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Abstract

Zinc oxide nanowires have attracted great interest due to their quasi-one dim ensional m orphol
ogy and favourable optical and electrical properties. A lthough much work has been done on the 
synthesis of a rich variety of ZnO nanostructures, integration of large num bers of these nanos
tructures into devices has remained problematic.

Biosensing represents one of the more active areas of nanotechnology, w ith major interest 
stem ming from the key advantages offered over competing sensor technologies, such as low cost 
of mass production and reduced packaging dimensions, potentially allowing for the development 
of point-of-care medical devices.

In this work, high quality zinc oxide nanowires have been grown on industry standard sil
icon substrates w ith an emphasis on vertical device incorporation, allowing large num bers of 
nanowires to be integrated into devices that may be fabricated using m ature semiconductor fab
rication techniques. O ptim um  results were obtained by growth on sputter deposited conductive 
layers, which also offers an attractive method for contacting the base of the nanowire arrays.

These nanowires were subsequently functionalised using glutaraldehyde as a linking molecule 
between the ZnO surface and a model antibody and also by treating the antibody with EDC/NHS 
to create a zero-length cross-link between the antibody and nanowire surface. The functionalisa
tion methods were investigated using XPS. Individual nanowires were transferred to allow lateral 
FET m easurem ents to be conducted using a nanoprobe, w here a large spread in resistivity was 
m easured between the as-grown wires. This large wire-to-wire variation has been reported previ
ously, and is thought to be related to changes in surface states between nanowires. However, the 
wire-to-wire variation was found to be highly dependant on surface functionalisation, w ith the 
variation increasing or decreasing depending on the attachm ent of biomolecules. This has large 
implications for ensemble ZnO nanowires devices.

Building on these electrical m easurem ents, a novel design for a ensemble nanowire biosensor 
was proposed, consisting of microchannels capped by top and bottom  contacts, through which 
an analyte may be flown, and hence detected. The feasibility of im plem enting this sensor design 

is further explored.
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Chapter 1

Introduction

One dimensional (1-D) nanostructures such as nanowires (NWs) and nanotubes have received 
substantial research interest due to their unique properties and their potential to be im plem ented 
into nanoscale sensors, electronics and optoelectronics. In the field of nanosensors, NWs have 
shown particular promise due to the combination of efficient electron transport and high surface 
sensitivity -  crucially, 1-D nanostructures are the lowest dim ensional structures that can be used 
for the efficient transport of electrons.

Due to the dom inant effects of surface modulation on electrical conduction, much effort has 
been made to integrate NWs into conductometric sensing devices. Biosensing is of particular 
interest in this area, due to the promise of offering rapid local "point-of-care" detection of low 
concentrations of biomolecules, which could prove revolutionary in the monitoring, diagnoses 
and treatm ent of diseases.

Zinc oxide offers a num ber of material properties that make it highly suited to nanoscale 
biosensing applications. Firstly, it is known as a bio-safe and biocompatible m aterial that, owing 
to its crystal structure, can be grown in a rich variety of high surface area nanostructures. It is also 
piezoelectric, has natural hydroxyl surface term ination and has electrical transport properties 
that are known to be highly dependant on the adsorption of surface chemical species.

It has previously been reported that large variations exist in the intrinsic electrical properties 
of similarly grown NWs, likely due to changes at the surface. In particular, conductometric 
measurements on individual NWs have shown a high degree of instability and variation between 
NWs. This proves extremely problematic for sensing applications, particularly those involving 
low concentrations and minor changes in conductance.

This thesis aims to address some of the issues associated with the integration of ZnO NWs 
into conductometric biosensing devices by outlining a strategy for integrating large num bers of 
NWs in parallel, in order to mitigate variation and stability issues commonly encountered when 
dealing w ith individual NWs. In order to do this, three challenges relating to synthesis, sensing 

and device integration m ust be solved:

1. A m ethod must be developed to allow the synthesis of large num bers of NWs, preferably in 
a state where they can be directly integrated into a device w ithout the need for transfer and 

m anipulation.
2. A process to allow selective conductometric detection of biomolecules through surface at

tachm ent must be developed. The effect of this process on the conductive properties of 
the NWs needs to be thoroughly investigated in order to establish if integration of a large 
num ber of NWs into a sensing device is a feasible m ethod for detecting biomolecules.



3. Integration of a large num ber of NWs into a conductometric sensing device, preferably 
using m ainstream  top-down semiconductor fabrication techniques.

The approach undertaken was to grow highly dense vertical arrays of NWs on standard silicon 
substrates. In order to apply a potential, the tips of the NW arrays need to be contacted. This was 
to be achieved using a top-contact metallisation process in order to create a "floating" contact, 
which could also serve to cap the NW array, allowing the possibility of creating a microfluidic 
channel. Selective sensing was to be achieved using antibody immobilisation. Immunosensors 
use the specific nature of the antibody-antigen interaction in order to allow selective detection of 
proteins in complex real world analytes, such as blood and urine. The antibody may be immo
bilised on the ZnO surface through use of a cross-linking m ethod between metal oxide surface 
hydroxyls and functional groups present on the antibody. An example of a microfluid sensing 
device integrating vertically grown NW arrays is shown in figure 1.1.

Metal top contact Thermal oxide layer

Figure 1.1: Diagram of vertical NW arrays grown in microtrenches. The arrays have been capped with a contact in 
order to seal the channel. This contact provides the means to apply a potential across the NW array between the top 
electrode and substrate, allowing the conductometric detection of biomolecules in the channel. The thermally grown 
S i02 layer prevents a short circuit path between the silicon substrate and metal top contact.

Si substrate Nanowire arrays
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1.1 Thesis outline

• Chapter 2 provides a review of the literature on ZnO nanostructures, applications and de
vices w ith a focus on nanowire biosensing and novel devices integrating nanowire arrays.

• Experimental m ethods and characterisation techniques are outline in chapter 3. The vapour 
phase nanowire growth method is detailed, along w ith fabrication processes and materials 
and surface analysis techniques. These techniques are well adapted to characterising the 
structural, chemical and electrical properties of nanowires.

• In chapter 4, three methods of preparing ZnO nanowire arrays on silicon are investigated 
w ith a focus on vertical device integration. The methods consist of seed layer assisted 
growth, roughness or surface enhanced growth, and growth on sputtered conductive layers.

• Chapter 5 presents surface modification and functionalisation of nanowire arrays for biosens
ing. A model antibody is immobilised on the ZnO surface using two different approaches. 
Electron and optical spectroscopy techniques are used to analyse the binding and changes to 
the surface chemistry. These are combined with nanoscale electrical m easurem ents of indi
vidual nanowires in the typical lateral field effect transistor configuration to gain inform a
tion on how the functionalisation process alters the electrical properties of the nanowires. 
The results of this and their implications for ZnO nanowire biosensor design are then dis
cussed.

• Chapter 6 proposes a novel design for a ZnO nanowire biosensor, based on inform ation 
gained from chapter 5. The fabrication process is detailed along with methods for contact
ing vertical arrays.

• Finally, the conclusions drawn from this work and potential areas for future study are iden

tified in chapter 7.



Chapter 2

Literature Review

This chapter presents a review of zinc oxide (ZnO) nanostructures and the field of nanowire (NW)  
biosensing with a particular emphasis on recent innovation in device structures. Firstly, some of the 
material and physical properties of ZnO are outlined. Synthesis of ZnO nanostructures is then dis
cussed, along with methods for growing vapour-phase NWs on differing substrates. Finally, the role of 
ZnO NWs and related structures in conductometric sensing is discussed.

2.1 Zinc Oxide

Zinc oxide (ZnO) is a wide band-gap semiconductor that has received substantial research in
terest in applications involving bulk single crystals (SCs) and, more recently, in devices that in 
corporate the rich variety of ZnO nanostructures that may be synthesised using relatively simple 
bottom up techniques. Extensive studies have been conducted integrating ZnO nanom aterials 
into such diverse application as light-em itting diodes [21], photodiodes [22], nanolasers [23], 
varistors [24], gas sensors [25,26], dye-sensitized solar cells [27] and more recently, th ird  gener
ation perovskite solar cells [28]. Due to its wide band-gap of around 3.37 eV and large exciton 
binding energy of 60 meV, ZnO will be im portant for optical devices operating w ithin the blue 
and ultraviolet regime, offering the potential to overtake currently used materials such as GaN, 
due to its low cost of production, simple bulk crystal-growth process and higher exciton binding 
energy [1]. A renewed interest in ZnO properties and devices has owed much to the development 
of fabrication techniques allowing the growth of high quality SCs and epitaxial layers.

In am bient conditions, ZnO crystallises in the w urtzite (B4 type) structure. This hexagonal 
lattice belongs to the space group P63wc, consisting of two interconnecting sublattices of Zn2+ 
and O2-, w ith each cation surrounded by a tetrahedra of anions, and vice-versa (figure 2.1).

The lattice param eters of the hexagonal unit cell are a = 3.2495A and c = 5.2069A and the 
density is 5.605gem -3. This arrangem ent results in polar symmetry along the hexagonal c-axis, 
giving rise to a num ber of the properties of ZnO, including its piezoelectricity and spontaneous 
polarization. Although the Z n -O  bond posses a strong ionic character, the m entioned tetrahe
dral coordination is usual indicative of sp3 covalent bonding. Consequently, ZnO lies on the 
borderline between being classed as a covalent and ionic com pound [29]. The four most common 
term inating faces in bulk w urtzite ZnO SCs are the polar Zn term inating (0001) and O term inat
ing (0001) faces (c-axis orientated), and the the non-polar (112 0) (a-axis) and (1 o lo )  faces [29]. 
These correspond to the fast growth directions in ZnO, and interplay between these fast growth 
directions is responsible for the rich variety of nanostructures that can be grown using ZnO. Zinc 
oxide can also crystallise in the less stable cubic zinc blende (B3) and rocksalt phases (Bl) (figure



Figure 2.1: Schematic representation of the wurtzite structure with lattice constants a and c. The nearest neighbour 
distance is denoted b, u is the bond length and a and are the bond angles. Reproduced from [1],

2.2), although the rocksalt structure is only present at relatively high pressures. The zinc blende 
phase can be stabilised by growth of ZnO films on cubic substrates, such as silicon [30].

Rocksalt (Bl) Zinc blende (B3) Wurtzite (B4)

(b)

....

Figure 2.2: The crystal structures of ZnO (a) rocksalt (b) zinc blende (c) wurtzite. The black spheres are oxygen and 
the grey spheres zinc. Reproduced from [1].

Zinc oxide has shown promise for use in other applications such as fabrication of transpar
ent thin-film  transistors and as an alternative transparent conductive oxide (TCO) to indium  tin 
oxide (ITO) and fluorine doped tin  oxide (FTO). Careful control of the doping level allows the 
electrical properties to be changed from insulator through n-type semiconductor to metal while 
retaining the optical transparency that makes it useful for TCO applications such as flat-panel 
displays and solar cells. Carrier concentrations as high as 2 x 1021 cm -3 can be achieved by using 
heavy substitutional doping of ZnO [1]. However, one im portant hurdle needs to be overcome 
before ZnO achieves w idespread adoption in optoelectronic devices: the growth of good quality 
p-type crystals. Despite all the progress that has been made and reports of p-type conductivity 
in ZnO films using various growth methods and group V dopants (N, P, As, Sb) [1,31], reliable 
and reproducible high quality p-type conductivity has not yet been achieved, and reports of p- 
type doping rem ain controversial. This remains one of the most pivotal topics in current ZnO 
research. Despite the large num ber of publications and long history of research on ZnO, some of
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the basic material properties also still remain unclear. For example, the nature of the intrinsic 
n-type conductivity in undoped ZnO is still under some debate. Commonly, the donor states are 
attributed to intrinsic point defects such as oxygen vacancies [32, 33], zinc interstitials [34, 35] 
or related defect complexes [36-38]. Other authors have ascribed the conductivity to extrinsic 
effects, such as non-controllable hydrogen incorporation during growth [35, 37].

2.1.1 Defect chemistry

There are five kinds of intrinsic defects in ZnO films: zinc vacancy VZn, oxygen vacancy V0 ; 
interstitial zinc Z ni; interstitial oxygen Oi and antisite oxygen 0 Zn [39]. Oxygen vacancies occur in 
three different charge states: neutral (V0 ), singly ionised (Vq ) and doubly ionised (V q )> w ith only 
singly ionised oxygen vacancies (V q ) acting as so-called luminescent centres [40]. As previously 
mentioned, ZnO is a direct band-gap semiconductor with a large exciton binding energy that 
will have im portant applications in UV optical devices. However, in addition to the UV excitonic 
emission, ZnO is well known to exhibit a secondary broad visible emission which is commonly 
ascribed to combinations of native defects and defect clusters [38]. These native defects have been 
extensively studied in both bulk and nanostructured ZnO using photoluminescence spectroscopy 
(PL) [40-43], param agnetic resonance [36,44,45], and positron annihilation spectroscopy [37,41]. 
A typical PL spectra for ZnO NWs is shown in figure 2.3.

Figure 2.3: Comparison of PL emission at (a) 4K and at (b) RT for nanorods grown on polyethylene-napthalate sub
strates. Both show a narrow dominant near-band-edge emission (NBE) with a broader deep level emission (DLE) likely 
produced by a large amount of various donor species. Reproduced from [2],

The blue-green luminescence remains particularly controversial and is commonly attributed 
to oxygen vacancies (V q )/ although many other interpretations exist [46]. Association with singly 
ionised oxygen vacancies which act as shallow donors is common [32, 46]. Previous work on 
the annealing of ZnO in a reducing atmosphere has highlighted increases in this area of the 
defect band [47,48]. The orange-red emission centered at around 1.95 eV has been attributed 
to Oj by Studenikin et al. who also reported an increase in the green emission at the expense 
of the orange emission following annealing in a reducing atmosphere, which is consistent w ith a

1.5 2.0 2.5 3.0 3.5
(b) Energy [eV]Energy [eV]
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change from oxygen rich to oxygen deficient ZnO [49]. Oxygen octahedral interstitials (Oj that sit 
w ithin an octahedral co-ordination of lattice sites) have been calculated to be mobile even at low 
temperatures. Huang et al. claim the low migration energy barrier and formation energy suggest 
that O f ' are responsible for diffusion of oxygen in n-type ZnO [50]. An alternative explanation for 
the orange luminescence is transition from the conduction band to a monovalent oxygen vacancy 
(Vq ) [51]. Several examples of the location of defect states offered by various authors is shown in 
figure 2.4.
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Figure 2.4: Examples of the conjectured location of intrinsic defect states in the wurtzite ZnO band-gap.

2.1.2 Zinc oxide nanostructures

N anostructured ZnO has long been studied in the form of polycrystalline layers, deposited using 
physical vapour or liquid phase deposition techniques [55, 56]. Zinc oxide also crystallises in a 
variety of complex nanostructures including nanobelts, nanocombs, nanospirals and nanowires, 
some of which are shown in figure 2.5 [3]. It is also possible, through therm al decomposition 
of zinc precursors e.g. zinc acetate, to form polycrystalline nanostructures in morphologies un
related to their crystal structure. This technique has been used to hydrotherm ally grow lay
ered basic zinc acetate (LBZA) nanosheets which are subsequently pyrolytically decomposed into 

nanocrystalline ZnO [57].

2.1.3 Synthesis of zinc oxide nanostructures

The most common m ethods of bottom -up ZnO nanostructure synthesis are high tem perature 
vapour phase and hydrotherm al methods, although the term  hydrotherm al tends to be used as a 
misnomer, as the term  is generally used to describe all elevated tem perature liquid phase growth, 
even at atmospheric pressure. Recently, metal-organic chemical vapour deposition (MOCVD)
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Figure 2.5: SEM images of ZnO nanostructures synthesised by thermal evaporation of solid powders. Reproduced 
from [3].

[58, 59] has seen an increase in popularity, owing to the high quality nanostructures and easy 
fabrication of NW quantum  structures and heterojunction that can be achieved using this tech
nique [60,61].

The growth of quasi-one dimensional nanostructures is of particular interest for applications 
involving dense growth of vertical arrays, such as field emitters, sensors and optoelectronic de
vices. These applications have been extensively investigated using carbon nanotubes [62-65], 
however quasi-one dimensional ZnO nanostructures, or nanowires (NWs), offer significant ad
vantages over carbon in term s of synthesis and applications. An im mediate advantage is the 
polar nature of ZnO -  the Zn-term inating face is known to be the more chemically active polar 
face, resulting in faster nucleation along the +c-axis, which leads to the growth of dissim ilar high 
aspect ratio structures [66,67]. In addition, ZnO along w ith the other metal oxides naturally 
surfaces term inates in hydroxyl groups, allowing the use of a broad class of well developed func- 
tionalisation and blocking chemistries [68]. Finally, and perhaps most importantly, the rich defect 
chemistry inherent in ZnO and other compound metal oxide semiconductors offers a powerful 
alternative to substitutional doping for control of optical and electronic properties.

2.1.3.1 Hydrothermal growth

H ydrothermal synthesis provides a commonly used solution phase m ethod for generating ZnO 
nanostructures, particularly nanorods and nanowires [69-72]. Generally, solution phase reac
tions occur at tem peratures under 200 °C, allowing compatibility w ith a large range of substrates. 
Several chemicals are usually added to the growth solution to change the morphology of the re
sulting nanostructures. Mixtures of zinc nitrate and hexamine are common, which act to fur
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ther inhibit the slow growth directions of ZnO, resulting in high aspect ratio nanostructures 
or nanowires. Amine compounds can be employed to direct growth along the c-axis direction, 
whereas citrates inhibit c-axis growth, resulting in increased relative growth of the m-planes and 
formation of thick rods or plates [73]. The growth velocities during hydrotherm al synthesis typ i
cally follow the pattern V (0001) > V(1 011) > V(1 010) [74]. Generally, hydrotherm al wires are 
of a lower aspect ratio than those obtained using vapour phase techniques, and often exhibit a 
tapered appearance, as shown in figure 2.6.

Grouped Separated

Figure 2.6: Top-down and cross-sectional SEM images of hydrothermal ZnO NWs comparing morphology grown on 
(a), (d) Au, (b), (e) Ni and (c), (f) Si substrates. The samples shown in (a), (b) and (c) were all grown together in the same 
batch of solution, whereas (d), (e) and (f) were grown in separate beakers. Both Au and Si substrates show increased 
length when grown separately, whilst Ni does not; suggesting that it is the primary inhibitor of ZnO crystal growth. 
All scale bars are 1 pm. Reproduced from [4].

2.1.3.2 Vapour-phase growth

Vapour phase synthesis is probably the most extensively explored approach to the formation 
of quasi 1-D nanostructures such as whiskers, nanorods and nanowires. A lthough the exact 
mechanisms for 1-D growth are complex and not fully understood, this route has been used 
by many researchers to fabricate ZnO NWs for intrinsic study or for integration into optical 
and electronic devices. In a typical process, vapour species are first generated by evaporation, 
chemical reduction and gaseous reaction. These species are subsequently transported using an 
inert carrier gas and condense onto the surface of a substrate positioned in a cooler portion of 
the growth apparatus. Commonly, a m ixture of ZnO and graphite powder is used to generate 
the vapour, which undergoes a carbothermal reduction process at relatively low tem perature, 
as shown in equation 5.1 (ki and k2 signify the respective reaction rates). The Zn vapour is re-
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oxidised by introduction of a small am ount of oxygen into the reaction chamber, either whilst 
undergoing transport or following condensation on the substrate.

ZnO(s) + CO(g) Zn(s) + C 0 2(g) (2.1)

C 0 2(g) + C(s) 2CO(g) (2.2)

Zinc oxide NWs were first reported by Kong et al. using a powder mixture of 70% zinc and 
30% selenium. The powders which were mixed in a quartz boat and placed in a quartz tube in 
the centre of a tube furnace heated to 1100°C for 10 hours under a wet oxidation atm osphere at 
100 Torr. It was observed that particles of ZnSe formed, w ith Se serving as a liquid forming agent, 
resulting in the growth of NWs via the vapour-liquid solid (VLS) mechanism [75]. The VLS m ech
anism was reported in the 1960s by Wagner and Ellis, who used Au catalysts to grow large single 
crystal micrometer-sized silicon wires [76]. It was then explored more thoroughly in the early 
twenty-first century to synthesis single crystal nanostructures using silicon and binary semicon
ductors such as ZnO and GaN [77]. In its present form, VLS growth of ZnO NWs is usually 
achieved using Au catalyst particles. This allows selective area growth of the NW by selectively 
depositing catalyst particles using conventional photolithographic techniques. Selective p a tte rn 
ing may also be controlled by using tem porary templates such as polystyrene nanospheres. The 
mechanisms behind catalytic growth are complex and several theories have been used to explain 
the the nucleation of Zn/ZnO  vapour and its interaction w ith the metal catalyst particle [78,79].

Alternatives to catalytic growth in the vapour phase involve the roughness assisted and seed/buffer 
layer assisted growth. The absence of metal catalyst particles indicates that growth progresses via 
a vapour-solid (VS) mechansim, where nucleation of Zn(O) vapour occurs directly onto the sub
strate w ithout encouragement from an intermediate liquid phase. Alterations to the substrate 
surface using wet chemical methods have been shown to result in nucleation and growth on lat
tice matched substrates such as sapphire and on silicon (100) [5,80]. A proposed m echanism  for 
increased nucleation involves surface irregularities present on the substrate acting to lim it the 
free movement of adsorbed Zn atoms, due to the increased energy barrier associated w ith m igra
tion across the surface (figure 2.7) [5]. This mechanism could also be used to explain nucleation 
on other non-single crystal surfaces, such as sputtered seed layers [81].

A defect-drive nucleation process has also been used to explain NW growth on a-A l20 3 follow
ing light surface etching using NaOH. Nanowire growth was found to occur only on chemically 
treated substrates, despite AFM surface roughness measurements showing similar values before 
and after etching. Further TEM analysis revealed growth occurring around defective regions of 
the substrate such as at step edges and dislocations [82].

Seed layers and buffer layers are commonly used on non-lattice m atched substrates to instigate 
growth by (1) providing energetically favourable nucleation sites at the surface of the deposited 
layer (2) buffering the lattice mismatch between ZnO and the substrate. Jeong et al. investigated 
the initial growth of ZnO NWs on Si substrates w ithout the use of metal catalysts or any kind 
of surface preparation [6]. They attributed the growth a self-seeding vapour-solid process, which
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• —> gas phase Zn atoms
freely moving Zn atoms on surface 

• stuck Zn atoms

Substrate

Figure 2.7: Schematic diagram showing the surface-roughness-assisted VS growth mechanism, (a) Zn atoms move 
freely on a smooth surface and (b) Zn atoms are stuck in pits on a surface, which serve as nucleation sites. Reproduced 
from [5].

proceeded through four steps: (1) initial formation of ZnO seed w ithout any inherited orientation 
from the Si substrate, (2) epitaxial growth of NWs from the base growth seeds and formation 
of additional local seeds, (3) further acceleration of growth along the c-axis direction and (4) 
coalescence of the ZnO seeds to form a layer which promoted growth of aligned ZnO NWs. These 
steps correspond to diagrams (a-d) in figure 2.8.

[0001 ]

(0 0 0 1 )

Figure 2.8: Self-seeding VS growth mechanism of ZnO NWs on an Si substrate, (a) initial ZnO nucleation with little 
texturing. (b) epitaxial growth of NWs from seed particles, (c) further c-axis growth and additional seeding of c- 
axis aligned NWs. (d) formation of a polycrystalline base growth layer which inhibits poorly aligned NW growth. 
Reproduced from [6].

Several studies have been conducted on optimising the crystallographic properties of seed 
layers for high quality vertically aligned growth [7,83-85]. Cha et al. conducted a CVD growth 
study on DC sputtered Zn seed layers that were therm ally oxidised at 400 °C under am bient 
conditions. They studied a range of seed layer thicknesses and found using X-ray diffraction 
(XRD) that strong c-axis texturing of the seed layer resulting in highly aligned NW growth (figure 
2-9) [7].
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Figure 2.9: (left) SEM images of ZnO nanowire alignment dependence on the seed layer thickness. The as-deposited 
Zn layer thicknesses are (a) lOnm, (b) 20 nm, (c) 30 nm, (d) 50 nm, (e) 70 nm, and (f) 100 nm, respectively. The scale 
bar is 1 pm. (right) XRD spectra of ZnO seed layer oxidised from varying Zn layer thicknesses. The optimised result 
is observed from a 30 nm thick oxidised Zn layer. Reproduced from [7].

Several issues exist w ith the high tem perature vapour phase growth m ethod. The choice of 
substrate m aterials is necessarily lim ited due to the high tem perature and oxidative atmosphere 
in the furnace. Also, issues with repeatability related to sensitive dependence on initial condi
tions have been widely reported [77]. Chang et al. dem onstrated a vapour trapping m ethod for 
altering local conditions inside the furnace during growth. A quartz vial was placed downstream 
and used to create a zinc-rich environment in the system. Electrical measurem ents were con
ducted on NWs grown in different locations in the furnace and were found to vary significantly 
in their electronic properties depending on the local atmospheric conditions, which act to change 
the relative num ber of native defect states [86]. This gives an indication of how the structural 
and electronic properties of NWs grown using vapour phase techniques may vary across larger 
substrates due to tem perature, pressure and oxygen/zinc concentration gradients in the system.
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2.2 Nanowire Field Effect Transistors and Other Devices

Quasi-one dimensional nanostructures such as silicon nanowires (Si NWs) and carbon nanotubes 
(CNTs) have received substantial interest from the research community, although other materials 
such as GaN and metal oxides (In203, Sn02, ZnO) have also been used. The focus on Si NWs 
and CNTs likely stems from ease of fabrication, well understood doping and m ature fabrication 
and contacting techniques, in the case of silicon, and the unusual and well publicised electronic 
and material properties, in the case of CNTs.

In the case of silicon, lateral FETs are commonly fabricated using a top-down approach on 
silicon-on-insulator substrates (SOI) [87]. However, in the case of single crystal NWs grown 
using bottom -up techniques, fabrication of FETs typically involved some harvesting and transfer 
step from the growth substrate. For research purposes, this is commonly achieved using crude 
transfer techniques such as simple mechanical transfer [88] or sonication, suspension in solvent 
and drop casting [89]. This results in random  placement of NWs on the substrate - in order to 
contact the NWs using industry standard optical lithography, addition alignm ent processes are 
typically required [90]. Individual NWs may also be contacted using e-beam lithography or by 
using specialist nanoscale probing equipm ent [88], however these techniques are severely lim ited 
and unsuitable for scaling.

Vertical arrays have also been integrated into FET devices through the use of complex wrap 
gates [8,91,92], although problems with leakage between large area gate pads and leakage to the 
substrate effecting channel pinch off have been reported [8]. A schematic of a w rap gate FET is 
shown in figure 2.10.

Au catalyst

nanowire

•SiNx gate 
dielectric

Figure 2.10: Schematic layout of a wrap gate FET. The gate wraps around the base of the wire, and is isolated from the 
NW by a layer of SiNx. Reproduced from [8].

Some attem pts have been made to avoid the problems associated w ith conventional lateral FET 
devices. In et al. identified several problems w ith chemFET-type sensors incorporating semicon
ductor NWs. These included slow serial processing of individual devices, unreliable results due
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to irreproducible NW dimensions and surface chemistry, size-dependant noise sources such as 
l / f  noise and substrate electrical effects such as trapping-detrapping of charge carriers and ad- 
sorbates. Instead, they investigated a design for a gas sensing device employing large parallel 
arrays of vertical nanowires, intended to average out charge-carrier-dependant noise sources and 
minimise the deleterious effect of the substrate on NW sensing. The proposed fabrication pro
cess is shown in figure 2.11. A top-down metal assisted etching process was used to fabricate 
the NWs on a silicon substrate. A tem porary photoresist encapsulation layer was then used to 
create a porous top contact to the nanowire array. The device was tested using N 0 2 and NH3 and 
exhibited a rapid response and an 18% resistance drop at a concentration level of 10 ppb of N 0 2. 
This is amongst the lowest detection threshold reported for SiNW based gas sensors. [9]

Figure 2.11: Outline of a silicon nanowire sensor fabrication process: (a) spin-coat monolayer of close-packed 
nanospheres; (b) reduce nanosphere diameter in oxygen plasma; (c) deposit catalyst material for Si etching and rinse 
away nanospheres; (d) catalytic, anisotropic etching of Si; (e) embed nanowire array in thick photoresist and etch back 
in oxygen plasma to reveal nanowire tips; (f) spin-coat second monolayer of close-packed nanospheres; (g) reduce 
nanosphere diameter in oxygen plasma; and (h) deposit top electrode material and dissolve away nanosphere and 
photoresist layers. Reproduced from [9].

Han et al. fabricated top contacts to arrays of silicon nanowires formed using a top-down 
metal-assisted chemical etching (MaCE or MacEtch) process. Mirror finished alum inium  foil 
was spin coated with a layer of polystyrene (PS), which was then pressed against the top of the 
NW array and heated to the PS glass transition tem perature. This resulted in a th in  suspended 
layer of PS im pregnating the tips of the array. The alum inium  foil was etched away using a 
solution of CuCl2 and HC1. Oxygen plasma ashing and sputter deposition were then employed 
to create a top contact to the NW tips (figure 2.12). This method has the advantage of avoiding 
complete encapsulation of the NWs in a support polymer and can be applied to any vertical array, 

regardless of aspect ratio and density. [10]
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Figure 2.12: Fabrication process of air-bridged top metal contact on vertically aligned SiNWs; (a) formation of thin 
suspended layer of polystyrene (PS) on the uppermost part of vertical SiNWs, (b) partial removal of PS layer by oxygen 
plasma etching to expose the tips of SiNWs, and (d) sputter deposition of gold for electrical contact. SEM images of 
the corresponding sample structure are presented on the right side. Reproduced from [10].
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2.3 Functionalisation and Biosensing

The chemresistors (sometimes chemoresistor or chemiresistor) constitute the simplest chemical 
sensors. They comprise of a sensing element (e.g. a nanotube or nanowire) w ith a resistance that 
is a function of analyte exposure. Typically, a voltage is applied across the sensing element and 
the change in current induced by exposure to a specific analyte concentration is recorded w ith 
time. Certain sensor param eters such as sensitivity and response can then be extracted from the 
temporal resistance characteristics. This type of sensing is commonly known as am perom etric 
sensing, although the same term  may also refer to the current characteristics m easured during 
oxidation/reduction reactions at the electrodes during electrochemical sensing.

Although conventional FETs have been previously used as biosensing devices[6], FETs based 
on one and two dim ensional nanostructures offer vast improvements in sensitivity due to their 
high surface to volume ratio and unique material properties that become salient once dim ensions 
are reduced to the nanoscale. These biosensing devices, commonly called chemFETs, are made 
selective by utilising the binding properties of complementary biomolecules such as DNA and 
antibodies, which can be immobilised on the surface of the nanostructures to selectively capture 
target molecules in the analyte.

The sensing mechanism for NW FETs and NW chemresistors is commonly assumed to be en 
tirely related to the electrostatic gating of the NW channel due to the attachm ent of biomolecules. 
In addition, several other mechanisms have been identified that that also contribute to the m ea
sured change in conductance [93]: (1) modification of the surface charge and surface states 
(2) changes to the local workfunction and consequently the band structure from attachm ent of 
biomolecules, refereed to as the interfacial contact effect (3) a change in gate coupling is possible 
due to the low perm ittivity of biomolecules in comparison to that of the electrolyte.

Early work on SiNW FETs was pioneered by Lieber et al., who were the first to dem onstrate 
label-free detection of biomolecules in solution [94]. Their work relied on the sensing of strepta- 
vidin using biotin-modified Si NWs, and selectively was dem onstrated by comparing their results 
with unmodified Si NWs and biotin-modified Si NWs where binding sites had been blocked. Fol
lowing this work Lieber et al. fabricated a multiplexed sensor for the sim ultaneous detection 
of m ultiple cancer biomarkers. The reported sensitivity was down to femtomolar concentra
tions [95]. A following up to this work reported detection of individual viruses using monoclonal 

antibody receptors [96].

As an alternative to expensive SOI substrates, polycrystalline silicon NWs have also been 
integrated into biosensing devices using chemical vapour deposition of am orphous Si coupled 
with standard photolithographic patterning techniques. A schematic of the fabrication process is 
shown in figure 2.13. Following fabrication, the exposed NWs were treated with oxygen plasma, 
then functionalised using APTES. Succinic acid coupling involving the use of EDC-HC1 and 

sulfo-NHS was used for antibody attachm ent. [11]
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Figure 2.13: Schematic illustrations of polysilicon nanowire biosensor fabrication after (a) oxide pillar formation, (b) 
nanowire plasma etch, (c) metal contact formation, and (d) sensor window opening. The biasing configuration for the 
biosensor electrical measurements is also shown: (e) cross- sectional SEM image of a fabricated polysilicon nanowire;
(f) cross-sectional SEM micrograph of polysilicon nanowires at the corner of a pillar; (g) optical image of a completed

I
 nanowire biosensor wafer; (h) high magnification optical image of a fabricated nanowire biosensor through a sensor 

window. Reproduced from [11].

2.3.1 Surface M odification

Surface modification involves physical, chemical or biological alterations to surfaces to engineer 
surface or surface dependant bulk properties of materials. In the context of chemical alterations, 
surface modification and surface functionalisation are usually used interchangeably, although 
functionalisation specifically involves changes to native surface functional groups. Common uses 
of surface modification involve changes to surface energy, adhesion, hydrophobicity, lubricity, 
increased chemical or corrosion resistance, biocompatibility and attachm ent of functional groups 
or biomolecules.

A common way to achieve modification of a surface for the subsequent attachm ent of biomolecules 
are self-assembled monolayers (SAMs). Self-assembled monolayers are created by covalently 
bonding short to m edium -sized organic molecules by one end to a surface. This can potentially 
allow for a complete degree of surface coverage with a high degree of order w ithin the layer. Self
assembled monolayers can be used to introduce controlled chemical functionality at a surface 
interface w ithout having to resort to crude deposition or physical modification of the underlying 
bulk material. Further reactions can be carried out exploiting that functionality; in particular,
this route can be used to immobilise macromolecules at the interface. [97]

■

Organosilanes and alkylsilanes (aliphatic organosilanes) are widely used for surface modifica
tion, particularly in biological applications as hetero-bifunctional cross-linkers. Since organosi
lanes react readily w ith a range of hydroxyl containing m aterials (such as metal oxides) and an
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extensive range of alkylsilanes are available, with varied reactive groups present on the non
immobilised term ination, SAMs composed of organosilanes have proved useful for immobilising 
biomolecules on a range of hydroxyl term inating surfaces [98]. Typical examples of common 
organosilanes used for biofunctionalisation include APTES, APTMS, AEAPS and GPS [99-101].

Stable SAMs have also been formed on both ZnO wafers and ZnO NWs using 10-phosphonodec- 
anoic acid (10-PDA). The type of binding was found to be dependant on the substrate mor
phology, w ith the 10-PDA binding through P 0 3H 2 and C 0 2H headgroups on the ZnO wafers 
and through the P 0 3H 2 on ZnO nanostructures. Immunoglobulin G (IgG) was used as model 
protein and immobilised on the carboxyl term inating 10-PDA surface using a solution of EDC 
(50 mg/ml) and NHS (50 mg/ml). Fluorescence microscopy was used to confirm attachm ent of 
the protein. [102]

2.3.1.1 Immobilisation of Anti bodies

Wu et al. dem onstrated the use of glutaraldehyde as a linking molecule between amino term inat
ing APTES treated Si nanobelts and prostate specific antibody (anti-PSA). The amino term inating 
self-assembled monolayers were formed by immersing the nanobelt FET sample into a solution 
of 10% aqueous APTES for 30 minutes, then washing with DI water and drying at 120 °C for 30 
minutes. No preparatory hydroxylation of the Si nanobelt surface was reported prior to silin- 
ization. The device was then treated with glutaraldehyde and the anti-PSA, with BSA used to 
block non-specific binding sites. The resulting calibration curve was found to be highly linear 
(R2 = 0.984) w ith an ultim ate detection threshold of 5 pg/ml. Arginine was then used as an inter
mediate between the amine term inated surface and the glutaraldehyde to increase the num ber of 
aldehyde binding sites, resulting in a increased detection threshold of 50 fg/ml. [17]

An alternative to a linking molecule is the use of carbodiimides (carboxyl-to-amine cross
linker groups), which couple carboxyls to prim ary amines, resulting in the formation of amide. 
l-Ethyl-3-(3-dim ethylaminopropyl)carbodiimide (EDC or EDAC) or reacts w ith carboxylic acid 
groups, activating the carboxyl group to form an active O-acylisourea interm ediate, allowing 
coupling between the activated molecule and amino groups in the reaction mixture. An EDC 
byproduct is released as a soluble urea derivative after being displaced by the nucleophile. The 
O-acylisourea interm ediate is unstable in aqueous solutions, making it ineffective in two-step 
conjugation procedures w ithout increasing the stability of the interm ediate using N-hydroxy- 
succinimide (NHS). This interm ediate reacts with a prim ary amine to form an amide derivative. 
In the event that no amine is present, hydrolysis of the O-acylisourea interm ediate results in 
regeneration of the carboxyls and the release of an N -unsubstituted urea [103]. The reaction 

process is shown in figure 2.14.

An issue w ith the activation m ethod is that polymerization is likely to occur because all ac
tivated proteins contain carboxyls and amines. Hydrolysis of EDC (middle pathway in figure 
2.14) results in recovery of the initial carboxyl group, meaning hydroxylation if a a competing 
reaction during coupling. Relative reaction rates between the hydroxylation and formation of 
amide bonds are dependent on tem perature, pH and buffer composition. Phosphate buffers, for
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Figure 2.14: Sulfo-NHS plus EDC (carbodiimide) cross-linking reaction scheme. Adapted from [12].

example, reduce the reaction efficiency (amide formation) of the EDC, but increasing the am ount 
of EDC can compensate for the reduced efficiency. Hydrolysis rate increases w ith increasing pH 
and occurs more readily in dilute protein solutions. NHS-esters are usually used at 2 to 50 times 
the molar protein concentration. Typically, the concentration of the cross-linker varies between
0.1 mM to lOmM. The protein concentration should be greater than lO pM  (between 50 pM and 
lOOpM is optimal), as more dilute protein solutions result in excessive hydrolysis of the cross
linker [103]. If the concentration of carboxyl groups per mole is known, the recom mended molar 
ratio of EDCrCOOH is 2.5 to 1, whereas the corresponding molar ratio of NHS:COOH is 20 to 
1 [104].
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Chapter 3

Experimental Techniques

In this chapter, nanowire (NW) synthesis as well as the various techniques employed during device fab
rication are described, along with specifics of the fabrication equipment used. Subsequently, materials 
and surface characterisation methods are detailed.

3.1 Vapour Phase Growth of Zinc Oxide Nanowires

Zinc oxide (ZnO) NWs were grown using the vapour transport m ethod in a standard double 
tube furnace set-up. The source powder and substrates were placed inside a quartz tube, which 
is then inserted into the alumina (A120 3) furnace tube. Both source powder and samples were 
contained in alumina combustion boats, w ith the source boat located at the centre of the quartz 
tube, and the sample boat positioned downstream in the condensation region. The source was a 
1 : 1 mixture of ZnO powder (Alfa Aesar, 99.99%) and graphite powder (Alfa Aesar, -325 mesh, 
99.9995%), typically 0.6 g of each, with the graphite catalysing the therm al decomposition of the 
ZnO, as detailed in section 2.1.3.2. Argon was used as a carrier gas which was mixed w ith oxygen 
prior to injection into the tube furnace. The gas flow rates for Ar and 0 2 were 100 seem and 
10 seem, respectively. The growth procedure is summarised below:

1. Load furnace w ith quartz tube containing source powder and samples.
2. Evacuate furnace tube to a base pressure of 1.5 x 10_2mbar.
3. Bleed in process gasses and let pressure stabilise at around 7.5 x 10-1 mbar.
4. Ramp up furnace to growth tem perature and hold for growth duration.
5. Turn off furnace heater and gas flow. Allow to cool.

Thermocouple Alumina tubePirani gauge

To vacuum pumpGas inlet

Sample boatSource boatPiezo gauge

Quartz tube

Figure 3.1: Schematic of vapour phase nanowire growth set-up.
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The furnace used was a Thermo Scientific F79320-33 (figure 3.2) equipped w ith a 750 mm 
alumina tube of inner diam eter 50 mm and outer diam eter 60 mm. The quartz reaction tube (fig
ure 3.3) m easured 610 m m  with inner diam eter 22 mm and outer diam eter 25 mm. The alum ina

I source and sample boats measured 88mm x 15 mm. Furnace tem perature was m easured using 
a thermocouple located outside of the alumina tube in the furnace chamber, w ith the ram p rate 
reported as approxim ately 30°C/m in. An Edwards RV5 rotary vane pum p was used to evacuate 
the chamber.

Figure 3.2: Thermo Scientific tube furnace. Gas inlet is on the left with Pirani and piezo vacuum gauges mounted on 
the cross piece. The vacuum hose is connected on the right.

3.1.1 N anow ire G row th O p tim isation

There are many experimental variables to be considered when optimising the growth of NWs via 
the vapour transport method. A summary follows:

• Furnace tem perature.
• Ratio of ZnO : graphite and total quantity of source powder.
• Source-sample separation and sample tem perature.
• Growth and base pressure.
• Gas flow rates and Ar : 0 2 ratio ( 0 2 partial pressure).
• Growth duration.

In addition, there are several alternative approachers to the growth process to consider. For 
example, process gasses may be introduced prior to heating, or alternatively once the furnace has 

stabilised at the set-point.

