential curves for the devicanitnogen, oxygen, air and ethanol
(1000 ppm diluted in air) atmospheres were meas(ged figure 62) at 1 MHz in order to
confirm the environmental dependence of donor dem. 1/C vs. voltage curves displayed a
linear behavior confirming the successful formatafa p-n heterojunction at the n-ZnO/p-Si
interface.

The donor concentration of naked n-ZnO/p-Si (28X m®) was insensitive to variation in
the gas atmosphere or the illumination conditidigufe 62d) whereas the CdS@n-ZnO/p-Si
system displayed significant variations (figure 62c
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Figure 62 Capacitance-voltage measurements. Mott Schottkig §ldC vs. V) of (a) CdS@n-
ZnO/p-Si, and (b) n-ZnO/p-Si acquired at 1 MHz he treverse bias region. Environmental

dependent N of (c) CdS@n-ZnO/p-Si and (d) n-ZnO/p-Si recordeddark and under solar
illumination.

The change of the donor density of CdS@ZnO/p-Sesysinder dark and illumination for
all gases has been shown in figure 62c. It wasrebdethat the donor densitypN-emained
constant in dark conditions (ca. 1.20 ¥%61®) but it was sensitive to the presence of different
gases under illumination. Under illumination, thendr density was sharply increased under N
atmosphere (from 1.20 x fto 1.40 x 16° m®, i.e. ca. 16 %) however an opposite effect was

observed in oxygen and synthetic air atmosphereyavthe density was decreased under illumi-
nation in case of oxygen and synthetic air atmosgshe
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This observed behavior is fully consistent with greviously depicted sensing mechanism,
where the optical sensitization of the CdS-ZnO riate is essential to achieve the sensing
behavior. As it is clear from figure 62c, the chang Nb under Q@ and N is more significant
than that in air/ethanol. The quantitative evidefoceNp, changes in different gases is comparable
to the changes in open circuit voltagsV(.) which is 25 mV in oxygen/nitrogen condition
(figure 61c) however, less change ip Was observed in air/ethanol atmospheres in cavrebp
ing with the less change in open circuit voltagsesieed beforéAV,, 8 mV) shown in Figure
61e. These results indicate that the change oéffieetive N, within n-ZnO is the major factor

influencing the . value, which is the self-powered sensor signdifiierent gases.
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Figure 63 Evolution of Ny of CdS@n-ZnO/p-Si and n-ZnO/p-Si devices aftertcvmng off the
solar simulator.

The dynamic evolution of jafter switching off the illumination, 1/Grersus applied volt-
age curves were measured at different time scales the visible lamp was switched off (t = 0
s), clearly shows that the effective concentrabbmlonor sites remains quenched depending on
the surrounding atmosphere (see figure 63), caexpkined by the so called persistent photo-
conductivity (PPC) [198], that is only observedeaféxposing ZnO to UV photons with energies
above the bandgap of the material and needs theoumse of surface distribution of charges
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interacting with gaseous molecules. Remarkablys #ifect seems to take place in ZnO/p-Si
system with simulated sunlight only after coatihgrh with a visible sensitizer (CdS), providing
further evidences about the successful modificatibthe surface charge distribution in the ZnO

nanorods.

Il. The effect of incident light intensity on SDS respase and the role of CdS NPs
To clarify the SDS sensing mechanism, the reldtiemveen incident light intensity and open
circuit voltage (M) in N, and Q atmosphere and their relative open circuit voltabange
(AVoo have been studied. As shown in figure 64, the Walue in N increases linearly with
increasing the incident light intensity whereas Yhg value in Q atmosphere drops nonlinearly

with the increases of light intensity.
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Figure 64 Light intensity dependence of the open circuit &gl (M) of CdS@n-ZnO/p-Si
system in M and Q atmosphere and their relative chanfye ().

The first candidate explanation for these remaskdiaghaviours might be the change in the
donor density of ZnO (M and its correlation with injected photoelectroimsthe case of nitro-
gen, the donor densityd\bf ZnO does not change as there is no interati@vween ZnO and N
and thus the increase ofMs solely depends on the increase of photoelestiojection from

CdS into ZnO and the consequent increase in theophwent. This is very similar to previous
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reports on CdS/ZnO solar cells, where there isllysagroportional increase of the open circuit
voltages with the increase of light intensity amdfe CdS decoration density [59,80].

While in the case of oxygen atmosphere there ielaion between two major factors influ-
encing the value of ¥, namely the light intensity and the net donor dgnsp. The injection
rate of photoelectrons from CdS to ZnO is assuraeddrease with increasing of the intensity of
incident light, thus more electrons will react withe oxygen to form the adsorbed oxygen
species which will result in a reduction of the denor density of ZnO () (i.e. decrease of
Vo). According the previous assumption the reductiblonor density of ZnO is supposed to
increase with increasing of the incident light mg®y and thus the change of donor dengiMy)

Is expected to increase (i&Vcincrease) also with increasing the light intensitge measured
change of open circuifyV,, values at different light intensities is consitti with the proposed
assumption andV(i.e. ANp) is found to increase with higher light intensstie

These results indicate that the variation gf M different ambient is more meaningful than
the absolute value of ¥ The change of ¥ depends strongly ong\Nthe donor density of ZnO
which can be tuned by photo-sensitization of CdSoparticles decorated on ZnO surface. The
role of CdS is indispensable for the SDS systemomby to harvest the solar light but also to
activate the analyte gas/ZnO interaction and t@aeoé the gas sensing response of the system. It
is interesting to mention that in a recent repsaduCdS NP/ZnO microcrystal heterostructures to
develop visible induced gas sensors (where a cunstdtage were applied to measure the
photocurrent and not a self-powered sensor) thed tise similar concept of charge separation
and confirmed also that the photo-generated elestod CdS NPs can be transferred to ZnO
under visible light irradiation [32].