Not all of these variables are independent -  when using a single zone furnace the sample 
separation and sample tem perature are inherently linked, due to the tem perature gradient across 
the heating zone (figure 3.4). The metal (oxide) vapour and oxygen partial pressures at the sample 
will also dependant on sample-source distance. This allows a range of growth conditions to be 
investigated for a given set of growth param eters, just by varying the sample location relative to 
the source, w ith the source remaining fixed at the centre of the tube furnace.
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i s s b m

Figure 3.3: Quartz tube following growth (gas flow from left to right). An alumina source boat is also shown. Con
densation of ZnO vapour is seen both upstream and downstream.

Rectangular silicon samples of up to 150mm in length were used to study how nanostructure 
morphologies differ w ith source-sample separation. To further complicate m atters, the location 
of the sample relative to the sample boat was found to have an influence on the condensation 
of vapour. It was necessary to optimise the furnace tem perature and source-sample separation 
for each sample type i.e. for seed layers, conductive layers and for the surface enhanced growth 
method.

The humidity, pressure and oxygen partial pressure are known to have a profound influence 
on the nucleation and morphology of metal-oxide nanostructures. Efforts were made to control 
for the hum idity  by keeping the furnace evacuated when not in use, and pum ping to a consistent 
base pressure prior to growth.

1200

1000

800

600

R  400

200

Position (cm)

Figure 3.4: Calibration curve of furnace temperature gradient, as measured relative to the centre of the furnace. 
Measurements were conducted using a type K thermocouple in contact with the alumina furnace tube under ambient 
conditions. The blue, red and green curves are for furnace temperatures 1100 C, 1050 C and 1000 C, respectively.
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3.2 Device Fabrication

The following microfabrication techniques were conducted in the Centre for NanoHealth (CNH) 
Class 1000 cleanroom, w ith photolithographic patterning performed in the adjoining Class 100 
area.

3.2.1 Substrate Preparation and C lean ing

Devices were fabricated on silicon (10 0), due to its prevalent use in the semiconductor industry. 
The wafer specifications were as follows:

• Diameter: 150mm (6")
• Thickness: 610-640 pm
• Dopant: Phosphorus (n-type)
• Doping concentration: 1015 cm-3
• Resistivity: 4-7 Q cm

Wafers were scored parallel or perpendicular to the wafer flat to provide cleavage along the {110} 
direction. Cleaved samples measured 1.5cm x 1.5cm.

Removal of chemical contaminants, biological residues and particulate im purities from the 
silicon wafer surface is critically im portant prior to the beginning of processing. Subsequent 
photolithographic, thin film deposition and NW growth processes make this procedure particu
larly crucial. The cleaning procedure consists of the following steps:

Table 3.1: Cleaning procedure for silicon samples.

Process D uration Notes

Sonicate in acetone

Sonicate in IPA 
Piranha clean

HF dip (49%)

5 minutes

5 minutes 
15 minutes

Removes cleaving debris, lipophilic contaim inants and some 
organic im purities from the wafer surface.
Removes striations and acetone residue from sample surface. 
Mixture of H 2S 0 4 and H20 2. Powerful oxidiser that 
removes organic residues.
Dip in HF to remove oxide layer formed during piranha clean.

Samples were transferred directly from acetone into IPA, then blow dried in N 2 following u ltra 
sonic cleaning. The samples were further rinsed in DI water and blow dried in N 2 both after the 
piranha clean and following the HF dip. Piranha solution is a 5 : 1 m ixture of H 2S 0 4 to H 20 2. 
The solution is self-heating due to the exothermic nature of the reaction, and a further 1 part 
H20 2 was added every 5 minutes to retain the solution tem perature. The HF etches the oxide 
layer formed during the piranha clean, which also contains im purities from the piranha solution. 
This results in a clean hydrophobic silicon surface.
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3.2.2 Photolithography

Photolithography is the process of transferring patterns on a mask on to a thin layer of photosen
sitive m aterial (photoresist). The resist patterns are not a perm anent feature of the device and are 
removed once the pattern is transferred onto the underlying layers. This pattern transfer is ac
complished using etching but patterning can also be achieved using the additive lift-off process.

wm

----------------------

(a) Exposure

Figure 3.5: The basic steps involved in photolithography using a positive photoresist, (a) UV contact exposure of a 
positive photoresist layer (pink) on a substrate (green). The chrom ium  mask is shown in grey, (b) The exposed part of 
the photoresist is removed using a developer, (c) The substrate is then etched. After, the photoresist may be removed 
(plasma ashing -  section 3.2.6) or may be left for a fu rther processing (lift-off -  section 3.2.2.5).

3.2.2.1 Photoresists

Photoresist is a chemical formulation which contains a photoactive material suspended in a sol
vent. The photoactive com pound gives the resist its developer resistance and absorption prop
erties. Exposure to light of a certain wavelength (usually UV) results in one of the following 
reactions:

• Positive resist: Photoactive compound in the exposed portion of the resist undergoes pho
tochemical decomposition. Exposed area becomes soluble to the developer.

• Negative resist: Photoactive com pound in the exposed portion of the resist cross-links w ith 
molecules present in the formulation. Exposed area of the resist coating becomes insoluble 

to the developer.

The photoresists used in this work were AZ 6612 and AZ nLOF 2070, both purchased from Mi- 
croChemicals GmbH. The resin used in the AZ series of photoresists is Novolak, a cresol resin 
that is synthesized from phenol and formaldehyde. Resist properties are determ ined from the 
molecular chain lengths, w ith long chains increasing therm al stability, developer selectivity and 
development time at the expense of resin adhesion. The photo active com pound (PAC) belongs 
to the group of diazonaphtho-quinones (DNQ), with the addition of DNQ to Novolak decreasing 
the alkaline solubility of the resin by an order of magnitude. Following UV exposure (440 nm), 
the DNQ transform s into a carboxylic acid, increasing the alkaline solubility by more than three 
orders of m agnitude. This is accompanied by absorption of water and the release of nitrogen 
into the resist film. The solvent used in AZ photoresists is propylene-glycol-mono-methyl-ether- 

acetate (PGMEA). [105]
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Baking of Photoresist Films

Following coating, a baking step is necessary to remove the solvent from the photoresist. This is 
im portant for a num ber of reasons, mainly to dry the resist and to prevent bubbles forming in 
the film due to nitrogen released during decomposition of DNQ. In addition, accurate soft-baking 
can help to improve film uniform ity and adhesion [106]. When developed, rem aining PGMEA 
solvent converts to acetic acid, increasing the dark erosion of the resist. Also, therm al stability of 
the resist may be compromised by excess solvent in the film, leading to rounding of resist features 
during subsequent processing e.g. dry etching. The baking step following coating is known as 
soft-baking. For AZ resists, typical average PGMEA concentration in the film drops from 20-40%, 
down to 5-10% following the soft-bake, w ith initial and final concentrations depending on resist 
film thickness. [107]

Generally, AZ resists were soft-baked on a hotplate at 110°C for approxim ately 1 m inute per 
pm of resist film thickness. In the case of AZ nLOF 2070, a post exposure bake (PEB) is also 
required following exposure to cross-link the resist, rendering the exposed portion of the film 
insoluble to the developer. The PEB is largely independent of film thickness, therefore all films 
were baked on a hot plate at 110 °C for 1 m inute 30 seconds.

3.2.2.2 Spin Coating

Spin coating is a technique for the application of thin-films. Fluid or resin is deposited on to 
a sample and then the sample is spun at high speed. The centrifugal force experienced by the 
fluid causes it to spread out and fall off of the edge of the sample, leaving a thin-film  on the 
surface. Film thickness will depend on the nature of the fluid or resin (viscosity, drying rate, 
surface tension, e tc .. .)  and the param eters chosen for the spin process (acceleration, rotation 
speed, duration and deceleration). Also, subtle factors such as air tem perature, hum idity and air 
flow around the sample have an effect on film thickness. In general, higher speeds and longer 
spin times create thinner films.

The spin curves for the AZ resists used in this work are shown in figure 3.6. In the case of 
AZ6612, samples were spun at 3000 rpm  for 45 seconds, with an initial acceleration of 1000 rpm /s. 
From figure 3.6a, this corresponds to a film thickness of around 1.4 pm . For AZ nLOF 2070, em 
ployed mainly as a NW encapsulation layer, spin speed was varied from 2000-3000 rpm  to attain 
desired film thickness w ith an acceleration of 500 rpm /s and a duration of 30 seconds. This cor
responds to a thickness of 6.5-8 pm  according to figure 3.6b, although the actual thickness was 
considerably more, due to the presence of NW arrays inhibiting flow across the sample. See 

chapter 6 for details.

3.2.2.3 Mask Alignment and Exposure

The wafer is masked, typically using an ultra-flat glass plate patterned w ith a metal thin film 
on one side called a photom ask, then exposed to light of a given wavelength determ ined by the 
absorption spectrum  of the resist. Commonly, UV light produced by a high intensity m ercury 

vapour lam p is used.
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Figure 3.6: Spin curves for AZ6612 (a) and AZ nLOF 2070 (b). A dapted from [13] and [14], respectively.

Different m ethods exist for masking the sample, but the simplest m ethod is contact exposure 
in which the patterned side of the photomask is brought into direct contact w ith the sample. This 
has the advantage that diffraction at the edges of features on the mask is minimised. However, 
masks are especially prone to wear in contact printing and debris from resist coatings can become 
lodged between the photom ask and wafer resulting in incorrect patterning and poor contact in 
isolated areas. Also, the pronounced edge bead formed at the edges of the substrate during pho
toresist spinning can be problematic, especially for small samples. Instead, proxim ity exposure 
is sometimes preferable. In proxim ity mode, the thickness of the substrate is taken into account 
and the sample height adjusted to m aintain a fixed gap between mask and sample surface.

Often more than one photolithographic step is required, meaning the sample m ust be precisely 
aligned w ith a different patterns following processing of the previous layer. Masks typically 
contain registration (or alignment) marks that allow the samples to be precisely aligned under a 
microscope by means of a moveable stage.

Figure 3.7: SUSS MicroTec MA/BA8 Gen3 mask aligner

A SUSS MicroTec MA/BA8 Gen3 mask aligner equipped with a Ushio 1000W m ercury arc 
lamp was used for exposures (figure 3.7). The machine was operated in proxim ity mode, w ith
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exposure gaps typically less than 50pm . Top side alignment (TSA) was done manually, with 
alignment accuracy lim ited to approxim ately ±5 pm, due to the use of small samples. The expo
sure dose used for AZ6612 was 350m J/cm 2, as measured at the h-line (405 nm). For the thicker 
nLOF 2070, higher doses of up to 750m J/cm 2 were used, measured at the i-line (365 nm).

Photomasks were designed using a combination of L-Edit sofware (Tanner EDA) and custom 
software program m ed to output in Caltech Interm ediate Format (.CIF). Mask specifications were 
5" x 5" w ith chromium patterned on soda-lime glass.

3.2.2.4 Development

Following exposure the photoresist is developed using a solvent. The mechanism for develop
ing is a surface-limited dissolution process that differs drastically between positive and negative 
resists. For positive resists the selectivity, or difference in etch rate between the exposed and un
exposed regions, is generally much greater. For high resolution device fabrication metal-ion free 
developers are available to prevent metal ion contam ination of the wafer.

Immersion of the samples in the developer solution is the most straight forward m ethod of de
veloping, although other methods such as spray and puddle development exist. During immer
sion development it is im portant to agitate the sample in order to provide uniform  development 
and to carry away the solution as it dissolves the photoresist. A complex interplay exists between 
development and previous photolithographic steps. The major variables affecting development 
time are:

• Photoresist thickness
• Photoresist soft-bake tem perature/duration
• Exposure dose
• Developer concentration
• Developer agitation method

For the AZ series of photoresist, AZ 726 MIF developer was used. This is a H 20  based metal 
ion free developer w ith 2.38% tetram ethylam m onium  hydroxide (TMAH), that also contains sur
factants to improve sample wetting. AZ6612 was developed in a 2 : 1 ratio of AZ 726 to DI 
water. Development times were on the order of 30-60 seconds. For the thicker AZ nLOF 2070, 
undiluted developed was used, w ith the development lasting several minutes. Following devel
opment, samples were rinsed in DI w ater and blow dried with N 2. Features were examined under 
an optical microscope to confirm proper development w ithout undercut and resist peeling.

3.2.2.5 Etch-back and Lift-off Processes

Following resist patterning, the underlying layer can be etched back using a suitable wet etchant 
(see section 3.2.3). This requires a high (preferably infinite) selectivity of the underlying device 
layers compared to the layer requiring patterning.

The lift-off process is an alternative m ethod of patterning thin-film s. Following thin-film  de
position onto a sacrificial m aterial, such as a patterned photoresist layer, the sample is immersed 
in a solvent. The photoresist is dissolved, causing the the deposited thin-film  to lift-off leaving
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(a) U nder developing. (b) Over developing.

Figure 3.8: The result of incorrect developing. In (a), resist still rem ains on the substrate surface which could result 
in complete lift-off of a deposited layer or a faulty contact. In (b), over-development has led to undercut of the resist 
features. This is more com mon for negative photoresists and can be exploited to avoid resist sidewall coverage during 
the lift-off process.

behind exposed areas of the underlying layer.

The main advantage of this technique over the etch-back is substrate com patibility -  the u n 
derlying layers need only be compatible w ith the solvent, rather than an etching solution. This 
allows inert thin-films, such as S i0 2, to be patterned on top of am photeric layers, for example. 
However, problem s exist w ith this technique -  notably the retention of unw anted parts of the film 
(commonly referred to as 'ears') and redeposition of lifted off material onto random  locations on 
the sample surface.

(a) Deposition (b) Lift-off

Figure 3.9: The lift-off process perform ed on a th in  film (grey) using a photoresist (pink) as a sacrifical m aterial.

Common solvents, such as acetone, can be used for the lift-off but this is ill advised, as the 
high vapour pressure tends to lead to striations and redeposition of the lifted off m aterial [108]. 
Instead, l-m ethyl-2-pyrrolidone (NMP) is recom mended due to its suitable physical properties: 
NMP yields a low vapour pressure (no striation formation), strongly solves organic im purities 
as well as resists, keeps solved particles in solution and can be heated due to its high boiling 
point (204°C) [109]. However, since NMP is classified as toxic and teratogenic a safer alternative 
for routine handling is dim ethyl sulfoxide (DMSO). W ith performance as a photoresists stripper 
comparable to NMP, DMSO is a highly polar solvent that can also be heated to aid w ith resist 
removal (boiling point 189 °C) [108]. In this work, both NMP and DMSO were employed for 
the lift-off process. A typical process would involve 5-10 minutes of sonicating in ample solvent 
followed by an additional 5-10 m inutes of sonicating in fresh solvent to minimise redeposition. 

Samples were then rinsed in DI w ater and blow dried w ith N2.

3.2.3 Wet Etching

Liquid-phase (or wet) etching is generally isotropic, although directional wet etching is possible 
due to etch rates for certain enchants being highly dependant on crystallographic orientation.
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This effect is well docum ented for monocrystalline silicon, with etchants such as potassium  hy
droxide (KOH) and tetram ethylam m onium  hydroxide (TMAH) frequently employed to create 
sloped pyram idal features on the wafer surface, due to the reduced etch rate in the {111} direc
tion [110, 111].

Wet etching is commonly used to pattern thin-films, where etch isotropy and undercut is less 
problematic. Optim ised resist adhesion to the substrate is im portant to prevent peeling. In this 
work, wet etching was mainly employed for etching metal contacts. A example of some typical 
etchants are shown in table 3.2.

Table 3.2: Wet etchants and etch rates for various materials.

Target Material Etchant Etch Rate (nm/min) Source

Silicon KOH (30%, 80 °C) 1100 [112]
Silicon dioxide HF (49%) 2300 [112]

10:1 HF 23
25:1 HF 9.7
100:1 HF 2.3

Zinc oxide Dilute HC1 (1%) 500 [113]
NH4C1 (10%) 40 [114]

ITO HC1 (29%) 14 [115]
Aqua regia (33%) 22

Alum inium H 3P 0 4 (80%) + 530 [112]
H N 0 3 (5%) +
C2H40 2 (5%) +
H 2O(10% )

Titanium 20:1:1 1100 [112]
H 20  : HF (49%): H 20 2 (30%)

Chromium CR-7 (Cyantek) 170 [112]

Gold Aqua regia 680 [112]

3:1:2
HC1 (37%): H N 0 3 (70%): H 20

3.2.4 Dry Etching

Dry etching is an encompassing term  for all ion based etching processes and is usually used 
synonymously with plasm a etching. In the semiconductor industry, the move towards dry etch 
processes was motivated by a need for increased etch uniform ity across wafers due to decreased 
pattern dimensions. Plasma etching includes such sub-technologies as reactive ion etching (RIE) 
and sputter etching (ion milling). As their names indicate, these techniques rely on both chemical 

and physical processes.

Basic plasm a etching and RIE generally use molecular gasses that contain one or more halogen
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Table 3.3: Types of dry etching.

Plasma etching Reactive ion etching Sputter etching

Relative ion energy Low M edium High
Relative selectivity High Medium Low
Directionality Isotropic Quasi-isotropic to anisotropic Highly anisotropic
Pressure > 0.1 mbar ~  0.1 mbar 0.1 mbar

atoms. These are introduced into the chamber where a glow discharge is initiated, generating 
ions, radicals and reactive atomic species that combine with oxides, semiconductors and m et
als to produce volatile by-products. The by-products formed at the sample surface diffuse into 
the process chamber and are subsequently evacuated by the vacuum system. These chemical 
processes allow a high degree of selectivity to be achieved as the resists used are necessarily com
patible, in the sense that they only react slightly with the plasma species, as com pared w ith the 
film or substrate being etched. As can be seen in table 3.3, there is generally a compromise be
tween anisotropy and selectivity, with physical ablation processes providing highly directional 
etching at the expense of material selectivity.

(b) Perfectly anisotropic etching.(a) Isotropic etching.

Figure 3.10: Isotropic and anisotropic (directional) etching. Undercut of the photoresist (pink) is shown in (a).

3.2.4.1 Reactive Ion Etching

Reactive ion etching (RIE) is a common plasma configuration for dry etching. Reactive ion etch
ing employs highly reactive gases that react w ith surface atoms and molecules to form volatile 
species. The actual mechanisms that result in etching are complicated and there are both phys
ical and chemical processes that result in removal of material from the surface. The following 

processes occur during RIE:

• Active species generation: An electric glow discharge plasma is formed by passing a current 
through the etch gases at low pressure. This is done by applying a strong RF electrom ag
netic field to the wafer platter, typically at a frequency of 13.56 MHz. The oscillating field 
ionises the gases resulting in radicals, positive and negative ions, electrons and neutrals.

• Formation of a DC bias for ion acceleration: The high frequency driven capacitively coupled 
electrode acquires a negative charge due to high electron mobility. This attracts positive

ions towards the electrode.
• Diffusion of plasm a generated reactive species from the bulk of the plasm a to the m aterial

being etched.
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• Absorption of reactive radicals into the surface of the sample. This step is assisted by re
moval of the passivated fluorine surface layer through ion bom bardm ent.

• Reaction step: The sample material reacts w ith the absorbed atoms to form volatile species.
• Desorption step: The reaction products are sputtered back into the gas phase through ion 

bom bardm ent.

Etching of Si can be accomplished using fluorine, chlorine and brom ine based chemistries. Ex
amples of fluorine based gases include sulphur hexafluoride (SF6), tetrafluorom ethane (CF4) 
and trifluorom ethane (CHF3). Common etch rates for these gasses in isolation are 600, 60 and 
0.6nm /m in, respectively [116]. In addition, additive gases such as oxygen and argon can be in
troduced into the plasma. Inert heavy gases, such as argon, increase the physical aspect of the 
etching process through sputtering, while the addition of oxygen can be used to aid the direc
tionality of the etch through side-wall passivation. It is thought that oxidation of the side-walls 
prevents fluorine attacking the silicon. This does not occur on horizontal exposed areas of the 
sample as the oxide layer is sputtered.

Shower head gas inlet

Wafer electrode 
-ve HV

To vacuum

Figure 3.11: The Oxford Instruments Plasma Lab 80+ is shown in (a), with a schematic of the parallel plate reactor 
shown in (b).

An Oxford Instrum ents PlasmaLab 80 Plus RIE (figure 3.11a) was used for silicon etching. 
The system consists of a 13.56 MHz driven parallel plate reactor w ith a shower head gas inlet, 
optimised for RIE uniform ity (figure 3.11b). A typical Si etch process would use SF6, CHF3 and 
0 2 at flow rates of 30, 10 and 5 seem, respectively. Chamber pressure would be m aintained at 
0.1 mbar during the process, w ith an RF power of 100 W. A process such as this gives an etch rate 

of around 1 pm /m in.

3.2.5 Deposition Techniques

Described in the following sections are several metal, semiconductor and dielectric thin-film  de
position techniques. Sputtering and evaporation (not detailed here) are types of physical vapour 
deposition (PVD), whereas chemical vapour deposition (CVD) refers to the group of techniques 

utilising reactive precursors as source material.
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3.2.5.1 Sputtering

Sputtering is a vacuum deposition technique involving the bom bardm ent of a target material 
with energetic particles, typically inert argon ions, w ith energies greater than the surface binding 
energy of the target. This results in ejection of neutral target atoms which are then incident on a 
substrate located in the deposition chamber.

For conductive targets, a negative DC bias is applied to the target, resulting in a glow dis
charge. In order to increase the sputter yield, a magnet located in the sputter gun increases the 
ionisation density in the vicinity of the target, due to the helical path of the free and secondary 
electrons in the magnetic field (magnetron sputtering). The ions are accelerated tow ards the 
target, resulting in ablation of the target material.

When sputtering low conductivity targets (semiconductors or insulators), AC is employed to 
discharge the target every half cycle, preventing build up of positive charge on the surface of 
the deposition source. For frequencies <50 kHz, both electrons and ions are mobile, resulting in 
alternate sputtering of the target and sample (system ground). At frequencies >50 kHz, electrons 
are still mobile, however the heavy ions can no longer follow the switching. Instead, a capacitor 
installed in the deposition source prevents electrons discharging to ground, setting up a DC bias 
on the target and neutralising positive charge built up from incident ions. Flow of negative charge 
towards the target is uninhibited, as the capacitor appears like a short to the high frequency RF 
field.

In reactive sputtering, other gases such as oxygen or nitrogen are introduced into the chamber 
in order to react w ith the sputtered target material. This technique is often used in conjunction 
with RF sputtering in order to retain oxide film stoichiometry.

Due to the presence of a sputtering gas, step coverage is generally increased over evaporation 
techniques, owing to the decreased mean free path. Film properties and morphologies are vastly 
different between evaporation and sputtering, with sputtering generally resulting in films with 
better adhesion to the substrate. As sputtering is a plasma based process, ions also im pinge on the 
deposited film, w ith the ion flux to atom flux ratio playing a decisive role in the m icrostructure 
and morphology of sputtered films.

Sputtering was conducted in a Kurt J. Lesker PVD 75 (figure 3.12a) equipped with three m ag
netron sputtering sources (figure 3.12b) which can be interchanged between 13.56MHz RF and 
DC. This allows m ultiple m aterials to be deposited w ithout having to expose the cham ber to at
mosphere. Following sample and target loading, the chamber was pum ped to a base pressure 
of around 10_6mbar, then back filled with argon to achieve sputtering at pressures of approx
imately 10~3 mbar. Samples were rotated during deposition in order to achieve uniformity. A 
crystal m onitor calibrated for the specific deposition material was used to m onitor film thick
ness.
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(a) (b)

Figure 3.12: Lesker PVD 75. The deposition chamber is located on the top left of the unit in (a). A close up of the 
deposition chamber with the three magnetron sources is shown in (b).

3.2.5.2 Chemical Vapour Deposition

An im portant class of deposition is chemical vapour deposition (CVD), which is regularly used in 
the semiconductor industry for silicon dioxide, silicon nitride and polycrystalline silicon deposi- 

| tions. In summary, CVD relies on the reaction of precursors at high tem perature to deposit the 
desired m aterial from the vapour phase. Vapour phase NW growth, as described in section 3.1, 
is a form of chemical vapour deposition. A plasm a can also be used to enhance chemical reaction 
rates, as in plasm a enhanced CVD (PECVD). Due to the increased reaction rates, lower deposition 
temperatures can be used, allowing process compatibility with a w ider range of materials.

Silicon nitride (Si3N4) was deposited in an Oxford Instrum ents PlasmaLab 80 Plus PECVD 
system. For Si3N4 deposition, silane (SiH4) and ammonia (NH3) are used as gas precursors; the 
reaction is as follows:

3SiH4 + 4N H 3  ► Si3N4 + 12H2 (3.1)

The Oxford Instrum ents system uses a capacitively coupled parallel plate configuration, sim 
ilar to the RIE set-up shown in figure 3.11b. Briefly, process gases are injected into the chamber 
using a shower head gas inlet to achieve deposition uniformity. An RF supply ionises the process 
gases, inducing a DC self-bias of the wafer electrode due to high electron mobility, which results 
in ions being attracted towards the sample. The sample plate is heated to 400 °C, helping to 
increase the reaction (or deposition) rate at the sample surface. Typical settings for a 1 pm /m in 
Si3N4 deposition are as follows: 100 seem of silane and 20 seem of ammonia to give a chamber 

pressure of 1 mbar and an RF power of 20 W.

3*2.6 Plasma Cleaning/Ashing

Similar to plasm a etching (section 3.2.4), plasm a cleaning makes use of reactive species in order 
to remove contam inants and organics from a sample. As no DC bias is required, instead of a
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parallel plate configuration, a barrel reactor is often used in order to achieve uniform  plasma 
densities. Oxygen is typically used for plasm a cleaning, and the actual processes that result in 
removal of contam inants are complex. Oxygen plasmas contain energetic ions, free radicals and 
short wave UV photons that all contribute to the cleaning process. These ultraviolet photons have 
sufficient energy to break organic bonds, whilst the oxygen species react with organic contam i
nants and some hydrocarbons, resulting in volatile reaction products that can be evacuated from 
the chamber via the vacuum pum p. [117]

The use of plasmas to remove photoresist residue following etching is refereed to as plasma 
ashing. In this work, oxygen plasmas are employed to controllably ash resist films to a desired 
thickness w ithout causing damage to encapsulated NW arrays. This would be difficult to achieve 
using for example, RIE, as the DC bias would cause directional physical etching of the NWs, 
significantly reducing the selectivity of photoresist removal.

Oxygen plasm a ashing was conducted in a Quorum  K1050X plasma asher. The unit consists 
of an evacuated barrel reactor powered by a 100W 13.56MHz RF supply and m atching network. 
Oxygen flow was controlled via the external flow meter, with a typical flow of 25 seem resulting 
in a chamber pressure of 1 mbar.

tllllllMMMM”

Gas

Figure 3.13: The K1050X plasma cleaner is shown in (a). The the chamber door is visible in the middle of the unit, 
with a schematic of the barrel reactor contained inside shown in (b).
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3.3 Characterisation

The techniques used to characterise devices, NW properties and ZnO surface modification are 
detailed below. Scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDX) 
were used extensively to study NW morphology and the device fabrication process. Atomic force 
microscopy (AFM) was used in the study of surface topography and to characterise roughness. 
X-ray photoelectron spectroscopy (XPS) provided information about surface modification and 
electronic states during the functionalisation process. X-ray diffraction (XRD) and photolum i
nescence spectroscopy (PL) were used to investigate the structural and optical properties of NW 
arrays.

3.3.1 E lectron M icroscopy

An electron microscope is a type of microscope that uses electrons to image a sample w ith much 
higher resolution than the restriction imposed on optical microscopy by the diffraction limit. 
When the electron beam is scanned across the sample, as in scanning electron microscopy (SEM), 
a detector captures scattered secondary electrons at each point to form an image, w ith the m ag
nification determ ined by the raster area of the beam.

Electron microscopes consist of an electron gun located at the top of a column that emits 
electrons using e.g. therm ionic or field emission. The column contains a series of apertures and 
electrostatic or electromagnetic lenses that act to collimate the electron beam, which then passes 
through deflection optics allowing the beam spot to be scanned across the sample. An schematic 
of a typical column layout is shown in figure 3.14. This particular schematic represents a hot 
cathode field emission column emitter, as situated on the Omicron Nanoprobe system (section 
3.3.5).

Hot cathode field em itters typically offer higher currents than cold cathode based SEMs, usu
ally at the expense of image resolution. Hot cathodes are useful for applications such as e-beam 
lithography, where the increased beam current is desirable in order to reduce write times.

SEM images were acquired using a Hitachi S-4800 ultra high resolution scanning electron m i
croscope (3.15). The system has a cold cathode field emission electron source and an acceleration 
voltage of 0.5-30 kV, adjustable in 0.1 kV increments. Magnification is variable between 30x 
up to 800,000x, w ith an ultim ate resolution of l.Onm  at 15kV. The SEM is also fitted with an 
energy-dispersive X-ray detector for elemental analysis (see section 3.3.3).
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Source Cham ber

C ham ber 
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M agnetic  Lens
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Therm al Field Em itter 

A node
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E lectro-M agnetic 
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In-lens SED
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Figure 3.14: Diagram of a hot cathode SEM column showing the photomultiplier for electron detection. The condenser 
lens, apertures and electrostatic and magnetic lenses all serve to collect, collimate and focus the electron beam. The 
scan coils defect the beam for raster scanning across the sample surface. Reproduced from [15].

Figure 3.15: Hitachi S-4800 SEM with angled EDX detector visible on the left of the column.

I
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3.3.2 A tom ic Force M icroscopy

Atomic force microscopy (AFM) is a scanning probe technique in which a sharp tip located at 
the end of a cantilever is scanned across a sample surface. A feedback loop is used to m onitor 
the effect of the sample on the tip, adjusting the tip-sample separation to m aintain a given set 
point. W hen scanned over an area, this produces a 3D topographical m ap of the sample surface. 
In contact mode, where the tip is in constant contact w ith the sample surface, the set-point is a 
given deflection, x, of the cantilever, which is proportional to a force between the tip and sample 
(Hooke's law):

F = -kx ,  (3-2)

where k is the stiffness, or spring constant, of the cantilever. The other most common AFM mode 
is tapping or interm ittent contact mode, in which the cantilever is oscillated above the sample 
close to its resonant frequency (typically in the 100 kHz range). The set-point can then either 
be the oscillation am plitude or frequency. As the tip is brought closer to the sample surface, 
intermolecular forces such as electrostatic and van der Waals (dipole) forces dam p the am plitude 
of oscillation; the tip-sam ple separation is then adjusted to m aintain the set-point. Tapping mode 
is generally more gentle and leads to less degradation of the tip when imaging hard  surfaces.

Figure 3.16: 1 pm x 1 pm AFM scan of a ZnO seed layer annealed at 650 °C. The z-range is 10 nm.

The deflection or oscillation of the cantilever is commonly measured using a laser, which must 
be aligned onto the end of the cantilever. The laser spot reflects off of the back of cantilever onto 
a photo diode (usually via a mirror). Angular displacem ent of the cantilever results in a shift of 

the reflected spot on the photodiode array.

A proportional-integral (PI) or proportional-integral-derivative (PID) controller is used to 
monitor the difference between the set-point and measured deflection, oscillation am plitude or 
frequency of the cantilever (the error signal). Feedback gains m ust be chosen appropriately to 
minimise artifacts resulting from incorrect tracking of the sample surface. For example, setting
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Figure 3.17: Schematic of AFM optics and components. In this set-up, the cantilever and optics are fixed in place and 
the sample is moved using piezoelectric scanners to form an image and modulate the tip-sample separation.

gains too low will results in sloped features representing abrupt changes in surface topography, 
as the feedback loop fails to adjust tip-sample separation quickly enough to retain the set-point. 
High gains w ill increase noise levels and may lead to overshoot and oscillation of the tip-sam ple 
separation around the set-point.

X

M e a n  Line

Figure 3.18: Diagram showing average (Ra) and RMS (Rq) roughness for a line profile. Levelling the line profile is 
equivalent to subtraction of the mean line.

Either the sample stage or cantilever is m ounted on a piezoelectric scanner, allowing move
ment in the x,y and z directions. Resolution is controlled by adjusting the scan area of the tip. 
A complex interplay exists between the scan speed and feedback loop -  reducing the scan speed 
allows more time for adjustm ents to be made to the tip-sample separation, potentially offering 
more accurate tracking of the sample surface, at the cost of increased susceptibility to noise and 
slower imaging. The direction of the scan may also be im portant; images are generally built up 
by tracing and retracing the tip across the sample, before moving the tip  perpendicularly to gen
erate the next line in the image. The trace and retrace direction, generally denoted the fast scan 
axis, has a higher resolution than the slow raster scan direction. Trace and retrace line scans can 
be useful for adjusting feedback gains and eliminating artifacts by ensuring that the measured 

topography matches in both scan directions.

Scans from SPM techniques can be analysed by viewing the height (z) values as a function 
of the distance between between two points drawn on the scan. This is commonly referred to 
as a line-profile. Figure 3.18 shows an example of a line profile w ith some common roughness
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parameters indicated. Ra is the roughness average or the arithmetic average of absolute values 
and Rq is the root mean squared (RMS) roughness, which is equivalent to the standard deviation 
in the z height. Other often quoted values include the maximum peak height (Rp) and m inim um  
valley depth (Rv). For line profiles, these values can be calculated using the following equations:

= i X > - 2i <3-3>Ra - - /  I R -n i-— lxq ~
i= 1 A

-  f j z i - z ) 1 (3.5)
n L—i

i= 1

Rp = max(Zj) (3.4) Rv = m in(zf) (3.6)
i

where z is the mean line shown in figure 3.18. These equations can be adapted to give areal 
roughness param eters which are defined in the ISO 25178 series. The corresponding areal aver
age and RMS roughness param eters are designated Sa and Sq and are calculated by substituting 

a surface sum  (XxIIy) into equations 3.3 and 3.4.

For this work, a JPK NanoW izard II AFM was operated in AC (tapping) mode. Bruker RTESP 
(MPP-11100-10) probes were used at their fundam ental resonance frequency. The probes have a 
cantilever length of 125 pm , a w idth of 35 pm  and a thickness of 3.75 pm , resulting in a resonant 
frequency of around 300 kHz. The cantilevers have a rotated symmetrical tip  w ith a nom inal 
radius of 8 nm. Scans were recorded w ith sizes varying from 1 pm  x 1 pm  up to 100 pm  x 100 pm , 
with scan speeds of between 0.5 Hz and 2 Hz. The set-point was kept at 0.6 V, w ith oscillation in 
free air norm alised to 1 V.

SPIP (Image Metrology) software was used to analyse AFM scans. As in other scanning probe 
techniques, image processing is required prior to scan analysis. Scans were levelled using a plane 
fit followed by a line-wise bow removal, w ith outliers excluded from the levelling to prevent bow 
artifacts being introduced into the image. This ensure that the mean line shown in figure 3.18 
(also refereed to as z  in equations 3.3 and 3.4) is centered at z = 0.

Figure 3.19: JPK NanoWizard II AFM with optical microscope for laser and tip-sample alignment.
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3.3.3 E nergy-d ispersive X-ray Spectroscopy

Energy-dispersive X-ray spectroscopy (EDX or EDS) is a technique used for non-destructive ele
mental analysis. It relies on the stim ulated emission of characteristic X-rays from a sample. High 
energy particles, typically electrons, are used to eject electrons from the core levels of atoms in the 
sample. Higher energy, outer shell electrons then relax to fill these previously occupied states. 
Since the energy differences between shells is characteristic of individual atoms, the detected 
X-rays can be used to identify specific elements, and also to identify their relative abundance. 
Characteristic X-rays are only observed if the energy of the transition required for their emission 
is less than the energy of the incident particles. The notation used for the characteristic X-rays 
(Siegbahn notation) consists of a letter corresponding to the location of the core level vacancy 
followed by a Greek letter designating the degree of separation between the core level and the 
relaxing electron. For example, Fe indicates an iron atom that had its K shell ionised and sub
sequently filled by an electron in the M shell = 2). If necessary, sub-shells are identified using 
numerical subscripts.

When used in combination with SEM, it is possible to obtain an EDX spectra at each point in an 
image, allowing for the elemental m apping of a sample. Bombardment of a sample by electrons 
results in characteristic X-rays being em itted from a large proportion of the electron interaction 
volume. The interaction volume is limited by inelastic energy losses and backscattering of in 
cident electrons, and is dependant on the energy of the electrons (acceleration voltage) and the 
mass and atomic distribution of the sample (figure 3.20). A theoretical expression for the straight 
line penetration distance, r, in a sample is given by Kanaya and Okayam [118]:

2.76 x 10~2AEl 67 / x
r ( v m )= ^ 0 8 9  ’ <3-7)

where A is the average atomic weight (g/mol), E0 is the acceleration voltage (kV), p is the density 
of the sample (gem-3) and Z is the average atomic number.

An alternative to X-ray emission following relaxation is the Auger process. The energy differ
ence from the transition of the electron to the core level vacancy can be coupled to an additional 
electron (the Auger electron), either in the same or in a higher orbital. If the transferred energy is 
greater than the orbital binding energy, the Auger electron will be em itted. Consequently, X-ray 
and Auger emission are in competition, w ith the relative efficiency of each process dependant 
on the atomic num ber of the atoms comprising the sample. This relationship is shown in figure 
3.21 for transitions into K shell vacancies. Similar plots may be obtained for L and M shell tran 
sitions. Generally, much higher X-ray intensities are attained when studying heavier elements, 

with Z > 30.

40



Chapter 3. ex p e r im en ta l lecn n iq u es 3.3. Characterisation

electron
beam

excitation
volume

cathodoluminescence

secondary 
electrons

backscattered
electrons

Sample

absorbed
current

50-500 A secondary electrons

characteristic
x-rays

electron
beam

10A Auger electrons

Figure 3.20: Interaction effects due to electron bombardment are shown on the left. A more detailed illustration 
of the interaction volume is shown on the right. Secondary electron generation and electron induced luminescence 
occurs close to the sample surface, whereas X-ray generation occurs in a much larger excitation volume. Backscattered 
electrons are scattered from a penetration distance intermediate between the two.
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Figure 3.21: Relative efficiency of Auger and X-ray emission for K shell vacancies. A similar graph is also found for L 
shell transitions.

The EDX detector used was an Oxford Instrum ents X-Max silicon drift detector integrated 
into the Hitachi S-4800 SEM (figure 3.22). Typically, acceleration voltages of between 20-30 kV 
were used, in order to observe the higher order transitions that aid w ith elemental fingerprint
ing. If more surface sensitivity was required, this could be dropped to 5 kV while still obtaining 
sufficient counts. To maximise the count rate, the filament current was set to the upper lim it of 
20 mA.
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Figure 3.22: Oxford Instruments X-Max silicon drift detector.

The EDX spectra consist of characteristic X-ray peaks at the transition energies imposed on a 
continuum background of braking X-rays known as bremsstrahlung. These X-rays are em itted 
by electrons interaction with nuclei in the sample -  the strong electromagnetic field close to 
the nucleus causes the electron to decelerate, emitting a photon with energy up to the incident 
electron energy. An additional large peak is also observed in the spectrum  at very low energies, 
due to the em itted secondary electrons.

3.3.4 X-ray P hotoelectron  Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a technique used to study elemental composition and 
the chemical and electronic states of materials. X-rays of a known energy are used to ionise 
the core levels of atoms, w ith the electrons escaping from the sample into vacuum. The electron 
escape energies are then analysed, providing information on the binding energies of the electrons. 
As XPS relies on the analysis of electron energies, it is necessary to be conducted under ultra-high 
vacuum (UHV). A typical laboratory XPS set-up comprises of the following:

• Vacuum system and main analysis chamber, with adjoining chamber for sample preparation.
• An X-ray source, typically A1 Ka or Mg Ka .
• Sample stage with m anipulators to control position and electron take-off angle.

• Sample heating/cleaning.
• Electron collection lens.
• Electron analyser such as a hemispherical deflection analyser.
• Electron detector/m ultiplier.

3.3.4.1 Photoemission

Photoemission is the emission of an electron from a solid as a result of the absorption of a pho
ton, and the theoretical underpinnings stem from Einstein's original work on the photoelectric 
effect [119]. In general, electrons are em itted from a surface if the incident photons have an en
ergy greater than the electron binding energy plus the work function of the solid. This can be
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summarised in the following equation:

Ek = hv -  E[ -  <p, (3.8)

where Ek is the kinetic energy of the emitted photoelectron, Ej is the energy of the electron in the 
initial state, <p is the work function and hv is the photon (X-ray) energy.

From Koopmans' theorem  [120], the initial state energy is approxim ately equal to the binding 
energy of the electron in the solid. However, this approximation fails to account for the hole left 
in the solid following electron emission. This hole causes relaxation of the remaining electrons 
into a lower energy state, with the excess energy being carried away by the photoelectron. The 
result of this is an increase in the kinetic energy of the photoelectron, or conversely, an apparent 
decrease in the energy of the initial state (or measured binding energy).

x 10
10. OJ

Q .
CM

CO
CLO

600
B ind ing  E n e rg y  (eV )

3009001200

Figure 3.23: Energy distribution curve for a ZnO nanowire sample, with Auger and core level peaks labelled.

The electron analyser measures the kinetic energy of electrons escaping the sample surface, 
from zero up to a maximum value determ ined by the incident photons. The result is presented 
as an XPS spectrum , or energy distribution curve (EDC), as shown in figure 3.23. Although the 
EDC reflects the density of occupied states in the solid, it is not a direct representation due to 
the inelastic scattering of electrons as they propagate through the solid. Electrons that have been 
emitted from narrow core levels w ithout loss of energy produce sharp discrete peaks in the EDC. 
These core level peaks can be used to identify specific atoms near the surface of the solid, as 
each element has its own set of discrete core level binding energies. Electrons that have been 
inelastically scattered or have otherwise had their energy altered contribute to the characteristic 
stepped background seen in XPS EDCs. The average distance an electron w ith energy E can travel 
through a solid w ithout being inelastically scattered is defined as the inelastic mean free path 
(IMFP), designated A(E). As well as being a function of the electron kinetic energy, the IMFP is 
also material dependant. Figure 3.24 shows the "universal curve" for the variation of IMFP with 
electron kinetic energy for a range of materials. The IMFP initially decreases w ith increasing 
energy up to a m inim um  of around 50-100 eV; at low energies the electrons have insufficient
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energy to cause plasmon excitation, the dom inant scattering mechanism in many materials. In 
effect, detection of photoelectrons with energies in this range will result in an increased surface 
sensitivity due to the reduced IMFP. Above 100 eV, the IMFP increases steadily, w ith the absolute 
value of the IMFP varying significantly depending on material.
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Figure 3.24: The "'universal curve"'. Electron inelastic mean free path up to 2000 eV for a range of m aterials. A dapted 
from [16].

3.3.4.2 The Three Step Model

A simple model has been proposed to explain the photoemission process, known as the Three
Step Model, which neglects to account for many body effects such as electron-electron interac
tions and inelastic scattering. While many intricate models describing photoemission as a single 
quantum mechanical event have been developed, the three step model is sufficient to explain 
phenomena observed in the photoemission data presented in this work.

The Three Step Model describes the photoemission process in three stages, which all depend 
on the initial electron energy (E) and the energy of the incident photons (hv). They are as follows:

1. Photoexcitation of the electron: P(E,hv)
2. Propagation of the electron through the solid: T (E ,h v )
3. The electron escaping from the surface into vacuum: D (E,hv)

The intensity of the resulting photocurrent I (E,hv) is given by:

I(E,hv) = P(E,hv)T(E,hv)D(E,hv)-  (3.9)

Step 1. Photoexcitation

The photoemission process is considered for an individual particle using the independent particle 
approximation. The unperturbed system is described by the Hamiltonian energy operator:

fto = T -  + V (r), (3.10)
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where p is the mom entum  operator, m is the mass (of the electron in this case) and V (r) is the 
screening potential energy operator, which accounts for the effects of the other electrons and any 
surface effects.

If this system is perturbed by the absorption of a photon, the introduction of an electrom ag
netic wave of vector potential A will change the m om entum  operator such that:

P -  P + -A , (3.11)c

where e is the charge on the electron and c is the speed of light. The Hamiltonian can then be
written:

H  =  —  
2m

* V 2p + -A
c

+ V{r).  (3.12)

Expanding this Hamiltonian we obtain:

^ - h  + V ( r ) + 2W (P 'A + A 'P , + I ^ ’ (3’13)

which can be simplified using equation 3.10 to:

H = H0 + W, (3.14)

where W is the electron-radiation interaction Hamiltonian:

W =2 ^ (P'A + A^ )+S -  (3'15)
Using the dipole approxim ation [121], only linear terms in A apply, hence the interaction H am il
tonian becomes:

W = — (p • A + A • p ) . (3.16)
2 me

Fermi's golden rule can be used to give the transition probability, or the transition rate, P, which 
is the transition probability per unit time for an electron-photon reaction from initial state

to final state | ^ / ) :
I n  

“  ~T d(Ef - E  i - h v ) .  (3.17)

The <5 function ensures that energy is conserved between the incident photon energy hv and the 
transition energy (Ef -  £;). The resulting photocurrent from photoexcitation is then:

P(£,/zv) = ^ ^ | ( V > / |w | t / ; i)| b(Ef - E i - h v ) .  (3.18)
i

Step 2. Propagation Through the Solid

Following photoexcitation, the electrons must propagate through the solid to the surface where 
they will be em itted. The further the electrons travel through the solid, the more likely they are to 
be inelastically scattered, resulting in a alteration to the photocurrent. The electron propagation
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probability, T(E,hv),  can therefore be expressed in terms of the inelastic mean free path A(E) (see 
figure 3.24). If N q photoexcited electrons at are at a distance x from the surface then the num ber 
of electrons, N ,  that actually reach the surface without being inelastically scattered is given by:

N  = N qexp 

The propagation probability is then simply:

T (E,hv) = exp

-x
X(E)

(3.19)

-x
m

(3.20)

In effect, the electrons are exponentially attenuated with depth, giving XPS an exponentially 
surface weighted photocurrent.

Step 3. Escape to Vacuum

Once the electrons have propagated to the surface of the solid, they m ust possess enough energy 
to escape into vacuum. This requires sufficient energy to overcome the work function of the 
solid and also a m om entum  component normal to the surface. Simplifying this, we may assign a 
probability of escape from the solid D(E), such that

D(E) =
0 where Enorm Evac < (p

1 where Enorm — Evac > (f)
(3.21)

where Enorm is the surface normal energy component of the final state and Evac is the vacuum 
level of the solid.

This leads to a final expression for the photocurrent, w ritten as a product of the three steps 

described previous:

I(E,hv) = ^ ( Ef ~ Ei ~ hv) exP
-x

X(E)
D(E). (3.22)

3.3.4.3 Interpreting XPS Spectra

In addition to photoelectron peaks, XPS spectra contain several other features. All peaks are 
imposed on an characteristic stepped background of inelastically scattered secondary electrons, 
which increases with additional photoelectron peaks. In order to obtain quantitative information, 
this must be subtracted from peak area measurements using e.g. a Shirley background.

Spin Orbit Splitting and Spectroscopic Notation

Core levels w ith angular m om entum  quantum  num ber t  > 0 may exhibit splitting into doublet 
peaks, due to spin-orbit coupling. The total angular mom entum is given by:

j  — I  + s, (3.23)
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where £ is the orbital angular moment, and s is the spin quantum  num ber ( + V 2  for electrons). 
Electrons w ith total angular mom entum j  = £ + 1 /2  are shifted to higher binding energies that 
those with j  = £ — l/i. The resulting difference in energies is known as spin orbit splitting. For 
levels with £ > 0, the total angular m om entum  quantum  num ber of the transition is usually given 
as a subscript in spectroscopic notation e.g. 2p 3/2 corresponds to a core level with principal 
quantum num ber n — 2, angular m om entum  quantum  number £ -  1 (where s =  0, p = 1, d = 2, 

f  = 3, g = 4 and so on alphabetically), and total angular mom entum quantum  num ber j  = 3/2. 
When the subscript is left out, it usually indicates that both doublet states should be considered.

Plasmon Loss Peaks

For certain conductive materials, collective oscillation of the conduction band electrons can in
crease the probability of photoelectron energy loss at specific energies. This can appear as a 
series of dim inishing peaks on the high binding energy side of the photoelectron peak. Problems 
with quantification can results from losses to the photoelectron peak and from interference of the 
plasmon lines with other transitions.

Shake-up and Shake-off Peaks

The photoelectron can interact w ith other electrons when departing the atom. An example would 
be excitation of a valence electron into the conduction band, thereby losing an am ount of kinetic 
energy equal to the excitation energy. This is known as a shake-up process, and is responsible 
for peaks occurring on the high binding energy side of the main photoelectron peak. If the 
photoelectron transfers enough energy to ionise the atom, this is known as a shake-off process.

Auger Lines

Following creation of a core level hole, the atom relaxes by filling the hole via a transition from 
an outer level. Excess kinetic energy equivalent to the difference in energy between transition 
levels becomes available, which can either appear as a characteristic X-ray photon (as in EDX - 
see section 3.3.3), or be given to another electron, either in the same level or in a more shallow 
level. This can result in ejection of a second electron (the Auger electron) from the atom. For 
more inform ation about the Auger process and X-ray notation, see section 3.3.5.

During XPS, Auger electrons are collected together w ith photoelectrons and give rise to Auger 
peaks. Auger peaks are generally broader than photoemission peaks, partly due to the availabil
ity of m ultiple final states following the transition. As Auger electron energies are dependant 
on the transition energy between states in the atom, their kinetic energy is independent of the 
excitation source. This means that it is possible to distinguish Auger peaks from core level peaks 
by changing the photon energy, as photoelectron peaks appear at an energy dependant on the 
excitation wavelength (equation 3.8). This can be achieved, for example, by switching between 
A1 Ka (1486.7 eV) and Mg Ka (1253.6 eV) X-ray sources, which are commonly available on com
mercial XPS systems. The Mg Ka X-ray source offer slightly reduced ultim ate energy resolution, 
however A1 Ka is often used due to the separation between commonly investigated Auger and 
photoelectron transitions -  due to the broad nature of the Auger lines, deconvolution of Auger 
and photoelectron peaks that reside at the same binding energy can be problematic.
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3 .3 .4.4 XPS at Swansea University

XPS measurements were performed using a Vacuum Generators (VG) electron spectroscopy for 
chemical analysis laboratory (ESCALab). Samples were clipped onto Mo sample plates, and 
loaded into the main chamber, which was kept at a pressure of approximately 2 x 10~10mbar. 
The samples were illum inated using a A1 Ka X-ray source with an energy of 1486.7 eV. Survey 
scan data was collected in the binding energy range OeV to 1200eV in 0.7 eV steps, at a pass 
energy of 50 eV. Core level spectra were typically scanned in 0.025 eV steps at a pass energy of 
lOeV. All data (including the survey scans) were averaged over 5-15 passes.

Figure 3.25: VG ESCALab XPS system. The analysis chamber is on the left, with the X-ray source visible and the 
hemispherical analyser located above the chamber.

3.3.4.5 XPS at the Science City Photoemission Facility

In addition, XPS data were collected at the Science City Photoemission Facility, University of 
Warwick. The samples were m ounted on Omicron sample plates using Ta foil to ensure good 
electrical contact to the surface, and loaded in to the vacuum chamber. During the experiments 
the samples were stored in a 12-stage storage carousel, located between the preparation and main 
analysis chambers, for storage at pressures of less than 2 x 10~10mbar.

XPS m easurem ents were conducted in the main analysis chamber (base pressure 2 x 10-11 mbar), 
with the sample being illum inated using an XM1000 monochromatic A1 Ka X-ray source (Omi
cron Nanotechnology), w ith an energy of 1486.7 eV. The measurements were conducted at room 
temperature and at a take-off angle of 90° with respect to the surface parallel. The photoelec
trons were detected using a Sphera electron analyser (Omicron Nanotechnology), w ith the core 
levels and valence band spectra recorded using a pass energy of 1 OeV (resolution approxim ately 
0.47 eV). The spectrom eter work function, resolution and binding energy scale were calibrated 
using the Fermi edge and 3d5/2 peak recorded from a polycrystalline Ag sample im mediately 
prior to the commencement of the experiments. For compositional analysis, the analyser trans
mission function has been determ ined using Ag, Au and Cu foils to determ ine the detection 
efficiency across the full binding energy range to an accuracy of better than 2%.
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| Figure 3.26: Science City Photoemission Facility, University of Warwick. The far system is for angle resolved photoe- 
■ mission spectroscopy (ARPES).

3.3.4.6 A nalysis of XPS Spectra

! Analysis of XPS spectra was done in CasaXPS. Peak regions were given a Shirley background 
j  which formed a basis for fitting components to the core level peaks. Peaks were fitted using a 
J mixed line shape comprising of 30% Lorentzian and 70% Gaussian, w ith suitable limits being 
; imposed on peak position and FWHM to retain the validity of components between spectra. The 
i  intrinsic line shape of the photoelectron transitions is Lorentzian, owing to lifetime broadening,
‘ however a dom inant contribution comes from the X-ray energy width (especially when using a 
| non-monochromatic X-ray source) and spectrometer-induced broadening, which are accounted 

for by the Gaussian contribution to the line shape. Atomic concentrations were calculated using 
I relative sensitivity factors (RSFs) to account for intensity corrections, w ith the fractional concen- 
] tration X given by:

x(at%) = VWY(3' 24)

where A is the peak area and R is the RSF for element i. These RSFs are empirically derived, 
j  so account for photoionisation cross-sections and other differing photon-electron and electron- 
j electron interactions. Although the kinetic energy dependant escape depths are also naturally 

taken into account in these RSFs, these escape depths can be largely sample dependant (figure 
j 3.24). A proper treatm ent of RSFs in order to produce accurate absolute quantification should 
; also take into account sample or m atrix dependant corrections.

3.3.5 A uger Electron Spectroscopy

Following ionisation of a core level electron, the atom is left in a metastable state. In order to 
I screen the nuclear potential, an electron in a higher energy level prom ptly decays into into the 
! core vacancy, typically in under lO-15 s. This is accompanied by the release of a photon (X-ray 

fluorescence), w ith an energy characteristic of the transition between energy levels (as in EDS -  
; see section 3.3.3). It is also possible for the energy to be transferred to another electron, either 

in the same or in a higher orbital to the transitioning electron. If this energy is enough to eject
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Figure 3.27: An O ls peak fitted with a Shirley background (brown) and two Gaussian/Lorentzian components (pink 
and blue).

the electron from the atom, this electron is known as an Auger electron, and will have a kinetic 
energy characteristic of the transition energy, and independent of the excitation energy used to 
eject the initial core level electron. The relative yield of Auger electrons to X-rays is dependant 
on the atomic num ber of the atom, as shown in figure 3.21, with Auger yield much increased at 
lower atomic num ber (Z < 30). In AES, EDCs are produced similar to XPS (section 3.3.4.1), w ith

Vacuum level >

V

Figure 3.28: A diagram of the Auger process, with the primary electron shown in red. A vacancy is created in the Is 
level. An electron from the 2s level then fills the Is hole, with the transition energy coupled to a 2p electron which 
is emitted. The same process is shown on the right with an energy level diagram. This particular transition would be 
labelled KLjL2 3 -

energy plotted against the intensity of electrons at the detector. A notable difference between XPS 
and AES EDCs is that in AES, intensity is usually plotted as a function of electron kinetic energy, 
as the energy of Auger electrons is independent of the excitation source, whereas in XPS binding 
energy is usually plotted to m aintain the position of core level peaks regardless of excitation, 
with the location of the Auger peaks determ ined by the wavelength of the X-rays being used.

As Auger electrons usually have energies ranging from 50-3000 eV, the escape depth for the

-A uger
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electrons is very shallow. For the materials shown in figure 3.24, the IMFP for these electron 
: energies is between 0.5-2 nm, giving Auger electron spectroscopy (AES) an extreme sensitivity 
I to surface species. As the technique relies on the precise measurement of electron energies, it 
j ; i  is necessary for AES to be conducted under UHV. Auger electron spectroscopy can be combined 
I with SEM, in a similar way to EDX, allowing high resolution elemental m apping of a sample.
| Due to the small IMFP of Auger electrons, in addition to a higher surface sensitivity lateral reso- 
| lution is also much increased over EDX mapping. This technique is referred to as scanning Auger 
j mapping, or SAM. Auger peaks are designated by the chemical symbol followed by three letters 
| in X-ray notation:

• First letter - initial core level vacancy location.
• Second letter - initial location of relaxing electron.
• Third letter - initial location of Auger electron (location of second hole).

| For example, KL iL 2^  represents a Is (K) electron being emitted, leaving behind a hole which is 
I relaxed into by a 2s (Lj) electron, coupled to the 2p (L ^ )  Auger electron (figure 3.28).

Figure 3.29: Omicron LT Nanoprobe equipped with an NanoSAM Auger electron analyser and a Zeiss GEMINI SEM 
column. Shown prior to bake-out.

AES was conducted in a Omicron Nanoprobe UHV system equipped with a Zeiss GEMINI 
SEM column and a NanoSAM electron analyser (figure 3.29). Samples were m ounted on Omicron 
sample plates using Ta strips, then transferred into the main chamber which was m aintained at 
around 2 x 1CT10 mbar. The GEMINI column acceleration voltage was set to 5 kV, with a sample 

current of 1 nA.

With the NanoSAM analyser, kinetic energies can either be measured by holding the analyser 
pass energy constant (constant analyser energy or CAE mode), as in XPS, or by varying the pass 
energy w hilst holding the retard ratio constant (constant retard ratio or CRR mode). The retard 

ratio k is defined as:
1 = ^ 3 ,  (3.25)

-Fp •T'P

where Ek is the electron kinetic energy and Ep is the pass energy. The energy resolution AE of the
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analyser is approxim ated by: a£=M̂+ 4  <3-26)
where d is the slit w idth, R0 is the mean hemisphere radius and a is the half angle of electrons 
entering the analyser in radians. From equations 3.25 and 3.26 it is clear that in CRR mode, 
the energy resolution is proportional to electron kinetic energy. This means CRR mode can be 
useful when studying peaks in the lower (< 150eV) energy range, although the sensitivity is also 
proportional to pass energy, leading to a reduction at lower kinetic energies. In CAE mode, the 
resolution is constant but the sensitivity is inversely proportional to kinetic energy, offering an 
improvement over CRR mode at lower kinetic energies. Scans were generally acquired w ith a 
retard ratio of 4, an energy step size of 1 eV for the survey scan and 0.2 eV for the Auger peaks.

3.3.5.1 A nalysis of Auger Spectra

Auger peaks appear as small broad features on an intense background of inelastically scattered 
secondary electrons. As the initial ionisation energy is carried by electrons, as opposed to pho
tons in XPS, scattering events cause the kinetic energies of the incident prim ary electrons to be 
poorly defined. The kinetic energy is consequently transferred to a core level electron in the first 
stage of the Auger process, resulting in ejection of core level electrons with a range of kinetic 
energies. This renders the core level peaks commonly seen in XPS unobservable, due to extreme 
broadening. As in XPS, Auger electron energy levels are sensitive to atomic binding, resulting in 
peaks shifts depending on the local chemical environm ent in the solid. However, Auger peaks 
are far less well defined than core level photoemission peaks, and can often contain features that 
span > lOOeV. This is due to the complexity of the Auger process -  multiple final states are avail
able for given transitions, each with independent shifts/loss features. Instead of fitting peaks 
and measuring chemical shifts directly, spectra are smoothed and differentiated, then com pared 
with "fingerprint" spectra of a known chemical environment. Once differentiated, quantitative 
analysis of AES spectra can be performed by measuring the peak-to-peak intensities.

Analysis of AES spectra was conducted in CasaXPS. The spectra were smoothed and then dif
ferentiated using the Savitzky-Golay quadratic polynomial differentiation m ethod, with a sm ooth
ing width of 2 eV, necessary to remove discontinuities prior to differentiation. An example is 
given in figure 3.30. Peak-to-peak intensities were measured and used in a similar way to XPS 
peak areas to estimate atomic composition. As in XPS, it is necessary to correct for cross sections 
and losses using an element specific relative sensitivity factor. Fractional composition X is given 
by: ^

X ( f l f % )  = d A L  (3.27)

where I is the m easured peak-to-peak intensity and R is the relative sensitivity factor for element
i.
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Figure 3.30: AES of the O KLL transition. In (a), the peak is shown without processing. The smoothed and differenti
ated data is shown in (b)

3.3.6 P h oto lu m in escen ce  Spectroscopy

Photoluminescence spectroscopy (PL) is a an optical technique used to investigate the electronic 
structure of materials. Luminescence resulting from recombination of an electron-hole pair 
can be triggered by photoexcitation (photoluminescence), incident electron induced excitation 
(cathodoluminescence) and through electrical injection (electroluminescence). The later is p ri
marily of interest in device applications e.g. LEDs, whereas photo and cathodoluminescence can 
be used to study the optical and electronic properties of a range of semiconducting and insulat
ing materials. Luminescence occurs in direct band-gap materials and is a result of the radiative 
recombination of electron-hole pairs, either across the band gap or between the conduction/va
lence band and interband states. Two types of luminescence are possible following excitation, 
distinguished by the duration of emission following the cessation of incident radiation. Fluores
cence typically occurs in under 10-8 seconds, whereas in phosphorescence re-emission can occur 
for up to several hours.

In this work, PL is prim arily used to measure the band-gap of ZnO nanostructures. The near 
band edge (NBE) emission resulting from excitonic recombination across the band-gap appears 
on a PL spectrum  as a broad peak centred around the optical band-gap (3.37 eV). This differs 
slightly from the electronic band-gap by the exciton binding energy (60meV) [122], hence the 
designation NBE. In addition, PL is used to qualitatively investigate the interband states associ
ated with defects in ZnO. It is well accepted that the presence of defects in ZnO nanostructures 
results in their visible emission, particular in the blue-green region. The PL intensity ratio of the 
NBE emission to the defect-related green emission is widely used to evaluate the concentration 
°f structural and surface defects, and the quality of the ZnO crystal. [123]

Photoluminescence spectra were obtained using a 7 mW 325 nm H e-C d laser at room tem per
ature. The set-up consisted of two optical fibre probes which acted as the source and detector.
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Between the laser and the source probe a band pass filter was used to give a well defined incident 
wavelength and to eliminate higher order harmonics from the laser. A low pass filter at the out
put attenuated the reflected laser light, with the detector probe located normal to the surface and 
the source probe tilted at an angle of 45° relative to the detector probe, to aid w ith minimising 
laser reflection.

3.3.7 X-ray Diffraction

X-ray diffraction (XRD) is a technique used to study the crystalline and molecular structure of 
materials, and its discovery and development in the early 1900s essentially gave rise to the field 
of crystallography. Electromagnetic radiation incident on a material causes electrons to oscil
late with the same frequency as the incoming beam. These charges act like Hertzian dipoles, 
re-radiating elastically at the same frequency (Rayleigh and Thomson scattering). If the material 
is crystalline, with the atoms arranged in a regular lattice, in certain directions the resulting elec
tromagnetic waves have phase differences that result in constructive interference. This results in 
well defined electromagnetic waves leaving the sample along directions where path differences 
constructively interfere. Electromagnetic waves that interfere in this m anner in crystalline m a
terials have wavelengths that fall in the X-ray regime. Hence, a diffracted X-ray beam may be 
described as a beam composed of a large num ber of scattered X-rays m utually reinforcing one 
another.

As this model is hard to track mathematically, it is simpler to speak of X-rays reflecting from a 
series of parallel planes inside the crystal. Bragg's law describes the conditions necessary for con
structive interference to occur due to reflections off of the various planes, and can be expressed
as:

nX = 2dsin6,  (3.28)

where n is an integer denoting the reflection order, A is the incident wavelength, d is the spacing 
between planes and 0 is the acute angle between the the incident wave and the planes. If the 
intensity of scattered X-rays is plotted as a function of the angle 0 (commonly 26), then very sharp 
intensities known as Bragg peaks are measured for certain angles where the Bragg condition is 
satisfied. Braggs law can be derived heuristically, as in figure 3.31, but can also be recovered 
from the Laue equations [124]. For a cubic lattice of known lattice spacing a, the Bragg plane 

separation may be calculated using:

d=  -  =  = , (3.29)
^Jh2 + k 2 + l2

where h,k and / are the Miller indices of the Bragg plane in the unit cell. This can be combined 
with equation 3.28 to index the angle at which a Bragg peak appears to a given lattice reflection:

2a sin 0
yfi^+k2 + l2 — — . (3.30)

nX

An often-used set-up for measuring Bragg peaks for thin films is the 0 /2 0  diffractometer. The
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26

Figure 3.31: Constructive interference between lattice planes is describes by Bragg's law. Lattice sites and planes are 
shown in blue and black, respectively. The incident and scattered X-rays are shown in red.

sample is placed at the centre of a circle of constant radius swept out by the X-ray source and 
detector. The obtained 26 plot gives information on the location of Bragg peaks, corresponding 
to the lattice param eters, and also on the relative intensities of different peaks, which can indicate 
a preferred orientation or texture. If the lattice param eters are know, then peak shifts can give 
precise inform ation on lattice strain.

Crystallographic information was gathered using a Panalytical X'Pert Pro MRD X-ray diffrac
tometer equipped with a Cu Ka hybrid monochromator and a solid state PIXcel detector. 26 
scans were conducted in the coupled scan configuration, with the X-ray source fixed and oj (the 
angle of the sample in the same plane as 6) moving at half the angular velocity of the detector. 
The sample angle co is set almost equal to 6, although a small offset is usually necessary to ensure 
that when 6 = 0, the X-ray beam is parallel to the sample surface.

Figure 3.32: Goniometer showing the axis of rotation. In the current position, the sample stage is at ^  = ±90°, with 
the (p angle (the rotation of the stage) being arbitrary, depending on how the sample is mounted.
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3.3.7.1 Determination of Size and Strain

Diffraction peaks are commonly fitted using a variety of line shapes. Although Gaussian and 
Lorentzian line shapes are sometimes used, diffraction peaks are usually approxim ated using 
Voigt profiles and Pearson VII functions. The Voigt profile is a convolution of a Gaussian and 
Lorentzian distribution and the Pearson VII function is essentially a Lorentzian distribution 
raised to the power m. W hen m -  1 the standard Lorentzian distribution is recovered, whereas as 
m —> oo, the function approximates a Gaussian distribution (in practice m > 10). Similarly for the 
Voigt profile, limiting cases give full Lorentzian and Gaussian distributions.

Peak height indicates total am ount of constructive interference, w ith the peak position indi
cating the lattice plane spacing. If the lattice spacing is not constant in the material due to e.g. 
non uniform internal stresses, essentially a range of lattice spacings are present to fulfil the Bragg 
diffraction criteria. This results in observed peak broadening. In practice, there are several other 
peak broadening contributions that are generally divided into instrum ental and samples contri
butions. Instrum ental broadening arises from factors such as the X-ray energy width, the finite 
size of the X-ray source, the active diffraction volume in the sample and axial diverge and other 
alignment issues with the diffractometer. Sample effects include inhomogeneous strain as m en
tion ed , other lattice distortions such as dislocations and stacking faults, concentration gradients 
in non-stoichiometric compounds and, importantly, crystallite/diffraction domain size. The way 
in which these broadening contributions are combined depends on the line shape of the diffrac
tion peaks. For example, for Lorentzian line shapes, broadening contributions may simply be 
summed.

The coherent diffraction domain size results in peak broadening as the order of lattice plane 
reflections n essentially becomes finite. At a minimum, n = 2 is required for first order interfer
ence. As the num ber of lattice planes is increased, the interference becomes increasingly precise, 
leading to a reduced peak width. The Scherrer equation captures this behaviour and allows a 
mean lower bound to be set on the size of the crystallites comprising a sample:

D = -LL, (3.31)
p cos (y

where D is the mean size of the crystallites, K is a dimensionless shape factor w ith a value close 
to unity, A is the X-ray wavelength, ^ is the FWHM following corrections for instrum ental b road
ening (in radians) and 6 is the Bragg angle. The Scherrer equation is lim ited to grain sizes smaller 
than around lOOnm, above which n becomes essentially infinite, although the practical size limit 
depends on the inherent instrum ental broadening.

The Scherrer equation assumes all broadening present in the sample is due to the diffraction 
domain size. Given several assumptions, it is possible to separate the size and inhomogeneous 
strain broadening contributions. A method for doing this is known as a W illiamson-Hall plot. 
Strain broadening is related to the Bragg angle 6 and average sample strain e by the following 

equation [125]:
j3 = 4etan 6 .  (3.32)
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Assuming the peak shape is Lorentzian, the broadening contributions can be summed to give:

kX
P = 77 — + 4ftan6L (3.33)D cos 6

By rearranging the above equation the Williamson-Hall equations are obtained:

kX
ft cos 6 = —  + 4e sin 6 . (3.34)

If the diffraction angle for several Bragg peaks is plotted with 4 sin0  along the x-axis and ft cos 0
on the y-axis, a linear fit allows the strain, e, to be estimated from the gradient and the crystalline
size, D, to be extracted from the y-intercept (figure 3.33). The Williamson-Hall equations derived

CD

COl Slope = G

4 sin 0

Figure 3.33: Williamson-Hall plot showing how the strain (e) and size (D) components are obtained from the peak 
position ( 6 ) and FWHM (0).

above are only valid for Lorentzian diffraction peaks as the broadening contribution are summed. 
Several other assum ption are inherent in the Williamson-Hall approach, such as uniform strain 
distribution and isotropic crystallite size. These must be carefully considered if accurate absolute 

values are to be obtained.

3.3.7.2 Texture Analysis

The degree of preferred orientation of crystallites in a polycrystalline films is known as the tex
ture. In thin-film s, there are two distinct kinds of texturing: fiber (or monoaxial) texture and 
biaxial texture. In the case of fiber texture, the majority of crystallites are preferentially orien
tated with respect to a certain direction in the sample, most commonly the substrate normal. This 
leaves a degree of rotational freedom, which is usually the twist or rotation of the crystallites in- 
plane with respect to the substrate. In biaxial texturing the crystallite rotation is also preferred. 
Strong biaxial texturing can be considered a prelude to epitaxy, and the transition between a bi- 
axially textured film and an epitaxial film is a continuous one. The degree of texturing usually 

evolves during the growth of thin-films.
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Texture analysis of thin films can be conducted using HRXRD. In this work, the two m ethods 
used to determ ine preferred orientation are as follows:

• Rocking Curve: Keep 26 angle fixed, perform co scan. FWHM of peak decreases w ith 
stronger texture.

• Pole figure: Keep 26 angle fixed, rotate sample to perform <p scans at various tilt angles, ip. 
Texture distribution for a fixed Bragg reflection.

In both cases, the orientation is being measured for a given 26 angle (or Bragg plane), so in m ulti
layered samples of differing materials, several pole figures or rocking curves may be required to 

| give information on how texturing is transferred through layers.
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Chapter 4

Nanowire Growth

This chapter outlines the work done on the growth and optimisation of vertical zinc oxide nanowire 
(ZnO NW) arrays for device incorporation. In the following sections, three methods for seeding and 
patterning the growth are presented, with an emphasis on the ability to electrically contact the underside 
of the N W  arrays, either directly through the substrate or through deposition of a conductive thin film.

4.1 Introduction

All three methods utilise high tem perature vapour phase growth, as detailed in section 3.1. 
Briefly, graphite is used to therm ally reduce zinc oxide in a tube furnace, under low pressure 
argon flow. The argon carries the zinc vapour downstream, where it condenses in a cooler part 
of the furnace. Along with the argon carrier, a low concentration of oxygen is also introduced to 
reoxidise the zinc. A brief description of the differing growth methods follows:

• Seed layer growth: A thin seed layer of zinc oxide is magnetron sputtered onto the sili
con surface to aid w ith Zn/ZnO  nucleation. The array may then be contacted through the 

conductive silicon substrate.
• Roughness assisted growth: The silicon is roughened using wet and dry etching in order 

to promote nucleation, which occurs directly on the silicon surface with no need for any 
interfacial layers. The conductive silicon substrate acts as a contact to the base of the NW 

array.
• Growth on conductive thin films: A thin (lOOnm) layer of conductive m aterial is sputtered 

onto the substrate. The conductive layer nucleates vapour and also allows a direct metal- 
semiconductor contact to be made to the base of the NW array.

In addition to the contact methods proposed above, direct probing of at ZnO layer formed at 
the base of the array prior to growth of NWs could also be a viable contacting m ethod for all 
three growth techniques. This base layer growth contacting has been investigated on a-A^O^ 
with favourable results [82]. As both seed layer and conductive thin film approaches rely on 
deposition processes, etch back or lift-off processes may be employed to pattern and restrict NW 
growth. In the case of roughness assisted growth, masking of the substrate prior to etching is 

used to achieve a similar result.
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4.2 Seed Layer Assisted Growth

Previous work conducted at Swansea University on the growth of vapour phase ZnO NWs using 
sputtered seed layers on Si found this approach to be largely ineffectual [126-128]. Lord reported 
difficulties in obtaining a c-axis orientated seed layer due to the large lattice mismatch with Si. 
The resulting growth was found to be of poor quality when compared with lattice m atched sub
strates and solution seed layers. A significant improvement in the quality and alignm ent of hy
drothermal NW /film growth has been reported by annealing of Zn/ZnO  seed layers, either dur
ing deposition or postdeposition before NW growth [7,85,129]. This has been found to drastically 
improve the c-axis alignment and crystalline properties of the seed layers. However, this anneal
ing is commonly conducted at relatively low tem peratures when compared to vapour-phase NW 
growth.

An alternative approach, investigated here, relies on the postdeposition annealing of radio fre
quency m agnetron sputtered ZnO films at temperatures above those reached during the vapour 
phase NW growth process. The main aim of this approach is to increase the crystalline quality 
of the ZnO seed, resulting in improvements in NW quality and alignment. However, w ith device 
applications in m ind, the effect of the annealing on charge transport through the seed layer and 
across the ZnO/Si and polycrystalline/single crystal ZnO interfaces will also be of significance. 
Improved growth is expected to be accomplished by achieving strong c-axis orientation of crys
tallites in the seed layer. Generally, thinner seed layers are favoured due to their ability to retain 
c-axis aligned texturing from the flat Si substrate [7,130]. However, if the seed layers become too 
thin, this is expected to greatly increase strain and lessen the buffering effect on the Si substrate 
lattice mismatch.

This work was conducted in collaboration. Detailed results can be found in the PhD thesis 
of Nathan Smith and in a joint publication entitled "Improving the conduction path through the 
ZnO nanow ire/Si interface for vertical device integration" currently under consideration at ACS 
Applied Materials and Interfaces. The key results are summarised below.

4.2.1 E xperim ental

Diced pieces of Si (1 0 0) measuring 10 mm x 7 mm were used as the base substrate for NW growth. 

The wafer properties are as follows:

• Thickness: 610-640 pm
• Dopant: Boron (p-type)
• Doping concentration: 2 x 1014cm-3
• Resistivity: 50-70 0  cm

Following cleaning w ith acetone and IPA, ZnO seed layers were deposited on the substrates us
ing room tem perature RF magnetron sputtering (Lesker PVD 75; section 3.2.5.1) to the desired 
thickness, as m easured by a quartz crystal microbalance. An A r /0 2 gas mix (10:1) was used in 
order to retain stoichiometry prior to annealing, giving a chamber pressure of 10~3m bar and a 
deposition rate of approxim ately 0.3 A/s at a target power density of 3.25 W /cm .
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4.2.2 Sum m ary

• XRD: (00 2) peak intensity remains more or less constant in the range 600-775°C, indi
cating that c-axis optimisation occurs at temperatures lower than the growth tem perature. 
(00 2) peak shift to a higher 26 angle with annealing tem perature was confirmed, corre
sponding to a reduction in lattice spacing at higher annealing temperatures. No correlation 
w ith FWHM was found.

• AFM scans showed the morphology of the films and roughness values to remain consistent 
through the range of annealing temperatures.

• The PL data showed out of phase oscillation of the NBE peak and defect band intensity 
w ith increased annealing temperature. A tentative explanation for the defect quenching is 
offered, however further work is required to investigate the mechanisms responsible for the 
NBE and defect intensity variations.

• Electrical measurements taken through the substrate using an STM tip showed Ohmic be
haviour, in contrast to what was observed in the preliminary findings. They also indicated 
a relationship between the relative defect band intensity and the resistance of the junction, 
however this was the opposite to what was measured using probe station I-V m easure
ments.

• Nanowire growth on annealed seed layers was found to be substantially different to that 
conducted on the as-deposited films. However, NW growth remained consistent across the 
range of annealing tem peratures, and all resulting growth was found to be of a poor quality 
and unsuitable for vertical device integration. Growth on the as-deposited sample seemed 
to occur at the apex of grains, whereas growth on the annealed seeds seemed to be confined 
to grain boundaries.

• Nanoprobe electrical measurements on individual NWs conducted through the substrate 
showed significant variation, and in some cases a decrease, from the values m easured on 
the bare seed layers. Although the annealed samples showed a slightly lower resistance, 
this indicates postdeposition annealing has limited effect on charge transport properties 
through the substrate. More work would be required to quantify the relative contributions 
from Si/ZnO interface, ZnO NW and any interface could exist between seed layer and NW.

In summary, postdeposition annealing was found to have an effect on, but not substantially 
improve, the growth of NWs on ZnO seed layers. A relationship between the am biguous deep 
level emission band and charge transport through the seed layer was dem onstrated, which could 
have im portant implications for contacts and heterojunctions formed at the base of NW arrays.
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4.3 Roughness Assisted Growth

It has been shown that topographical alterations to the substrate surface can be used in order to 
promote NW growth during therm al evaporation. A proposed mechanism for increased nucle
ation involves surface irregularities present on the substrate acting to limit the free movement 
of adsorbed Zn atoms, due to the increased energy barrier associated with migration across the 
surface. [80,131]

Previous studies have focused on substrate roughening using mechanical methods and wet 
chemical etching. The degree of process control using the above methods is limited, w ith little 
work carried out on the optimization of etching parameters to obtain high quality NWs. The 
resulting growth on Si exhibits poor alignment compared to seed layer grown NWs. The de
gree of residual contam ination present on the substrate following mechanical and wet etching 
techniques, and the effect of this on subsequent NW growth, is also unclear. [5,80]

In this study, catalyst-free ZnO NW growth is investigated through topographical alterations 
to the substrate surfaces, by both wet chemical and dry plasma etching. Using this approach, 
single crystal ZnO NWs are grown directly on a Si substrate w ithout the use of seed layers, allow
ing direct nucleation of ZnO vapour onto the substrate, potentially avoiding boundaries present 
at the seed layer interface. The use of m ature dry etching technology allows a high degree of 
process control and the ability to rapidly and uniformly etch large scale substrate w ith a high de
gree of reproducibility. Also, as a subtractive process, the need for subsequent fabrication steps 
associated with additive seed layer patterning is avoided. Systematic optimisation of dry etch 
parameters allows for an improvement in NW growth for vertical integration.

This work was conducted in collaboration with Nathan Smith and has been published in the 
Elsevier journal M aterials Science and Engineering B under the title "Growth of ZnO nanowire 
arrays directly onto Si via substrate topographical adjustments using both wet chemical and dry 

etching methods" [132].

4.3.1 E xperim ental

Both wet and dry (plasma) etching recipes were studied systematically, with the viability of each 
etch recipe determ ined from SEM analysis of the resulting NW growth. Wet chemical etching 
of Si was conducted using potassium hydroxide (KOH) solution w ith concentrations of 20% and 
50% w /w. The Si substrates were suspended in the KOH solution which was stirred constantly at 
temperatures from 50 °C to 80 °C. Etching was performed for durations ranging from 30 seconds 

to 20 m inutes.

Dry anisotropic etching of Si was performed using fluorine based chemistry in an Oxford 
Instruments Plasma Lab 80+ reactive ion etching system (RIE; section 3.2.4.1). Specifically, etch
ing plasmas containing SF6 and CHF3 were employed, which have been shown to proportion
ally increase and decrease resulting surface roughness respectively [133,134]. It has also been 
demonstrated that the addition of O2 drastically increases the num ber of fluorine radicals, and 
consequently the etch rate, by preventing recombination of reaction products to form SF^. As
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the concentration of oxygen atoms is increased, the etch rate begins to decrease due to increased 
competition from chemisorbed oxygen on the Si surface. Increasing RF power results in a higher 
etchant ion flux on the substrate surface, therefore increasing the etch rate [135]. However, the 
surface roughness reaches a maximum and is decreased at high etch rates. Reaction chamber 
pressure also has an effect on the scale of the surface roughness, although the relationship is less 
well understood [136]. In summary, the param eters considered were SF6, CHF3 and 0 2 flow 
rates, cham ber pressure, RF power and etch duration.

Following etching, selected substrates were analysed using AFM. Scans were conducted in 
interm ittent contact mode, using a tip with a radius of curvature of 20 nm in am bient conditions. 
Several 10 pm  x 10 pm  scans were performed on each substrate, w ith surface roughness values 
(average, RMS and peak-valley) being averaged over five 1 pm  x 1 pm  areas.

Zinc oxide NWs were grown on the etched substrates using the standard double tube furnace 
procedure, as described at the start of the chapter. The NW dimensions were measured using 
SEM, w ith crystallographic and optical information being provided by XRD and PL, respectively. 
For more inform ation on equipment and techniques, see chapter 3.

43 .2  R esu lts

As m entioned, a systematic approach was taken to optimise each etch recipe, w ith undevel
oped etches frequently leading to uncontrolled growth of nanostructures, or NWs exhibiting 
poor alignment, non-hexagonal term ination and large variations in dimension (4.1). Conversely, 
etches resulting in vertically aligned NWs that appeared to be crystallized in the w urtzite phase 
(hexagonal term ination) were considered viable. In this work, one sample from each of these 
successfully developed etch recipes was analysed. A sample of unprocessed Si is used as a basis 
for comparison. Details of the sample processing can be seen in Table 4.1.

OOum

Figure 4.1: SEM images of poor quality ZnO NW growth obtained during optimisation experiments.lt is interesting 
to note that in (b), not base growth ZnO layer is observed, indicating island type nucleation.
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Table 4.1: Summary of samples and their processing conditions.

Sample Process Etch conditions

A Unprocessed Unprocessed silicon.

B RI etching SF6: 40sccm, 0 2: 5 seem, 75mTorr, 150W, lO m ins.
C RI etching SF6: 30sccm, CHF3: lOsccm, 0 2: 5 seem, 9 5 mTorr, 100W, lO m ins.

D KOH etching 50% concentration, 70 °C, 7 mins.

E KOH etching 20% concentration, 70 °C, 6 mins.

Figure 4.2: (a-e) SEM images of samples A-E respectively (f-j) 10pm x 10pm AFM scans of samples A-E respectively. 
Z-range of AFM scans are shown in table 4.2. (k-o) Typical line scans from AFM scans f-j respectively.
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4.3.2.1 Electron microscopy and atomic force microscopy

Figure 4.2 shows SEM images of the NW growth, with corresponding AFM scans of the substrate 
surface. It is apparent that the surface topography is inherently different for each etch recipe 
used, and that each etch recipe yields NWs with differing morphology and orientation. Surface 
roughness values taken from AFM scans are shown in table 4.2, along with characteristics of the 
NW growth. Nanowire measurements for unprocessed Si were not made due to lim ited ZnO 
nucleation (figure 4.2a).