To sum up, the results of this work demonstrated that tlodusion of a solar cell (n-ZnO/p-
Si) and an active gas sensing material (CdS@Zn@l)led the operation of the gas sensor device
without any external electrical power sources, \whgy only solar illumination the open circuit

voltage Vi, produced by the n-ZnO/p-Si solar cell, acted sslfagenerated sensing signal.

5.2 Solar diode sensor based on radial CdS@n-ZnO/ p-8anowires heterojunction

The proof of the SDS concept was demonstrated enpilevious section, based on the
CdS@ZnO nanowires/p-Si substrate system; howevee msearch on the SDS concept needs

to be undertaken to demonstrate the generalitthefcdoncept by extending the new sensing
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approach to other nanomaterial geometries. Furthiernthe first SDS device suffers from a slow
response and recovery characteristic, that is Iplyssaused by the slow diffusion of gas mole-
cules through the compact ZnO NWs structure. ls thspect, a new system based on the radial
heterojunction of CdS@ZnO/p-Si nanowires has baeastigated to prove the validity of SDS
sensing concept. The radial one dimensional p-erbginction were chosen due to their superior
and additional properties such as high surfacefaeluatio, superior optical properties (such as
optimal light absorption, low reflection of the sullumination spectrum), and efficient free

carrier collection, as compared to their convergigulanar p-n junction counterparts [168].

5.2.1 Structural analysis of the system and the prototypelevice fabrication

CdS@n-zZnO/ p-Si nanowires heterojunction was fabeid through a combination of wet-
chemical etching of Si wafer to produce p-Si namesi followed by atomic layer deposition of
ZnO shell on the core Si nanowires for 300 ALD defion cycles and finally the CdS NPs were
deposited on the surface of ZnO shell by chemiedh lneposition method (CBD) for 15 min.
The details of the synthesis were discussed befosection 4.3.2. The CdS@ZnO/p-Si NWs
system is composed of core of vertically aligne8iiNWs arrays with a length of 34m and a
shell of 60 nm thick ZnO film and a uniform decawatwith CdS NPs with size of about 20 nm

on the ZnO surface.

Figure 65 Schematic representation of the SDS device baseddia CAdS@ZnO/p-Si NWs.
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Figure 65 shows a representative sketch of the 1I@8Di&l device, where the same device de-
sign were used as described before (see sectiah),5nihere the only difference is that the p-n
junction is formed here a long the radial surfat&idNWs and the surrounding ZnO shell. The
current geometry is offering a higher surface ttun@ ratio and a less compact structure for
enhanced gas diffusion. The conductive glass (RSKFDO) was used as a transparent top

contact on the top of the ZnO shell whereas the guBstrate underneath the Si NWs was
contacted as the back electrode.

5.2.2 The electrical characterization of the radial SDS ygstem

The current—voltage (I-V) characteristic of the G@2n0O/p-Si NWs heterojunction in dark
conditions and at room temperature is shown inrégb6, the curve clearly shows a typical
rectifying behaviour of a p-n heterojunction. Undetar illumination the 1-V characteristics of
the CdS @ZnO/p-Si NWs show a photovoltaic effecthef device with an open circuit voltage
(Voe) of 90 mV under solar illumination. It is worth taention that this value of ¥ is higher

than that obtained for the analogue system basgdamar Si substrate (whergMvas about 60
mV), which indicate the advantage of the radiakhedtructures.
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Figure 66 (a) I-V characteristics of CdS@n-ZnO/p-Si NWs hejignction in dark and under
solar illumination. (b) a magnified part of the ledrve to show the open circuit voltage.

The capacitance-voltage (C-V) measurements of t&@n-ZnO/p-Si NWs heterojunction
device are shown in figure.67. #/@s. voltage plot displayed a linear behavior awniing the
formation of a heterojunction diode at the n-ZnSIpiAWs interface. The donor density of ZnO
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was calculated from the slope of #/@s. voltage curve and is found to be 1.5 x®19°. It is
important to point out that the value of donor dgn@\p) of n-ZnO on the Si NWs deposited by
ALD is slightly higher to the N value measured before for ALD films of ZnO depedibn flat
substrates (1.08x ¥bm™) which was reported in the previous section 4.IHe higher N value

for the CdS@ZnO/p-Si NWs might be attributed todkéects introduced by the etching effect of
CdS to the surface of ZnO which can result in no@fects in ZnO surface. These etching effects

are attributed to the amphoteric nature of ZnOrasipusly discussed [138].

132
1 ——7Zn0/Si NWs
1.304 —— Linear Fitting
4 Oo
1.28 9
<« | C ]
£ 1.26-
°.' ]
= 24
<
o
S 1224
’i o
«Q 1.20 4
@) ]
= 1.18
~ ] %,
1.16- "
1.14 T T T v T d
-1.5 -1.0 0.5 0.0
Voltage (V)

Figure 67 C-V measurement. Mott Schottky plots (1/@s. V) of CdS@n-ZnO/p-Si NWs
acquired at 1 MHz in the reverse bias region.

5.2.3 The gas sensing properties and the proposed mecham of the radial SDS device

Gas sensing measurements were performed underligbiiaillumination at room tempera-
ture under self-powered mode (i.e. zero bias cuard solar illumination) and the change of the
open circuit voltage (M) was monitored under oxygen and nitrogen atmogsher

As can be seen from the sensing behavior in fi§8reunder illumination condition thegy
sensing signal is depending on atmospheric composnd it decreases in oxygen and increases
in nitrogen atmospheres. The change of open civoliage was lower than that observed for the
CdS@Zn0O nanowire/p-Si substrate.
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The CdS@ZnO/p-Si NWs system showed the expectesingebehavior of the self-powered
SDS systems, which confirm that the SDS concegferseral and can be applied to different
material combinations. The sensing response caexpkained based on the same SDS sensing
concept where the surface reaction of the n-Zn@serwith oxygen will form charged oxygen
species (such as Owhich will result in a decrease in the donor dgn@Np) of ZnO. This
reduction of donor density causes the decreaskeobpen circuit voltage (¢) observed under

oxygen atmosphere.
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Figure 68 (a) ON/OFF (oxygen/ nitrogen) curves of CdS@n-ZrOIWSs sensor recorded
under solar illumination with no applied current5I0 A) and at room temperature. (b) Charge
carrier distribution of CdS@n-ZnO/p-SINWSs in Bind Q atmospheres under solar illumination.