Atomic force microscopy analysis of the KOH etched substrates showed greatly increased z- 
range and roughness values as indicated in table 4.2. The large peak-valley roughness (St) is 
attributed to the evident surface debris caused by re-deposition of etched material or im purities 
present in the etch solution. A lateral gradient is visible in figure 4.2j, despite identical plane 
correction across all scans. Cross-sectional profiling, shown in figure 4.2o, reveals considerable 
preferential etching and removal of substrate material, as expected from the increased etch rate at 
lower KOH concentrations (20% w /w ) [110]. The early formation of these features is detailed by 
cross-sectional analysis (figure 4.2n), with similar small scale pyramidal features present. These 
sloped features are caused by the preferential etching of Si (10 0) planes in KOH, leading to 
the formation of pyramidal structures [111] due to anisotropic etching along the (111) (and 
higher order) facets. This preferential etching leads to significant exposure of lattice planes other 
than the Si (1 00) surface, resulting in the growth of nanostructures with differing morphologies, 
which are random ly oriented with respect to the Si substrate (figure 4.2d-e) [137,138]. Lower 
RMS and peak-valley roughness values are given for the plasma etched substrates compared with 
KOH etching, with the higher power SF6 based recipe (sample B) resulting in a reduced rough
ness when compared w ith the SF6/CH F3 plasma mix (sample C). This could be explained by the 
higher cham ber pressure limiting the ion flux over neutral flux ratio [135]. The NW density is 
significantly higher for sample B, suggesting increased nucleation. AFM line profiles shown in 
figure 4.21-m reveal the highly corrugated surface resulting from plasma etching, which could 
assist w ith localised vapour trapping and consequent nucleation. Although average NW diam 
eters rem ain similar across samples, a large increase in the standard deviation of w idths is seen 
with the decrease in NW quality evident in figure 4.2a-e. As mentioned, differences in local crys- 
tallographic orientation on the scale of the NW diameters would lead to the observed variation in 
morphology. In addition, the degree of NW growth coverage and uniform ity across the substrate 
was observed to be m uch improved for growths employing the plasma etched substrates.

Sample D exhibits NW growth with poor orientation, comparable to that reported previously 
by S. Ho et al. on KOH etched Si substrates [5]. Significant improvements in NW orientation, 
density and diam eter variation were achieved through optimisation of plasma etching param eters 
(sample B). Further analysis of the substrate surfaces shown in figure 4.2g-j is achieved using 
power spectral density plots, w ith each etch compared in figure 4.3. This analysis technique 
looks at the intensity of particular frequencies in reciprocal space, providing an understanding 
°f the composition of the surface topography in terms of component size [139]. The KOH etched 
samples have a PSD approxim ately an order of m agnitude larger than the plasma etched samples
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Table 4.2: Roughness and NW morphology measurements.
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A 12.66 0.24 0.34 19.02 - - -

B 58.42 2.89 3.66 23.90 16.57 61.7 6.7

C 38.24 2.96 3.71 24.82 5.93 79.6 7.9

D 115.1 3.84 7.88 68.75 6.04 75.0 17.7

E 161.6 4.69 7.15 43.03 2.97 59.3 40.1

in the lOOnm to 1 pm  component range (indicated by the vertical dashed lines in figure 4.3). In 
addition, sample E shows a much higher prevalence of low frequency components corresponding 
to the pyram idal formation visible in figure 4.2j.

10000

Q  100co
CL

 S am p le  B
 S am p le  C
 S am p le  D
 S am p le  E

0.1

Spatial Frequency (1/pm)

Figure 4.3: Power spectral density plot comparing etched samples.

Both surface debris and varying NW morphologies would be undesirable when constructing 
ensemble vertical NW devices. Furthermore, devices likely require a high NW density w ith a 
uniform NW diameter. These characteristics can be achieved using SF6/ 0 2 plasma etched sub
strates. Consequently, for the rem ainder of this study, only further analysis of sample B will 
be presented. Larger SEM images of the growth on sample B are shown in figure 4.4. In order 
for successful device incorporation, the NWs grown from this surface enhanced m ethod must 
exhibit typical ZnO NW characteristics, such as crystalline c-axis growth w ith expected optical
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response. Furtherm ore, it is im portant to verify the growth is not related to surface residue or 
chemical modification resulting from the dry etching process. Also, due to the direct nucleation 
of vapour onto the Si substrate, the growth of ZnO NWs could be considerably different for sur
face enhanced growth, with island (Volmer-Weber) formation replacing the Stranski-Krastanov 
type growth typically seen on seeded substrates [140,141].

S4800 10.0kV 11.4mm x15.0k SE(U) 3.00um S4800 10.OkV 11 0mm x40 Ok SE(U) 1. 00um

(b)

Figure 4.4: SEM images of resulting NW growth on sample B, which was dry etched using a SF6/ 0 2 plasma.

4.3.2.2 X-ray diffraction

X-ray diffraction was employed to assess the crystalline quality and orientation of the NWs. A 
26 scan of sample B is displayed in figure 4.5a, showings diffraction peaks other than the c- 
axis aligned (002) reflection, which can also be indexed to wurtzite ZnO with lattice param eters 
a = 0.3244nm and c = 0.5197nm. It is possible that these peaks relate to NW growth occurring at 
an angle w ith respect to the surface normal, although the (100) peak would only be observed for 
NWs running parallel with the substrate, which would seem unlikely due to the high density of 
growth observed in figure SEM. The (101) reflection would be measured for NWs growing along 
the [001] direction tilted at an angle of 31.97° with respect to the substrate, calculated using the 
lattice param eters given above. Powder diffraction scans show the (10 0) reflection to have a sim
ilar intensity to the (00 2) peak, w ith approximately a two fold increase in intensity observed for 
the (101) peak [125,142], presumably due to the lattice plane structure factor. The much lower 
relative intensity measured for the (100) peak would be consistent with a thin polycrystalline 
base growth layer occurring at the Si surface. Note that the Si (00 2) reflection should be absent 
by symmetry, but has been found to occur in Si (100) due to multiple diffraction events [143].

A W illiamson-Hall plot for the three w urtzite ZnO diffraction peaks is shown in figure 4.5b. 
From the linear fit to the data, the crystalline size, D, can be calculated from the y-intercept, 
and the strain, £, is given by the slope of the fit. The param eter is the line broadening due 
to size and strain effects. This must be extracted from the observed broadening, fiobs, which is 
actually a combination of instrum ental and sample broadening contributions. In this case, the 
observed broadening was taken to be equal to the FWHM of the peaks fitted using a Pearson VII 
distribution. The shape param eter for the Pearson VII model, denoted m, was close to unity for
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Figure 4.5: (a) XRD 26 scan of surface enhanced NW growth, (b) Williamson-Hall plot of the ZnO diffraction peaks.

all three fitted peaks, m — 1 is a special case of the function which gives an exact Lorentzian 
distribution. For Lorentzian peaks, the instrum ental and sample broadening contributions can 
be added linearly [144,145]:

ftobs =  ft size +  ftstrain +  ftinst (4*1)

ft ~  (ftobs ftinst) ~ ftsize + ftstrain • (4.2)

In this case, instrum ental broadening was neglected, an assumption which is further examined 
below, giving a strain value of e -  2.0 x 10-3. Previous studies on ZnO nanoparticles have used 
the W illiamson-Hall approach to measure absolute strain values of 1.20 x 10~3, 0.93 x 10-3 [146] 
and 1.31 x 10-7 [125], following corrections for instrum ental broadening. To discount the effect 
of instrum ental broadening on the additional strain measured here, equation 4.3 can be used to 
calculate the broadening that would be observed for the strain value of 1.20 x 1CT3 reported by 
Khorsand et al. [146].

B - — + 4£tan 6. (4.3)
p D cosd  v }

This can be subtracted from to show the instrum ental broadening that would be required 
for the m easured strain to be equal to the value previously reported for nanoparticle powders. 
This instrum ental broadening is calculated to be approximately 0.05°, which is greater than the 
total observed broadening measured for certain Si (0 02) and (004) peaks in section 4.4 (values 
shown in appendix A). Consequently, the measured increased strain over the nanoparticle pow
der diffraction values can not be ascribed to instrum ental effects alone. In fact, the measured 
value is sim ilar to the largest reported by Shakti following annealing of polycrystalline ZnO 
thin films deposited on quartz using the sol-gel method [147]. This suggests that large stresses 
are present in the CVD grown nanostructures and/or base growth layer, likely due to mismatch 
and roughness induced dislocations at the Si/ZnO interface. It is worth nothing that the value 
for the y-intercept, A:A/D, comes out as negative, which is unphysical, possibly suggesting that 
the W illiamson-Hall analysis overestimates the strain. Inclusion of higher angle peaks in the 
Williamson-Hall plot could potentially give a positive value for kX/D  by reducing the gradient of
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the linear fit, leading to a smaller value of e.

An X-ray pole figure of the c-axis (00 2) reflection was measured to study the alignm ent of 
NWs grown using the surface enhanced method (4.6) and to highlight any inherited orientation 
from the Si substrate. The noticeable high intensity horizontal symmetry in the pole figure can be 
attributed to the gas flow direction in the tube furnace, with the A r /0 2 mixture flowing from 90° 
to 270°, as indicated in the figure. A large angular dispersion of the c-axis lattice plane reflections 
indicates poor vertical alignment of the NW arrays, as expected if Volmer-Weber type growth was 
occurring on exposed facets of varying orientation. Also, each crystallographic plane usually has 
a different growth rate because of the difference in sticking probability and surface diffusion rate 
of each plane [148]. No relation to the Si {100} ((f) = 0° and 90°) or {11 0} (cp = 45° and 135°) 
lattice planes is discernible in the figure.

90

270

Figure 4.6: XRD pole figure of the (00 2) reflection for surface enhanced NW growth.

4.3.2.3 Transmission electron microscopy

High resolution transm ission electron microscopy (TEM) was used to examine the Si/ZnO inter
face, in order to study the consequence of the lattice mismatch and also to look for evidence of 
oxidation of the Si interface layer. Nanowire array/substrate cross sections were prepared by fo
cused ion beam (FIB), using a FEI Nova 200 NanoLab dual beam SEM/FIB fitted with a Kleindiek 
micromanipulator to allow the in-situ removal of the section. A Philips CM200 FEGTEM Field 
emission gun TEM/STEM with Supertwin objective lens operated at 200 kV was used to image 
the cross sections, which measured several micrometres in length w ith a w idth of approxim ately 

lOOnm.

A cleaved cross-sectional SEM image of sample B is shown in figure 4.7a, imaged prior to TEM 
analysis. It is clear that not all ZnO nucleation sites result in the growth of NWs, with a discon
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tinuous base growth layer comprising of a large num ber of randomly orientated grains visible at 
the Si surface. Figure 4.7b shows a bright field TEM image of the FIB prepared section, displaying 
ZnO structures that appear to correspond with the gains at the base of the NW array in figure 
4.7a. Figure 4.8 contains TEM data from this area (excluding 4.8d), w ith the two labelled squares 
representing the areas imaged in figure 4.8a and 4.8b. The selected area electron diffraction 
(SAED) pattern  shown in figure 4.8c was collected from the area indicated by the circle. The lack 
of regularly spaced sharp diffraction spots indicates poor ordering in the ZnO crystal structure 
close to the interface.

(a) (b)

Figure 4.7: (a) Cross sectional SEM image of cleaved substrate. (b)W ide bright-field TEM image of the S i/ZnO  NW 
interface w ith the locations of figure 4.8a, 4.8b and 4.8c indicated.

The ZnO c-axis (00 2) planes are clearly visible in all three HRTEM sub-figures (highlighted 
in (b)), and appear to be randomly orientated with the respect to the Si (1 00) lattice planes. The 
angle 9 indicated in the figures is approximately 19° for (a), 30° for (b) and 83° for (d). This 
agrees w ith the lack of c-axis orientation observed in the SEM and pole figure m easurem ents (fig
ures 4.7a and 4.6) and with the (100) and (101) peaks observed in the XRD 26 scan (figure 4.5). 
The ZnO lattice param eters were measured as a -  0.317nm and c = 0.502nm. This discrepancy 
from accepted bulk ZnO lattice param eters (a -  0.325nm and c = 0.521 nm [29,33]) is likely due 
to lattice strain and poor ordering at the Si/ZnO interface, as indicated by the XRD results and 
SAED pattern  shown in figure 4.8c. In previous work, expected values for the lattice param eters 
were measured on ZnO NWs far from the substrate interface [149], however these were grown 

°n lattice m atched sapphire.

The HRTEM shows localised am orphous regions at the Si/ZnO interface. These regions could 
be responsible for the non-epitaxial transition and the observed lack of preferred orientation 
in the growth direction of the NWs. A possible cause for these localised am orphous regions 
is oxidation of the Si surface, either via direct chemisorption of oxygen or diffusion of oxygen
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Figure 4.8: HRTEM of the Si/ZnO interface. The angle 9 is formed between the Si (0 01) substrate lattice planes and 
c-axis (00 2) ZnO planes. Amorphous regions are present at the Si/ZnO interface. The SAED pattern  in (c) shows poor 
ZnO crystallinity close to the interface.
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during nanowire growth. Oxygen interstitials have been calculated to be fast diffusers in n-type 
ZnO [150]. In addition, SiOx layers have been previously observed at the Si/ZnO interface even 
following low tem perature CVD growth methods [151]. Alternatively, residue films from the 
etching process could also result in contamination of the interface and may be a factor in the 
initial nucleation of ZnO.
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4.3.2.4 X-ray photoelectron spectroscopy of etched Si

X-ray photoelectron spectroscopy (XPS) was used to investigate residual chemical contamination 
of the Si surface. Following plasma etching, the sample was loaded in an ESCALAB XPS sys
tem (section 3.3.4.4) and scanned using A1 Ka radiation with a pass energy of 50 eV. The survey 
spectra is shown in figure 4.9, w ith visible peaks for the FIs and S2s transitions indicated on 
the etched sample. Surface coverage was estimated using peak areas at approximately 0.7% and 
5.7% respectively (table 4.3). An unprocessed silicon sample was also scanned to investigate if 
the etching process resulted in a considerable change to either the C ls  or O ls  peaks. No signif
icant difference was found between the S i : O : C ratios before and after etching, w ith the ratios 
calculated as 72 : 20 : 8 and 74 : 21 : 5 respectively, following peak area corrections using the RSFs 
show in table 4.3.

Table 4.3: Estimated surface coverage, with peak contribution and atomic % calculated using equation 3.24.

Transition RSF Area Contribution Atomic %

Si2p 0.82 83444 102134 69.94
S2p 1.43 11861 8294 5.68
C ls 1.00 7926 7926 5.43
O ls 2.93 78095 26654 18.25
FIs 4.43 4533 1023 0.70

The S2s transition had to be used to quantify the sulphur coverage as the S2p doublet, which 
occurs at around 164eV, was obscured by the fundam ental Si2s plasmon peak, known to be 
separated from the Si2s photoelectron peak by tico «  17eV [152], The sample was subsequently 
removed from UHV and annealed at 400 °C for 10 minutes under vacuum (1.5 x 10_2mbar), then 
immediately rescanned, with no sulphur or fluorine peaks observed (figure 4.9). This suggests 
that the residual reaction products were weakly adsorbed to the sample surface, indicating that 
removal w ould occur during NW growth before the onset of carbothermal reduction. It is there
fore unlikely that surface residue films would be a factor in the initial nucleation of Zn/ZnO  
vapour, or in the formation of the amorphous regions present at the Si/ZnO interface following 

NW growth.

4.3.2.5 Photoluminescence spectroscopy

Photoluminescence was used to investigate the optical properties of NWs grown using the surface 
enhanced method. Figure 4.10 shows the PL spectrum  of NWs grown on a surface enhanced 
substrate, and represents the average of 5 normalised spectra collected at different points on the 
sample. The sample exhibits the standard near band edge emission at 3.29 eV [153,154] along 
with the visible blue-green emission centered at around 2.49 eV, commonly attributed to point 
defects such as oxygen vacancies [155,156]. Intensity variation in the defect region is common 
across samples, w ith a high degree of variability being reported in this region between similarly 
grown NWs [156,157]. The figure also contains the maximum and m inim um  integrated intensity 
for the NBE peak and defect band, which is often expressed as a ratio to give an indication of
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Figure 4.9: XPS survey scan showing removal of weakly bound RIE reaction products following annealing under 
vacuum at 400 °C.

defect density. The ratio ANBEMDefect is between 0.31 to 1.03, which is comparable to previous 
values reported using vapour transport NW growth [158,159],
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Figure 4.10: Normalised PL spectrum averaged over 5 points on the sample. The dashed grey lines show the standard 
deviation.
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4.3.3 S e lectiv e  Area G rowth

This surface treatm ent technique can be easily implemented to achieve selective growth, which 
it crucial for vertical device incorporation. Using a chemically enhanced negative photoresist 
(Micro-Chem AZ nLOF 2070), diluted with thinner (MicroChem AZ EBR Solvent) for com pati
bility w ith electron beam lithography, substrates were patterned using e-beam lithography (Raith 
eLine). The exposed substrates are then developed and plasma etched using the process detailed 
previously. Once etched the remaining resist is removed and the substrates are cleaned via son
icating in acetone/IPA/DI. This resist is ideal for the RIE process, due to its high selectivity and 
thermal stability. A schematic of the processing steps is shown in figure 4.11.

Removal of 
patterned resist

1
Develop

J r ■■
ZnO NW 
Growth

Figure 4.11: Schematic diagram showing the lithography processing steps. (1) Spin coated AZ nLOF 2070 resist, (2) 
patterned with electron beam (3) developed unexposed area (4) plasma etching (5) removal of patterned resist (6) 
selectively growth of NWs.

Figure 4.12a exhibits an example of NW growth following this patterning/etching procedure. 
The selective growth is shown in Figure 4.12b, with the Swansea University logo masked from the 
etching process. The areas which have been etched yields an array of NWs, whereas the masked 
written areas remain unprocessed, resulting in minimal ZnO nucleation, as seen in figure 4.2a. 
Due to the variation in NW orientation with respect to the substrate, some degree of overlap 
may exist between NW arrays in close proximity. Therefore, for typical vertical integration ap
plications, the feature size of the patterned area must be sufficiently large to avoid short circuits 
between patterned areas that require electrical isolation. For applications in which such shorting 
between NW arrays is desirable [156], surface enhanced growth offers an attractive option for 

NW array patterning, w ith minimal processing.
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t m m

Figure 4.12: (a) High magnification SEM image of NWs grown using patterning technique, (b) SEM showing an 
example of patterning with 'Swansea University, Prifysgol Abertawe' excluded from NW growth.

4.3.4 Sum m ary

• The optim um  dry etching recipe was found to be an 8 : 1 ratio of SF6 to 0 2 resulting in a 
cham ber pressure of 75mTorr at an RF power of 150 W. A etch duration of 10 m inutes was 
found to be sufficient to result in growth.

• Atomic force microscopy gave surface average and RMS roughness on the order of a few nm 
following the optimised etch process.

• X-ray diffraction, HRTEM and PL show that the NWs are crystalline, grow in the (0 0 2) 
direction and exhibit typical NBE emission under UV excitation. However, close to the 
interface the ZnO was found to be highly disordered, and XRD analysis suggested a high 
degree of stress present at the interface. This is likely due to the large lattice mismatch 
between Si and ZnO, and also due to roughness effects.

• Analysis of XPS data shows that the ZnO nucleation is not a result of any chemical alteration 
of the substrate surface, but is instead due to a direct alteration to surface topography.

• The ability to pattern arrays using conventional lithography processes has also been dem on

strated.

In conclusion, vertically aligned catalyst-free NWs have been grown on Si substrates m odi
fied using refined dry and wet etching methods to assist in ZnO nucleation. Selective growth 
of catalyst-free NWs has been achieved using a novel plasma etching technique combined with 
a high resolution electron beam lithography process. Nanowires grown on plasma etched sub
strates exhibit a smaller spread of diameters with much improved orientation and significantly 
higher densities when compared to those grown on wet etched substrates. In addition, NWs 
grown on plasm a etched substrates exhibit a higher degree of uniformity across the substrate. 
However, problems w ith crystallinity and oxidation could exist at the interface, and more work 

is required to investigate charge transport through the array.
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4.4 Growth on Conductive Thin Films

An alternative approach to contacting the NW arrays through the substrate is to deposit conduc
tive thin films that serve both to nucleate the ZnO vapour and act as a bottom contact to allow 
charge transport through the NW array. Also, the conductive layer could act as a buffer to com
pensate for the large lattice mismatch between Si and ZnO [160], reducing the stress present in 
the ZnO and leading to better alignment for vertical device applications.

Previous work on the growth of NWs on ITO buffed Si concluded that In atom difffusion 
resulted in n-type doping of the base layer growth and lower portion of the array, which the 
authors reasoned could give good Ohmic contacts at the interface between NWs and ITO film 
[161].

4.4.1 E xperim ental

The thin films were deposited on n-type Si (1 00) (section 3.2.1) to a thickness of 100nm  using 
DC m agnetron sputtering, with the exception of indium  tin oxide (ITO), which was deposited 
using RF to prevent charging. Also, following Kurdesau et al. pure Ar was used to improve the 
conductivity of the film, at the expense of the transparency, by making the film slightly oxygen 
deficient [162]. For each deposition, the target power density was altered to keep the deposi
tion rate constant between materials (1.2 A/s), as measured by a quartz crystal microbalance. A 
summary of deposition param eters is shown in table 4.4. Sputtered films were subjected to a

Table 4.4: Deposition parameters for conductive thin films.

Thin-film Pressure
(mTorr)

Ar flow 
(seem)

Power
(W)

Al 1.69 30 60
Cr 1.66 30 55

Ti 1.70 30 100

Cu 1.66 30 25

ITO 2.79 50 80

Mo 1.70 30 55

W 1.71 30 75

45 minutes growth process, as outlined at the start of the chapter and the resulting NW growth 
was inspected using SEM. X-ray diffraction was used to characterise the vertically aligned arrays 

using two methods:

• Standard coupled 26 scans were used to study the crystallographic properties of the NWs 
and to look for evidence of metal and metal oxide compounds formed during the high

tem perature growth process.
• Pole figures of the ZnO (002) reflection were measured to gain information about the align

ment of the NWs and to study texture inheritance from the underlying thin films and Si
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substrate.

Finally, PL spectroscopy was employed to measure the optical band-gap and to gain information 
about the defect density and possible incorporation of dopant atoms from the thin films during 
NW growth.

4.4.2 R esu lts

4.4.2.1 E lectron microscopy

Top down SEM images of the resulting NWs are shown in figure 4.13. Several of these images 
were used to calculate the density of NW growth on each sample, with the results shown in 
table 4.5 and in figure 4.15a. The wire tips were examined under high magnification to look 
for evidence of metal catalyst particles. To aid this, backscatter electron (BSE) imaging was also 
employed to highlight heavy elements. This technique has been used to great effect when imaging 
Au catalyst particles located at the tips of catalytically grown NWs and also em bedded in the 
base growth layer [82]. All NWs displayed hexagonal termination w ithout any evidence of metal 
catalyst droplets at their ends, indicating that the NWs grow via the vapour-solid mechanism 
[163]. There are also clear differences in degree of alignment and widths of the NWs between 
samples -  this is further discussed below.

The samples were also cleaved to study in cross section under SEM (figure 4.14). All sam 
ples show growth of high quality dense arrays aligned, on average, perpendicular to the sub
strate, w ith the exception of the W sample where there appears to noticeable preferential tilting. 
Nanowire diam eter measurements were conducted in cross section to avoid errors due to imper
fect alignm ent when m easured normal to the substrate, along with array height and buffer layer 
thickness m easurem ents. The results are shown in table 4.5. Some interesting differences are 
immediately apparent at the Si surface between samples:

• Cu: The NW array grown on the Cu layer has become detached from the substrate, with 
contact between array and substrate only bridged by interm ittent deposits. These deposits 
were confirmed to be Cu rich using EDX, and were observed along the length of the cross 
section, along w ith detachment of the array from the substrate. Copper has the second 
lowest melting point (1085°C) of the thin films following Al, which also shows sign of 
decomposition (see below). In addition, Cu has a much higher co-efficient of linear therm al 
expansion when com pared with Si and the other materials (excluding Al). It therefore seems 
likely that detachm ent and subsequent melting of the Cu thin film occurs during the growth 
process. This confirms that Cu is unsuitable for use as a buffer or contact layer for the 
growth of vertical ZnO NW arrays on Si. However, there may be other applications related 
to the transfer of NW arrays from the growth substrate that could utilise this detachment.

• Al: Pitting of the Si substrate and no visible ZnO base growth layer or Al thin film is ob
served following NW growth. Again, EDX was used to locate discrete Al rich deposits at 
the base of the NWs. Due to decomposition of the Al thin film and the occurrence of is
land type NW growth, this method of nucleating ZnO NWs would also be unsuitable for

78



L<n<l}Jl-C± 1 . xnmiwyvxiv VJ1U 4.4. G row th on C on du ctive  T hin  h ilm s

Figure 4.13: SEM images of ZnO NWs grown on 100 nm sputtered conductive layers viewed normal to the substrate. 
A noticeable difference in alignment, density and diameter of the NWs can be seen between samples. Molybdenum 
aPpears to result in wide dense growth in contrast to the arrays grown on ITO. Catalyst particles are conspicuously 
absent on the NW tips (confirmed using the BSE and EDX detectors). Note the lower magnification for the Ti sample.
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device incorporation. Although the NWs could potentially be contacted through the Si, A1 
is known to be a p-type dopant in Si and an n-type dopant in ZnO and diffusion of the A1 
is likely to have occurred at the elevated growth temperatures [164].

Cr, Ti, ITO, Mo and W: These samples all show the accumulation of a base growth layer at 
the Si surface. The thickness of this base growth layer is shown in table 4.5. In the case of 
Cr, a poor quality interface is visible between the Si substrate and the Cr layer, although 
this could be an result of cleaving.

Energy dispersive X-ray spectroscopy was also used to look for evidence of metal incorporation in 
the NW arrays. However, the results were inconclusive — large acceleration voltages were needed 
to study some of the metal transitions which resulted in a large interactions volume, meaning 
that spatial resolution become an issue when studying the base growth, as the sputtered layer 
was in close proximity. No evidence of metal incorporation was found along the length or at the 
tips of NWs, although it's plausible that dopant densities are below the threshold of detection. 
Figure 4.15 shows plots of base layer thickness against NW density and NW diameter against 
array height. For the metal thin-film samples, there appears to be a correlation between the 
density of NW growth and the thickness of the base layer. The growth of this base layer has 
been studied on rr-A^O^ substrates, and has been shown to follow a Stranski-Krastanov type 
growth process, with islands of ZnO merging to form a polycrystalline film, from which NWs 
emerge later in the growth process. Studied under TEM, the grains in the film appear to coalesce 
with increased thickness of the base layer, forming what appears to be a single crystal w ith few 
defects or dislocations [82]. If this is also the case on the sputtered thin films, then increased 
thickness of the base growth could lead to a higher degree of monoaxial texturing, w ith denser 
arrays observed on thicker, more highly orientated base growth layers.

Table 4.5: Table of mean NW densities and dimensions for NWs grown on conductive thin films. The height refers 
to the average length of the array above the base growth layer (BGL), not the average length of individual NWs. The 
uncertainty is the standard deviation.

Thin-film Density
(pm -2)

Diameter
(nm)

Height
(pm)

BGL thickness 
(pm)

A1 2.33 + 0.59 97 + 15 7.47 + 0.46 -

Cr 4.11 + 0.23 135 + 14 7.83 + 0.19 1.0
Ti 3.64 + 0.21 144 + 32 6.16 + 0.05 0.9
Cu 4.57 + 0.54 123 + 24 8.31 + 0.14 1.1
ITO 2.52 + 0.34 89 + 8 10.75 ± 1.22 1.9
Mo 5.81 + 0.52 170 + 26 6.38 + 0.04 1.3
W 2.23 + 0.32 142+14 5.61 + 0.39 0.7

4.4.2.2 X-ray diffraction measurements

Couple 26 XRD scans of the NW arrays are shown in figure 4.16. The legend in the top right 
hand corner of each figure gives information on phases to which the peaks may be attributed. For 
a full list of the peaks and their indexed reflections, see appendix A. The large peak at around 69°
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Figure 4.14: Cross-sectional SEM images of ZnO NWs arrays. The lOOnm sputtered conductive layer and base growth 
ZnO is visible is some of the images. Evidence of diffusion of aluminium layer into the silicon substrate is visible, 
it is also apparent that the copper layer has become detached from the silicon substrate. Clear differences in the 
morphology and density of the NW arrays are visible between samples.
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Figure 4.15: Plots showing relationship between (a) base layer growth thickness and NW density (b) NW diameter 
and array height. Error bars left out for clarity (see table 4.5).

can be indexed to the Si (004) reflection, and there is also a weaker narrow Si (002) peak visible 
around 33°. Presented below is a brief summary of peaks corresponding to metal or metal oxide 
phases, excluding Si and ZnO.

• Al: Two peaks which may be attributed to the rare ZnAl2 phase. No oxide phases.
• Cr: Small intensity Cr (11 0) peak (BCC lattice structure). No evidence of CrO or CrZn 

phases.
• Ti: Several peaks that can be attributed to T i0 2 in the rutile phase (tetragonal crystal sys

tem). Isolated rutile peak at 27.533° is for the (110) reflection. Also some evidence of 
TiZn3.

• Cu: Evidence of Cu and possibly CuZn phases. In the case of Cu, peaks are indexed to the 
(111) and (2 0 0) reflections (FCC lattice structure).

• ITO: ITO (22 2) peak. Small peak for tetragonal S n 0 2 (211) reflection.
• Mo: Peaks for Mo (11 0) and (211) reflections (BCC lattice structure). No oxide phases.
• W: Some evidence of Z nW 04. Four W peaks indexed to the (11 0) (dominant peak), (211), 

(2 2 0) and (3 1 0) reflections (BCC lattice structure).

Unsurprisingly, no diffraction peaks for elemental Al were found in the first sample, indicating 
that the Al rich deposits seen with cross sectional EDX were likely ZnAl2 alloys. The Cr, Cu, Mo 
and W films appear to have retained their elemental metal phase through the growth process 
and show no evidence of metal oxide phases, although Cu and W do show signs of alloying with 
Zn. The Ti sample exhibits no elemental metal diffraction peaks, indicating that it has fully 
oxidised during the growth process into the rutile phase. Titanium is known to oxidise readily 
-  oxidation of Ti deposited on ZnO at room tem perature has previously been invoked to explain 
the Ohmic behaviour of the contact [165]. On the ITO sample, only one peak was observed 
corresponding with ITO, which was indexed to the (2 2 2) reflection, indicating strong monoaxial 
texturing of the film. Combined with the SEM analysis, this suggests that Cr, Mo, ITO and W 
are all suitable materials to use for direct contacting to the underside of the NW arrays, and that
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Figure 4.16: XRD 20 scans of NW growth on the metal layers. A table listing the peaks shown in each figure is found 
in appendix A.
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they are compatible with the vapour-phase growth temperatures. Although the Ti film appears 
to have oxidised, it still has demonstrable worth as a buffer layer in order to promote nucleation 
and growth of ZnO NW arrays on Si.

M ultiple w urtzite ZnO peaks were observed in all scans. The lattice parameters a and c can be 
calculated by combining Bragg's law with the formula for the interplanar spacing in a hexagonal 
unit cell:

11 /2 s in 0 \  4 / ,  9 0 \ i /a V&=(— ) = 3 (*2+*2+M)+,2y i2 ’ (4.4)

where d ^ i  is the interplanar spacing between the (hkl) lattice planes. For the simple case of the 
wurtzite ZnO c-axis (002) reflection, this can be solved to give:

c =
sin0 ’

(4.5)

The c lattice param eter can then be used to calculate a using the other ZnO reflections where h or 
k * 0. These values can be compared to the standard bulk lattice param eters of a -  0.324 95 nm 
and c -  0 .52069nm  [29,33]. A table of the lattice parameters is given below with the difference 
between the bulk and measured lattice param eters given as A a and Ac. This shows that devi-

Table 4.6: Lattice parameters for wurtzite ZnO NWs grown on different thin films. The c-axis parameter was obtained 
using the (0 02) peak and the a-axis parameter was subsequently obtained using the (101) peak, except for those

in which case the (10 3) was used.

Thin film ZnO lattice parameters

a (nm) A a (pm) c (nm) Ac (pm)

Al 0.32460 0.35 0.52010 0.59

Cr 0.32538 0.43 0.52003 0.66

Ti 0.32411 0.84 0.51995 0.74

Cu 0.32607 1.12 0.52000 0.69

ITO 0.32380* 1.15 0.51997 0.72

Mo 0.32458 0.37 0.51996 0.73

W 0.32458* 0.37 0.52001 0.68

Bulk ZnO 0.32495 0.52069

ation from the bulk ZnO lattice parameters is small for NW growth on all films, indicating the 

growth of NWs of high crystalline quality.

To investigate the alignment of the NW and any texture inheritance from the underlying thin- 
film or substrate, pole figure measurements were conducted by keeping the 26 angle fixed at the 
ZnO (00 2) reflection, whilst tilting the sample in x  at various increments of the sample stage 
rotation <f>. For more information on this technique, see section 3.3.7. This gives a polar plot of 
ZnO (00 2) intensity over the sample. The results are shown in figure 4.19.

Generally, (002) intensity increases closer to the centre of the pole figure, as expected for NW 
arrays aligned, on average, normal to the substrate, although interestingly, this isn't the case for
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Figure 4.17- XRD pole figures of the ZnO (00 2) reflection. The linear intensity colour scale is shown in the top right 
°f each figure and allows for a direct comparison between samples. Gas flow direction was from 0 = 90° to (p = 270° 
!-e. down the page.
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the W sample, which exhibits four peak intensity regions at a tilt angle of approximately 15° with 
respect to the substrate normal. These are spaced at 90° intervals in <p, indicating an inherited 
relationship from the underlying cubic Si substrate. In fact, all samples show c-axis alignment 
that is dependant on (p, with greater intensity for a given value of x  observed along (p directions 
corresponding to the Si (O il) lattice planes. The Si surface must cause texturing of the sputtered 
thin-film, which is then passed on to the nucleating ZnO. In the case of the W sample, the unique 
texturing is unlikely to be due to W alone, as W forms the BCC crystal structure, along with Mo, 
and both have very similar lattice parameters. However, ZnW 04 crystallises in the more complex 
monoclinic crystal system [166], which has an angle between lattice vectors * 90°. The resulting 
preferential texturing caused by this crystal system could be responsible for the equally spaced 
areas of high intensity in the pole figure. This high intensity at x  ~  15° also corresponds w ith the 
preferential tilting of the NW noted previously in the SEM image shown in figure 4.14.

Symmetric inheritance from the cubic structure of Si has been reported for ZnO films grown 
using MBE [30]. This led to growth of the ZnO zinc blende phase on Si (1 00). To encourage the 
growth of the w urtzite phase, this symmetric inheritance was blocked by nitridaition pretreat
ment of the Si surface. To investigate this effect and confirm that the symmetry in the pole figures 
was related to inheritance from the cubic Si substrate, a lOOnm amorphous layer of Si3N4 was 
deposited on Si (1 0 0) using chemical vapour deposition (CVD; section 3.2.5.2). A lOOnm layer 
of ITO was subsequently sputtered onto the film and the sample was subjected to the standard 
growth process. The resulting pole figure is shown in figure 4.18. The amorphous Si3N4 layer

Si3N4100nm +
ITO 100nm

Figure 4.18: ZnO (0 0 2) X-ray pole figure of ITO on Si3N4 showing no symmetric inheritance from the Si substrate.

appears to have blocked the cubic inheritance from the substrate. The noticeable horizontal sym
metry is ascribed to the gas flow direction in the tube furnace -  the gasses were injected upstream  
(towards (p = 90°), causing some preferential nucleation and growth of NWs in the plane of gas 
flow. This was also observed on the growths w ithout the Si3N4 layer shown figure 4.17, w ith a 
slightly higher c-axis intensity observed for upstream  tilt angles (towards (p = 90 ).

Rocking curves along this plane were extracted from the pole figures by plotting x  against 
intensity. The results are shown in 4.19, with the FWHM giving an indication of NW alignment. 
The FWHM varied from approximately 10° for the Cu thin-film up to around 22° for Al. As
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expected, a decrease in the FWHM corresponds with an increase in c-axis intensity norm al to 
the substrate, as shown in figure 4.21b. However, a much larger order of m agnitude increase is 
seen in peak intensity with an approximate two-fold decrease in FWHM. This indicates that the 
total peak area, or the total am ount of untextured c-axis ZnO is correlated with peak intensity. 
Physically, this means that the larger the degree of monoaxial texturing in the ZnO base growth 
and NW arrays, the larger the total am ount of nucleation. This supports the idea put forward in 
the previous section that base growth thickness and texturing play a large role in the degree of 
subsequent nucleation and ultimately in the density of the NW arrays.
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Figure 4.19: (a) Rocking curves conducted along the furnace gas flow direction (cp = 270°) for the ZnO (0 0 2) reflection. 
Positive values of x  represent the downstream direction and negative values the upstream direction. This leads to a 
slight asymmetry in the curves, with a higher degree of texturing observed in the upstream direction, as previously 
reported in section 4.3.2.2. (b ) Plot of rocking curve FWHM against maximum peak intensity. The order of magnitude 
increase in peak intensity with a two-fold decrease in FWHM indicates that peak area, or total quantity of c-axis 
aligned ZnO, is roughly correlated with peak height.
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4.4.2.3 Photoluminescence spectroscopy

The optical properties of the samples were studied using PL spectroscopy, w ith the results shown 
in figure 4.20. All samples exhibited the signature ZnO luminescence, displaying the NBE emis
sion peak positioned at around 375 nm, originating from excitonic transitions between valence 
and conduction bands, and a deep level broad emission band over visible wavelengths, related 
to intrinsic or extrinsic defects [45]. All samples, with the exception of Al, showed large undis- 
tinguishable visible emission, much larger than commonly observed using conventional seed lay
ers [7,45,167] and catalyst particles [168-170]. This can be attributed to metal, zinc-metal or 
metal oxide incorporation into the NWs during the growth process. Similar large defect emission 
has been observed by Eustis et al. on CVD NWs grown on a Cu TEM grid. Subsequent TEM and 
EDX characterisation confirmed the presence of Cu impurities along the length of the NWs [171]. 
The Al sample showed deep level emission more similar to that reported in previous work, which 
could could indicate that the majority of the Al alloyed with Zn into the ZnAl2 phase detected 
using XRD, preventing further incorporation into the lattice during growth.

Due to the broadness and intensity of the deep level emission, no individual components 
could be resolved. An estimate of the relative defect density between samples can be gleaned 
by looking at the relative integrated intensity between the NBE emission and the defect band. 
This is shown in figure 4.21a along with the absolute NBE peak intensity, which follows a similar 
trend. W ith the exception of the Al sample, which shows an order of magnitude increase in the 
integrated intensity ratio and NBE peak intensity compared with the other samples, the samples 
all show similar integrated defect intensity related to dopant incorporation, with the Mo sample 
exhibiting the largest relative integrated defect intensity and Ti and ITO the smallest.

Interestingly, a variation in NBE peak position was also observed between samples, indicating 
changes in the ZnO band-gap dependant on the growth film. This is shown in figure 4.21b. Ser- 
nelius et al. found that the optical band-gap of Al doped ZnO was widened in proportion to the 
Al doping [172] and this was fully explained using a effective-mass model, possibly suggesting 
the large red shift m easured in this work is a result of doping involving alloys or oxide phases. 
The same is true for Ti doping of ZnO NWs investigated by Lee et al. [173]. For the two m et
als that retained their element phase with no evidence of alloying or oxidation (Cr and Mo), the 
blue shift in the optical band-gap agrees with work previously published [174,175]. This sug
gests that the electrical properties of the NWs containing alloys, oxides and mixed phases may be 
significantly different to those reported for elementally doped ZnO.
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Figure 4.20: PL spectra of NW arrays grown on metal thin-films, normalised to the NBE excitonic peak and averaged 
over 5 areas on the sample. The dashed lines show the standard deviation. Notice the different intensity scale for the 
Al and Mo samples.
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Figure 4.21: (a) Integrated intensity ratio and NBE peak intensity. Fractional integrated intensity ratios indicated 
that the ZnO is highly defective. This could be attributed to dopants from the sputtered conductive layers used to 
encourage ZnO nucleation and c-axis aligned growth, (b) Position of NBE peak, as compared with intrinsic (undoped) 
bulk ZnO. The effect of dopants from the sputtered conductive layers on the width of the band-gap is complex, due to 
the presence of mixed zinc-metal and metal oxide phases identified using XRD.
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4„4.2.4 Summary

The growth of highly aligned ZnO NW arrays on conductive thin-films deposited using mag
netron sputtering onto Si substrates has been demonstrated, w ithout the use of metal catalyst 
particles. Previous work done on the growth of ZnO NWs on metals suggests that in the results 
presented here, the Si substrate is acting to texture the sputtered metal films, which buffers the 
lattice mism atch between the single crystal Si and ZnO, resulting in the growth of highly aligned 
arrays of ZnO NWs ideal for vertical device integration. Further work is required to characterise 
both the electrical properties of the doped ZnO NWs and the quality of the contact created be
tween the conductive layer and the array.

• SEM showed densely aligned arrays with no catalyst particles found using SE/BSE detec
tors. W ith the Cu sample, the buffer layer became detached from the substrate, whilst the 
Al film had decomposed and growth appears to have occurred on the Si surface w ithout 
accumulation of a buffer layer. The thickness of the base growth layer is found to be related 
to the density of growth for the metal films. All samples showed an inverse correlation 
between NW diam eter and average array height.

• XRD m easurements showed NWs of high crystalline quality. Evidence of zinc alloys was 
found in the Al, Cu and W samples. The Cr, Cu, Mo and W films appear to have retained at 
least some of their elemental metal phases, whilst the Ti sample shows evidence of complete 
oxidation. Pole figure measurements show highly aligned c-axis orientation of the ZnO with 
biaxial inherited texture from the underlying Si which indicates the Si textures the metal 
films and is responsible for the high degree of alignment seen in the NW growth.

• PL measurem ents show strong evidence of metal, metal alloy or metal oxide incorporation 
into the growth. Also, a shift in ZnO band-gap is seen depending on buffer layer. More 
work would be needed to establish the extent, type and uniformity of the doping present 
in the NWs, which likely has large implications for the incorporation of these NWs into 

devices.
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4.5 Summary and Comparison of Vapour-Phase Growth Methods

Despite attem pts at optimisation, the seed layer grown NWs remained of a poor quality in terms 
of morphology and density. However, correlation of deep level luminescence with electrical con
duction through the ZnO/Si interface is of interest and has implication for the other two growth 
methods, especially for the quality of the metal-semiconductor contacts created to the bottom of 
the NW arrays grown on conductive films, which exhibit large integrated defect to NBE intensity 
ratios.

The surface enhanced method shows promise for direct growth of ZnO NWs on Si, however 
the lack of a base growth layer means that alignment is inherently problematic, as island type 
growth will invariably lead to varying orientations depending on the exposed facets. This could 
also create problems for conduction through the substrate, which would be the required con
tacting m ethod due to the lack of a base growth layer. The XRD analysis seems to suggest large 
strain present in the NWs, w ith FWHM values for the (00 2) and (1 01) of 0.11941° and 0.126 04° 
respectively, which can be compared to the smaller FWHM values for growth on metal layers 
shown in appendix A. This is supported by the TEM, which shows a poor quality defective in
terface, highlighted by the lack of ordering in the SAED pattern. Amorphous areas also seem 
to exist at the interface, which could be regions of SiOx formed during the NW growth process. 
Further work would be required to analyse the feasibility of using the Si substrate as an electrical 
contact to the NWs. This approach, however, does offer advantages over the other methods on 
offer, m ainly the simple m anner in which patterned growth may be attained on a substrate using 
basic photolithography, w ithout the lift-off or etch back steps required by additive processes.

Sputtered conductive films showed great promise for use in vertical NW devices. Growth of 
high aspect ratio highly aligned dense NW array was achieved using all sputtered films, dem on
strating the superiority of this technique over those previously investigated in this work. Cr, ITO 
and Mo in particular, seem to offer great promise as bottom contacts to arrays, and more work is 
required to investigate the electrical properties of this interface. A draw-back to this m ethod is 
that doping seems to be inherent in growth on sputtered films -  this would create problems for 
integration of these NWs into UV optical devices. Again, further work is required to characterise 
the type and heterogeneity of the dopants and their effect on the electrical properties of the NWs.
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Chapter 5

Surface Modification and Attachment of 
Biomolecules to Zinc Oxide Nanowires

This chapter deals with modifications to the surface of zinc oxide nanowires (ZnO NWs) for the con- 
ductometric detection of proteins. Antibodies are immobilised on the surface of the nanowires to allow 
selective binding of the target antigen.

Surface modification and protein binding to nanowire arrays was investigated using electron mi
croscopy (SEM), in order to study the effect of the biofunctionalisation process on the NW  surface, X- 
ray photoelectron spectroscopy (XPS), to provide chemical analysis of the surface modification and the 
attachment o f biomolecules, and photoluminescence spectroscopy (PL), to give an indication of optical 
properties and extrinsic surface state modification. Nanoscale electrical measurements were performed 
on individual nanowire field effect transistors (FETs) to determine the impact of the biofunctionalisation 
on their electrical properties, and importantly to relate these to surface changes measured using XPS 
and PL. The implications of these measurements on the detection of proteins using the functionalisation 
methods outlined here, and on the design of ZnO nanowire immunosensors is then discussed.

5.1 Introduction

Two approaches are taken to antibody immobilisation; the first uses a linking molecule to attach 
the antibody to the ZnO NW surface, whilst the second relies on activation of carboxylic groups 
on the antibody for direct binding to the modified ZnO surface. For both methods, silanization 
of the hydroxyl term inating zinc oxide is required to modify the surface term inating species into 
amino groups. The functionalisation of ZnO to allow detection of proteins can be broken down 

into the following processes:

• Surface modification -  preparation of the ZnO surface for subsequent attachm ent of the 

antibody.
• Antibody immobilisation — covalent attachm ent of the antibody to the surface, including 

preparation of the antibody and activation of necessary functional groups.
• Blocking of non-specific binding sites -  for antigen specific detection, functional groups 

that act as non-specific binding sites for proteins must be blocked.
• Antigen sensing — binding of the target antigen with the antibody.

In this study, hum an chorionic gonadotropin (hCG) was used as a model protein biomarker. H u
man chorionic gonadotropin is glycoprotein hormone with a molecular mass of around 37kDa 
[176], secreted by the trophoblastic cells of the placenta chorionic vesicle to promote the devel
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opment of the sexual gland [177]. In healthy human serum and urine, the concentration of hCG 
is extremely low, usually less than 5mIU/m l. Levels increase markedly during the first 20 weeks 
of pregnancy and elevated levels can be detected six to twelve days after fertilisation [178]. Most 
chemical pregnancy tests rely on these early elevated levels to diagnose pregnancy. However, 
increased level of hCG in serum and urine can be indicative of trophoblastic cancer, germ cell 
tumours, choriocarcinoma and many diseases related to pregnancy [179].

It is well know that the surfaces of metal oxides, such as ZnO, are covered in a layer of hy
droxyl (-O H ) groups, with hydroxyl coverage measured using XPS to be 8-15 nm -2 for a range 
of common metals [180]. This intrinsic hydroxyl coverage makes ZnO amenable to silanization 
through the use of a organofunctional alkoxysilane. In this work, (3-aminopropyl)triethoxysilane 
(APTES) is used to modify the -O H  groups present on the ZnO surface into amino (NH2) groups 
suitable for antibody attachm ent. An example of the silinization reaction is shown in figure 5.1. 
In an aqueous solution, the ethoxy (CH3CH20 ) groups on the APTES are hydrolysed, releasing 
ethanol. Hydrogen bonding occurs between the ZnO surface hydroxyls and the -O H  groups 
present on the APTES molecule, which then bonds to the surface through a condensation reac
tion, accompanied by the release of H 20 .

Figure 5.1: APTES hydrolysis followed by condensation reaction at hydroxylated ZnO surface.

With the presence of surface NH2 groups, the antibody can be attached using one of the two 

following methods:

• Use of glutaraldehyde as a cross-linker: glutaraldehyde (GA) is an organic molecule con
sisting of two aldehyde (-CHO) groups separated by a carbon chain. This can be used as a 
link between the amine term inated ZnO surface and amine groups present on the antibody.

• Use of EDC/NHS as a zero-length cross-linker: EDC dehydrates the carboxylate groups 
present on the antibody into active o-acylisourea intermediates. The NHS then reacts with 
O-acylisourea intermediates to form a semi-stable NHS-ester which favours conjugation 
w ith amines. As the EDC/NHS results in conjugation of the activated carboxyl group 
w ith the amines on the NW surface w ithout forming a linkage between molecules (pep
tide bond), the method is referred to as zero-length cross-linking [181].
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5.1.1 T he hCG antibody

Antibodies (abbreviated Ab), also known as immunoglobulin (Ig), are proteins produced by the 
immune system to provide a response against foreign substances, such as bacteria and viruses. 
Anti-hCG belongs to the IgG antibody isotype, consisting of two "heavy" and two "light" polypep
tide chains forming the characteristic Y shape, which can also be subdivided into the fragment 
antigen-binding (Fab) and the fragment crystallizable region (Fc) regions, as shown in figure 5.2.

Paratope

NH2-4
Paratope 

^  NH 2

Hinge
regions

COOH COOH

o>

COOH COOH

Figure 5.2: Diagram of the hCG antibody. The heavy and light chains are shown in blue and green, respectively, and 
are shown linked by disulfide bonds (red).

The Fab region contains the paratopes, or antigen binding sites, which are located at the N- 
terminus (or NH2 term inating region) of the polypeptide chains. Primary amine groups are also 
distributed over the antibody due to their occurrence on lysine residues. The C-terminus (COOH 
terminating region) is located at the opposite end of the light and heavy chains, as shown in figure 

5.2. [182]

5.1.2 G lutaraldehyde cross-lin k in g  m ethod

The GA cross-linking method is depicted in figure 5.3. Glutaraldehyde reacts with the APTES 
modified ZnO surface, forming an imine bond at one end of the glutaraldehyde. This leaves the 
aldehyde group at the opposite term inus to react with amine groups on the antibody, which may 
be applied to the surface directly w ithout the need for activation of functional groups. The imine 
bond is formed through a carbinolamine intermediate which undergoes dehydration to give the 

imine product [183].

Although figure 5.3 depicts bonding at the C-terminus of the Ab heavy chain, as mentioned 
the amine groups are distributed over the whole Ab and the N-terminus of the polypeptide chains 
is actually situated at the paratopes. Due to this, the orientation of the Ab on the surface is es
sentially random , which could result in uncontrollable antigen binding efficiencies and potential 

blocking of the antigen binding sites [182,184].



J ) .l .  JLlilJL UU.UA. n u l l cm apter 5. su rlace M odification  o l Z inc U x id e  N an ow ires

APTES

ZnO

£1 I S i 
it

% Antibody
NH, H

h

/ e
N

>

m / f \
f I I 1 1

0 0 0

Figure 5.3: Schematic of antibody attachment using GA. Adapted from [17].

5.1.3 ED C/NH S zero-len gth  cross-lin k in g  m ethod

This m ethod involves activation of the carboxyl groups prior to application of the Ab to the amine 
terminating surface. This is achieved using l-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hy
drochloride (EDC or EDAC), which is a zero-length cross-linking agent. EDC reacts with a car
boxyl group to form an amine-reactive O-acylisourea intermediate. If this interm ediate does not 
encounter an amine (top pathway in figure 5.5), it will hydrolyse and regenerate the carboxyl 
group (middle pathway in figure 5.5) [18]. To prevent hydrolysis, N-hydroxysuccinimide (NHS) 
may be used to convert the carboxyl group into a stable amine-reactive NHS ester, which subse
quently reacts with the prim ary (surface) amine to give an amide bond. This reaction is shown 
in the bottom  pathway in figure 5.5. Note that in the figure, the sulfonate sodium salt of NHS, 
Sulfo-NHS, is depicted. However, the reaction and final conjugate product resulting from NHS 
and Sulfo-NHS are identical.

o

EDC NHS
1 -E thyl'S -O 'd im ethvlam inopropyllcarbod iim ide •  HCI W-Hydroxysuccinimide

Figure 5.4: Chemical structure of EDC and NHS. Adapted from [12,18].

As the Ab -CO OH  groups are generally less distributed than the amine groups and are located 
at the opposite ends of the polypeptide chains to the paratopes, in contrast to the GA cross-linking 
method this could result in a preferred orientation of the conjugated Ab on the ZnO Surface. The 
ideal Ab orientation is achieved when the Fc fragment binds to the amine term inating surface, 
avoiding inhibition of the paratopes and exposing the Fab region to the analyte solution [184].

A disadvantage of the EDC/NHS method when compared to GA cross-linking is the issue of 
agglomeration and multilayer attachm ent of anti-hCG. Following carboxyl activation, the amine-
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Figure 5.5: Sulfo-NHS plus EDC (carbodiimide) cross-linking reaction scheme. Adapted from [12].

reactive NHS ester will potentially bind to amine groups present on neighbouring antibodies. 
This could occur in solution, resulting in agglomeration, or at the ZnO surface, resulting in m ul
tilayer formation which could severely decrease sensitivity by diminishing the effect of protein- 
antibody conjugation on the surface properties of the NWs.

5.1.4 B ovine serum  album in

The purpose of bovine serum albumin (BSA) in this application is to act as a blocking reagent. 
In a practical sensing application involving bodily fluids, it would be critical to block any poten
tial protein binding sites to prevent non-specific binding of the target protein and other proteins 
present in the analyte. This is achieved using BSA, a cheap stable protein which interacts m ini
mally w ith biological reactions. BSA is applied prior to sensing to prevent non-specific protein- 
surface and protein-protein interactions. In this application, where a solution of the target pro
tein is applied directly, non-specific protein interactions are irrelevant. However, even in the 
absence of additional proteins, binding of the target protein to e.g. surface functional groups 
is still an issue that could effect repeatable sensing. The molecular weight of BSA is approxi
mately 66.5 kDa [185] -  significantly larger than the molecular weight of 37kDa given for the 

hCG protein [176].
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5.2 Experimental

Nanowires were grown on lO m m x 10mm silicon (100) samples sputtered with a lOOnm layer of 
Ti, as described in section 4.4. Sputtered thin-films were found to act as a buffer between the lat
tice mismatch of ZnO and Si, and symmetric inheritance from the underlying Si results in strong 
texturing of the deposited layer, which leads to the growth of highly aligned vertical arrays of 
ZnO NWs. In addition, the sputtered film shows promise for use as a bottom contact to the array 
for vertical device integration and, combined with conventional photolithographic patterning of 
thin-films, offers a convenient method for selective area growth. The NW arrays were subse
quently treated with APTES then functionalised using the activated carboxyl EDC/NHS method 
and the glutaraldehyde cross-linking method in parallel. The APTES, GA, EDC, NHS, BSA and 
phosphate buffer saline (PBS) were all purchased from Sigma-Aldrich. The anti-hCG and hCG 
protein were purchased from Abeam pic.

5.2.1 Surface M odification

The as-grown NWs were treated with (3-aminopropyl)triethoxysilane (APTES) in order to modify 
the hydroxylated ZnO surface to terminate in amino groups for subsequent antibody immobili
sation. The NW arrays were immersed in a 0.5% solution of APTES in DI water for 10 minutes, 
then rinsed in DI water and dried under N2 flow.

5.2.2 A n tib od y  im m ob ilisa tion  via g lutaraldehyde - Pathway A

Following silanization, glutaraldehyde was employed as a linking group between the amino ter
minating ZnO surface and the amine groups present on the antibody. Glutaraldehyde consists 
of two aldehyde (COH) groups linked by aliphatic carbon. Nanowire arrays were immersed in a 
2.5% solution of glutaraldehyde in DI water for 1 hour, then rinsed and dried using N2.

A 200 jag/ml solution of anti-hCG in PBS was prepared and applied directly to the NW arrays 
for a duration of 2 hours. Samples were subsequently rinsed in PBS, then DI water and dried 

using N2.

5.2.3 A n tib od y  im m ob ilisa tion  via EDC/NHS - Pathway B

The EDC/NHS solution was prepared using the following method: 800 pi of a 50 mM NHS solu
tion in PBS was added to 200 pi of the antibody at a concentration of 2 mg m l-1. 1 ml of 25 mM 
EDC solution in PBS was then added. The solution was vortexed and applied to the sample for 2 
hours. The sample was then rinsed in PBS and DI water and blow dried in N 2.

5.2.4 B lock in g  o f n on -sp ecific  b in d in g

Following antibody immobilisation, bovine serum albumin (BSA) was used to prevent non-specific 
binding of the antigen by blocking exposed amino groups. A 5 /o solution of BSA in PBS was pre
pared and applied to the sample for 30 minutes, following which it was rinsed in PBS, then DI
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water and dried using N 2.

5.2.5 Antigen binding

The hCG protein was applied directly to the NW arrays at a concentration of 250ng/m l in PBS. 
This corresponds to approximately 5.6mIU/ml, which represents a slight increase above normal 
levels. The antigen was left on the sample for 15 minutes. The samples were then rinsed in PBS 
and DI and dried using N2.

5.2.6 Summary

Both antibody immobilisation methods use the same anti-hCG concentration to allow direct com- 
parisson between samples during conductivity measurements. For clarification, the two antibody 
immobilisation pathways are shown schematically in figure 5.6.

1. APTES

3. BSA

4. Antigen

2. Glutaraldehyde

3. Antibody

4. BSA

5. Antigen

2. EDC/NHS

Antibody

Pathway B

sensing

Pathway A

sensing

Figure 5.6: The two biofunctionalisation processes. APTES is initially used for amine surface termination. The anti
body is then either attached using a linking molecule (pathway A), or by activating groups and directly attaching the 
antibody to the amine terminating surface (pathway B).
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5.3 Electron microscopy

High resolution images of the NWs were obtained at each stage of the functionalisation using 
scanning electron microscopy (SEM). This allowed direct observation of modifications to the sur
face of the NWs. In addition to looking for binding and agglomeration of macromolecules, this 
allowed the surface of the NWs to be monitored for signs of etching or dissociation of the ZnO.

5.3.1 Zinc oxide compatibility tests

Zinc oxide is am photeric and readily dissolves in both acids and bases. A previous study showed 
heavy etching of ZnO NWs following immersion in DI water (pH 4.5-5) and ammonia (pH 8.7— 
9) for 30 minutes and slight etching following immersion in NaOH (pH 7.0-7.1) for 30 minutes. 
Biocompatibility w ith horse blood serum was also investigated and showed the wires could sur
vive in the fluid for a few hours, indicating a sufficient "survival time" for incorporation into 
biosensors [186].

In order to test the compatibility of the ZnO NWs with the phosphate buffered saline (PBS) 
used for preparation of the biomolecular solutions, SEM images were taken of ZnO NW arrays 
following immersion in 0.01 M, 0.1 M and 1 M PBS for approximately 24 hours. The results are 
shown in figure 5.7.

Some light etching is visible in figure 5.7b following immersion in 0.01 M PBS for the extended 
period. However, higher concentrations show heavy etching (0.1 M) and complete dissociation 
(1 M) of the ZnO. The standard PBS concentration recommended for storage of antibodies is 
0.01 M, which is the concentration used for the remainder of this work. The maximum immersion 
time for a single step of the process is 2 hours for the antibody immobilisation. These images 
suggest that negligible etching of the ZnO surface should occur after this duration. It is im portant 
to note that following the APTES treatment, the wires may be partly protected from further 
interaction due to the surface modification. Silanization has been shown to greatly increase the 

stability of ZnO nanoparticles [187,188].

An additional concern was etching of the ZnO in the EDC/NHS solution. Aqueous NHS is 
known to be slightly acidic, however, protonation of the EDC/NHS Ab solution will be buffered 
by the PBS. Immersion of ZnO in 25 mM /50 mM EDC/NHS PBS solution for 24 hours resulted in 
a similar degree of surface etching caused by the neat PBS (figure 5.7b), indicating compatibility 
with the EDC/NHS concentrations used for the carbodiimide cross-linking reaction.
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(c) 0.1 M PBS ( d ) l MPBS

Figure 5.7: SEM images of NW arrays following 24 hour immersion in different concentrations of PBS. Both (a) and 
(b) are images for the 0.01 M PBS solution, with (b) providing a magnified high contrast image of the rectangular 
area indicated in (a). Although large scale structures, such as the NWs, are still visible, light pitting of the ZnO 
surface is seen in these images, whereas the samples immersed in the 0.1 M (c) and 1 M (d) solutions exhibit complete 
dissociation.

S 4 8 0 0  10.0kV 9 .4 m m  x350k  SE(M ) 100nm

(a) 0.01 M PBS (b) 0.01 M PBS -  area indicated in (a)
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5.3.2 APTES

The NWs were imaged following immersion in the APTES solution to check the uniform ity of 
coverage and also to ensure that the ZnO surface was absent of any considerable etching or 
roughening. Following Teixeira et al. [189], initially much high concentrations of APTES were 
investigated. The effect of immersion of 40% APTES in DI for 10 minutes is shown in 5.8a. De
spite rinsing, the image shows considerable retention of APTES resulting in the formation of a 
multilayer film, although hexagonal facets are still visible in areas, indicating that the ZnO is 
compatible w ith high concentrations of APTES. Figure 5.8b shows the effect of immersion in 
0.5% APTES solution in DI. For this concentration, no differences were observed before and after 
APTES treatm ent using SEM, with no obvious accumulations of APTES found on the sample.

S4800 5.0kV  1 5 .2m m  x lS O k  SE(M )

( b )

Figure 5.8: Top down SEM images of NWs following treatm ent with (a) 40% and (b) 0.5% APTES in DI.

5.3.3 G lutaraldehyde - Pathway A

The GA sample showed significant etching of the ZnO surface following 1 hour immersion. Al
though aqueous GA is mildly acidic at higher concentrations (> 50%), litmus paper showed the 
pH of the 2% solution to be indistinguishable from DI water (~pH 6). The etching is therefore 

likely due to chemical dissociation caused by the DI water:

ZnO(s) + 2H + ---- »Z n2+ + H 20 (5.1)

where the Zn2+ ions are dissoluble. However the etching was substantially less than that reported 
by Zhou et al. following immersion in DI water for 30 minutes. From their study, the etch rate 
of the non-polar m-plane of the NWs is estimated at around 8 nm /m in, which would result in 
full dissociation of the arrays grown on sputtered Ti in around 20 minutes. Figure 5.9 shows an 
SEM image of the array after 1 hour. Although the w-planes are clearly etched, the NWs have 
retained their structure and hexagonal termination. This discrepancy from the etching behaviour 
observed by Zhou et al. could be related to the increased stability resulting from the APTES 
treated silanized surface, although it could also be explained by the lower pH value of 4.5 for the
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DI water used in their work. [186]

Figure 5.9: SEM image of the NWs following treatm ent with APTES and glutaraldehyde. Some etching of the ZnO 
surface is observed which can be attributed to the dissociation of ZnO in DI water.
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5.3.4 A nti-hC G , BSA and the hCG protein - Pathway A

Top down SEM images of the NWs following antibody BSA and antigen treatm ent are shown 
in figures 5.10 and 5.11. No further dissociation of the ZnO is evident, and there appears to 
be considerable softening of the etched m-plane surfaces compared with the GA treated sample 
in figure 5.9, possibly caused by macromolecular attachment. In particular, figure 5.11a shows 
what appears to be a uniform shell of macromolecules coating the surface of the NWs. No large 
agglomerations or films were observed on any of the three samples.

Figure 5.10: SEM image of GA treated sample following attachm ent of antibody.

500nmS4800 10.OkV 9.5mm x110k SE(M)

(a) BSA. (b ) Antigen.

Figure 5.11: SEM images of GA treated samples following attachm ent of proteins.
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5.3.5 EDC/NH S treated  anti-hCG  - Pathway B

Figure 5.12 shows the NWs following attachment of anti-hCG using EDC/NHS cross-linking. In 
contrast w ith the previous method, there is no obvious etching of the NWs, as expected from the 
EDC/NHS compatibility test. When to compared to the as-grown and APTES treated samples, 
a clear texture is visible on the surface of the NWs. This texture is especially prom inent for the 
sample subsequently treated with BSA and the hCG protein, shown in figure 5.13, suggesting fur
ther addition of material. The coatings appear to be uniform and again, no large agglomerations 
or films were found on the sample surface. This is an important observation for this attachm ent 
method - as m entioned, carboxyl activation could potentially result in severe agglomeration and 
multilayer formation due to peptide bond formation between neighbouring antibodies. Although 
multilayer formation can't be ruled out, the SEM analysis suggests a larger change in surface tex
ture following hCG protein attachm ent when compared with antibody immobilisation, suggest
ing minimal antibody-antibody conjugation.

300nm

(a) Antibody (b) BSA
,1

Figure 5.12: SEM images of EDC/NHS antibody and BSA samples. No etching of the surface is observed, which can 
be contrasted with the GA samples shown above (figure 5.9).

Figure 5.13: Antigen
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5.4 X-ray Photoelectron Spectroscopy

Following functionalisation and antibody immobilisation; the samples were scanned using X-ray 
photoelectron spectroscopy (XPS) to study changes to surface composition and to determine the 
effect of the surface modification and attachment of biomolecules on the electrical properties of 
the NWs. The XPS data were collected at the Science City Photoemission Facility, University 
of Warwick using an XM1000 monochromatic A1 Ka X-ray source (see section 3.3.4.5 for details 
of equipm ent and data analysis methods). The complete set of samples shown in figure 5.6 up 
to and including binding of the hCG protein (antigen) from both cross-linking methods were 
scanned.

Core level spectra were recorded using a pass energy of lOeV with an energy step size of
0.1 eV. The binding energy windows and elemental sensitivity factors used for quantification are 
shown in table 5.1. In addition to those listed, the Zn 2s, 3p and 3d photoelectron peaks and also 
the O, C and Zn Auger peaks were observed on the survey spectra. No evidence of Ti from the 
sputtered buffer layer was found on any of the samples.

Table 5.1: Binding energy scan range and relative sensitivity factors (RSFs) for core levels.

Core level Binding energy (eV) 
initial final

RSF [190]

P 2 p 130 138 0.39
C Is 282 294 0.25
N Is 395 405 0.42
O Is 526 540 0.66
F I s 684 698 1.00
Zn 2p 1015 1055 4.80*

* given for the Zn 2p3/2 transition.

5.4.1 Q u an tification

Following Shirley background subtraction, the peak areas were measured and corrected using 
the RSFs shown above. These RSFs are empirically determined to account for the differences in 
scattering cross-sections between transitions and the kinetic energy dependant electron escape 
depth. It should be noted that full quantitative analysis must take matrix effects into account. 
Calculation of the matrix correction can be rather complicated and requires an in-depth knowl
edge of the electron interactions and elemental distribution of the sample [191]. In the case of 
biofunctionalised samples, this would quickly become intractable. Due to this, in the quantifi
cation presented here, matrix dependant electron attenuation is not accounted for. This means 
that a large variation in the relative abundance of the elements may be expected, depending 
on the kinetic energy of the transition and the matrix being sampled (see the "universal curve" 
in section 3.3.4.1). Although the empirical RSFs should account for mean free path correction,
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GA method

As-grown APTES Antibody BSA

a) Pathway A

Antigen

ED A C /N H S  method

As-grown APTES Antibody BSA

(b) Pathway B

Antigen

|C1s
0 1 s
Zn2p 3/2
N1s

|P2p
1 F1s

C1s
[0 1 s
Zn2p 3/2
N1s

| P2p

■ F1s

Figure 5.14: Relative composition of each sample, as measured using XPS. (a) GA treated samples (b) EDC/NHS 
antibody treated samples.
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there is often a large variation in empirically derived RSFs and ideally, quantification should be 
based on a set of system specific standards. Indeed, the matrix correction factors are known to 
range from 0.3 to 3 for XPS [192], giving an indication of the importance of matrix correction 
for accurate elemental quantification. An additional issue with RSF correction is the propaga
tion of uncertainty from low intensity peaks to high intensity peaks when reported as atomic 
%. Therefore, the quantitative analysis presented previously should not be considered absolute, 
but instead gives an indication of relative changes between samples following surface treatments. 
The relative atomic percentages are graphed in figure 5.14

The as-grown sample shows a higher concentration of O relative to Zn, likely due to con
tributions from surface oxygen species and also possibly from the increased kinetic energy and 
inelastic mean free path (IMFP) of the O Is photoelectron compared to the Zn 2p (although, as 
mentioned, this should be taken into account in the RSF). The as-grown sample exhibits a C : O 
ratio of approxim ately 0.26. Following treatm ent with APTES, the appearance of the N Is peak, a 
relative increase in C, and a decrease in measured Zn are all indicative of successful attachm ent of 
APTES. No evidence of Si was found, however this is consistent with previous reports on APTES 
treated metal oxide nanoparticles [193]. APTES has a molecular formula of C9H 23N 0 3Si, but in 
solution will lose 3 ethanol groups via hydrolysis of the triethoxy groups into trihydroxyl groups, 
as shown in figure 5.15. For a completely hydrolysed molecule, this will result in an equal C : O 
ratio, instead of the ratio of 3 given by the (non-hydrolysed) molecular formula. However, it is 
unclear if some ethoxy groups are still retained following immersion in DI water for 10 minutes. 
If all ethoxy groups were present, it would still be possible for the APTES to hydrogen bond to 
the surface OH through the NH2 group, as shown in figure 5.15. The fact that the measured C : O 
ratio is around 0.70 suggests that hydrolysis is taking place, indicating that covalent attachm ent 
through silinization is likely. Figure 5.15 shows several possible reaction routes for the APTES 
molecule, w ith the surface attachm ent followed by condensation of the silanol groups (route 1) 
being the most suitable for subsequent Ab immobilisation. Multilayer formation can also occur 
due to the amine group of one molecule hydrogen bonding to the silanol group of a molecule co
valently attached to the ZnO surface. The ability to form highly branched polycondensed layers 
at differing stages of hydrolysis makes accurate surface coverage determ ination from elemental 

composition problematic.

The GA treated sample shows a further increase in the O : Zn ratio combined with a relative 
increase in C, as expected. The molecular formula for GA is C5Hg0 2, giving an ideal C : O ra
tio of 2.5. The m easured C : O ratio is approximately 1.25, showing a significant increase from 
the APTES treated sample, consistent with the addition of GA. SEM imaging of the GA sample 
revealed significant surface etching of the NWs, indicating removal of the silanized surface. De
spite this, only a slight reduction in N is observed following GA treatm ent. This suggests that 
some of the silanized surface has been retained, either at the base of the array or on the surface of 
NWs. Even in the event that the silanized surface is completely removed, GA cross-linking may 
still function via physical adsorption to the ZnO surface [194].

Both cross-linking methods result in significant compositional changes following application 
of the antibody. The relative Zn concentration is reduced to a few percent, indicating similar
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Figure 5.15: APTES silinization of the ZnO surface resulting in different layer formations. Adapted from [19].

levels of surface coverage using both methods. Large increases in the O : Zn ratio, and the relative 
C  and N concentrations are consistent with antibody immobilisation. The P 2p contribution can 
be attributed to residue from the PBS solution. This could also be the cause of the F I s  peak, 
however, it is unclear why F was only detected on the GA functionalised samples. A possible 
explanation is binding between the -CH O  terminus of the GA and trace fluorine compounds in 
the PBS solution. The relative N Is contribution is larger for the EDC/NHS activated antibody 
compared with the GA method, and this is also true of comparisons following application of BSA 
and the hCG protein. This could be indicative of increased Ab coverage or possibly a different 
binding orientation. Residue from EDC/NHS could also be a factor, however this would seem 
unlikely, as the molecular formula for EDC (CgH 17N3) indicates that a relative increase in carbon 
would also be observed, which is not seen when compared with the GA method. In addition, no 
traces of chlorine were detected following the use of EDC.

Relatively little change is seen in both methods following application of BSA and the hCG 
protein. Although no significant change is seen in the O : Zn ratio, this may be expected. Due to 
its size, the anti-hCG would already result in effective attenuation of the NW surface photoelec
trons at the point of attachment. Therefore, further grafting of macromolecules to the already 
immobilised anti-hCG would have relatively little effect on the relative contribution form Zn 2p 
Photoelectrons resulting from incomplete surface coverage. As the composition of the amino 
acids comprising the proteins is fundamentally similar, consisting of C, N, H and O, the use of 
elemental analysis is limited when characterising the attachm ent of further biomolecules to the 

^m obilised  antibody.
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5.4.2 Peak fitting

The XPS core level peaks were fitted using 30% Lorentzian -  70% Gaussian line shapes following 
a Shirley background subtraction (section 3.3.4.6). The same initial peak positions were used for 
all samples with a fitting restriction of ±0.1 eV to account for Fermi shifts and other variations. 
The resulting fits to the C Is, O Is, Zn 2p3/2 and N Is peaks are shown for the as-grown, APTES 
treated and APTES and glutaraldehyde treated samples in figure 5.16. Peak fits following attach
ment of the antibody, BSA and antigen using the glutaraldehyde and EDC/NHS cross-linking 
methods are shown in figures 5.17 and 5.18, respectively. These spectra have all been normalised 
to the trace maxima. This corresponds to the largest intensity fitted component of the as-grown 
sample (blue component), attributed to lattice zinc and oxygen (Zn2+ and O2-) and adventitious 
carbon [195].

Table 5.2 shows the fitted peak positions with commonly attributed hybridisation states. Ref
erences [180,195-199] relate to work conducted on ZnO, nanostructures and other metal oxides, 
whilst references [200,201] focus on biofunctionalisation.

Table 5.2: Fitted components for C, O, Zn and N peaks. The legend applies to the components shown in figures 5.16, 
5.17 and 5.18 and also to the quantification in figure 5.19.

Core level B.E (eV) Legend Contributions

C Is 285.7 ■1 C -C  [196]
287.0 m C =0 [196], C -O  [201], C -N  [200]
288.9 m 0 -C = 0  [201], N -C = 0  [201]
289.8 ■■ 0 -C = 0 , COOH [196], N -C = 0  [201]

0  Is 531.0 mm Zn-O  [195]
532.6 m COOH, Zn(OH)2 [196], ZnOx [197]
533.5 m H 20  [195], C 0 2 [197], OH", 0 2 [198], C -O , 0 -C = 0  [180], CHO [202]

534.3 ■ H 20  [180,199]

2p3/2 1022.4 m Z n-O  [196]
1023.2 mm Zn(OH)2 [196]

1024.8 m -
1020.6 ■ -

N Is 401.0 m N=C [201], NH2 [200]

402.6 ■ N -C = 0  [201]

The contributions are included as a guide and it should be noted that there is much overlap 
between the assignment of certain chemical states. In addition, shake-up peaks have not been 
accounted for in this analysis. The shake-up peaks are part of a class of intrinsic loss events 
due to electron-electron interactions and appear on the high binding energy side of the main 
Photoelectron peaks. This is particularly problematic for the C Is and O Is transitions. For the 
niore chemically complex surface treatments, each hybridisation state could give rise to m ultiple

110



a.**, /v-ray n K n u e ie iiru n  ojjeitu jsiu jjy

shake-up peaks, and consequently each fitted component is likely related to multiple hybridisa
tion states and /or loss features. This is not an issue for the elemental quantification given above, 
however, it can cause the lower binding energy components to be underestimated due to losses 
which are subsequently included in the higher binding energy components.
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Figure 5.16: N orm alised XPS spectra of as grown ZnO NWs, NW s treated with APTES and NWs treated w ith APTES
and glutaraldehyde.
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Figure 5.17: N orm alised XPS spectra of ZnO NWs progressively treated with glutaraldehyde, the hCG antibody, BSA

and the hCG protein.
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Figure 5.18: N orm alised XPS spectra of ZnO NWs progressively treated with APTES, the hCG antibody activated
using EDAC/NHS, BSA and the hCG protein.
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The relative contribution of each component to the elemental concentration is shown in figure 
5.19. To clarify, the preceding spectra showed normalised components, which allows for a rela
tive comparison between components at each stage of the functionalisation. However, for direct 
comparison of each component between samples, the relative elemental concentrations shown 
previously in figure 5.14 must be taken into account. This is the information displayed below in 
figure 5.19.

40

(a) Zinc (b) Oxygen

(c) Carbon (d ) Nitrogen

Figure 5.19: XPS: Elemental composition of each sample by component. The fitted peaks are shown in figures 5.16, 
5.17 and 5.18. Table 5.2 shows the approximate fitted peak positions with colour key and commonly attributed
hybridisation states.

It is im portant to study the component composition of the as-grown NWs for later com pari
son with functionalised samples. As previously mentioned, the as-grown sample displays high 
intensity Zn and O peaks (blue components), attributed to lattice atoms. The larger (green) com
ponent fitted on the high binding energy side of the lattice O is commonly seen with metal oxide 
nanostructures and is attributed to hydroxyls and other strongly bound surface oxygen [195,196]. 
The sm aller pink and orange components at even higher binding energies are likely the result of
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adsorbed H 20  and oxygen species such as 0 2 [195]. In the case of the Zn 2p3/2 transition, the 
higher binding energy (green) component can also be attributed to the presence of surface hy
droxyls, forming Zn(OH)2 [196], with additional possible contributions from lower co-ordination 
number (oxygen vacant) ZnOx, which would result in a shift to higher binding energy from the 
increased M adelung energy [203]. The origin of the Zn components at 1020.6 eV and 1024.8 eV 
is less clear, although four components were required to obtain an accurate least squares approx
imation to the trace for all samples. A possible explanations for the low binding energy (orange) 
component present on the as-grown sample is a shift due to the decreased Madelung energy con
tribution from e.g. interstitial oxygen or zinc vacancies. In section 4.4.2.3, PL revealed a large 
deep level emission for ZnO NWs grown on Ti layers, consistent with interband defect states 
caused by metal incorporation. Lattice point defects and defect complexes formed by incorpo
ration of Ti could also play a part in the binding energy shifts seen for the Zn 2p3/2 and O Is 
transitions. Polymerised or short chain adventitious carbon is responsible for the large (blue) 
component seen for the C Is transition (C-C bonds) with small contributions from singly (green) 
and doubly (orange) bound oxygen functionality [204], or from shake-up losses from the main 
C-C peak.

APTES

The APTES sample shows an increase to the (blue) C Is component which is associated with 
aliphatic carbon. The increase in the higher binding energy (green and pink) components could 
be related to C -O  and C -O -S i bonds, due to the APTES molecule remaining in its non-hydrolysed 
state. This may offer a method for determining the degree of covalent attachment, as molecules 
retaining their Si(OC2H 5)3 groups would not participate in silanization, and are likely hydrogen 
bonded to the surface. However, this increase could also be related to the presence of C -N H 2 
groups. The C-Si bond should appear at a lower binding energy to the C -C  component [205], 
and no indication of shouldering or a shift to lower binding energies is seen for the aliphatic peak.

Glutaraldehyde

An expected increase is seen in the (blue) aliphatic carbon component and also in the higher 
binding energy (pink and orange) components that can be attributed to the CHO groups. The 
relative increase in the pink and orange O Is components can also be attributed to aldehyde 

groups.

Macromolecules

A substantial decrease is seen in the lattice oxygen component of the O Is spectra. Although 
an overall decrease in oxygen is seen relative to the other elements, the remaining oxygen is 
dominated by the green component which can be attributed to COOH and other organic groups. 
The pink and orange components associated with aldehyde groups remains larger for the GA 
cross-linked samples when compared to the EDC/NHS samples. This likely indicates a reduced 
Ab coverage when using the GA method. This is also corroborated by the larger green organic 

component when using EDC/NHS cross-linking.

Contributions to the C Is from aliphatic carbon remain high when using the GA method,
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despite an increase seen for the components ascribed to oxygen and nitrogen bonded carbon 
(green and pink). Despite this, similar carbon concentrations are measured for both cross-linking 
methods, w ith the EDC/NHS samples show a much larger relative contribution from the green 
peak associated with oxygen and nitrogen bonding. This can be used to make a claim about the 
reduced Ab coverage when using the GA method analogous to the one made above regarding the 
0  1s contributions.

Interestingly, when using the GA method a large additional component is seen at high binding 
energy for the Zn 2p3/2 transition following attachment of the antigen. This coincides with an 
increase to the high binding energy shoulder of the N Is peak and could indicate non-specific 
binding of the antigen to the ZnO surface, possibly due to insufficient rinsing following immer

sion in the antigen solution.
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5.4.3 V alence band scans

Valence band spectra were obtained in the binding energy range -0.5 to 7.5 eV. The spectrometer 
work function was calibrated using the Fermi edge and 3d5/2 peak recorded from a polycrys
talline Ag sample immediately prior to the commencement of the experiments. When mounting 
the samples, welded Ta strips were used to ensure a good electrical contact to the surface of the 
NW arrays. Charge neutralisation was also used to test the quality of the contact to the samples, 
with no charging observed. A typical VB scan is shown in figure 5.20 for the as-grown sample. 
To obtain the location of the VB maximum (E y ) relative to the Fermi level (Ep = OeV), a linear 
fit is extrapolated from the lower binding energy edge of the VB spectrum to a line fitted to the 
instrument background which provides the exact onset of the VB emission C = Ev -  Ep.

As-grown

=j
to 3.71 eV
£  
(n c -  -  Linear fit
3c

Background

8 7 6 5 4 3 2 1  0 -1

Binding energy (eV)

Figure 5.20: XPS spectra of the Fermi level energy and valence band maximum of the as-grown ZnO NWs. A valence 
band position greater than the ZnO band-gap indicates surface metallisation.

Table 5.3 shows the value of C for the set of samples. It is interesting to note that all samples 
appear to exhibit an energy difference between the VB and the Fermi level greater than the ZnO 
band-gap (C > Eg). Subsequent PL, detailed in section 5.5, revealed the band-gap for all samples 
to be similar to that given in the previous chapter (3.34eV following addition of the exciton 
binding energy), ruling out potential enlargement of the band-gap due to e.g. Ti incorporation.

As previously mentioned, care was taken to ensure that the samples were not charging. If 
charging were to occur, the emission of photoelectrons results in a net positive charge region at 
the surface. Consequently, the surface acquires a positive potential, reducing the kinetic energy 
Ek of the em itted electrons by the amount AVC. The binding energy, Eb for all photoelectrons is 

therefore shifted to a higher value:

Eb = h v - ( E k - A V c ). (5.2)
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Table 5.3: Location of valence band maximum relative to the Fermi level.

Sample C(eV)

As-grown 3.71
APTES 3.65
GA 3.67
GA Antibody 3.58
GA BSA 3.70
GA Antigen 3.65
EDC Antibody 3.66
EDC BSA 3.62
EDC Antigen 3.68

An indication that this may be the case is provided by the C-C  adventitious carbon peak, which 
appears to be located at a high binding energy. When used as a binding energy reference, the 
spectrum is usually adjusted to locate the carbon peak at around 285 eV, approximately 0.7 eV 
less than that measured here. If the same correction is applied to the valence band position for 
the as-grown sample, it would be located at around 3 eV, indicating surface depletion which has 
been extensively reported for ZnO nanostructures [52,195,206,207]. At the time of writing, this 
is being verified on a separate XPS system, with direct comparison with NWs grown on sapphire, 
which have been shown to exhibit surface depletion, resulting in the Fermi level residing a few 
kT below the conduction band [208].