Beside the confirmation of validity of the SDS cept; there are many open questions that
need more investigation in the future about theti@h between the value of the donor density of
ZnO as the active sensing material in our systedntla® gas sensitivity. There are many interfer-
ing factors that can influence the device perforoeaas well as the sensing response such as the
nature of contact electrodes and the device cordtgn. If it is assumed that all other interfering
parameters are constant for all samples, two nfagors can influence the sensing response in
SDS system; the value of the electron density i® Zwhere higher N might result in higher gas
sensitivity) [209] and the surface modulation ohdodensity in ZnO by CdS interfaces. In self-
powered operation, the second factor seems to Ioe duwminating as can be concluded from the
Np values and the gas sensing responses of CdS@ZBi@4nowires (N= 1.5 x 188 m®) and
that of ZnO/p-Si substrate @82.5 x 13° m™), where the former system showed more stable,

reproducible and better sensing response desgitlower N\, value. While, when comparing the
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CdS@ZnO/p-Si NWs system with its analogue syster@ab@2ZnO/p-Si substrate, where the
later system have both higher donor density (1R m*) besides the surface modulation, it
showed a better sensing response compared tortherfeystem.

As conclusion, through optimization and control mdenor density of ZnO in correlation
with surface modulation by introducing differenttér@-interfaces, better gas sensing responses
can be obtained.

5.3 Solar diode sensor based on thin-film planar hetejanctions

Thin film solar diode sensors were studied to priheegenerality of SDS concept. The thin-
film sensors operated under self-powered mode stholneeSDS sensing behavior under different
atmospheres, which is proving the generality ad a®lthe validity of the new concept. The
responses of SDS thin-film devices were poor coegado their nanowire/planar or radial p-n
heterojunction counterparts due to their loweraeefto volume ratio as compared to nanowires.
Another factor affecting the response of thin fibl@sed SDS devices is the uncontrolled surface
coverage of CdS on the planar films which resuttgleposition of CdS agglomerates that hinder
the analyte gas interaction with the ZnO surfackigtvis the active sensing element in the SDS
device).

5.3.1 n-ZnO/p-Si film junction

The n-ZnO/p-Si junction is one of the two composentthe SDS system which is responsi-
ble for producing the output self-powered signatlemillumination. Despite the fact that thin-
film photodiodes are not expected to show eithghéi electrical responses or better sensing
properties in comparison to their one-dimensioralnterparts [210], basic investigation is
needed to enhance their electrical properties whidhbe reflected in enhancement of whole
SDS system performance.

Recent reports showed that the use of thin layensaflating oxidesi{layer) between the n-
and p-materials can enhance the photo response=duade in the leakage currents of p-n photo-
diodes [211,212]. The commonly used insulating exi8iQ is usually deposited by plasma
enhanced chemical vapor deposition (PECVD). Itastnvial to control the deposition of very
thin films by PECVD technique (in the order of avfam). ALOsis one of the technologically
important oxides due to its high dielectric constand being reasonably a good glass former

besides Si@[213]. Al,O3 can be easily deposited by ALD techniques withrecipus control
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over thickness down to few nanometers. In this neébgtwo different photodiodes have been
fabricated; namely n-ZnO/p-Si (p-n junction) an@m@/-Al,O3/p-Si (pi-n junction) to study
the effect of using a thin insulting layer on tiectrical properties of the photodiode.

The n-ZnO film was deposited on a p-Si substratd@fy cycles of ALD depositions, the de-
posited film characteristics were discussed inigsect.1.1 in detail. Here, the electrical
properties as well as the sensing properties aidated (n-p) and (i) heterojunctions were
tested to demonstrate their device potential.

The n-ZnO/p-Si heterojunction showed a low opeoud voltage of about 14 mV under so-
lar illumination. Interestingly when a thin layef Al,O; was deposited by ALD technique to
form n-ZnOi-Al,03/p-Si heterojunction, the electrical properties ioyed compared to the n-
ZnO/p-Si heterojunction. Figure 69 (a,b) shows e characteristics of n-Zn®@Al,O3/p-Si
heterojunction where an open circuit voltage ofwtf#®) mV was produced. By comparing the |-
V characteristics in the reverse bias region of ¢tvves for both p-n andipa heterojunctions
shown in figure 69 c, it is clear that the leakagaent of the p-n heterojunction was lower than
that of the p-n junction which results in enhancetwé the photocurrent.

The gas sensing response of the solar diode isdligpowered mode was very poor com-
pared to other systems discussed before, wheresalnw response was observed for the n-
ZnO/p-Si junction. The pn junction of n-ZnG£AlO4/p-Si, in figure 69d, showed a very low
response of about 1 mV decrease in the open cioltihge under oxygen atmosphere but the
response was stable and reproducible comparedetalthost no response and high noise ob-
served in case of n-ZnO/p-Si junction . Interedfinthe observed sensing behaviour is similar to
that observed in all previous systems, where tles @ircuit voltage decreased upon exposure to
oxygen gas. The / decrease can be explained on basis of previoustpusked SDS sensing
mechanism where the poor response towards oxygessda reasonable, due to the absence of
CdS activation and also because ZnO can only alberttJV light (4 %) of the whole solar

spectrum, which is not sufficient to essentiallyiate the surface reaction with the ambient.
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Figure 69 I-V characteristics of n-Zn®@/AL ,04/p-Si heterojunction in dark and under solar
illumination. (b) A magnified part of the I-V curvi® show the open circuit voltage. (c) The
reverse bias |-V characteristics of n-ZnO/p-Si (punction) and n-ZnQ/AL,O4/p-Si (ni-p
junction). (d) ON/OFF (oxygen/ nitrogen) curvesmZnO4-AL ,04/p-Si sensor recorded under
solar illumination with no applied current (I = Q And at room temperature [151].