Due to differences in the growth method or incorporation of Ti dopants, it is possible that 
these wires are instead exhibiting surface accumulation. Hu et al. have studied surface accumu
lation in ZnO NWs and suggest the NW is composed of a bulk semiconductor surrounded by a 
metallic surface accumulation layer, which is essentially a 2D electron gas. They attributed this 
surface accumulation to an excess of hydroxide -  during formation of the hydroxide the adsorbed 
atomic H donates electrons to the ZnO surface i.e. it acts as an electron donor that increases the 
carrier concentration in the surface layer. Interestingly, for the as-grown sample, the O Is surface 
oxygen component attributed to hydroxide (green component) is substantially larger relative to 
the lattice oxygen peak when compared to previous XPS studies of ZnO NWs [100,195]. Figure 
5.21 shows the band diagram for surface accumulation at the m-planes of the NWs, as observed 
by Hu et al. At the side facets of the NW, the Fermi level is within allowed electronic states, hence 

the NW surface is referred to as "metallised".

As a consequence of the polar symmetry of ZnO crystallised in the wurtzite phase, the (0 0 01) 
and (OOOl) surfaces exhibit different bulk terminations, with the first being term inated by zinc 
atoms and the opposite face terminated by oxygen atoms. The electrostatic potential due to the 
internal dipole moments causes a shift of the bands relative to the Fermi level in opposite direc
tions at the two polar surfaces [20], as showing in figure 5.22. This simplified charge transfer 
mechanism is associated with a significant energy cost, and other stabilisation mechanisms such 
as surface reconstructions [209] and adsorption of impurities [20] are commonly used to com
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Figure 5.21: Band diagram of surface accumulation with conduction band minimum {Eq ), valence band maximum 
[Ey), Fermi level energy {Ep), surface band bending ((p), surface barrier height ((pg), and width of the surface band 
bending region (W).

pensate for the internal dipole moments. As the electron take-off angle is, on average, normal 
to the NW tips, it is possible that the accumulation measured in the VB scans is a result of the 
increased electron contribution from the polar facets of the NWs, instead of from the non-polar 
m-planes. However, as mentioned, depletion if this is not commonly observed on XPS m easure
ments conducted on NW arrays [208], and is discussed further in combination with the electrical 

measurements in section 5.6.

Zn-side O-side

CB

VB

Figure 5.22: Schematic of surface metallisation along length of ZnO NW. Reproduced from [20].
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5.5 Photoluminescence Spectroscopy

Photoluminescence spectroscopy was used to optically characterise the samples studied using 
XPS. The samples were illuminated using a 7mW 325 nm He-Cd laser at room temperature, 
as described in section 3.3.6. Of particular interest were changes to the widely reported ZnO 
deep level visible emission, which is commonly attributed to both extrinsic and intrinsic defects 
and/or interface states. Due to the large surface to volume ratio of the NWs, modulation of the 
surface chem istry can have a dominant effect on this deep level emission. If these interband defect 
states are electrically active, modulation of this emission could be indicative of large surface 
dominated variations in the NW conductive properties. Figure 5.23 shows the PL spectra for 
the two antibody attachm ent methods. The data is the normalised average spectra taken from 
five locations on each sample. Error bars have been omitted to allow the spectra to be plotted 
on the same graph, however cross sample NBE to defect variation was found comparable to that 
measured for the NWs grown on sputtered conductive layers in section 4.4.2.3.

Figure 5.23: PL spectra, normalised to the NBE emission, for (a) GA antibody immobilised samples (pathway A) (b) 
EDAC antibody immobilised samples (pathway B). The arrows are a guide between progressive attachment steps.

The location of the NBE emission is shown in table 5.4 and is used to calculate the band-gap 
through addition of the exciton binding energy (60meV). As previously mentioned, m easure
ment of the NBE excitonic emission is of particular interest to ensure that the band-gap remains 
constant across samples. When considering surface band bending, this rules out changes to the 
band-gap and confirms that the valence band XPS scans are indeed describing surface m etallisa
tion. Variation in the band-gap across samples is relatively small with a total range of 34 meV or 

around 1%.

A large degree of variation is seen in the deep level visible emission caused by intrinsic de
fects and extrinsic surface states. For the GA cross-linking method, silinization and subsequent 
functionalisation and attachm ent of biomolecules results in surface passivation i.e. an increase 
in the ratio between the NBE emission and defect emission. In the case of the EDC/NHS, attach-

t
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merit of the activated Ab yields a large increase in the visible emission, which is subsequently 
quenched following application of BSA and hCG. This is in contrast to the lowest level defect in
tensity m easured following attachment of the Ab using the GA method. This reflects the differing 
surface chem istry and Ab attachment mechanisms for the two methods. Interestingly, the BSA 
and antigen treatm ents result in a similar NBE to defect ratio for both cross-linking methods. 
The integrated intensity ratios are discussed in further detail and compared with individual NW 
resistivity m easurem ents in section 5.6.1.3.

Table 5.4: Position of the NBE peak as measured using PL. The band-gap, Eg, is obtained following addition of the 
exciton binding energy (60 meV).

Sample NBE peak (nm) Eg (eV)

As-grown 378.93 3.332
APTES 377.76 3.342
GA 375.06 3.366
GA Antibody 375.85 3.359
GA BSA 375.38 3.363
GA Antigen 376.16 3.356
EDC Antibody 377.61 3.343
EDC BSA 376.45 3.353
EDC Antigen 376.42 3.354
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5.6 Electrical Measurements

Electrical m easurements were conduced on individual ZnO NWs in the lateral NW FET config
uration, following transfer from the samples analysed using XPS and PL. To avoid NW align
ment processes or patterning of contacts using e.g. E-beam lithography, the measurements were 
conducted in an Omicron UHV Nanoprobe system. Briefly, the nanoprobe consists of four in
dependent STM tips capable of creating nanoscale non-destructive contacts to individual NWs. 
An SEM located above the sample stage allows for accurate sample positioning and precise tip 
approach and contact formation. The tungsten tips, formed using DC etching, were current an
nealed in -s i tu  to > 2200K in order to remove tip oxide and contaminants [210]. Two tips were 
used to probe individual NWs, with initial low voltage current-voltage (I-V) characteristics used 
to establish the quality of the contacts. A noisy or highly non-linear I-V response was indicative 
of poor quality contacting, which could usually be corrected by increasing the contact pressure 
(lowering the tip height) or by repositioning the tip, in order to achieve an Ohmic I-V response.

The NWs were shear transferred from the growth substrate to lie laterally on a lOOnm thick 
layer of silicon dioxide, which was grown thermally using dry oxidation of the n-type Si substrate. 
Following growth of the S i02 layer, the surface of the dielectric was spin coated in a protective 
layer of photoresist and buffered oxide etch (BOE) solution was used to remove the oxide from 
the rear portion of the substrate to allow electrical contact for back-gated measurements. Prior 
to NW transfer, the substrates were cleaned using Piranha solution (section 3.2.1) in order to 
remove resist solvent residues, which have previously been shown to result in heavy electron 
beam deposition leading to nanoprobe contacting issues [88]. A schematic of the nanoprobe 
electrical m easurements in the FET configuration is shown in figure 5.24.

Vc

drain■W probes-

ZnO NW 'nw

n-type Si sub.

Figure 5.24: Schematic cross-section of measurement set-up in the lateral FET configuration. The diameter of the NW, 
thickness of the dielectric layer are and length of the channel are labeled dNW,h and L, respectively.

Figure 5.25 shows an SEM image of a NW in contact with the two tungsten tips. The dim en
sions of individual NWs were measured for subsequent analysis, as shown in the inset cross- 
sectional line profile. The width was measured at approximately half the maximum grayscale 
value across the NW, whilst the channel length was measured between tips. As the sample sur
face is norm al to the beam, the tip obscures the full w idth of the NW, leading to problems deter-
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mining the point of contact between tip and NW. Consequently, the uncertainty in channel length 
is given by measuring the inside and outside separation between tips. For more infromation on 
measumrement error and uncertainty propagation see appendix B.

T i«e  : 12:o o :2 ?  t f W m i c r o n
: 1 Sep 2 0 1 4

N a n o P r o b »  UHV G « » i n i  3 9

Figure 5.25: Nanoprobe SEM image showing two tungsten probes contacting a silanized NW treated with anti-hCG 
and BSA. A line profile across the wire is shown inset.

As mentioned, the NWs were transferred from the samples used for XPS and PL analysis, so 
comprised a full set of progressively treated samples for both antibody cross-linking methods. To 

summarise, the sample treatments were as follows:

1. As-grown
2. APTES treated (silanized)

Pathway A (glutaraldehyde cross-linking method):

3. APTES + glutaraldehyde
4. APTES + glutaraldehyde + anti-hCG
5. APTES + glutaraldehyde + anti-hCG + BSA
6. APTES + glutaraldehyde + anti-hCG + BSA + hCG protein

Pathway B (zero-length cross-linking method):

7. APTES + EDC/NHS treated anti-hCG
8. APTES + EDC/NHS treated anti-hCG + BSA
9. APTES + EDC/NHS treated anti-hCG + BSA + hCG protein
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5.6.1 Back-gated measurements

For ZnO NW FETs, the majority carriers are electrons which result from intrinsic point defects 
such as oxygen vacancies and zinc interstitials [29]. Therefore, the ZnO NW FETs belong to the 
n-channel group of devices. This means that under positive gate bias, electrons accumulate at the 
interface between the active layer (the NW surface) and the dielectric, resulting in an increased 
conductivity. In this configuration, several physical parameters may be obtained by studying 
the behaviour of the drain-source current, Ids, under modulation of the gate potential, Vg. The 
transconductance, gm, is defined as the differential of the drain-source current with respect to the 
gate voltage. The point at which the transconductance is maximal can be used to calculate the 
threshold voltage, V^, which is defined as the gate voltage obtained by extrapolating the linear 
region of the transfer characteristics from the point of maximum slope to the off-state drain- 
source current. The threshold voltage characterises the operating mode of the FET. Commonly, 
ZnO NW FET devices operate in on-type, n-channel depletion mode (D-mode) [211] i.e. non-zero 
current at zero gate bias and a negative threshold voltage. However, some groups have observed 
enhanced mode (E-mode) behaviour, characterised by an off-state current at zero gate bias and a 
positive threshold voltage. Generally, this has been attributed to surface defects acting as traps 
and scattering centres, reducing the carrier density at the NW surface [212]. Consequently, for
mation of a channel requires additional localised charge, necessitating a positive gate threshold.

In the linear regime, w ith the FET acting as a voltage controlled resistor, the transconductance 

is expressed as [213]:

gm =  J 2-------' V

where y  is the majority carrier mobility, Cg is the gate-NW capacitance and L is the channel 
length. This can be used to calculate y, the total charge (Qtot) and the carrier concentration (n) in 
the NW, provided the gate capacitance is known. Typically, in back-gate NW FET geometries, an 
analytical formula derived from a metallic cylinder on an infinite plane of dielectric is used for 
calculating the gate-NW capacitance [214]. The model and assumptions are detailed below.

For the back-gated measurements, a set of 5 x 100 point IV curves were collected over the range 
-1 V to 1 V for each gate voltage, at a rate of 0.02 seconds per point. The back-gate voltage was 
stepped from -2 0  V to 20 V in 1 V increments. These IV curves were averaged to give an Ids value 
for each value of Vds and Vg. M easurements were conducted on a NW FET for each of the nine 

stages of surface treatm ent detailed above.

5.6.1.1 A nalysis

Analysis of the transfer characteristics of each FET device was conducted in Mathematica. The 
general approach is to calculate the transconductance and threshold voltage from the transfer 
characteristics (Ids-V g curves). The threshold voltage and the gate capacitance, which is a func
tion of the material properties and NW dimensions, can then be used to calculate the carrier 

concentration.
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Transconductance and threshold voltage

In order to extract the transconductance and threshold voltage, Ids-V g curves were plotted for a 
given Vds, and fitted with Boltzmann-Sigmoid functions, which are of the form:

y(x) = A 2 + — A ' f 2 , (5.4)

where A \ and A 2 are the initial and final values such that

lim y(x) = A i and lim y(x) = A 2, (5.5)
X >—oo x -^ oo

Xq is the centre of the linear region, dx is the time constant determining the gradient of the linear 
region of the Boltzmann-Sigmoid function and x is the dependant variable, which in this case 
is the gate voltage, Vg. Assuming n-channel behaviour, A\ and A 2 correspond to the off-state 
and on-state values of the drain-source current Ids. The gradient of the Ids-Vg curve gives the 
transconductance, which is defined as:

*"=(§£) ' (5'6) \ o v s !v ds

For the Boltzmann-Sigmoid function, the gradient at the centre of the linear region is calculated 
by taking the differential of equation 5.4 when Vg = Xq. This simplifies to:

_ -A i  + A 2 . .
g m ( V g =  x 0 ) -  4 d x  •

If a straight line is fitted at point x0 w ith gradient gm, the intersection of this line w ith Ids = A x 
gives the threshold voltage, V ^, which is simply:

Vth = -2 d x  + x0. (5.8)

In other words, Vth is defined as the gate voltage obtained by extrapolating the linear region of 
the Ids-V g characteristics from the point of maximum slope to the off-state source-drain current. 

An example is shown in figure 5.26.
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Figure 5.26: Ids~Vg pl°t for APTES treated NW with Vds = 0.1 V. The transconductance, gm, is given by the gradient 
of the linear fit (blue).

Table 5.5 shows a summary of the maximum transconductance and threshold voltages. The 
method for calculating the total charge using the gate capacitance relies on the assumption that 
the entire channel is essentially at the same potential as the source. In practical terms, this means 
that the channel potential between source and drain must be small compared to the gate potential
i.e. Vds «  Vg [215]. Consequently, the transfer characteristics at Vds = 0.1 V were used to obtain 
the values for gm and Vth used in subsequent calculations. The transfer characteristics and the 
associated Sigmoid fits are shown in appendix B, along with information on how the transcon
ductance and threshold voltage uncertainties were calculated from the lcr confidence interval of 
the fitted Sigmoid functions. As mentioned, the transfer characteristics for certain NWs show 
a high degree of variation across small changes in Vg. An indication of the the stability of the 
threshold voltage across the full range of Vds can be gleaned by looking at the standard deviation 
in Vth over all 100 source-drain voltage values. Plots of Vth as a function of Vds are shown in 

appendix B figure B.2.

The antibody sample is distinct in possessing a negative maximum transconductance value, 
indicative of p-type behaviour, with an associated large uncertainty due to the poor quality of fit. 
The values are included for completeness, however the transfer characteristics show no correla
tion between Ids and Vg for the antibody sample, with large uncertainties in the fitted param eters 
for the Sigmoid function (figure B.l). The reason for the poor gate coupling is unclear, w ith a 
possible explanation being contact issues between the sample and biased stage or NW and d i
electric layer. Due to this, the antibody sample will not be included in subsequent calculations of 
the carrier concentration. Note a large uncertainty is also seen in the maximum transconductance 

value for the glutaraldehyde treated sample.
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Table 5.5: Maximum transconductance and threshold values.

Sample

Vds

Max gm (nS) 
0.1 V

Vth (V ) 

0.1 V
Mean Vth (V) 

-1 to IV
St. Dev. Vth (V) 

-1  to 1 V

As-grown 2.53 + 0.13 -18.83 + 0.28 -13.87 4.29
APTES 21.8 + 2.10 7.13 + 0.35 6.21 1.41
GA 2050 + 2800 -0.04 + 0.48 -0.07 0.03
Antibody -4690 + 19200 -0.24 + 0.26 -1.35 4.01
BSA 3.82 + 1.39 -58.45 + 5.52 -52.34 41.84

Antigen 13.8 + 2.44 -2.07 + 0.70 0.92 3.51
EDAC Antibody 26.4 + 6.47 -14.12 + 0.70 0.53 17.60

EDAC BSA 6.98 + 0.24 -6.42 + 0.08 -6.35 0.55

EDAC Antigen 33.3 + 5.20 -7.65 + 0.58 -6.29 4.59

Aside from the APTES treated NW, all NWs exhibit a negative threshold voltage which cor
respond to depletion mode operation i.e. is greater than the off-state drain-source current at 
y  -  OV. This is consistent w ith the surface accumulation measured using valence band XPS -  a

o

conductive channel exists at the surface and the device is close to the fully on state at Vg = OV. In 
order to place the device in the off state the channel m ust be depleted by pulling the gate voltage 

negative.

Carrier Concentration

Under the assumptions of a metallic NW embedded in an infinite sheet of dielectric, the gate 

capacitance can be calculated using:

2n£siO9£0^
Ca =

Log

(5.9)

where t  is the NW radius, h is the thickness of the dielectric layer, L is the channel length and £sio2 
is the dielectric constant of S i0 2. This may be used in combination with the threshold voltage, 

Vthf to calculate the carrier concentration, n at gate voltage Vg :

n = C*\V* ~ M '  ( 5 . 1 0 )
ner2L

where Cg \Vg -  Vth\corresponds to the total charge Qtot in the NW. The charge is divided by the 
elementary charge m ultiplied by the volume of the NW, hence the carrier concentration is cal
culated assuming uniform charge distribution inside the NW. From the valence band XPS m ea
surements this assum ption is known to be false; in fact the carrier concentration at the surface 
should be much higher than that in the bulk. Nonetheless, the carrier concentrations calculated 
here give an indication of the effect of the surface treatm ents on the number of free carriers and 

provide a basis for comparison with existing NW FET devices.
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The carrier concentrations for pathways A and B are shown below in tables 5.6 and 5.7 re
spectively, calculated at Vg = OV using V^s = 0.1V. Due to the small threshold voltage for the 
glutaraldehyde treated sample shown in table 5.5, the calculated carrier concentration is sig
nificantly lower, w ith a much larger fractional uncertainty when compared with the remaining 
samples. The transfer characteristics shown in figure B.l suggest a valid Sigmoid fit w ith a well 
defined on and off-state drain-source current. In addition, the threshold voltage shows a high 
degree of stability across the range of V^s (figure B.2), which is also seen in the low standard 
deviation in Vth shown in table 5.5 (0.03 V).

Table 5.6: Carrier concentrations for pathway A. Table 5.7: Carrier concentrations for pathway B.

Sample n (cm 3) Sample n (cm 3)

As-grown 2.1(±0.1) x 1018 As-grown 2.1(±0.1) x 1018
APTES 3.9(±0.2) x 1017 APTES 3.9(±0.2) x 1017
GA 4.9(±37) x 1015 EDC Antibody 7.9(±0.8) x 1017
Antibody - EDC BSA 4.9(±0.4) x 1017
BSA 6.3(±0.7) x 1018 EDC Antigen 4.4(+0.5) x 1017
Antigen 2.6(±0.9) x 1017

These carrier densities are similar to those measured by Hong et al. for ZnO NWs in the back- 
gate geometry exhibiting surface depletion, grown using both catalytic and non-catalytic m eth
ods. At Vg = 10V, the reported carrier concentrations range from 1.62 x 1017 cm -3 to 1.26 x 1018 cm-3 
[216], Using equation 5.10, the carrier concentrations at Vg = 10 V for the samples m easured here 
range from 1.56 x 1017 cm-3 (APTES) to 7.38 x 1018 cm-3 (BSA). The intrinsic carrier concentra
tions at Vg = 0 V are also, on average, slightly higher than those previously reported [211,217, 
218]. This could also be suggestive of surface accumulation, especially for the NWs with higher 
carrier densities (as-grown, BSA), as additional carriers at the surface would result in a net in 
crease to the calculated carrier concentration when uniform charge distribution is assumed. Con
versely, for surface depletion the calculated carrier concentration under the assumption of uni
form charge would result in the channel carrier density being underestimated.
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5 .6 .1 .2 Comparison with XPS valence band scans

As discussed in section 5.4.3, the XPS valence band scans showed the Fermi level at the NW sur
face to be situation inside the conduction band for all samples, consistent with downward band 
bending due to the presence of surface donors such as hydroxyls. The different band bending 
conditions are shown schematically in figure 5.27. Surface depletion would result in a reduced 
conductivity prior to the application of a gate voltage. This would mean at Vg = OV, the device 
would not be in the fully on state and consequently the gate would need to be pulled positive 
in order to extend the channel towards the surface, giving a positive threshold voltage. As m en
tioned, this was only observed for the APTES treated sample. The XPS results comprise of a sam 
ple average measured over a large number of NWs. The surface state density of NWs is known to 
vary substantially from wire to wire on the same sample, and this surface state variation has pre
viously been used to explain the high degree of variation also seen in resistivity measurements 
conducted on individual NWs [88]. It is conceivable that variation in the surface state density 
between NWs grown on the same sample could result in NWs exhibiting both surface charge ac
cumulation and depletion, depending on the relative abundance of donor and acceptor states at 
the surface. This wire-to-wire variation could also explain the anomalous result obtained for the 
carrier concentration in the glutaraldehyde treated sample. The XPS valence band scans showed 
the valence band for the glutaraldehyde sample to be in a similar position to the EDC antibody 
and EDC antigen samples from pathway B (table 5.3), despite the carrier concentrations for these 
samples being two orders of magnitude higher. For these reasons, the APTES and GA samples 
will not be included in subsequent comparisons between the FET measurements and the XPS VB 

data.
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Figure 5.27: Schematic cross-section of a nanowire w ith corresponding energy band diagram  for n-type flatband 
condition, surface depletion, and surface accumulation.

V A
VBM

For non-degenerate semiconductors, the Fermi level, Ep, is located at least 3kT  below the 
conduction band. In this case, the location of the Fermi level relative to the conduction band may
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be calculated using Boltzmann statistics:

£, = EF - E c = kT \n (n /N c ) , (5.11)

where N q is the density of states at the conduction band. For weakly degenerate semiconductors, 
where the Fermi level is situated near to the conduction band (within 3kT), the relative location 
is given by the Joyce-Dixon approximation [219]:

£ = Ep -  Ec ~ kT + (5.12)

In the case of more extreme degeneracy (Ep -  £ c > 10kT), the position of the Fermi level is much 
more sensitive to changes in the carrier concentration, and an approximation for the relative 
location of the Fermi level is given by:

£ -  Ep -E (
k T ^ w c

(5.13)
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Figure 5.28: The three Fermi level approximations for different degeneracy conditions.

In all three cases, an increase of the Fermi level away from the valence band results in an 
increase in carrier concentration, with a large increase in the Fermi level position associated w ith 
3- small increase in carrier density under degenerate conditions. To evaluate the relationship 
between the back-gate measurements and the XPS valence band results, the calculated carrier 
concentrations may be plotted as a function of the Fermi level position relative to the valence 
band. The result is shown in figure 5.29. Note that the GA and antibody samples from pathway
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A and the APTES samples have been excluded for reasons previously mentioned. In brief, the 
APTES sample showed a positive threshold voltage indicating surface depletion, which was in 
contrast to the sample average measured using VB XPS. The carrier concentration calculated 
for the GA sample was significantly lower than expected given the VB data, and the Ab sample 
exhibited poor transfer characteristics with no influence from the gate bias on the source-drain 
current.
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Figure 5.29: Plot of the valence band position relative to the Fermi level as a function of the the carrier concentration
(«)■

A correlation between the Fermi level position and carrier concentration is seen as expected, 
with the carrier concentration changing by a factor of approximately 25 between the antigen and 
BSA samples. The range of variation in the Fermi level position is approximately 0.08 eV.

From figure 5.21 it is clear that the position of the Fermi level relative to the conduction band 
at the NW surface £ = C -  E§, where £ = Ep -  Ec . In order to examine the relationship between 
the carrier concentration and relative Fermi level position, the PF band-gap measurements (Eg) 
given in section 5.5 may be subtracted from the position of the Fermi level relative to the valence 
band m axim um  (C), measured using XPS, to obtain a value for £. The values for the relative Fermi 

level position are given below in table 5.8.

As 10A:T w 0.26eV, all relevant samples appear to be exhibiting extreme degeneracy at the 
surface, indicating that equation 5.13 should apply. In order to further explore the relationship 
between carrier density and Fermi level position, the change in carrier concentration predicted by 
the variation in I  can be calculated. Assuming degeneracy, the ratio of the carrier concentration 
to the conduction band effective density of states Nc can be obtained by solving equation 5.13 for 

n/Nc :
n _ 4 / eE,

Nc  "  3 y / n \ k f
(5.14)

As-grown BSA
l—•—l

EDC Ag

EDC Ab
1—■—I

Ag
i--------- ■------ 1

EDC BSA

t ----------------- 1------------ 1--------- 1--------1— i— i— i— |----------------------------- 1----------------- 1------------1----------1------ 1— i— i— r
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Table 5.8: Position of the Fermi level relative to the conduction band (£ = EF -  Ec ).

Sample £ (eV)

As-grown 0.375
APTES 0.303
GA 0.301
GA Antibody 0.226
GA BSA 0.342
GA Antigen 0.292
EDC Antibody 0.320
EDC BSA 0.271
EDC Antigen 0.323

A graph of the expected variation in carrier concentration, obtained by substituting the values of 
£ in table 5.8 into equation 5.14 is shown below in figure 5.30. Assuming the effective density of 
states at the conduction band remains constant across samples, the ratio of n/N c  for the BSA and 
antigen samples gives a relative increase in carrier concentration of approximately 36.1/28.6 = 
1.26, which compares w ith the increase of 25 given in figure 5.29.
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Figure 5.30: Graph of expected carrier concentration calculated using equation 5.13 based on XPS and PL data (table 
5.8).

Clearly the carrier concentration varies significantly more than expected for the range of £. 
As can be seen in figure 5.28, under less degenerate conditions described by the Joyce-Dixon ap 
proximation, a large change in carrier density can be accommodated by a relatively small change 
in Fermi level position. This is possibly an indication that, as discussed in section 5.4.3, charging
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may indeed be leading to the large downwards band bending and extreme degeneracy reported 
using valence band XPS. Assuming that the charging is systematic i.e. the binding energy shift in 
valence band position is constant between samples, the additional band bending induced due to 
charging may be quantified by fitting a modified version of the Joyce-Dixon approxim ation to ^ 
as a function of n. W ith the addition of an extra charging term, A Vq, the approximation becomes:

I  = kT _(±_V3\/JL
N c /  a /8  \ N c I li e  9

+ A Vc, (5.15)

where AV^ is simply the measured increase in binding energy due to the surface acquiring a 
positive potential. If the conduction band effective density of states N q is assumed to take the 
value of 2.94 x 1018cm-3 [208], the resulting fit of equation 5.15 to the data is shown in figure 
5.31, following subtraction of AVC.

0.04
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CBM
0.00
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Joyce-Dixon approximation- 0.10

1E191E181E17
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Figure 5.31: Fit of Joyce-Dixon approximation (equation 5.15) to data. Note that AVC has subsequently been sub
tracted from the data and fit.

The fit suggests a binding energy increase of approximately 0.345 eV due to X-ray photoemis
sion induced surface charging. Correcting the Fermi level position by the same amount places all 
points w ithin 3kT  of the conduction band, indicating weak degeneracy. For the purposes of cal
culating depletion widths, the carrier concentration in the bulk of ZnO NWs is usually estimated 
to be 1 x 1018 cm-3 [208]. Using the Joyce-Dixon approximation, this can be combined w ith the 
conduction band effective density of states to estimate the Fermi level position in the bulk of 
the NW. The position is calculated to be -0.025 eV relative to the conduction band minim um , as 
indicated in figure 5.31. If this is the case, it would suggest that both upward and downward sur
face band bending is occurring depending on the NW surface modification, although the actual 
position of the bulk Fermi level relative to the conduction band minimum may be largely differ-
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ent to the calculated value, due to the metal incorporation during the growth process leading to 
changes in n and Nc .

It is im portant to remember that the carrier concentration values given here are calculated 
assuming uniform charge distribution, whilst the XPS valence band photoelectrons are gathered 
from the NW surface. The initial strategy for explaining the discrepancy between the Fermi level 
position and carrier concentration was to assume an error in the carrier density or conduction 
band density of states.

In the case of the carrier concentration, under strong downward band bending as measured 
using valence band XPS, charge transport would be dominated by surface conduction and the 
assumption of uniform charge distribution would not hold. Instead, the carrier concentration 
would need to be corrected by assuming the charge was localised at the surface with negligible 
conduction in the NW bulk. This could be done by substituting the volume of the NW (n r 2L) in 
equation 5.10 for the volume of the accumulation region. The width of the accumulation region 
W can be calculated from the surface band bending <p using the following equation [220]:

the values of (p are similar between samples, the mean value of W is calculated to be 25.5 nm with 
a range of 2.8 nm. The correction to the carrier concentration is then given by:

where nacc is the carrier concentration in the accumulation region. Figure 5.32 shows a graph 
of the relative correction to the carrier concentration as a function of the fractional accumula
tion width. For such large fractional accumulation widths, the correction factors are calculated 
to be between 1.17 and 1.72 using the appropriate NW dimensions, as measured using SEM. 
As conduction would still be present in the NW bulk, this actually overestimates the average 
carrier concentration correction factor in the accumulation region. Although uniform charge dis
tribution inside the accumulation region is again assumed, the photoelectron escape depth at the 
valence band kinetic energies is likely a significant fraction of the accumulation width. As the 
carrier concentrations range over an order of magnitude, this correction can be assumed to be 

essentially systematic across samples.

The effective density of states at the conduction band minimum for ZnO is 2.94 x 1018 cm-3 
[208,221]. However, section 4.4 presented evidence of metal incorporation in NWs grown on 
sputtered thin-films, which could result in changes to the electron density of states. As mentioned 
the initial strategy in explaining the discrepancy between carrier concentration and XPS valence 
band position was to assume an error in the conduction band density of states and attem pt to fit 
a value for N c using the degenerate carrier and Joyce-Dixon approximations (equations 5.13 and 
5.12). Any error in the carrier concentration due to localised surface accumulation could also be

2£ZnO£o $ (5.16)

where £znO is the relative permittivity of ZnO and n is the carrier concentration in the bulk. As
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Figure 5.32: Graph showing the local increase in carrier concentration with reduced accumulation width.

assumed to be systematic; and therefore would be included in the fitted value of N q. However 
due to the range of variation in the carrier concentrations previously discussed, this strategy 
failed to fit the Fermi level approximations accurately.

If instead both the conduction band density of states Nc and the additional charging term 
AVC in equation 5.15 are chosen as fitted parameters, many solutions exists to fits of the Joyce- 
Dixon approxim ation, depending on the initial values of Nq and AV^. As N q is reduced below 
around 10 x 1017cm-3, the fit fails to converge due to the high degree of degeneracy. As Nc 
is increased the value of AV^ also increases. At a large value of N q = 10 x 1020cm 3 the value 
for AVc becomes approximately 0.39 eV, which is only an additional 0.045 eV correction from 
that calculated using the accepted value of the effective conduction band density of states for 
ZnO. This constitutes strong evidence that the valence band position binding energy reported 
using XPS is incorrect due to photoemission induced surface charging. Following corrections, 
the samples exhibit much weaker surface degeneracy, indicating that both surface accumulation 
and surface depletion could be occurring, depending on the NW surface treatm ent and position 

of the Fermi level in the NW bulk.
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5.6.1.3 Comparison with PL integrated intensity ratio

No correlation was found between the carrier concentration, XPS valence band position and the 
PL integrated intensity ratio A^BE/A-Defect* However, when the resistivity of each NW is calculated 
at Vg = OV by extracting the gradient of a linear fit to the Ids~Vds curves and correcting for cross 
sectional area and channel length (equation 5.18), an inverse correlation is seen between the 
integrated intensity ratio and the NW resistivity. This relationship is shown in figure 5.33, and 
indicates that a greater surface state density is associated with an increase in NW resistivity.
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Figure 5.33: NW resistivity against integrated intensity ratio between the NBE peak and defect band for (a) Pathway 
A (GA antibody immobilised samples) (b) Pathway B (EDAC antibody immobilised samples).

As the calculated carrier concentration and valence band measurements showed no correla
tion w ith NW resistivity, this suggests that modulation of channel conductance due to surface 
modification and the attachm ent of biomolecules is dominated by extrinsic surface state related 
mechanisms which do not directly relate to chemical field-effect gating of the NWs. In addi
tion to electrostatic gating of the NW surface, several other mechanisms including local changes 
to workfunction and band alignment has been used to explain changes in the NW conductance 

resulting from the attachm ent of biomolecules [93].
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5.6.2 Resistivity Measurements

In addition to the NWs measured under application of a gate potential, several other NWs were 
contacted in the planar configuration for each surface treatment and two-point resistance m ea
surements were recorded using a tip-to-tip potential of 1 V. The nanoprobe SEM was used to 
measure the NW dimensions and channel length in-situ following tip approach, allowing the 
NW resistivity p to be calculated:

p = — , (5.18)

where R is the resistance, L is the channel length and A  is the assumed circular cross sectional 
area of the NW. A total of 262 IV measurements were recorded on 46 individual NWs. Measuring 
the resistivity of the NW channel provides a clear indication of the viability of the NWs and 
biofunctionalisation process for use in conductometric sensing.
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Figure 5.34: Resistivity-NW diameter plot comprising of 262 IV measurements performed on 46 individual NWs.

For non-flatband conditions i.e. upward or downward surface band bending, the enhance
ment or depletion of a conductive channel at the NW surface should lead to a dependence of 
the resistivity on the cross sectional area or diameter of the NWs. This has previously been seen 
before for NWs exhibiting surface depletion, where the resistivity increases rapidly as the NW 
dimensions are reduced and the surface begins to dominate the conduction properties [88,216]. 
In the case of surface accumulation, the opposite behaviour would be expected, with the resistiv
ity decreasing sharply with decreased diameter as the accumulated charge as the surface begins 
to dom inate conduction. This should be especially apparent in the case of surface metallisation, 
as carrier concentration in the degenerate region of the semiconductor is much larger when com
pared w ith the bulk. Figure 5.34 shows a scatter plot of all 262 resistivity measurements plotted 
as a function of NW diameter. It is apparent that the NWs exhibit a large degree of resistivity
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variation, both when comparing between samples and between different wires in a given sample, 
which are identifiable by a series of points with the same NW diameter. The resistivity values are 
spread over two orders of magnitude, which is consistent with intrinsic measurements previous 
conducted on NWs using a four-probe STM technique [88,222]. However, the values range from 
between 0.05 Q cm to 10 Q cm which is almost an order of magnitude higher than the spread m ea
sured by Lord et al. on NWs grown using catalysed, non-catalysed and hydrotherm al methods 
measured w ith a four-probe technique [88]. This average increased resistivity could be a result of 
the surface treatm ents but also could indicate contributions from the contact resistance, as these 
measurements were conducted using a two rather than four probe configuration. The fact that 
the as-grown sample shows a resistivity and spread in agreement with previous results is a good 
indication that the contact resistance does not form a dominant contribution to the conduction 
path.

Importantly, no obvious correlation is seen between resistivity and NW diameter. This is per
haps unsurprising given the NW dimensions under study. Lord et al. found that an increase in 
resistivity was only observed for NWs exhibiting surface depletion once the NW diameter was 
reduced below around 60nm [88], which is the lower bound on NW diameter measured here. 
Any weak correlation at these dimensions would likely be hidden by the larger changes induced 
by the surface treatm ents. In addition, in the case that both surface accumulation and depletion 
are occurring depending on surface treatment, as shown in figure 5.31, the trend direction would 
depend on the value of E, at the surface relative to the bulk.

Figure 5.35 shows the spread in resistivity for each surface treatment. The bars represent the 
average resistivity per NW, obtained by summing the individual NW resistivities and dividing by 
the num ber of m easurements for each sample, shown in table 5.9.

Table 5.9: Number of NWs and I-V measumrents for each sample.

Sample No. of NWs No. of measurements (N)

As-grown 5 30

APTES 6 37

GA 5 30

GA Antibody 5 40

GA BSA 5 25

GA Antigen 5 25

EDC Antibody 5 25

EDC BSA 5 25

EDC Antigen 5 25

A lthough only a small number of NWs were measured for each sample or surface treatment, 
it is apparent that both the variation between samples and the variation between repeated mea
surements on the same NW are not consistent between samples. The BSA sample from pathway 
A shows a large change in resistivity between NWs and also between repeat m easurements on the
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same NW. The sample subsequently treated w ith the hCG antigen shows a much reduced spread, 
both between NWs and between repeated I-V measurements. This indicates that the resistivity 
spread is not simply explainable in terms of unrepeatable contacting due to the presence of lay
ered biomolecules at the NW surface. If this was the case, the resistivity spread would be expected 
to increase progressively for each pathway with the additional attachm ent of biomolecules. In
stead, the result suggests that particular surface treatments lead to large unstable variations in 
NW resistivity, and this instability and resistivity spread may be reduced by the subsequent b ind
ing and immobilisation of further biomolecules. This is in agreement with the intrinsic m easure
ments conducted by Lord et al. on ZnO NWs [88]. They concluded that the resistivity spread 
mentioned previously could be attributed to small variations in the occupancy of surface states 
associated w ith the adsorption of environmental species. This result was confirmed using ethanol 
as a surface pacifier to neutralise the effect of the surface states, which resulted in a significant de
crease in resistivity spread. The result shown in figure 5.35 indicates that the addition of extrinsic 
surface states through surface modification and functionalisation can also lead to a decrease in 
both the tem poral and wire-to-wire resistivity spread, similar to that previously induced by the 
removal of environm ental adsorbates. This has significant implications for the design of NW 
biosensors and suggests that sensors integrating small numbers of surface reactive metal oxide 
NWs may be prone to large temporal and inter-device variations.

10
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Figure 5.35: Average resistivity of each sample set overlayed with the spread in resistivity. The points show the 
resistivity values from individual NW measurements.

Crucially, in the case of both pathways, the addition of the hCG antigen appears to have a large 
effect on the average resistivity. For the low number of NWs measured here, little overlap is seen 
between m easurem ents on the BSA and Ag samples from pathway B (EDC method), which could 
indicate that for this functionalisation method, devices consisting of low numbers of NWs may 
capable of detecting attachm ent of the hCG protein at the concentration used here (250ng/m l).
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Instead, a more effective strategy would appear to be integration a large number of NWs in order 
to average out the wire-to-wire variability. Pathway A offers an example of how ensemble devices 
may offer a solution to the issue of resistivity spread in biosensing applications. Although there 
is significant overlap in the resistivity values between samples, on average the resistivity drops 
by over an order of magnitude following attachment of the hCG antigen. The reverse is seen 
for pathway B, with a slightly smaller increase in the resistivity seen following attachm ent of 
the antigen. Along with the PL result shown previously, this could be suggestive of the different 
antibody attachm ent orientations, which could conceivably lead to a difference in charge transfer 
or surface state modification.

It is im portant to consider how these variation in resistivity would impact the measured resis
tance of a practical ensemble device. For example, the BSA sample from pathway A in figure 5.35 
exhibits the largest spread in resistivity, however it is unclear how much the higher resistivity 
NWs w ould contribute to the measured current when considered in the aggregate. To investigate 
this, the resistivity values can be used to calculate a resistance for each data point, assuming a 
standard NW length of 6 pm. The parallel resistance Rp for each sample can be calculated using:

N

F  = (5-19)
i=1 PiLi

where Rp is the parallel resistance, N is the number of measurements (shown in table 5.9), A  is the 
NW cross-sectional area, as measured using SEM, and L is the standard NW length of 6 pm. The 
result is shown in figure 5.36, with the bars giving the average resistance value per NW (RP x N).
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Figure 5.36: Average resistance per NW assuming a channel length of 6 pm.

Despite the average resistance per NW being weighed towards the lower resistance values, 
the change in resistance between the BSA and hCG antigen samples for both pathways mirrors

L = 6 um

1I
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that seen in the average resistivity. In the case of pathway A, the change is less pronounced for 
reasons m entioned above. As there is considerable variation in average NW diameter between 
samples (figure 5.34), this indicates that some sample-to-sample variation in NW growth can be 
tolerated w ithout impacting the changes seen during the antigen attachment. To investigative this 
further and to ensure that this effect is not an artefact caused by variation in the NW diameters, 
the resistance values were again calculated as above, but under the assumption of constant NW 
diameter d -  144nm. The resulting plot is shown in figure 5.37.
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Figure 5.37: Average resistance per NW assuming a channel length of 6 pm and a NW diameter of 144 nm.

There is a notable increase in the average resistance per NW for the APTES sample as a result 
of the large average NW diameter (figure 5.34). However, the same trend is seen as before be
tween the BSA and Ag samples for both pathways, with a remarkably similar response exhibited 
using both antibody attachm ent methods, indicating that practical integration of an ensemble 
conductometric sensor would be feasible using the functionalisation processes outline here.
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5.7 Chapter Summary

Zinc oxide NWs grown on sputtered Ti thin-films were functionalised to allow the conducto- 
metric detection of a typical clinical concentration of the hCG protein (250ng/ml). This was 
achieved using two parallel pathways -  pathway A utilised GA as a cross-linker between the 
silanized ZnO surface and the antibody, and pathway B used EDC/NHS to activate the antibody 
carboxyl groups, resulting in zero-length cross-linking between the antibody and silanized ZnO 
surface.

Electron microscopy was used to analyse the NWs following functionalisation, and evidence 
of molecular attachm ent to the ZnO surface was found, particularly following the antigen attach
ment step for both pathways. In addition, it was found that the GA solution caused significant 
etching of the ZnO surface, likely as a result of the long duration immersion in DI water. In 
retrospect, this problem could be avoided by using PBS to prevent the dissociation of ZnO, as the 
accompany SEM results demonstrated the compatibility of ZnO with low concentration PBS.