5.3.2 p-NiO/n-Si substrate

The former SDS systems based on heterojunctiorts wAnO acting as the active sensing
material, it is interesting to continue exploringetnew sensing phenomena on planar based
heterojunctions by using p-doped material as thigeasensing material. Nickel oxide (NiO), a p-
type semiconductor with a bandgap of 4.3 eV [2is1f promising material, due to its chemical
stability as well as its optical and electrical peaties [215] for optoelectronic applications such
as gas sensors, organic light emitting diodes (OL.EDd display devices [216-218] In this
work, the p-NiO/n-Si heterojunction was fabricateg DC-sputtering and post-annealing tech-
nique on n-doped Si substrate. Prior to the deposdf NiO a thin isolation layer of SiQvas
deposited on a small area of the Si substrate agnm enhanced chemical vapor deposition
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techniqgue (PECVD). Figure 70b shows the XRD pastavh deposited NiO films. The post-
annealing temperature used was held at 500 °Cder do avoid destruction of the Si@olation
thin film at higher temperatures. After heat treatnsome cracks are visible on the film surface
that can be caused by the fast heating rate diin@gnnealing process of 100 °C/min. The in
plane and cross sectional-SEM images shown indigi@ (c,d) of p-NiO sample confirms the
deposition of NiO films with a film of about 160 nitmickness.

The p—n diode device was fabricated as schematicgtresented in figure 70a, by deposit-
ing two gold electrodes on the top of NiO with &€, underneath (p-contact) and on the back

side of the n-Si substrate (n-conatct). The,3&yer was used to assure the formation of a p-n
diode and not a Schottky diode.
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Figure 70 (a) Schematic representation of p-NiO thin film/nk8terojunction gas sensor device.

(b) XRD pattern of the post-annealed NiO thin filfa, d) in plane and cross-sectional SEM
images of NiO thin film/n-Si heterojunction.
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The (I-V) curve of the p-NiO/n-Si device in darknclitions and at room temperature in fig-
ure 71a clearly shows a typical rectifying behawabthe device. Under solar illumination the |-V
characteristics show a photovoltaic effect of tegice with an open circuit voltage (Y of 140
mV, as shown in figure 71b.
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Figure 71 1-V characteristics of p-NiO/n-Si diode heterojunat (a) in dark and (b) under solar
lllumination.

The gas sensing properties of the p-NiO/n-Si diwvdee measured under solar illumination
in the self-powered mode (see figure 72), whereuroent was applied. Interestingly the behav-
ior of change in open circuit voltagA\(,;) was opposite to that observed in the n-ZnO/p-Si
devices, where the active sensing material was-gpen metal oxide. The ¢ is increasing in
presence of oxidative gases (such as oxygen angl &fd decreasing in reducing gases (such as
ethanol). It notable that the sensor is more sgadibwards oxidative gases and it shows a poor
sensitivity towards reducing gases. The changgeénaircuit voltageAV.. = 10 mV for Oxy-
gen (100%), and 8 mV for NI20 ppm), and 4 mV for ethanol (1000 ppm dilutecir).

The proposed sensing mechanism can be explainedns of the surface reaction between
p-NiO with oxidizing gases such as oxygen and,N@hder oxygen atmosphere, the electrons at
the NiO surface can be trapped by oxygen molectdeform oxygen species. The trapped
electrons are subsequently compensated by bulkdd€@rons, causing a decrease of the minor
carrier donor density within NiO and result in iease in the open circuit voltage at the p-n

interface. In reducing gas atmosphere, the oxidaifdetOH molecules release electrons trapped
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at surface oxygen back to NiO. The consequentaseref the minor carrier density within the p-
doped material causes the lowey; Value as a signal for the presence of the redeigas. The
low sensing response toward ethanol can be explameéerms of the high activation energy
needed for oxidation of ethanol and to activateititeraction with the NiO surface. In future
modification of the NiO surface with visible lightairvesting nanomaterials can be used to modify
NiO surface to increase the solar light absorpamd thus to further activate the gas/sensor
interaction and hence increase the sensor response.
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Figure 72 (a) ON/OFF (oxygen/ nitrogen), (b) ON/OFF (M@ynthetic air), c) ON/OFF (1000
ppm ethanol/synthetic air) curves of p-NiO/n-Sis®mrecorded under solar illumination with no
applied current (I = 0 A) and at room temperature.
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5.4 Current challenges and future prospects of SP-SDS®ncept

A new complex nano-system has been developed tgeith a new sensing concept. Ob-
viously, having a deeper insight on the intimattaike of the effects that occur in such a system
is instrumental to continue with its further deymieent as well as to extend its applicability to
other fields. Here in the major challenges thadneebe addressed together with primary results
will be discussed with the intention to stimuldte tlevelopment and movement of SDS concept

beyond the current approaches for future developofereal self-powered devices.

5.4.1 Charge separation at CdS/ZnO interface

Although time-dependent C-V measurements were pedd to elucidate the possible sens-
ing mechanism, however the local optoelectronipertes of CdS/ZnO are still unclear.

Kelvin probe force microscopy (KPFM), as one ofrstdag probe microscopy, have attract-
ed recent attention as a very powerful tool fol sgEce exploration of the correlation between
structural and electrical/electronic properties hoforid interfaces [83,84,219-221]. KPFM
measurements have the ability to map the poteatidifferent nanostructures with a spatial and
voltage resolution of a few nanometers and miltsydB4]. KPFM will be used for the SDS
system to visualize the photo-generation and chaegaration at CdS/ZnO interfaces. The
knowledge of CdS-ZnO interplay at nanoscale canigeoa direct insight for deeper understand-
ing of the SDS novel sensing mechanism.

The preliminary results are shown in figure 73, weha uniform charge distribution along
the ZnO nanwire under UV light illumination can deserved. The generated charge carriers are
directed by an alignment of the NW axis which migtitibuted to the exciton diffusion along the
NW axis [83]. When the UV light turned off ZnO namice was returned again to a uniform
charge distribution.

The ongoing and future experiments will fulfill tkd>FM requirements (such as preparation
of single nanowire sample with at leasfug lengths, choose the right substrate with suitable
conductivity, and the single nanowire fixation asshsubstrates) to improve the resolution and to
obtain more precious results. In addition measutiregsurface potential under visible light will
be performed to demonstrate the effect of CdS ersSMDS system.
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Figure 73 KPFM Image of a CdS decorated ZnO nanowire (a)reetd/ exposure, (b) under
UV exposure, (c) after UV exposure, (d) the coroesiing AFM topographic image [151].

5.4.2 Modification and miniaturization of SDS device archtecture
5.4.2.1 Improving the top-contact of the current SDS device

The top contact of vertical nanowires is one ofc¢hallenging issues which hinder their ap-
plications as their device performance can be tdtedue to poor top-contact. In the SDS proof
of concept the mechanical top contact was useddwice fabrication, but such design is affect-
ing the sensor response such as slow responsdoandesovery times observed as it hinders the
gas diffusion into the active sensing material. @ivect sputtering of a transparent conductive
oxide (TCO) on the top of the nanowires is oneha&f promising approaches to overcome this
problem (see figure 74b) [222,223]. As the nanosvinéll be more exposed to the surrounding
gases and also the resistances in series, arigingthe mechanical contact, will be avoided. In

the first trails, an Indium doped tin oxide (ITGJyer was deposited directly on the top of the
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nanowires, but the film formed was not continuowe do voids between the nanowires (see
figure 74a).

Figure 74 (a) SEM images of ITO layer on the top of CdS@ZnO/Histrate. (b) A schematic
representation of the final device with ITO top tzar [151].

A different deposition protocol was tried by usim@hotoresist to fill the voids between the
nanowires according to the following procedurestaswn in figure 75.

1. Spin casting the photoresist on the sample (BeSpinening, the photoresist covered sample
was allowed to sit for 10 min to ensure that thetptesist filled the gaps between nan-
owires)

2. Oxygen Plasma reactive ion etch for 5 min to remthee photoresist from the tip of the
nanowires.

3. Reactive ion etching can be repeated to have mqesed surface of nanowires.

4. Deposition of the transparent conducting oxidetentop of nanowires.

5. Removal of the photoresist by acetone.
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Figure 75 Schematic illustration of the ITO deposition on thp of nanowires. (1) Spin casting
the photoresist, (2, 3) Oxygen Plasma reactiveetsh, (4) ITO deposition, (5) Removal of the
photoresist.

The process needs more optimization in terms ofdhistivity of the produced ITO layers as
well as their transparency which is critical foetBDS light activation. After the required optimi-
zation steps the electrical as well as the gasrsgmpsoperties will be tested to demonstrate the
device potential of such systems.

Figure 76 SEM images of ITO deposition steps on the top ofomare arrays (top set of images)
and top of nanopillars (down set images): (1) Systing the photoresist, (2, 3) xygen plasma
reactive ion etch.
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5.4.2.2 Development and miniaturization of the SDS deviceasign

A new device design will be used to overcome thabl@m of slow response and recovery
times as an alternative to the aforementioned I®@ dontact, where photolithography were
employed to produce Si micro-pillars in which Zninfwere deposited followed by a hydro-
thermal growth of ZnO nanowires (as shown in figie The p-contact and the n-contact of the
SDS device will be made directly on Si part and AnOmasking techniques. The device design
is expected to increase the gas/material interaaimd enhance the gas diffusion between the
pillars which is better than the compact nanowirays used in the first generation SDS devices.
The electrical characterization as well as the isgngroperties will be tested to demonstrate the

device performance and the expected response immmiemt.
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Figure 77 Tilted SEM images of n-ZnO NWSs/p-Si/SiSi miniaturized sensor device
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6. Single Nanowire—Based Heterostructures for Energgnd Sensing
Applications

One dimensional metal oxide and their different ed heterostructures are a broad class of
materials which are gaining a growing interest dmietheir potential in optoelectronics, gas
sensing, and energy applications [210,224—-226hdAgh preliminary studies revealed promis-
ing outcomes of such systems but still further aede is needed in order to reach complete
control on their properties. The previous discussibave shown the promises of photodiode
devices of a variety of complex heterostructuresedaon 1D nanomaterials. The functional
properties of such systems are greatly influengethéir electrical properties, therefore studying
such properties is crucial in order to fully undeangl and maximize their functional abilities for
various applications. Working into this directiaihe fabrication and demonstration of stand-
alone single nanowire prototype devices analodéa multi-nanowires arrays is one of promis-
ing ways to advance our current approaches fordugpplications of nanodevices. Such stand-
alone single nanowire devices are not a laboratanjosity but rather a very efficient tool to
achieve a good comprehension of the intrinsic phmma of single complex heterostructures.
Since the statistical dispersion typical of bulkdysystems is eliminated and contact effects are
minimized [227].