X-ray Photoelectron Spectroscopy was used to analyse the samples as each stage of the func
tionalisation process. Evidence for surface modification using APTES was found for both path
ways, despite the etching observed for pathway A under SEM. The GA treatm ent also gave an 
increase in C and O, as expected. Clear evidence of antibody immobilisation was found for both 
attachment methods, although relatively little difference was seen in the elemental composition 
between pathways. Subsequent treatm ent with BSA to block non-specific binding and attach
ment of the hCG protein gave minor differences in elemental composition overall, although some 
changes were seen in the fitted components and relative N composition.

Valence band XPS was also conducted to study the surface band bending resulting from at
tachment of the biomolecules. Large values for the valence band maximum were measured, in
dicating severe downward band bending resulting in surface metallisation. It was suggested this 
could be explained due to localised photoelectron induced surface charging, which would result 

in an increased binding energy shift.

Photoluminescence spectroscopy was used to give an indication of extrinsic surface state den
sity. Large variations were observed in the deep level visible emission depending on surface 
treatment, suggesting that surface modification and attachm ent of biomolecules results in ef
fective m odulation of the surface state density. Interestingly, significant differences were found 
between the two Ab attachm ent methods, which could possibly be indicative of the differing av
erage Ab attachm ent orientations. In addition, PL allowed direct measurement of the optical 
band-gap, which allowed band-gap enlargement to be ruled out as a source of the large valence 

band binding energy measured using XPS.

Electrical measurements were conducted in the lateral FET geometry using a nanoprobe con
sisting of two STM tips situated below an SEM column. Back-gated measurements allowed de
term ination of the transfer characteristics and threshold voltages for each sample, which were 
indicative of surface accumulation, as suggested by the XPS valence band scans. The carrier con
centrations was determined from the threshold voltages, and were found to be comparable to, if
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slightly higher, than those reported for similarly grown NWs.

A positive correlation was found between the valence band binding energy measured using 
XPS and the carrier concentration, as expected. Following subtraction of the band-gap measured 
using PL, an attem pt was made to fit the relationship using an approximation for the relative 
Fermi level position inside a degenerate semiconductor. This was found to be ineffective, due to 
the large changes in Fermi level position predicted by the variation in carrier concentration be
tween samples. Instead, the relationship was fitted allowing for a correction to the valence band 
binding energy due to photoelectron induced charging. The result suggested weak degeneracy, 
with the samples exhibiting surface accumulation or a combination of accumulation and deple
tion, depending on the location of the Fermi level inside the NW bulk. No correlation was found 
between the carrier concentration, valence band position and resistivity measurements, however 
a correlation between PL deep level visible emission and resistivity was found, indicating that 
surface band bending may not correlate directly with measurable changes in conduction, and 
that other surface state related mechanisms may be responsible for resistivity variations between 

NWs.

Resistivity measurements were subsequently conducted on a 46 NWs with significant varia
tions found both between similarly treated NWs and in repeated measurements conducted on the 
same NW. This temporal and wire-to-wire variation in conductivity has significant implications 
for the design of NW biosensors and demonstrates the need for ensemble integration in order to 
reduce the statistical spread seen for certain surface treatments. The average resistance per NW 
of an ensemble devices was calculated for each sample, and indicates that both functionalisation 
methods could be used for conductometric detection of clinical levels of the model hCG protein, 
assuming parallel incorporation of NWs into a sensing device.
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Chapter 6

Device Fabrication

This chapter outlines a strategy for creating an ensemble zinc oxide nanowire (ZnO NW) device for use 
in sensing applications. In the previous chapters, it has been demonstrated that selective growth of high 
quality vertically aligned ZnO NW  arrays is possible on industry standard silicon substrates, and that 
ZnO N W  based immunosensors are feasible, though likely require a high degree of parallelism in order 
to average out the surface state modulated ivire-to-ivire variability.

The proposed design consists of vertically aligned NW  arrays grown in silicon microchannels, through 
which an analyte may be flown and hence detected. In order for a potential to be applied across the 
wires, the N W  tips must be contacted by means of a floating metal top contact. This challenging device 
structure was implemented using conventional microfabrication techniques.

6.1 Vertical Device Fabrication

Despite extensive research interest and the development of several novel approaches, fabrica
tion of ensemble nanowire (NW) devices remains a challenge. Generally, the approaches fall into 
one of two categories -  integration of as-grown NWs on the growth substrate, and assembly of 
parallel devices following transfer and alignment. Many strategies involving self-assembly and 
directed assembly of transferred NWs have been investigated [90,223], however these approaches 
are complex, requiring the NWs to be harvested and aligned en masse, with additional top down 
processing required for contact formation. Perhaps more importantly, the transfer and assembly 
approach usually results in planar devices, effectively reducing the number of NWs available to 
be contacted for a given device size. As explored in chapter 4, an attractive alternative is the 
integration of vertically grown arrays, which can be grown either onto conductive layer or d i
rectly onto the conductive substrate. In particular, conductive layers have been shown to provide 
an elegant solution to the problem of NW growth on commercially viable substrates, w ith the 
conductive layer also serving as a bottom electrode, providing a means for contacting the array.

Comparatively little work has been done on vertical sensing devices, likely due to the diffi
culty in fabricating repeatable top contacts to NW arrays. Contacting of vertically grown NWs 
has previously either been achieved using electrodes placed in mechanical contact with the ar
rays [224], or by embedding the wires in a insulating scaffold onto which metal contacts may be 
deposited [225] using e.g. spin coating or sputtering/evaporation. This scaffold is commonly re
ferred to as an encapsulation layer [226,227]. Mechanical contacting is an inherently simple but 
limited approach with little scope for repeatable optimisation and reliable formation of contacts. 
In addition, biosensing applications require the contact to either be submerged into an analyte 
or to form a microfluidic channel, which in either case would likely result in stability problems
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for mechanical contacts. In applications in which deposited top contacts have previously been 
used, such as piezoelectric energy harvesting [228], piezotronic pressure sensing [227] and UV 
photodiodes [229], the matrix or encapsulation material is typically a polymer, spin on glass or 
deposited S i0 2 which forms part of the permanent device structure. Obviously, this is not a 
viable integration strategy for FET sensors, as the surface of the NWs is rendered inaccessible.

The integration method presented here uses cross-linked negative photoresist as an encapsu
lation layer, which forms a stable platform for further photolithography and metallisation pro
cesses to be conducted on top of the embedded NW array. Following metal deposition, pho
tolithography and wet etching to create the desired contacts, the encapsulation layer is removed, 
leaving behind a floating metal contact and exposing the NW surface for sensing.

This m ethod was used to fabricate floating contacts on NW arrays in order to validate the 
processing and integrity of sputtered metal contacts. Following fabrication of these prelim inary 
devices, a sensing structure was fabricated consisting of top and bottom contacts forming a micro- 
channel, through which an analyte may be passed and hence detected.
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6.2 Floating Metal Contacts

A strategy for creating top contacts using conventional microfabrication techniques is shown in 
figure 6.1. The processing steps are as follows:

1. Encapsulation of NW array in negative photoresist -  this can be achieve using spin coating 
(section 3.2.2.2). The photoresist must be cross-linked to ensure its stability during the 
subsequent photolithography and metal etching processes.

2. Plasma ashing -  an 0 2 plasma is used to controllably ash the photoresist layer to the re
quired height. This must be done at relatively low power to prevent heating and cracking 
of the photoresist. A desktop ashing system was found to be suitable (section 3.2.6).

3. Once the encapsulation layer is ashed to the required height, the sample is sonicated in DI 
w ater for a short period to planarise the NW array. This cleaves the portion of any NWs 
protruding above the encapsulation layer.

4. Another brief period of ashing ensures that the tips of the NWs are properly exposed for 
contacting.

5. Metal deposition -  a contact material such as Ti or ITO is sputtered onto the encapsulation 
layer.

6. Conventional photolithography and metal etching -  positive photoresist is spin coated, ex
posed and developed to mask the contact areas. The exposed metal is then wet etched.

7. Removal of encapsulation layer -  the structure is soaked in a powerful photoresist stripper 
to ensure removal of all cross-linked photoresist. This could potentially be aided through 
the use of oxygen plasma ashing (see section 3.2.6).

7.

Figure 6.1: Cross sectional schematic of the floating contact fabrication process. The colours correspond to the follow
ing: green - Si substrate, purple - negative photoresist encapsulation layer, blue - metal top contact, orange - positive
photoresist etch mask.
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6.2.1 E ncapsulation  o f nanow ire arrays

To investigate the viability of creating floating metal contacts using this method, NWs were grown 
on 10 mm x 10 mm silicon (100) samples. The substrates were cleaved then cleaned using a stan
dard procedure consisting of solvent and acid cleaning processes. For more information see sec
tion 3.2. A 100 nm Ti thin-film was sputtered deposited and the NWs were grown as described in 
section 4.4. The NWs were grown for a duration of 45 minutes, with subsequent cross-sectional 
scanning electron microscopy (SEM) revealing the array height to be around 7 pm. Following 
growth, the NW arrays were encapsulated in a layer of AZ nLOF 2070 (Microchemicals GmbH; 
section 3.2.2.1). Encapsulation in nLOF 2070 was achieved using spin coating. Due to the vis
cous nature of nLOF 2070, the sample was allowed to sit for 1 minute following application of 
the photoresist, in order to prevent voids forming in the encapsulation layer [230], and left to 
settle on the chuck for 10 minutes following spin coating. The spin speed curve shown in figure 
3.6b was found to be of little assistance in estimating the resulting film thickness, as the NWs 
inhibited movement of the viscous fluid across the sample, resulting in layers much thicker than 
the array height. It was initially hoped that the film could be spun to a thickness equal to, or 
even slightly less than that of the array height, meaning that minimal plasma ashing would be 
required, leading to a quicker, more controlled process. However, this approach proved prob
lematic. Figure 6.2 shows the result of spin coating the NW arrays with a speed of 4000 rpm  and 
acceleration of 1000 rpm  s-1 for a duration of 45 seconds.

(a) Non-uniform photoresist encapsulation layer. (b) NWs inhibit flow of photoresist across sample.

Figure 6.2: SEM images of photoresist forming dome shaped deposits around NW bundles following high speed spin 
coating. A lower spin speed is necessary to improve film uniformity.

The rapid spin speed resulted in accumulation of the resist around NW bundles, which would 
prevent uniform  ashing and planarisation and likely result in issues during metal deposition and 
support removal. An improved strategy was found to be to encase the NWs in a film much thicker 
than the height of the array to prevent drag caused by the NWs from influencing the uniform ity 
of the film. Several microns of the film could then be removed via plasma ashing to arrive at the 
required height. A spin speed of 2500 rpm and acceleration of lOOOrpms-1 for a duration of 30 
seconds was found to result in a film approximately 12 pm thick, measured from the substrate
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(including the base growth layer), as seen in figure 6.3. No voids or cracks were visible in the 
resist film following spin coating.

10.0um

(a) Highly uniform encapsulation film showing no in- (b) Intimate encapsulation of NW array,
terference from NW tips.

Figure 6.3: Cross-sectional SEM images of NWs encapsulated in a thick AZ nLOF 2070 photoresist layer, (a) demon
strates a high degree of uniformity across the top of the encapsulation layer. No voids or defects are seen in the film, 
as shown in (b).

6.2.2 C ontro lled  ash in g  of resist film s

Samples were ashed using an 0 2 plasma (section 3.2.6) at a relatively high flow rate to ensure 
the fast removal of reaction products. The ashing rate was found to be non-linear, likely due to 
heating of the sample during extended periods in the plasma. An RF power of 100 W was initially 
used, but this was found to result in excessive heating of the substrate, resulting in cracks forming 
in the resist film (figure 6.4).
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(a) High density of large voids observed across sample. (b) Voids appear to extend significant distance into NW
array.

Figure 6.4: SEM images of cracks formed in photoresist encapsulation layer due to unequal thermal expansion of the 
substrate/polymer film following 0 2 plasma ashing at an RF power of 100 W. These voids would cause problems for 
top-contact deposition and uniform NW contacting and could, in extreme cases, result in shorts between bottom and 
top contacts.
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Instead, a lower RF power of 50 W was used to prevented overheating and cracking of the resist 
film. A calibration curve for the 50 W process is shown in figure 6.5, w ith each point representing 
a freshly coated sample. It is likely that some degree of cross-linking or other chemical alterations 
occur at the film surface due to the glow discharge, which would invalidate this curve for m ultiply 
ashed samples.
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Figure 6.5: Calibration curve for controlled encapsulation layer (AZ nLOF 2070 photoresist) removal as a function of 
ashing duration conducted in an 0 2 plasma at an RF power of 50 W. A slight non-linearity is seen in the ashing rate 
likely due to sample heating.

Figure 6.6 shows the result of controlled ashing. The sample was cleaved following encapsula
tion and the excess thickness was measured using SEM, allowing an ashing time to be estimated 
using the calibration curve shown above. Figure 6.6a shows NWs with their full length exposed, 
which is a result of the isotropic ashing at the cleaved edge of the sample.

6.2.3 P lanarisation  o f nanow ire array

Due to the distribution in the length of the NW arrays, following ashing the protrusion of the NW 
tips through the encapsulation layer is highly variable, with the percentage of NW tips exposed 
and the average am ount of protrusion being related to the length distribution and the thickness 
of the encapsulation layer. Uniform NW length is desirable for a number of reasons, mainly to 
improve the structural properties of the deposited metal electrode and to homogenise the contact 
resistance at each NW. Due to the NW length distribution, ashing further into the encapsulation 
layer increases the number of NWs available to be contacted at the expense of a decreased en
capsulation layer thickness and ultimately NW length. Figure 6.7a shows heavy ashing of the 
encapsulation layer which results in a large number of exposed tips. Metal deposition onto such 
an irregular surface could easily result in a fragile, discontinuous contact.

Following ashing, the sample was placed in deionised (DI) water and sonicated for 5 minutes, 
then rinsed and dried under N2 flow. This was found to remove the NW tips, which tend to 
cleave quite cleanly at the encapsulation layer interface, as shown in figure 6.7b. This method is 
routinely used for harvesting NWs from the growth substrate for transfer and directed assembly
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S4800 1.0kV 19.6mm x4.00k SE(M)

(a) Isotropic ashing exposing NW tips and NW array at 
edge of sample.

(b) Uneven protrusion of NW tips through encapsula
tion layer.

Figure 6.6: Tilted SEM images showing NW array in encapsulation layer following controlled resist ashing, (a) 35° 
tilted SEM image of cleaved edge of sample following ashing -  NWs are seen on the exposed edge of the sample due 
to the isotropic ashing. The exposed NW tips can be seen in the background, (b) 60° tilted SEM image of exposed NW 
tips showing variation in NW length and tip protrusion. A subsequent planarisation step is required in order to level 
NW tips.

S4800 10 OkV 9 9mm x10 Ok SE(M) 5.o6unn

(a) Before sonicating. (b) After 5 minutes of sonicating.

Figure 6.7: SEM images of ultrasonic planarisation of NW arrays. This step will likely been required to increase the 
density of contacted NWs and more importantly to ensure contact uniformity between individual NWs in the array.
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[89,231,232].

The sample was then further ashed for 30 seconds at 50 W to remove an additional lOOnm of 
the encapsulation layer, exposing the planarised NW tips for contact formation. This additional 
step may provide a straight forward yet powerful method of controlling the contact properties. 
The electron transport properties at nanoscale metal-semiconductor interfaces have been shown 
to transition from thermionic emission dominated (Schottky contacts) to tunnelling dominated 
(Ohmic contacts) depending on contact size [233]. Further ashing and expose of the m-planes 
also decreases the relative contact area of the polar facet. This demonstrates the need for accurate 
control of NW growth and processing parameters if reproducible devices are to be achieved.

6.2.4 Top contact d ep osition  and pattern ing

The choice of contact material is obviously crucial to device performance, especially when cre
ating nanoscale contacts, which are known to suffer from increased contact resistances due to 
carrier injection effects [234]. It is interesting to note that low resistance Ohmic contacts are 
not necessarily desirable for sensing applications, and it has been shown the Schottky contacted 
FET devices can actually result in a increased sensitivity due to the attachm ent of biomolecules 
changing the Schottky barrier height [93]. For inital device fabrication, Ti and Al were chosen, 
which have both been shown to give good quality Ohmic contacts to ZnO, partly due to their high 
affinity for oxygen, which results in vacancy formation and doping of the ZnO interface [234]. In 
addition, the NWs grown on Ti appear to be exhibiting surface charge accumulation (chapter 5), 
which would aid with the formation of Ohmic contacts.

The top contacts were sputtered using a Lesker PVD 75 system (section 3.2.5.1). Both the 
titanium  and aluminium contacts were deposited at a chamber pressure of 1.7mTorr and RF 
power of 100 W, giving deposition rates of 1.2 A/s and 1.8 A/s, respectively. The top contacts 
were deposited to a thickness of 200 nm, as measured using a quartz crystal microbalance.

Following deposition, the metals were spin coated in AZ 6612 positive photoresist (section
3.2.2.1), as described in section 3.2.2.2. The photoresist was exposed through a mask consisting 
of 50pm  x 50pm  squares at a dose of 350 m j/cm 2, then developed as described in section 3.2.2.4. 
The metals were etched, using the corresponding recipes in section 3.2.3, before the samples 
were washed in DI water and blown dry using N2. The resulting titanium  top contacts w ith the 
photoresist masks still in place are shown in figure 6.8.

6.2.5 R em oval o f encapsu lation  layer

In the case of the aluminium contacts, 0 2 plasma was used to remove the etching mask and NW 
encapsulation layer. Ashing lasted a total of 1 hour, and the results are shown in figure 6.9. Due 
to masking from the metal contact, photoresist still remained trapped despite the long ashing 
duration, as can be seen in 6.9a. Also visible in the same figure are spherical deposits located 
on top of the contacts. These deposits were examined using EDX and were found to be rich in 
phosphorous, which can be attributed to the phosphoric acid present in the etching solution. 
Figure 6.9b reveals that despite attem pts to keep the encapsulation layer level, some texturing
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S 4800  1.0kV 2 1 .4 m m  x 1 3 0  SE{M) 4 00um

(a) Array of Ti top contacts following wet chemical etch
ing.

Figure 6.8: SEM images of Ti top contacts coated with photoresist mask following metal deposition and etching. No 
NW protrusions are seen from the encapsulation layer as the ZnO has been etched away by the BOE solution.

and variations in the height of the contact are still visible. However, figure 6.9c shows that despite 
these height variations, the planarisation step resulted in equal tip protrusion. Considerable 
residue is visible in the etched uncontacted wires shown in figure 6.9d. Further EDX analysis 
showed the absence of phosphorous, indicating that the deposits are likely residues left over 
from the encapsulation layer.

With the titanium  contacts, removal of the encapsulation layer and etch mask was accom
plished using Technistrip P I316 photoresist stripper (purchased from MicroChemicals GmbH). 
PI 316 is a TMAH based stripper compatible with metals and capable of stripping both positive 
and negative AZ series photoresists. Prior to use on the contacts, the compatibility of PI 316 with 
ZnO was investigated, w ith SEM analysis of NW arrays showing no discernible difference before 
and after immersion in P I316 at 75 °C for a 24 hour period. In order to remove the encapsulation 
layer fully, the Ti contact samples were left immersed in P I316 at 75 °C for approximately 18 
hours. The resulting SEM images are shown in figure 6.10.

In contrast to the 0 2 ashed samples, the cross-sectional image in figure 6.10c demonstrates 
complete removal of the encapsulation layer with relatively little residual contamination, al
though some residue is still visible on the uncontacted wires shown in figure 6.1 Of. Due to the 
absence of the planarisation step, a high degree of variation in contact area is visible in figure
6.1 Od between wires. Figure 6.10e shows a defect in the contact, with the presence of tapered 
NWs in the void likely an indication that the defect is due to a pinhole in the photoresist mask.

Electrical measurements were attem pted on the floating contact pads using an I-V probe sta
tion, but were found to be problematic. Prior to contact measurements, both probe station 
tips were landed on the uncontacted NWs and I-V measurements were conducted to confirm 
an Ohmic conduction path between tips through the NWs and base growth layer. Precise ap 
proach of the tips on the scale of the contact pads was found to be unreliable, and considerable 
variation in the I-V characteristics were found by simply altering the tip height, suggesting that

(b) Close-up of Ti top contact prior to removal of posi
tive photoresist etch mask and encapsulation layer.
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(a) Floating A1 contacts showing phosphorous rich 
spheres.

(c) Polycrystalline contact with NW tips. (d) Etching or resist residue attached to exposed NWs.

Figure 6.9: SEM images of floating A1 contacts following removal of the encapsulation layer using plasma ashing. In 
(a), a lighter boarder is observed around the edge of the contact. This could suggest possible retention of resist in the 
centre of the contact, although it could also be indicative of etching of the NWs at the extremity of the capped array 
due to percolation of the etchant solution through the uncapped NW growth. This is supported by the lower density 
of NW growth at the contact edges observed in (b). (c) demonstrates the uniform contacting to the NW tips resulting 
from planarisation of the NW arrays. Deposits and residues identified as phosphorous rich using EDX were present 
on the contacts following removal of the encapsulation layer. These can be observed in (a) and also on the uncontacted 
etched NWs shown in (d) and indicate the need for an alternative etchant solution.

S 4 8 0 0  10.0kV 9 9m m  x2 20k SE(M )

(b) Tilted view of contact.
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(b) Array of floating Ti contacts.(a) Ti contact pad measuring approximately 40pm x 
40 pm.

S 4 8 0 0  10.0kV 19 .6m m  x22 .0k  SE(M )

(c) Cross sectional image showing complete removal of 
encapsulation layer.

(d) Close up of tips coated in Ti.

(e) Defect in contact. (f) Etched wire tips following expose to BOE.

Figure 6.10: SEM images of floating Ti contacts following removal of encapsulation layer using P1316 resist stripper. 
In contrast to the images shown in 6.9, a planarisation step has not been conducted in order to level the NWs following 
encapsulation and NW tip exposure. This is apparent in (d) and (e), where unequal protrusion of the NWs through 
the top contact is clearly visible. This will likely create issues with variable contact resistance and quality between 
individual NWs. (f) shows tapered NW tips damaged due to exposure to the BOE solution used to pattern the Ti top 
contact.
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the pads did not provide sufficient rigidity for contact probing. Damage to the contact pads 
could also be observed following tip retraction using the probe station optical microscope. Mea
surements were recorded following tip approach onto the uncontacted etched NWs (shown in 
figure 6.1 Of) and the I-V characteristics were found to be similar in variation to those recorded 
for the contact pads, suggesting conduction may have been occurring through the NWs directly 
contacted by the probe station tip, rather than through the contact pad. For the A1 contacts, 
there is a possibility that extended 0 2 plasma ashing resulted in oxide growth of the A1 film, 
rendering it non-conductive. At the time of writing, additional methods of contacting such as 
wire bonding and conductive AFM (c-AFM) are currently under investigation. These preliminary 
results dem onstrate that free-floating NW contacts suitable for use in sensing applications can be 
implemented using standard semiconductor fabrication techniques.
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6.3 Fabrication of a Vertical Nanowire Sensing Device

The previous section demonstrated the viability of using a removable encapsulation layer as a 
means for fabricating metal contacts to the top of NW arrays for sensing applications. However, 
several challenges related to contacting the arrays still require addressing:

• Selective area nanowire growth: The sputtered conductive layer requires patterning in 
order to selectively grow the NW arrays.

• Contacting the bottom electrode: Although the sputtered conductive layer can be used 
to form an intimate contact with the base growth of the NW arrays, following growth an 
additional ZnO etching step is required in order to expose the conductive layer for direct 
probing or bonding.

• Top contact support: As demonstrated in the previous section, the floating top contacts 
are delicate and direct probing or bonding to the unsupported contacts is undesirable for a 
num ber of reasons. Instead, a raised growth-free area of the substrate could provide a rigid 
support over which the contact may be extended and probed.

• MicroChannel formation: Related to the previous issue. Microfluidics provide a means for 
delivering the analyte directly to the sensing elements. In realistic sensing applications in
volving low detection thresholds, flow of the analyte is desirable in order to avoid accurate 
volume measurement. If the top electrode is used to bridge the gap between supporting 
raised areas of the substrate, a microchannel containing the sensing elements is formed, 
w ith the raised areas of the substrate additionally providing the necessary support for con
tacting the top electrode.

• Prevention of short circuit paths between the electrodes: When using a conductive sub
strate such as Si, either one or both of the contacts require electrical isolation from the 
substrate to prevent short circuit paths between the electrodes.

Shown in the following section is the fabrication process for a model device aimed at solving 
the issues raised during the fabrication of the floating contact devices and identified above. The 
model device, shown schematically in figure 6.11, is aimed to provide fabrication solutions that 
can later be adapted to optimise the electrical, microfluidic and ultimately sensing performance 
of the vertical NW devices. The model device is not intended as an optimised biosensor, and 
many possible configurations for vertical devices are available using these vertical integration 

strategies.

6.3.1 Overview of fabrication process

The fabrication process uses the previous photoresist encapsulation strategy to form a top contact 
to the NW arrays. The principle difference between the floating contact approach and the process 
outline here is the photolithographic patterning of the encapsulation layer to act as an etch mask 
for the ZnO NWs. The main reason for this is to allow exposure of the bottom contact for direct 
probing or contacting. In addition, it also ensures that NW growth is restricted to the desired 
area. This is im portant for isolating multiple devices fabricated on the same substrate -  uniform
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M etal top  con tact N anow ire  array

Si sub s tra te  Iso la ted bottom  con tac t

Figure 6.11: Model device consisting of a top (grey) and bottom (blue) electrode which form a microfluidic channel 
containing the NW sensing elements. The bottom contact must be electrically isolated from the Si substrate to prevent 
a short circuit path between contacts. This may be achieved by pre-sputtering a thin insulating SiOj layer prior to 
contact deposition.

growth coverage would put all devices in electrical contact through the base growth layer. Excess 
growth w ould also have a detrimental effect on the sensitivity and detection threshold of the 
sensor, due to binding of the target protein to ZnO surfaces not involved in the sensing circuit.

A diagram  of the fabrication process is shown in figure 6.12. The process is divided into 
three distinct modules, indicated by the coloured regions in the diagram. These three modules 
provide the basis for structuring the experimental details and results, which are shown together 
in sections 6.3.2, 6.3.3 and 6.3.4, respectively.

• MicroChannel formation (1-2): Formation of a channel or trench through which an analyte 
may be passed. The channel is etched to the same depth as the NW arrays and the top 
contact is extended over the masked region of the substrate, which acts as a top contact 
support.

• Bottom contact deposition and NW growth (3-6): Prior to NW growth, the conductive 
layer or bottom contact is sputter deposited and patterned using a lift-off process.

• Top contact deposition (7-16): The NWs are encased in negative photoresist, which is then 
patterned to expose areas of unwanted growth. The ZnO is etched back to leave the en
capsulated sensing array. Two further photolithographic processes are then necessary to 

pattern  the top contact.

All process was conducted on 15 mm x 15 mm n-type silicon (100) substrates. The substrates 
were cleaved then cleaned using a standard procedure consisting of solvent and acid cleaning 

processes. For more information see section 3.2.

6.3.2 E tching o f m icrochannels

The substrates were spin coated in positive AZ 6612 photoresist (section 3.2.2.1) at 3000 rpm  for 
45 seconds, with an initial acceleration of lOOOrpm/s (section 3.2.2.2), then soft-baked at 110°C 
for approxim ately 1 minute 30 seconds (section 3.2.2.1). An MA8 mask aligner was used for UV 
exposure, w ith an exposure dose of 350m J/cm 2, as measured at the Hg h-line (405nm) (section 
3.2.2.3). Following resist hydration, the samples were developed as described in section 3.2.2.4.
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Continued...

---

1. 1st photolith 14. 5th photolith7. Encase NWs

8. 3rd photolith2. Dry etching 15. Etch-back

1. M icroC hannel 
form ation

16. PR strip9. ZnO etch-back

3. Top contact

10. Ashing3. 2nd photolith

11. Planarisation4. Sputtering

12. 4th photolith5. Lift-off

13. Sputtering6. NW growth

2. Bottom contact

Figure 6.12: Flow diagram of fabrication process for vertical NW sensing devices. The processes are split into three 
distinct sections - (1) Formation of microchannels using dry etching. (2) Bottom contact deposition and NW growth. 
(3) Top contact deposition.
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Dry etching was conducted in an Oxford Instruments PlasmaLab 80 Plus RIE system, using 
the process detailed in section 3.2.4.1. In brief, SF6, CHF3 and 0 2 were introduced to the reaction 
chamber at flow rates of 30, 10 and 5 seem, respectively. Chamber pressure was m aintained 
at 0.1 mbar during the process, and the samples were etched at an RF power of 100 W for 7 
minutes. The residual resist was stripped using acetone prior to rinsing in IPA and DI water. 
Following the solvent clean, some residual photoresist still remained visible under SEM (figure 
6.14c), necessitating an additional 15 minute 0 2 plasma clean at 100 W (section 3.2.6).

(a) Si substrate.

(c) Etching. (d) Resist stripping.

Figure 6.13: Diagram of first photolithography and etching process to create a trench support structure for the device. 
The Si substrate is shown in green and the photoresist mask in pink. This process is a typical example of semiconductor 
etching employing a photoresist mask.

The process is shown schematically in figure 6.13. Scanning electron microscope images of 
the resulting structures are displayed in figure 6.14. Significant undercut of the resist is visible at 
the edges of the features in figure 6.14a. The width of the near feature in the image is measured 
to narrow  to approximately 132 pm close to the resist film, compared with the 140 pm  width 
of the feature on the mask, indicating an undercut of approximately 4 pm per side, assuming 
accurate development of the photoresist film. A close up of the residual resist in figure 6.14b 
reveals a pitted surface. Due to thinning of the resist mask during the etch process, these pits 
were found to have transferred through onto the underlying masked areas of the substrate. This 
has implications for undesired ZnO nucleation and for the ZnO etch back process, which will be 

discussed further in section 6.3.3.

The cross-sectional SEM image in figure 6.14c reveals an isotropic etch profile. Photoresist 
residue is still visible on the masked Si, despite the sample having undergone a solvent clean. As 
mentioned above, this was removed using plasma cleaning. Indicated on the figure is the 4 pm 
undercut, with the vertical line demonstrating the location of where a completely anisotropic 
sidewall would be expected. The channel depth was found to be approximately 6.25 pm , giving 

an etch rate of 0 .9pm m in_1.

(b) Exposure and development of photoresist.
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|'S4800 10.0kV 9.4mm x700 SE(U) 50.0um

(a) Raised Si features following etching with PR mask (b) Pitted surface of PR mask following etching,
still in place.

(c) Cross-section of etching profile following solvent re
sist strip.

Figure 6.14: SEM images of etched silicon with the photoresist etch mask still in place. In (a), the undercut of the etch 
mask is clearly visible, (b) shows surface pitting of the etch mask due to the high etching bias used in RIE. (c) shows a 
cross-sectional SEM image following photoresist stripping. An undercut of approximately 4 pm is visible.
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6.3.3 D ep o sitio n  o f conductive layer and nanow ire growth

The 2nd photolithography process was required to pattern the conductive layer or bottom elec
trode. This was necessary to isolate individual devices, but it was also hoped that it would re
strict NW growth to the surface of the sputtered layer. Unfortunately, likely due to the surface 
roughness of the etched substrate following RIE, NW growth was found to occur across the sub
strate. The 2nd photolithography process used AZ 6612 photoresist (section 3.2.2.1) spin coated 
at a lower speed of 2000 rpm for 45 seconds, with an initial acceleration of lOOOrpm/s (section
3.2.2.2). The lower speed was used to achieve a thicker resist film in order to aid w ith the sub
sequent lift-off process. The soft-baking, exposure and development processes were as described 
above in section 6.3.2.

As m entioned previously, in this design the bottom and top electrodes are both in direct con
tact with the conductive Si substrate. In order to avoid short circuit paths through the substrate 
between contacts, a thin insulating layer of S i02 was used to isolate the bottom contact. Ini
tially, both CVD Si3N4 (section 3.2.5.2) and sputtered S i02 layers were deposited following RIE 
and prior to the start of the 2nd photolithography process. This resulted in coverage of the sub
strate with an insulating layer, meaning both contacts were electrically isolated. However, this 
strategy resulted in two problems. Firstly, the hydrophilic S i0 2 and Si3N4 surfaces resulted in 
poor photoresist adhesion, due to residual moisture, leading to features lifting off of the sub
strate during development. Secondly, the S i02 and Si3N4 were found to promote nucleation of 
the ZnO, resulting in a high degree of unwanted growth coverage. The growth was comparable 
to that described in section 4.4 on sputtered conductive layers in terms of length, diameter and 
base-growth layer thickness, however the alignment was found to be poor, likely as a result of 
the amorphous nature of the insulating layers. The fact that the base-growth layer was found to 
be similar in thickness to the growth on the bottom electrode is problematic during the ZnO etch 
back for reasons discussed in section 6.3.4. Due to these issues with complete insulating cover
age, the alternative approach was to sputter the S i0 2 prior to deposition of the bottom electrode, 
resulting in isolation of the conductive layer from the substrate.

The S i0 2 was sputtered to a thickness of 50 nm in a Lesker PVD 75 system (section 3.2.5.1), as 
measured using a quartz crystal micro-balance. Both Ar and 0 2 were used with flow rates of 50 
and 5 seem, respectively, resulting in a chamber pressure of 3.3 x l(T 3mTorr. The RF supply was 
ramped slowly and maintained at 200 W during the process.

The bottom  electrode was also sputtered in the same system to a thickness of lOOnm, as de
scribed previously (sections 6.2.1 and 4.4). It should be noted that due to the use of an amorphous 
insulating layer, symmetric texture inheritance of the sputtered conductive layer from the Si sub
strate is slightly diminished. This was shown to be the case with ITO deposited on a lOOnm 
CVD Si3N4 layer in section 4.4.2.2, where the alignment and preferential tilt of the NWs was 
found to be reduced when compared to those grown on conductive layers sputtered directly onto 
crystalline Si. Although this slight reduced alignment is not anticipated to be problematic for 
vertical device integration, modulation of the texture inheritance may be possible by altering the 

thickness of the insulating layer [235].
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The lift-off process was accomplished using dimethyl sulfoxide (DMSO), as detailed in section 
3 .2.2.5. The samples were sonicated in DMSO for 5 minutes, then rinsed and sonicated in fresh 
DMSO for another 5 minutes to minimise redeposition. Following the lift-off, the samples were 
r i n s e d  in DI w ater and dried under N2 flow. Figure 6.15a shows a diagram of the resulting pattern 
following the lift-off process.

(a) Lift-off process to pattern conductive layer. (b) Growth of ZnO NWs.

Figure 6.15: Diagram showing (a) simultaneous lift-off patterning of bottom contact and insulating S i02 layer (blue) 
and (b) subsequent selective area NW growth.

Nanowire growth was conducted using the method described in section 4.4 for a duration 
of 45 minutes, resulting in NWs with an array height of around 7 pm, as measured using SEM. 
Figure 6.16 shows an SEM image of the resulting growth alongside a cross-sectional image of the 
substrate interface.

(a) Top down SEM view of NW growth on T i/S i02 lay- (b) Cross-section SEM image of interface.
ers.

Figure 6.16: SEM images of ZnO NWs growth on sputtered S i02/Ti layers, (a) demonstrates that despite the presence 
of an amorphous oxide layer, the NWs still appear highly aligned. This suggests that the oxide layer is still thin enough 
(50 nm) to allow for symmetric inheritance from the Si substrate (see sections 4.4.2.2). (b) shows a cross-sectional SEM 
image of the Z nO /T i/S i02/Si interface. The polycrystalline nature of the Ti layer and initial ZnO nucleation is clearly 
visible.

Figure 6.17a demonstrates the additional growth promoted by depositing an insulating layer 
of Si3N4 across the sample. This can be contrasted with figure 6.17b, where an S i0 2 layer has 
been deposited prior to the lift-off, isolating only the bottom electrode and leaving the etched Si 
surface exposed during NW growth. Preferential growth on the masked area of the of the Si is 
seen in figure 6.17b, likely due to the surface pitting resulting from the etch process previously
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discussed in section 6.3.2.

(a) Uniform coverage of Si3N4< (b) Patterned S i02 layer.

Figure 6.17: SEM images of NW growth on device structure showing the difference between unwanted growth on (a) 
deposited Si3N4 and (b) etched Si substrate. In (b), the bottom contact is electrically isolated from the substrate by 
a thin pre-sputtered S i02 layer deposited prior to bottom contact deposition and patterned simultaneously using the 
lift-off process. This method results in less non-specific ZnO nucleation over the substrate surface.

Figure 6.18 shows a top-down SEM image demonstrating the unwanted growth on the masked 
Si area and Si sidewalls. The separation between the masked Si area and the bottom contact is 
approximately 8.27 pm, as indicated on the figure. The reason this is considerably larger than 
the 4 pm  that would be expected from the sidewall undercut is due to the mask design. During 
development of the lift-off photoresist mask, over expose or development will result in a slightly 
enlarged contact area. This has the potential to result in metal deposition on the sidewalls, which 
could create shorts between the top and bottom contacts. With this in mind, the lift-off pattern on 
the photom ask was designed with three different widths for the bottom contact. The first design 
has a contact w idth the same as the separation between channels, which in this case is 50 pm. 
The second design is inset by 3 pm  either side (44 pm width) and the third is inset by 6 pm  either 
side (38 pm  width). For the devices in this section, the third design with the largest inset was 
used in order to avoid shorts. This has the effect of creating a larger span between the highly 
aligned growth on the contact and the raised Si support, which could compromise the integrity 
of the top contact. The separation between bottom contact and Si sidewall shown here indicates 
an enlargement of 1.73 pm over what would be expected by considering the undercut and lift-off 

mask inset.

Large areas of unwanted growth were found to be located at the corners of the raised Si areas, 
as indicated by the red circle in figure 6.18. Figure 6.19 shows a top down SEM image of the 
lifted-off contact prior to growth. The red circles in the figure indicate areas of metal retention 
on the corners of the Si supports. This indicates insufficient resist coverage for the lift-off process 
-  thinning can occur at sharp edges during spin coating, which results in metal deposition and 
ultimately large areas of unwanted ZnO nucleation. Spin coating and lithography conducted on 
etched features can be problematic due to variations in resist thickness. This is also evidenced by 
the non-equal separation between the contact and the sidewall along the length of the channel,
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Figure 6.18: Top-down SEM image of unwanted ZnO deposits and NW growth on Si and Si sidewalls of etched support 
structure. This unw anted nucleation is problematic for subsequent processing steps such as encapsulation layer spin 
coating and top contact deposition.

due to non-uniform  resist coverage following spin coating.

Figure 6.19: Top down SEM image of etched structure following bottom contact lift-off. The red circles indicate areas 
of metal retention due to non-uniform  resist coverage on step edges following spin coating. Although these deposits 
do not interfere directly with the fabrication steps, they result in unwanted nucleation during NW growth that will 
interfere w ith  subsequent encapsulation layer and top contact deposition (see figure 6.18).

)
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6.3.4 D ep o sitio n  o f top contact

The top contact deposition process is shown schematically in figure 6.20. Essentially, the NWs 
are encapsulated in a negative resist film, as described for floating contacts in section 6.2.1, then 
the encapsulation layer is patterned to serve as an etch mask for removing unwanted ZnO nucle
ation from the raised Si support areas (figure 6.20a). A positive resist is used to protect the device 
from the top contact deposition (figure 6.20b). The contact is then sputtered (figure 6.20c) and 
patterned using an additional photolithography and etch back step (figure 6.20e). The rem ain
ing resist is then removed using P I316 photoresist stripper, as described in section 6.2.5 (figure 
6.20e).

(a) E ncap su la tion  and etch back o f NW s. (b) Photoresist m ask for m etal d ep osition .

(c) Sp uttering  o f top  contact. (d) Etch m ask for top  contact.

(e) Etching o f m etal and rem oval o f  p h o to resist/en ca p su 
lation layer.

Figure 6.20: D iagram  o f  top contact d eposition  and patterning. The Si substrate is show n in green, the bottom  contact 
in ligh t b lu e , the encap su la ted  NW  array in dark blue, the positive  photoresist etch m ask in p ink and the m etal top  
contact in  grey, (b) an in itia l lift-off layer of positive  resist is use to  m ask the sam ple from  contact d ep osition , (c) the  
metal contact is sp u ttered  over the sam ple, (d) a photoresist etch m ask is patterned on top  o f  the m etal contact, (e) 
the m etal is e tch ed  u sin g  w et chem istry  and the photoresist and encapsu lation  layers are rem oved.

The encapsulation layer was formed using AZ nLOF 2070 negative photoresist, as described 
in section 6.2.1. The portion of the array in the channel was then exposed using an MA8 mask 
aligner w ith an exposure dose of 1000mJ/cm2, as measured at the Hg i-line (365nm) (section
3.2.2.3). Following exposure, a post-exposure bake is necessary to cross-link the resist (section 
3.2.2.1). This was done on a hotplate at 110°C for 1 minute 30 seconds. Following resist hydra-
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tion, the samples were developed as described in section 3.2.2.4.

The ZnO was etched using 10 mmol HC1 and 1 mol NH4C1, which have both been shown 
to etch ZnO thin films at a rate or approximately 300nm /m in [114]. Following Zhang et al. 
NH4C1 was used in order to try and prevent undercutting and create a more anisotropic etch 
profile [114]. The etch-back of the ZnO was found to be difficult to control and is one of the 
principle challenges remaining in the fabrication process. The main issue is the thickness of the 
base-growth layer -  severe undercutting of the base-growth results in damage to the encapsulated 
NWs. This is shown in figure 6.21. Figure 6.21b demonstrates how, once the encapsulation 
layer has been removed, etching of unwanted growth and surface debris also results in over
etching and undercutting of the NWs in the channel. Etching with HC1 was found to be more 
problematic, likely due to the high dilution causing an instability in the concentration of H + 
during the etch process, which results in a highly variable and inconsistent etch rate [114].