The integration of active characteristics in a Enganostructure by combinatorial material
architectures is a promising approach to developlal, transistors or any other active element
equivalent to those employed in standard microedaats [228]. New approaches can be devel-
oped and easily explained in single nanowire seald then the know-how can be used to
advance their analog bulk-type devicésthis work, prototype devices based on singleomare

heterostructures will be investigated in termsheirt fabrication, electrical characterization adlae their
potential applications as stand-alone devicesdsrsgnsing applications.

6.1 Coaxial n-Zno/p-Si single nanowire heterostructuresor energy and

sensing applications

ZnO is considered an excellent candidate among-aipe metal oxide nanomaterials to
obtain functional devices [229-231]. The developmainZnO nanosystems so far has been
mainly focused on the use of bare nanowires aspébance, mere passive resistors, nanogenera-
tors, gas sensors or building-blocks of batteryctebeles [227,229], despite some interesting

attempts to integrate them as active elementswntaehnologies and systems [232,233]. In this
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context, ZnO-based heterojunctions have recentigcéd much focus for highly sophisticated

electronic devices [164,234,235], such as n-ZnO/padowire heterojunctions that are seen as
an interesting alternative to overcome the pendisge of growing high quality and stable p-type

ZnO [164].

Radial n-ZnO/p-Si nanowires are expected to extsbperior performances compared to
their conventional planar p-n junction counterpdds to their favorable geometry that maximiz-
es the junction interface area and the built-indfiestablished across it [236—238]. This is
particularly interesting for any application invislg massive charge carrier separation processes,
as for instance, photovoltaics [239,240]. Neverhg] the electrical access to the inner core of
these nanostructures without shorting the finalicdkevemains as a challenging avenue from a
fabrication point of view.

The previous devices based on n-p junctions wemadd at the interface of a nanowire or
nanowall with the underlying substrate [241,242],ab the cross interface of two nanowires
[243]. The fabrication and the prototyping of dengoaxial n-ZnO/p-Si nanowire heterojunction
devices was studied to demonstrate their electpagperties at single nanowire scale beside the
preliminary assessment of their photovoltaic and gansing properties, which has been pub-
lished only recently based on this work.[227] Thetsad-alone n-ZnO/p-Si nanowire prototypes
are paving the way to further and necessary dewsogs in this incipient research area, and
showing the potential to integrate heterostructwitis modulated interfaces, and complementary

functionalities in a single nanoarchitectured devic

6.1.1 Structural characterization and prototype device fdrication

The coaxial heterostructure single nanowire is aoseg of a core of wet etched Si nanowire
with about 24um length and a diameter of 300 nm, according tetthing time, and a 80 nm
polycrystalline ZnO shell ZnO deposited by DC-serttg/annealing technique at 500 °C (see
section4.3.2.1).

The device processing of ZnO/p-Si nanowire (shoehrematically in figure 78) includes a
mechanical scratching of the as-grown n-ZnO/p-8bmares nanowire from its original substrate
and dropped on a chip with pre-patterned gold melerodes. Then the individual n-ZnO/p-Si

nanowires were subjected to a pre-milling steghefri-ZnO part, in order to gain access to the p-
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Si core. Finally, platinum (Pt) electrical contaatsre fabricated with FIB, where this fabrication
process is known to form Ohmic and reliable costadettween platinum and typical semiconduc-

tor materials.

(1)

g g -
b s § Qv.f”o
P it < <
{ e, »9.

Figure 78 Scheme of an n-ZnO/p-Si nanowire device fabricapoocess: (1) the nanowire is

positioned between two pre-patterned microelecso®) The n-ZnO shell at one end of the
nanowire is removed by FIB milling, granting accéssthe p-Si core. (3) The nanowire is

contacted with FIB nanolithography to the pre-pate microelectrodes. Both the n-ZnO and p-
Si parts are electrically accessible in the firalide configuration.

SEM images (see figure 79) show the final deviterdtbrication, where the complete re-
moval of the ZnO shell from one side of the nanewtr access the Si core is visible, which is the
critical step to achieve the desired photodiodeageut’s worth to mention here that the device
processing steps, including the mechanical scragcas well as the following focused-ion-beam
(FIB) processing steps (pre-milling, and electrodegosition), is creating surface defects as well
as surface non-uniformity at some parts of the méneoas can be seen in the SEM pictures.
Besides the aforementioned effects, non-confornoalicgs characteristic of the DC-sputter
technique used here for the deposition of ZnO shefitributes also to the surface non-
uniformity. In this regard, atomic layer depositimthnique (ALD) can be a better alternative to
be used for deposition of conformal and uniform Zil@s.
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p-side

n-side

Figure 79 General view of an n-ZnO/p-Si coaxial nanowire devafter the FIB fabrication
process and the corresponding high magnificaticagirof the p-Si contact area (The removal of
the ZnO outer layer is clearly visible) and highgmidication image of the n-ZnO contact area.

EDX line scans of the region beside the Pt contaet® performed to identify eventual re-
siduals of the n-ZnO layer in the pre-milled areauad the p-Si core contact. Experimental
results showed well-detectable amounts of Zn ardhadh-contact, whereas no evidence of Zn

was found within the p-contact area as can be esnfigure 80.
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Figure 80 EDX line scans of the two contact areas (as-groméhrailled) of the device shown in
Fig.2. Zinc counts are only found in the as-groweaaindicating that the outer n-ZnO layer was
completely removed after FIB milling.

6.1.2 Electrical properties

The electrical properties of n-ZnO/p-Si were eveddathrough the measuring their current
voltage curves. Current-voltage (I-V) charactecstof n-ZnO/p-Si nanowires under dark condi-
tions at room temperature exhibited diode charesties indicative of the formation of p-n
junctions in a single nanowire (figure.81). Sinae short-circuiting was observed between the
two electrical contacts, current was expected awv fmainly through the space charge region
inside the nanowires. However, a high reverse l@akage current was always found, which
might be attributed to large interfacial recombiomtat the p-n interface as a result of uncon-
trolled defects generated during the wet etchingcgss of Si nanowires, and the later FIB
milling step [227,237,244]. Other phenomena likedfffusion into the Si nanowires and change
of their electrical behavior cannot be discardednsgquently, the diode response of these
devices strongly deviated from the ideal behaviat the electrical signal dramatically degraded
in reverse conditions.

To evaluate the characteristics parameters of tdeseces further, an equivalent circuit

formed from an ideal diode in parallel with a starttresistor was used to model their responses
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as shown in figure 81. This later element was addedorrectly reflect the above mentioned

leakage current. The rest of contributions aridimogn cables and the metal-nanowire contacts
were deliberately neglected to simplify the equewal circuit. Thus, current (1) through the

devices was given by the following (equation 47),

1(v) :{I{e”% —1H+\F§L [47]

where } is the reverse bias current, q is the elementaigeh V is the applied voltage; ks

the Boltzmann constant, T is the working tempegrtyis the diode ideality factor and ks the
resistor used to take into account the deviatiomfthe ideal situation introduced by the leakage
current. As shown in figure 81, experimental d&taed well to Equation 52 (r = 0.998), being |
=(6.2£0.9) nAn=(12.1 £0.4) and & (1.5 £ 0.7) M2. These values show that B not large
enough to avoid the reverse conduction througipthgunction in normal working conditions.

The 1I-V curves of the n-ZnO/p-Si nanowire devicesarded under solar illumination
showed photovoltaic (PV) properties, yielding g\ 1 mV and §, = 1.0 nA as mean values for
all the tested devices. To take into account the®Mribution, a current source was added to the
equivalent circuit (figure 81). Again, experimentidta fitted well (r = 0.9998) to the modified

model given by equation 48 (see figure 81),
qv
T \%
1(v)= [| {eﬂkﬂ —1] ~ ph} +E [48]

where }pnis the photocurrent contribution. It is importaatrhention that ¥c and p,values were
still low compared to previous results reportethi@ past [243,245]. However, the comparison of
the efficiency of the current devices with the otheported ZnO single nanowire devices, either
positioned on different p-substrates or p-n homajiens, is not straightforward. Since there are
many other influences that affect the device pemtorce such as the nanowire diameter, the
crystallinity, the quality of the p-n interfacegtintensity of light illumination and so on. TheMo
efficiency of our devices is explained by the lasgeface recombination in our heterojunction-
based nanowires, which might be aggravated by uhiace roughness and the polycrystalline

structure of the ZnO shell. Moreover, defects @@aduring the synthesis and the later FIB
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processing are expected to play a key role aggd#t]. For this reason, better design and

fabrication strategies are required to minimizeséheontributions.
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Figure 811-V curves from an n-ZnO/p-Si nanowire measuredark and light conditions and at
room temperature. The rectifying responses wetedfito the equivalent model shown in the inset
(dashed line). A photogenerated currgptdnd open voltageyof 1,0 nA and 1mV respectively
were observed under illumination (inset).

6.1.3 Gas sensing properties

Gas sensors based on p-n photodiodes are prongitergatives to replace the well-known
resistive metal oxides that are widely used in getschnology, as their sensing properties are
greatly dependent on their electrical propertie83[184]. In the previous chapters the light
interaction with photodiodes could produce noveissgg devices that can operate without any
external power except the solar light. Here in tiedulation of gas sensing response could be
achieved through the control of the applied cus@micorrespondence to the diode characteristics

to obtain maximum efficiency under same working penatures. This is quite promising ap-
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proach to reduce the needed power required to drivighly sensitive gas sensors for real world
applications.

The gas sensing characteristics of n-ZnO/p-Si bptection showed that the p-n devices can
be operated under specific experimental conditimnmaximize the response to gases, where
their non-linear 1-V characteristics could be usedefine a differential resistance at a given

point of the I-V curve which is calculated by,

ot = AV [49]

Iblas
Therefore and similar to the standard responseonventional resistive metal oxide sensors
[21,246], here the differential response S couldd&fned as,

diff . diff

2 x100 [50]
rn,

S

whererg" andr" are the differential resistance in oxygen and girorespectively.

To validate the key role of the bias currestsin the gas response, the nanowires were
exposed to different oxygen concentrations and beggmes of the p-n junction: (i) reverse
mode, (ii) slightly reverse mode, (iii) slight foand mode and (iv) forwvard mode as shown in
figure 82. The working temperature was kept abd@ °C to support oxygen desorption. Stable
and reproducible responses were always found, stgpavdirect modulation of electrical density,
as function of oxygen content in the air, withouty &evidence of saturation (figure 82). The
oxygen sensing mechanism in ZnO is well-known, iamsl mainly related to the role of oxygen
vacancies and their compensation upon oxygen aiiizof244,246]. Whers was plotted against
Inias, it Was clearly observed that the optimum workoogdition (highest sensitivity) is found at
slightly reverse mode (ii) as can be seen if figBBe since total probing current through the
devices is minimized. As a consequence, in thesditons surface effect contributions and the
associated carrier exchange due to chemical reaci® maximized, compared to the total
carriers flowing through the device.

On the contrary, if the devices were operated enrtiodes (i), (iii) and (iv) the response

was progressively diminished due to the large nundfecarriers in the nanowire and their

14C
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associated screening effect. From figure 82, desr that this description is particularly true in
direct mode (iii & iv), but it is also found in rexse mode if leakage current contribution be-

comes important (i).
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Figure 82 Dynamic response an n-ZnO/p-Si nanowire to diffei®tygen pulse concentrations
as function of the selected bias regime (inset)
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Figure 83 Response of an n-ZnO/p-Si nanowire prototype sedswrce to different oxygen
concentrations as function of the bias currentughothe device.

6.2 Current challenges and future prospects of singleanowire devices

The single nanowire sensor devices fabricated amdussed above could demonstrate the
potential of using single nanowire diodes for gaaser applications; however a number of
important limitations were observed and need todresidered in future. The electrical character-
ization of single nanowire devices reveal a loweilfdgce quality between ZnO shell and Si

nanowire core which was reflected in the high legkaurrents observed in the |-V characteris-
tics. For this reason new experiments were desigmédéposit ZnO shell on the Si nanowire core
by ALD technique to assure conformal coatings alt agebetter interface quality. The fabrica-

tion of the prototype devices of p-n heterojunctdiodes could not be achieved due to some
technical problems with FIB milling tool, this iké reason that two Ohmic contacts were made

on the top of the ZnO shell to fabricate a tradidioresistor sensor. The preliminary data are
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shown here. SEM images in figure 84 (a,b) showfithed device connected with two platinum
electrodes. The preliminary sensing responses tbdiffierent gases are shown in figure 84c. It
is worth to mention here that the lowest tempeestureeded to activate the sensor was higher
than that needed to activate the diode based seriglare optimization is needed to develop

more efficient single nanowire sensors near future.
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Figure 84 (a) SEM images of ZnO shell deposited by ALD teqglei a p-Si nanowire core, (b)
the n-ZnO/p-Si nanowire single devices connectedviny Pt electrodes, (c) the gas sensing
responses toward different gases (5 ppm,NOO ppm NH, 10 ppm HS, 250 ppm CO) at 250
°C.
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Summary

7. Summary

In this thesis, a systematic study has been coaduwut the controlled synthesis of functional
heterostructures and their applications as low-saifdpowered gas sensors. The following goals
have been achieved

1. Controlled synthesis of well aligned ZnO nanowida®ctly on the device substrates. This
was achieved through the use of proper seed ldyes 6f ZnO and optimization of the sub-
sequent nanowire hydrothermal growth conditions.this regard, the ZnO seed layers
deposited by DC-sputtering/annealing technique vileeemost aligned films, which have
reproducible depositions and controlled thickneAfterwards, different hydrothermal
growth conditions were varied, where the superagtdrgrowth solutions made by adding

aluminum-iso-propylate, produced the best alignabmires in this work.
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Figure 85 Controlled growth of well-aligned ZnO nanowires.

2. Fabrication of p-n heterojunctions and their comieterostructures
Heterostructures with a suitable band energy algmtrand high-quality interfaces are need-
ed to build multifunctional nanosystems. In thisrkvdifferent heterostructures based on ZnO
were successively fabricated such as p-n hetertijunsc(in combination with different p-materials

such as planar p-Si substrates and p-Si nanowiictdgiéferent p-metal oxides), and complex 3D het-
erostructures. The produced heterostructures wetieef modified by CdS NPs decoration on their
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surfaces to enable visible light harvesting, whigs required for their application in solar liglstia

vated gas sensors.
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Figure 86 Fabrication of p-n heterojunctions based on ZnOthat complex heterostructures as

well as CdS decoration.

3. Development of an innovative approach of autonoryoaserated gas sensors, named solar
diode sensor (SDS). It is based on a CdS@n-ZnOraBsystem which unifies gas sensing
(CdS@n-Zn0O) and solar energy harvesting (n-ZnOjdtfictionalities in one single device.
A novel sensing mechanism (change of open ciranitage, AV,c), in comparison to the
well-known conductometric sensor&R), was demonstrated. It was explained in terms of
modulated polarization of the nanoparticles/nanewiterface, gas-material surface interac-
tions and the subsequent changes in the dopind (&g, which is manifested in the
variation of \4c in CdS@n-ZnO/p-Si. The fabricated sensors weraldapof detecting oxi-
dizing and reducing gases with reproducible resp@isoom temperature and with no need
of any other energy source except solar light ilhation to deliver a self-sustained gas sen-
sor signal. The generality of the new concept wvaamahstrated by extending the approach to
other nanomaterial geometries including radial togt@ctions of CdS@2ZnO/p-Si nanowires

and thin-film planar heterojunction.
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Figure 87 Autonomously operated solar diode sensors (SDS).

4. The fabrication of stand-alone single nanowire deviwas employed to study the inherent
intrinsic electrical and functional properties aigle coaxial heterostructures. In this work,
the electrical characterization, the photovoltaid @as sensing performances of a hetero-
junction device based on a single coaxial n-ZnQ/p#®owire were preliminary assessed.
The gas sensing response of the p-n heterojunctiold be usefully modulated by control-
ling the bias currents through the device.
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Figure 88 Heterojunction device based on a single coaxiah®/p-Si nanowire
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* Alaa. E. Gad M. Hoffmann, J. D. Prades, F. H. Ramirez, H. Si&nMathur, MRS Fall
Meeting & Exhibit 2012, 25 — 30 November 2012, BostMA, USA. (Oral presentation)

* Alaa. E. Gad M. Hoffmann, J. D. Prades, F. H. Ramirez, H. St&rMathur, Materials
Science and Engineering 2012, 25 - 27 Septembe?, 2DArmstadt, Germany. (Poster
presentation)

* Alaa. E. Gad M. Hoffmann, J. D. Prades, F. H. Ramirez, H. Si&rMathur, 14th Inter-
national Meeting on Chemical Sensors (IMCS 201%),-223 May 2012 Nurnburg,
Germany. (Poster presentation)

+ Alaa E. Gad M. Hoffmann, H. Shen, S. Mathur, the 36th Int¢ioaal Conference &
Exposition on Advanced Ceramics & Composites (ICACIanuary 22-27, 2012, Dayto-
na Beach, Florida, USA. (Poster Presentation)

AWARDS AND HONORS

* The First Prize Poster Award of the 36th InternaioConference & Exposition on Ad-
vanced Ceramics & Composites (ICACC), January 222012, Daytona Beach, Florida,
USA.
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