300umS4800 10.OkV 15.0mm x180 SE(M)

(a) Encapsulation layer following etch-back. (b) Damage to encapsulated NWs due to undercut dur
ing etching.

Figure 6.21: SEM images of NW array and device structure following etching of the ZnO in dilute HC1. The base 
growth layer allows for a large undercut into the array leading to. (a) shows the bare Si surface and encapsulation 
layer following etch back. The NW array is just visible inside the encapsulation layer, (b) shows the same device 
following removal of the encapsulation layer to reveal the damaged NW array.

Ashing and planarisation were carried out as described in sections 6.2.2 and 6.2.3, respectively. 
Due to the cross-linking of the resist film following expose and baking, the ashing rate of the 
encapsulation layer was found to be around 25% slower than that stated in section 6.2.2, with an 
ashing duration of 25 minutes required to remove approximately 5 pm of resist.

The 4th photolithography process was required to mask the substrate and bottom electrodes 
from the top contact deposition. This was accomplished using AZ 6612 using the same recipe as 
for the bottom  contact lift-off process (section 6.3.3). Titanium was used as the top contact m ate
rial, due to the favourable etching results demonstrated on the floating contacts when using BOE. 
The Ti was sputtered to a thickness of 200 nm, as described in section 6.2.4. The 5th photolithog
raphy process also employed AZ6612 to act as an etch mask, using the standard spin coating and 
baking param eters, as described elsewhere (section 3.2.2.2). The contacts were etched in BOE for 
between 2-3 minutes, then rinsed in DI water and dried under N2. Removal of the the photore
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sists and the cross-linked encapsulation layer was accomplished by immersing the substrates in 
PI316 photoresist stripper at 75 °C for approximately 18 hours. The samples were then rinsed 
in DI water and IPA and allowed to dry naturally. Scanning electron microscope images of the 
resulting structures are shown in figure

S4800 1.OkV 16.5mm x350 SE(L) .................... 100urn

(a) 100 pm  wide top contact with 100 pm NW array. (b) 50 pm wide top contact with 50 pm NW array.

S4800 1.OkV 16.5mm x350 SE(L) _____________  100urn

(c) 50 pm wide top contact with 50 pm NW array.

Figure 6.22: SEM images of devices following removal of encapsulation layer.The top and bottom contact dimensions 
vary between images. A slight misalignment is apparent in the top contact etch mask, and consequently the top 
contact, in all four images. In (a), etching of the array has led to collapse of the top contact and shorting between the 
bottom and top contacts, which has been exacerbated by the top contact misalignment. Due to the small array size in
(b), severe etching has removed most of the nucleated ZnO. In (c), complete removal of the NW array is observed. The 
top contacts appear fragile in all four images, with some bowing of the contact visible around the array in (d).

Significant over-etching resulted in poor quality arrays, w ith only figures 6.22a and 6.22d 
showing contact between the NWs and top electrode. Despite this, the top contact appears re
silient enough to span unsupported between the two raised Si regions, despite agitation of the 
samples in liquid during the rinsing process. Cross-sectional SEM revealed complete removal of 
the encapsulation layer from the channel, with only minimal organic residues appearing in the 
NW arrays, as shown previously in figure 6.1 Of. Due to over-ashing, the device shown in figure 
6.22a appears to exhibit a short between the top and bottom contacts.

Again, electrical measurements proved problematic, although probing was more straight for

S4800 1.0kV 16.5mm x350 SE(L)

S4800 1.0kV 16.5mm x350 SE(L) 100um

(d) 50 pm wide top contact with 100 pm NW array.
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ward due to the large contact pads available for the top and bottom electrodes. Probing between 
the two bottom  contact pads revealed a highly resistive film, likely caused by severe oxidation of 
the Ti bottom  contact during the growth process, which prevented I-V measurements being taken 
through the device. X-ray diffraction m easurements in section 4.4.2.2 revealed peaks which could 
be indexed to rutile T i0 2, with no peaks being detected for elemental Ti. The electrical m easure
ments corroborate this and indicate that Ti is of lim ited use as a buffer layer due to its inability 
to be used as a bottom electrode.
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6.4 Chapter Summary

A method for depositing suspended metal contacts on vertical NW arrays has been developed and 
refined to allow the photolithographic patterning of floating top contacts for device applications. 
A suitable photoresist (AZ nLOF 2070) for the smooth encapsulation of NW arrays was identified 
and a spin coating process was developed in order to form a uniform encapsulation film free of 
voids and fissures. This required that the resist be spun coated to a thickness greatly exceeding 
that of the NW array to avoid problems with the NW morphology inhibited flow of the viscous 
fluid across the sample surface, leading to dome shaped deposited forming around NW bundles. 
Oxygen plasm a ashing was used to controllably remove a layer of resist in order to expose the 
NW tips for contacting. Planarisation of the NW arrays was achieved by sonicating the samples 
in DI w ater in order to remove the portion of the NW tips protruding above the encapsulation 
layer. This will be an im portant step in ensuring uniform contact properties between individual 
NWs. After a further brief ashing to expose the NW tips, the metal contact is sputtered deposited 
over the encapsulation layer. Patterning of the contact layer is achieved using an additional pho
tolithography and wet chemical etch step. Finally, the remaining photoresist and encapsulation 
layer are removed using either oxygen plasma or wet chemical techniques. The major outcomes 
from the optim isation of this process are as follows:

• A negative resist is suitable for the encapsulation layer as it forms a stable base for subse
quent photolithographic processes. This resist layer must be spin coated to a film thickness 
considerably in excess of the NW array height to prevent the NW morphology for interfer
ing w ith the film uniformity.

• Oxygen plasm a ashing provides a suitable means for controllably removing the encapsu
lation layer to exposure the desired portion of the NW array. Excessive RF power causes 
heating of the sample resulting in cracking of the encapsulation film, likely as a result of 
uneven therm al expansion.

• Cleavage of NW tips protruding from the encapsulation layer in order to planarise the array 
height may be achieved using brief sonication of the same in DI water.

• Some etchants may be unsuitable for etching the top contact following sputter deposition 
and photolithography. A phosphoric acid based alum inium  etchant resulted in phospho
rous rich deposits on the top electrode and uncontacted NW arrays following encapsulation 
layer removal. Buffered oxide etchant appears to be suitable for use w ith titanium .

• Some combination of wet chemical stripping and oxygen plasma cleaning/annealing may 
be optim al in order to remove resist deposits and surface contaminants.

Significant electrical characterisation of the top contacts and vertical NW devices is still re
quired. Initial I-V measurements between contacts as well as detailed nanoscale characterisation 
of the bottom  contact/NW  and NW /top contact interfaces is necessary in order to understand 
charge transport through the NW sensing elements and respective interfaces. This contact and 
interface characterisation would ideally be suited to a nanoprobe system, as previously used for 
the individual NW FET measurements described in chapter 5.
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Using this approach to top contact fabrication, a design for a simple sensing device was devel
oped, consisting of channels etched in silicon through which an analyte may be flown and hence 
detected. However, fabrication of this device structure proved problematic, with several chal
lenges rem aining related to unwanted nucleation leading to non-specific growth of NWs. One 
of the m ain issues is etching of the Si substrate results in roughness assisted NW growth, as de
tailed in chapter 4.3. Removal of this unwanted growth results in severe undercut of the base 
growth ZnO layer nucleated on the bottom contact, leading to etching of the NW sensing array. 
Several solutions to this problem are currently under consideration, including alternative etching 
techniques and etch chemistry, a de-roughening process such as oxide growth and removal using 
BOE and deposition of a material to inhibit ZnO nucleation.
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Conclusions

In this thesis, the growth and functionalisation of vertical arrays of zinc oxide nanowires (ZnO 
NWs) was investigated for applications in conductometric immunosensing. Using high tem per
ature chemical vapour deposition (CVD), three methods of substrate preparation to initiate the 
growth of ZnO NW arrays were explored, namely sputtered ZnO seed layers, roughness assisted 
growth and sputtered conductive thin-films. The aim was establish a method for growing un i
form arrays of high aspect ratio NWs on silicon substrates, suitable for use in an ensemble biosen
sor device.

Despite efforts to optimise the crystalline quality of sputtered ZnO seed layer through post
deposition annealing, the seed layers were found to result in poor quality NW growth unsuitable 
for integration into vertical NW devices. In particular, the morphology, aspect ratio and density 
of the NWs were found to be less desirable when compared with the literature and the other twTo 
techniques investigated here. Despite this, further investigation of electrical conduction through 
the ZnO/Si interface revealed a correlation between conductivity and deep level visible pho- 
toluminescent emission, commonly attributed to the native defects in ZnO. These results have 
implications for the creation of electrical contacts to the base of NW arrays required for vertical 

device integration.

Growth of NWs directly onto the silicon substrate was achieved using a surface enhanced 
method. Both wet and dry etching techniques were employed to alter the substrate surface to 
pography, resulting in increased nucleation of ZnO vapour, leading to island type growth of ZnO 
NWs. This technique has two distinct advantages, firstly the NWs are grown directly onto the 
substrate, which avoids deposition steps which could potentially lead to problematic interfaces 
when using the substrate as an electrical contact to the base of the NW array. Secondly, pat
terning of NW growth is easily achieved using conventional lithographic techniques which may 
combined w ith both wet and dry etching methods, as dem onstrated using e-beam lithography. 
Although the morphology was much improved over the NWs obtained using seed layers, as a 
consequence of the etching the roughened surface consists of m ultiply exposed crystalline facets 
of varying orientations. This leads to difficulties in obtaining coherently orientated growth ideal 
for use in vertical NW devices. X-ray diffraction (XRD) revealed large strain present in the NW 
arrays, likely as a result of the large lattice mismatch between w urtzite ZnO and silicon. This was 
supported by transm ission electron microscopy (TEM) conducted on a cross-section of the array 
and substrate, which shows a poor quality defective interface. Amorphous regions also appear to 
exist at the interface, which could be explained by oxidation of the silicon substrate during NW 
growth. The poor quality of this interface could result in reduced conduction and high interfacial 
resistances w hen using the silicon substrate as an electrical bottom contact.
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The most promising method for achieving NW arrays suitable for vertical device integration 
was the use of sputtered conductive thin-films, a method which has previously received little 
research interest. It is of particular interest in vertical device integration as the conductive films 
could potentially be used as intimate contacts to the base growth layer of the NW arrays. Growth 
of high aspect ratio highly aligned dense NW arrays was achieved on all sputtered films. In 
particular, chromium and molybdenum show great promise for use in vertical devices as XRD 
failed to identify any metal-oxide phases, indicating that the metal contact layers could survive 
exposure to the growth conditions. Indium  tin oxide (ITO) also shows promise for use as issues 
with oxidation are avoided. A large deep level visible photoluminescent emission was observed 
for all samples, which is likely indicative of diffusion of the metal into the array during growth.

Two methods for the attachment of antibodies to the ZnO surface were investigated. Both 
methods relied on the use of (3-Aminopropyl)triethoxysil (APTES) to modify the hydroxyl ter
minated ZnO surface to amine termination. The first immobilisation m ethod then relied on the 
use of glutaraldehyde as a linker between the amine term inating NW surface and amine groups 
present on the N-terminus of the antibody polypeptide chains. The second method relied on 
activation of the carboxylic groups present on the heavy chain of the antibody using l-Ethyl-3- 
(3-dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS) which allowed 
zero-length cross-linking to occur between the antibody and amine term inated NW surface. H u
man chorionic gonadotropin (hCG) was used as a model protein. This hormone is commonly 
used as a indicator in pregnancy tests and has been identified as a excellent tum our m arker for 
monitoring the growth of germ cell tumours. A typical clinical concentration of the protein con
centration of (250ng/m l) was used for the sensing step of the biofunctionalisation process.

X-ray photoelectron spectroscopy (XPS) was used to confirm successful surface modification 
and functionalisation. Relatively little difference was seen between both attachm ent methods, 
although a slightly larger nitrogen contribution was observed for the EDC/NHS method, which 
could be indicative of greater antibody coverage or a different binding orientation. Valence band 
(VB) XPS was also used to obtain information on the surface band-bending induced by the bio
functionalisation process.

Electrical measurements were conducted on individual NWs using a nanoprobe system. The 
NWs were transferred from the growth substrates to lie horizontally on a therm ally grown silicon 
dioxide layer. Resistance measurements were conducted in the lateral field effect transistor (FET) 
geometry, with a back-gate potential used to obtain the carrier concentration for each sample. 
A correlation was found between the carrier concentration and the valence band position, as 
measured using XPS. No correlation between the valence band position and NW resistivity was 
found. A relationship was however found between NW resistivity and photoluminescence visible 
emission attributed to intrinsic and extrinsic surface defects. This seems to suggest that surface 
band-bending does not correlate directly with measurable changes in conduction, and that other 
surface state related mechanisms may be responsible for resistivity variations between NWs.

Resistivity measurements conducted on a large number of NWs gave some indication of the 
statistical spread in resistivity of the NWs at each step of the biofunctionalisation process. The
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temporal and wire-to-wire variation in conductivity has significant implications for the design 
of NW biosensors and demonstrates the need for ensemble integration in order to reduce the 
statistical spread seen for certain surface treatments. The average resistance per NW of an en
semble devices was calculated for each sample, and indicates that both functionalisation methods 
could be used for conductometric detection of clinical levels of the model hCG protein, assuming 
parallel incorporation of NWs into a sensing device.

With this in m ind, a strategy for integrating a large num ber of NW in parallel was developed 
using standard semiconductor fabrication techniques. This consisted of using a tem porary poly
mer encapsulation layer to support deposition of a top contact to the NW tips. The polymer layer 
could then be removed to leave a free floating metal contact, allowing a potential to be applied 
across the NW array. Using this strategy, an ensemble vertical NW sensing device was designed.

7.1 Future Work

• Characterise the extent, type and heterogeneity of the dopants present in NWs grown on 
conductive layers and their effect on the electrical and optical properties of the NWs.

• Investigate the quality of the electrical contact between the sputtered conductive layers and 
NW arrays.

• Q uantify the surface coverage and degree of attachm ent of biomolecules.
• Study the change in resistivity of NWs treated with varying amounts of the hCG protein 

(calibration curve).
• Further develop and refine the design suggested for an ensemble vertical NW sensing de

vice.
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Appendix A

List of X-ray Diffraction Peaks

Shown below is a summary of all measured XRD peaks from the 26 scans presented in section 
4.4, sorted by peak position.

Table A .l: XRD peaks for NWs grown on 100 nm sputtered thin films. Peak position indicates the 26 value.

Thin Film Index Peak Position (°) Intensity (a.u.) FWHM (°)

Alum inium Si (00 2) 33.014 1220 0.045
ZnO (00 2) 34.460 22963 0.084
ZnO (101) 36.296 381 0.109

ZnAl2 38.547 193 0.096
ZnO (10 2) 47.574 87 0.116
ZnO (10 3) 62.911 199 0.124
Si (40 0) 69.183 840000 0.044
ZnO (004) 72.615 613 0.097

Chrom ium Si (002) 33.015 1471 0.042
ZnO (00 2) 34.465 284947 0.072

ZnO (101) 36.228 183 0.103
Cr (110) 44.491 98 0.135
ZnO (103) 63.001 106 0.288

Si (400) 69.182 917371 0.053
ZnO (0 04) 72.617 8516 0.060

Titanium Ti02 (110) 27.533 50 1.643
Si (002) 33.013 1364 0.040
ZnO (0 0 2) 34.470 52150 0.086
ZnO (101) 36.343 453 0.098

T i0 2 (2 00) 39.450 40 0.322
T i0 2 ( l l l ) /T iZ n 3 41.139 29 0.322
ZnO (10 2) 47.640 251 0.156

TiZn3 51.380 35 0.295
ZnO (10 3) 62.962 727 0.161

Si (400) 69.185 830437 0.053
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Thin Film Index Peak Position (°) Intensity (a.u.) FWHM (°)

Titanium ZnO (0 04) 72.622 1384 0.086
(continued...) ZnO (1 04)/T iO 2 81.477 66 0.206

ZnO (2 03) 89.793 29 0.254
ZnO (1 1 4)/TiZn3 98.835 25 0.523

Copper ZnO (100) 31.750 54 0.351
ZnO (002) 34.467 418191 0.084
ZnO (101) 36.167 636 0.082
Cu (11 l)/C uZn 43.398 420 0.190
Cu (200) 50.620 69 0.361
ZnO (11 0) 56.563 42 0.187
CuZn/ZnO (1 0 3) 62.973 51 0.238
Si (40 0) 69.182 1307050 0.054

ZnO (004) 72.617 10537 0.097

ITO ITO (2 2 2) 30.673 235 0.163

Si (00 2) 33.011 3084 0.050
ZnO (00 2) 34.468 86232 0.093

S n 0 2 (211) 51.163 85 0.162

S n 0 2 60.818 52 0.204
ZnO (103) 62.994 263 0.204

ZnO (004) 72.621 2268 0.077
ZnO (104) 81.553 49 0.238

M olybdenum Si (00 2) 33.008 146 0.056

ZnO (002) 34.469 174792 0.083

ZnO (1 01) 36.300 62 0.086

Mo (110) 40.536 189 0.499

ZnO (102) 47.616 49 0.172

ZnO (103) 62.973 146 0.236

Si (400) 69.184 1064670 0.054

ZnO (004) 72.619 4598 0.087

Mo (211) 73.768 62 0.534

Tungsten ZnW 04 (110) 24.580 212 0.513

ZnW 04 (111) 30.651 130 1.015

Si (002) 33.010 1156 0.043
ZnO (00 2) 34.466 2510 0.103
— 38.405 220 0.288

W (110) 40.260 1690 0.379

- 47.606 115 0.167
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Thin Film Index Peak Position (°) Intensity (a.u.) FWHM (°)

Tungsten ZnO (1 03) 62.944 847 0.181
(continued...) Si 69.183 727606 0.050

W (211) 73.250 172 0.729
- 81.457 148 0.228
W (220) 87.008 76 1.168
- 98.758 34 0.780
W (310) 100.823 31 1.444

104.265 382 0.349
115.212 33 1.646
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Gated Measurements

B.l M a t h e m a t i c a  Code and Transistor Characteristics

Mathematica was used to im port the raw I-V plots and process the data into transfer character
istics that could then be fitted using Boltzmann-Sigmoid sigmoid functions. The fitted function 
could then be used to extract the threshold voltage and carrier concentration, as detailed in sec
tion 5.6.1. The annotated Mathematica code is given below:

Constants and variables

In [1]:= k = 1.3806488*10A-23;

In [2]:= T = 300;

In [3]:= \[Epsilon]0 = 8.854187817*10A-12;

ln[4]:= \[Epsilon]Si02 = 3.9;

In [5]:= \[  Epsilon ]ZnO = 8.6;

In [6]:= e = 1 .602176565*10A-19;

In [7]:= Nc = 2.94*10A24;

In [8]:= n b u lk = 1 0 A24;

(*d  = NW  diam eter in nm*)

In [9]:= dvalues = ({
|144.97, 147.08, 142 .85 ,144 .97 ,142 .85),
184.5, 83.43, 87.71, 82.36, 82.36),
{78.8, 79.34, 78.26, 76.63, 77.71),
{95.24, 91.61, 93.42, 95.69, 94.33),
{85.02, 86.13, 86.68, 85.58, 88.89),
{140.7, 1 4 3 .4 8 ,1 4 2 .12 ,141 .44 , 142.12),
{114.36, 119.29, 115 .35 ,115 .35 ,118 .31),
{134.57, 137 .34 ,1 4 2 .1 7 ,1 4 2 .1 7 ,1 4 4 .2 4 ),
{172.4, 172 .91 ,194 .06 , 221.06, 237.11),
{91.04, 92.75, 91.04, 91.47, 91.47}

});

ln{10]:= d = Mean[Transpose[dvalues]]*10A-9.;

In [11 ]:= \[CapitalDelta]d =
Table[Max[dvalues{[i]]] -  Min[dvalues[[i ))], {i, 1/ 10}]*10A-9 .,

(*L =  NW  channel length in nm*)
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In[l3]:= Lvalues = ({
{1727, 1667 ,1688),
{1723, 1654 ,1590),
{1760, 1612 ,1497),
{2647, 2 5 4 6 ,2410),
{1597, 1526 ,1401),
{936, 874, 816),
{2587, 2474, 2374),
{3526, 3 323 ,3423),
{2312, 2217 ,2 1 0 5 ),
{3668, 3895, 3821}

}) ;

ln[14]:= L = Mean[Transpose[Lvalues]]*10A-9.;

In [15]:= \[CapitalDelta]L =
Table[Max[Lvalues[[i]]] -  Min[Lvalues[[i ]]], { i, 1, 10)]*10A-9 .;

(*h =  dielectric thickenss*)

In [16]:= h = 100*10A-9 ;

In [17]:= \[CapitalDelta]h = 5*10A-9;

(* band gap and valence band position*)

ln[19]:= Eg = {3.342, 3.366, 3.359, 3.363, 3.356, 3.343, 3.353, 3.354, 3.346, 3.332);

ln[20]:= \[Zeta] = {3.64539, 3.66719, 3.58475, 3.7045, 3.64828, 3.66286, 3.62385, 
3.67652, 3 .61252, 3.70674);

(*Fermi level position in the bulk*) 

ln[21]:= bulk\[Xi) = (k T/e) Log[Nc/nbulk]

Out[21]= 0.027879

(* Valence band bending*)

In[22]:= Vbb = Abs[Eg -  bulk\[Xi] -  \[Zeta]]

Out[22]= {0.331269, 0.329069, 0.253629, 0.369379, 0.320159, 0.347739, 0.298729, \  
0 .350399 ,0 .294399 , 0.402619)

(* width o f accum ulation region*)
ln[23]:= w = Table[Sqrt[(2 \[Epsilon]ZnO \[Epsilon]0 Vbb[[i ]]) /( 

e nbulk)], { i, 1, 10)]*10A9

Out[23]= {17.7449, 17 .6859,15.5268, 18 .7378 ,17 .4448 ,18 .1807 , 16 .8509 ,18.2501, \  
16 .7283,19.5628)

ln[24]:= r = d/2;

ln[25]:= \[CapitalDelta)r = \[CapitalDelta]d/2;

Load files and gate voltages 

In[26]:= dirpath = ( * directory path*)

(* folder an d  sample names*)

In[27]:= folders = {"l^APTES", "2~GA", "3^AB", "4„BSA", "5^AG", "6^EDAC^AB",
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V^EDAC-BSA", "8^EDAC^AG", "9~ControLl", "lCGControL2");

(* num ber o f  files *)

ln[28]:= nof = Length[folders];

In[29]:= path = T able[S tringJo in[d irpath ,fo lders[[ i ]]], [ i ,  1, L ength[folders]}]; 

ln[30]:= files = Table[FileNames["*.csv", path[[i ]]], [ i ,  1, Length[folders]}]; 

ln[31]:= a lld a ta  = Table[M ap[lm port,files[[i ]]], [ i ,  1, L ength[folders]}];

(*num ber o f  sam ples*)

In [32]:= nos = Length[alldata[[l]]]

0ut[32]=  41

(* num ber o f  m e asurem en ts*)

ln[33]:= nom = L ength[alldata[[l, 1]]] - 1

0ut[33]=  100

(*sam p le  nam es*)

In [34]:= le tters = Table[
C h a rac te rs[

S tringR eplace[
files [[ i ]], { p a th -> " " , "Vg.csv" "\NW J' - >  V  }]][[

All, 2 [ i ,  1, nof]];

(* im p o rt g a te  vo lta gess  fro m  file  nam es*)

In [35]:= vg = ToExpression]
T able[T able[S tringJoin[le tters[[i, x, 1 ;;]]], |x , nos}], ( i , 1, nof)]];

IdsVds plots fits

(* tra n sco n d u c ta n ce  d a ta *)

In [36]:= td d a ta  = Table [
Table[{vg[[ i , x ]], a llda ta  [[ i, x, y, 1]], a lldata [[ i , x, y , 2]]}, (x, 1, 

nos], [y, 2, nom + 1}], [ i ,  1, nof}];

(*s o rte d  tra n sco n d u c ta n ce  da ta*)

In[37]:= s td d a ta  = Table[Sort[tddata[[i ]]], [ i , 1, nof}];

(*IV  fits  *)

In [38]:= fits = Table}
T ab le[F it[s td d a ta [[j, i, All, 2 ;; 3]], [x }, x], ( i ,  1, nos}], ( j ,  1, 

nof}];

ln[39]:= resistance  = 1 /fits  *x;

In [40]:= resistivity = Table[resistance[[i ]]*( d[[ i ]]A2 \[Pi ]) /(4  L[[ i ]]) , [ i ,  1, nof}];
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Sigmoid Boltzmann fits and calculate transconductance and threshold (Vth) for all Vds 

(* s ig m o id -b o lzm a n n  fu n c tio n *)

In[41]:= m odel = ((Al -  A 2)/(l + EA((x -  xo)/dx))) + A2

0ut[41]=  A2 + (Al -  A 2)/(l + EA((x -  xo)/dx))

(*n o n lin e a r fits  a n d  f it t in g  pa ram e te rs *)

ln[42]:= n lfitparam eters =
Table[Table[

NonlinearM odelFit[stddata[[j, All, i, (1, 3}]], model, [Al, A2, xo, dx), 
x][ "BestFitParam eters"], {i , 1, nom]], [ j ,  1, nof}];

In [43]:= nlfits = Table[
Table[NonlinearM odelFit[stddata[[j, All, i, (1, 3)]], 

model, (Al, A2, xo, dx], x], j i ,  1, nom(], [ j ,  1, nof)];

(* f it  ls ig m a  con fidence  in te rva ls  us ing  exponen tia l fun c tions*)

In [44]:= nlfits68 =
Table[Table[

nlfits [[ j , i ]][ "MeanPredictionBands", ConfidenceLevel - >  .68], ]i, 1, 
nom)], [ j , 1, nof]];

(* lis t o f  g a te  vo lta ges*)

In[45]:= vgs = R an g e[-2 0 , 20,1];

(* tab les c o n ta in in g  ls ig m a  confidence in te rva ls  as a fun c tion  o f  g a te  vo lta ge*)

In [46]:= Isam plenlconfits =
Table[Table[

T ranspose[(vgs, nlfits68[[ j , i ]][[ 1 ]] /. x -> v g s)] , [ i ,  1, nom}], [ j ,  1,
nof}];

ln[47]:= usam plenlconfits =
Table[Table[

T ranspose[(vgs, nlfits68[[ j , i ]][[2]] /. x -> vgs}], j i ,  1, nom)], ( j ,  1, 

nof}];

(*s igm o id—bo lzm ann  fits  to  ls ig m a  con fidence in te rva ls *)

In [48]:= lowerconfit =
Table[Table[

NonlinearModelFit[lsamplenlconfits[[j, i ]], model, (Al, A2, xo, dx), 

x], [ i ,  1, nom}], [ j ,  1, nof]];

In [49]:= upperconfit =
Table[Table[

NonlinearModelFit[usamplenlconfits[[j, i ]], model, (Al, A2, xo, dx], 

x], [ i ,  1, nom}], ( j ,  1, nof]];

(*s ig m o id -b o lz m a n n  p a ra m e te rs *)

In[50]:= vars = [Al, A2, xo, dx)

183



B.l. Mathematica Code and Transistor Characteristics A ppendix B. Gated M easurem ents

0ut[50]= {Al, A2, xo, dx)

(*pa ram e te rs  th a t describe  the  ls ig m a  confidence in te rva ls  f its * )

ln[52]:= lowervars =
Table[Table[

Table[vars[[c]] / . towerconfit [[ j , i ]][ "BestFitParameters"], {c, 1, 
Length[vars])], {i, 1, nom)], {j, 1, nof}];

ln[53]:= uppervars =
Table[Table[

Table[vars[[c]] /. upperconfit[[j, i ]][ "BestFitParameters"], (c, 1, 
Length[vars]}], {i , 1, nom]], j j ,  1, nof}];

ln[54]:= avevars = Table[
Table[Table[

vars[[c]] /. nlfitparam eters[[ j , i ]], ]c, 1, Length[vars]}], ] i ,  1, 
nom}], {j, 1, nof}];

ln[55]:= splitdifvars = (uppervars -  lowervars/2) + lowervars;

ln[56]:= low erparam s =
Table[Table[

T able[low erconfit[[j, i ]][ "ParameterTable"][[l, 1, c + 1, 2]], (c, 1,
4}], j i ,  1, nom}], {j, 1, nof}];

ln[57]:= upperparam s =
Table[Table[

Table[upperconfit[[j, i ]][ "ParameterTable"][[l, 1, c + 1, 2]], (c, 1,
4}], { i, 1, nom}], {j, 1, nof}];

ln[58]:= aveparam s =
Table[Table[

Table) nlfits [[ j , i ]][ "ParameterTable"][[l, 1, c + 1, 2]], (c, 1, 4]], {i, 
1, nom}], {j , 1, nof ]];

(* tab les  o f  p a ra m e te rs  th a t describe the  ls ig m a  con fidence in te rva ls *)

ln[59]:= A lstdev  = Table[
Table[M ean[{Abs[aveparams[[j, i, 1]] -  upperparams[[j, i , 1]]],

Abs[aveparam s[[j, i, 1]] -  lowerparams[[j, i , 1]]]]], {i, 1, nom]], (j ,

1, nof}];

ln[60]:= A2stdev = Table [
Table[M ean[]Abs[aveparams[[j, i, 2]] -  upperparams[[j, i, 2]]],

Abs[aveparam s[[j, i, 2]] -  lowerparams[[j, i , 2]]]]], ] i , 1, nom}], {j,

1, nof]];

ln[61]:= xostdev = Table[
Table[M ean[{Abs[aveparams[[j, i, 3]] -  upperparams[[j, i , 3]]],

Abs[aveparam s[[j, i, 3]] -  lowerparams[[j, i , 3]]]]], ] i , 1, nom}], ( j,

1, nof}];

ln[62]:= dxstdev = Table)
Table[M ean[(Abs[aveparams[[j, i, 4]] -  upperparams[[j, i , 4]]],

Abs[aveparam s[[j, i, 4]] -  lowerparams)[j, i , 4]]]}], ) i , 1, nom]], {j,

1, nof]];

(* tra n sco n d u ta n ce *)
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In[63]:= tra n s  = ((-A l + A2)/(4 dx));

In[64]:= (* d iffe re n tia te  m odel to  g e t the  transconductance*) 

ln[65]:= d tran s = Dfmodel, x];

(* fit to  lin e a r re g ion *)

In[66]:= Unfit = ((-A l + A2)/(4 dx))*x + (2 Al dx + 2 A2 dx + Al xo -  A2 xo)/(4 dx);

ln[67]:= Unfits = Table[
Table[ Linfit /. n lfitparam eters[[j, i ]], j i ,  1, nom]], [ j ,  1, nof]];

(* m ax im a l tra n sco n d u c ta n ce  values*)

ln[68]:= maxgm = Table[
T a b le [ tra n s /. n lfitparam eters[[j, i ]], [ i , 1, nom)], [ j ,  1, nof}];

(* th re sh o ld  vo lta ges*)

In [69]:= vth = Table[
Table[Solve[ Unfits [[ j , i ]] == A l /. n lfitparam eters[[j, i ]], x ], ( i ,  1, 

nom}], [ j ,  1, nof)];

Calculate g a te  capacitance, to tal charge and carrier concentration

In[70]:= ( * C a lcu la tin g  the  g a te  capacitence  on a g iven  nanow ire*)

In [71 ]:= Cg = Table[(2*
Pi*\[Epsilon]SiO2*\[Epsilon]0)/(Log[(((d[[s]]/2) + h ) /(d [[s ]] /2 )) +
Sqrt [(((d[[s]]/2) + h )/(d [[s ]] /2 ))A2 -  l]])*L[[s ]], (s, 1, nof]];

ln[72]:= vthv = T ran sp o se [(x /. vth) ];

(* to ta l cha rge  in  the  NWs*)

ln[73]:= Qtot[Vg , s  ] := Transpose[Cg[[s]]*Abs[Vg -  vthv[[All, s ]]]][[1]]

(* c a r r ie r co n ce n tra tio n *)

ln[74]:= n[Vg_, s_] := Qtot[Vg, s]/(e*P i* (d [[s]]/2 )A2*L[[s]])

(* ta b le  o f  c a r r ie r con cen tra tion s  a t 0 .IV * )  

ln[75]:= NIOOmVl = Table[n[0, i][[56]], ( i ,  1, 10}]

Out[75]= (3.88527*10A23, 4.94078*10A21, 3.44767*10A22, 6.30666*10 A24, 2.55662*10A23, 
7.91407*10A23, 4.92167*10A23, 4.37887*10A23, 3.98075*10A22, 2 .12112*10A24]

(* ta b le  o f  c a r r ie r co n ce n tra tio n s  a t 10V*)

ln[76]:= Table[n[10, i ][[56]], [ i ,  1, 10)]*10A- 6

Out[76]= [1.5636*10A17, 1.29698*10A18, 1.48803* 10A18, 7.38558*10A18,1 .49078*10A18, 
1.35195*10A18,1 .25859*10A18,1 .01032*10A18, 2.88765*10A17, 3.24774*10A18]

(* e x tra c t re le va n t sam ples fo r f i t t in g * )
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In[77]:= NIOOmV = N100mVl[[{4, 5 ,6 ,7 ,  8,10]]]

Out[77]= [6.30666* 10A24, 2.55662*10A23, 7.91407*10A23, 4.92167*10A23, 4.37887*10A23, 
2.12112*10A24]

In[78]:= \[X i]l = Abs[Eg - \[Zeta]]

Out[78]= [0.30339, 0.30119, 0.22575, 0.3415, 0.29228, 0.31986, 0.27085, 0 .32252, \
0.26652, 0.37474}

(*e x tra c t re le v a n t sam ples fo r f it t in g  *) 

ln[79]:= \[Xi] = \[Xi ]1[[{4, 5, 6, 7, 8, 10]]]

Out[79]= [0.3415, 0 .29228, 0.31986, 0 .27085,0 .32252, 0.37474)

(s tab le  o f  \ [X i ]  as a fu n c tio n  o f  ca rr ie r concen tra tion *)

In[80]:= plotNvs\[Xi] = Table[[N100mV[[i]], \[Xi ][[ i ]]], [ i , 1, 6)];

Fit to  tran sfer characteris tics:

(*de fine  JD  app rox im a tion *)

ln[81]:= \[X i]m odelacc = 
k T /e  (Log[nO/Nc] + 1/Sqrt[8] (nO/Nc) -  (3/16 -  Sqrt[3]/9) (nO/Nc)A2) + c;

(* f it  to  tab le  o f  \ [X i ]  as a fun c tion  o f  ca rrie r con cen tra tion *)

ln[82]:= fitacc = NonlinearModelFit[plotNvs\[Xi], \[X i]m odelacc, [c], nO];

In[83]:= fitacc ["BestFitParameters"]

Out[83]= [c - >  0.34499]

(*s u b s tra c t c fro m  a ll sam ples to  g e t co rrec te d  va lue o f  \ [X i] * )  

ln[84]:= \[Xi] -  c / . f ita cc [ "BestFitParameters"]

Out[84]= (-0 .00348992 , -0 .0527099 , -0 .0251299 , -0 .0741399 , -0 .0224699 , 0.0297501)

ln[85]:= Show[ListPlot[plotNvs\[Xi], PlotStyle - >  PointSize[0.02]],
P lo t[fitacc  [nO], [nO, 0, 1*10A26}], A xesO rig in- >  (0, 0]]

Out[85]= (*JD  f i t * )

U ncertainties

(*p a ra m e te rs  a t  Vds = 0.1 V fo r u n ce rta in ty  ca lcu la tions*)  

ln[86]:= A la  = aveparams[[AU, 56, 1]];

In[87]:= A2a = aveparams[[All, 56, 2]]; 

ln[88]:= xOa = aveparams[[AU, 56, 3]];
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ln[89]:= dxa = aveparams[[All, 56, 4]];

In [90]:= \[CapitalDelta]gm  =
T ab le [l/4  \[Sqrt](l/(dxa[[

' ]]) A4 ((Ala[[i ]] -  A2a[[i ]]) A2 dxstdev[[i,
56]]A2 + (A lstdev[[i, 56]]A2 +
A2stdev[[i, 56]]A2) (dxa[[i ]]) A2)), {i, 1, 10]]

0ut[90]=  [2.09777*10A-9 ,  2.79865*10A-6 ,  0 .0 0 0 0 191567 ,1.39096*10A-9 , 2.43587*10A-9 , 
6.46601*10A- 9 ,  2.46277*10A-1 0 , 5.19737*10A-9 ,  2.81245*10A-7 , 1.322*10A-1 0 )

!n[91]:= \[CapitalDelta]vth =
Table[Sqrt[4*dxstdev[[i, 56]]A2 + xostdev[[i, 56]]A2], [ i ,  1, 10)]

Out[91]= {0.347037, 0.479392, 0.257182, 5.51792, 0.699908, 0.697698, 0.0825912, \  
0.576821, 0 .286013, 0.278282}

!n[92]:= d l  = Table[(2 \[P i] \[Epsilon]Si02 \[Epsilon]0)/
Log[(h + r[[ i ]]) /r[ [  i ]] + Sqrt[((h + r[[ i ]])/r[[ i ]]) A2 -  1]], [ i ,  1, 10}];

In[93]:= d2 = T ab le[(-2  \[Pi] \[Epsilon]Si02 \[Epsilon]0 L[[ i ]])/(r[[ 
i ]] Sqrt[(h (h + 2 r[[ i ]]))/ 

r [[ i ]]A2] (Log[
1 + h / r [[ i ]] + Sqrt[(h (h + 2 r [[ i ]]) ) / ( r  [[ i ]]) A2]])A2), j i , 1, 10)];

In[94]:= d3 = Table[(2 \[P i] \[Epsilon]Si02 \[Epsilon]0 L[[ 
i ]] h )/(r[[  i]]A2 Sqrt[(h (h + 2 r[[ i ]]))/ 
r [ [ i ] ] A2] (Log[

l  + h /r [ [ i] ]  + Sqrt[(h (h + 2 r [[ i ]]) ) / ( r  [[ i ]]) A2]])A2), [ i , 1, 10)];

ln[95]:= \[C apitalD elta]cg = S qrt[(d l)A2 \[CapitalDelta]LA2 + (d2)A2 \
\[C apitalD elta]hA2 + (d3)A2 \[CapitalDelta]rA2]

Out[95]= [1.04458*10A-1 7 , 1.64234*10A-1 7 , 2.96845*10A-1 7 , 2.95709*10A-1 7 , 
2.32338*10A-1 7 , 1.72915*1QA-1 7 , 2.92272*10A-1 7 , 3.35373*10A-1 7 ,
6 .24537*10A-1 7 , 2.8607*10A-17]

ln[96]:= v tha = Table[x /. v th [[i, 56, 1]], j i ,  1, 10}];

ln[97]:= dcg t = Table[((Abs[
vtha[[ i ]]]) /( \[  P i] e r [[ i ]]A2 L[[ i ]]) )A2 \[CapitalDelta]cg[[ 

i]]A2, [ i ,  1, 10}];

ln[98]:= dlt = Table[((-Cg[[i ]] Abs[
vtha[[ i ]]]) /( \[P i]  e r [[ i]]A2 L[[ i ]]A2 ))A2 \[CapitalDelta]L[[ 

i ]]A2, [ i ,  1, 10}];

ln[99]:= drt = T ab le[((-2  Cg[[i ]] Abs[vtha[[i ]]]) /( \[  Pi] e r[ [ i]]A3 L[[ 
i ]]) )A2 \[CapitalDelta]r[[ i ]]A2, {i , 1, 10}];

ln[100]:= dvtht = Table[((Cg[[i ]]) /(\[P i] e r [[ i]]A2 L[[ i ]]) )A2 \[CapitalD elta]vth[[ 

i ]]A2, [ i ,  1, 10}];

ln[101]:= \[CapitalD elta]n = Sqrt[dcgt + dlt + drt + dvtht]

O ut[101]= (3.66572*10A22, 6.19455*10A22, 3.82918*10A22, 1.17344*10A24,1 .01245*10A23, 
1.62335*10A23, 7.43474*10A22, 7.96154*10A22, 2.85604*10A22, 2.03639*10A23]
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Figure B.l shows the transfer characteristics and Boltzmann-Sigmoid fits at V ŝ = 0.1 V. Using 
Mathematica, Boltzmann-Sigmoid functions were fitted to all 100 Ids-Vg curves in order to com
pute a threshold voltage over the whole range of V ŝ (-1 V to 1 V). The variation of Vth w ith V^s 
is plotted in figure B.2.
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B.2 Propagation of Uncertainty

Equation 5.4 gives the form of the Boltzmann-Sigmoid function used to fit the transfer charac
teristics shown in section B.l. The fitting param eters are A\ and which determine the initial 
and final values of I^s (off-state and on-state drain source current), xq, which is the position of 
the centre of the linear region, and dx, which is the time constant determining the gradient of the 
linear fit. The corresponding uncertainty in each value can be obtained by taking the difference 
between the param eters that describe the curve bounding the la  confidence interval and the fit 
to the transfer characteristics, e.g.

AAi = |Ai(iff) -  Ai(fit) | . (B.l)

An example of the lcr confidence bands given by the "NonlinearModelFit" command in Mathe
matica are shown in figure B.3. The uncertainties in the fitted parameters can be used to calculate 
the propagated uncertainties in the maximum transconductance, threshold voltage and carrier 
concentration.

APTES

3 0-

<c

2 5 -

Boltzmann-Sigmoid 
1a confidence interval

o 5 10 15 20-10 5-15-20

V9(V)

Figure B.3: Ids~Vg plQt f°r APTES treated NW with V ŝ = 0.1V. The blue bands show the l a  (68%) confidence 
interval.

Assuming independent variables, the variance formula for the function is given

by:

A /  =
\ i=1

(B.2)

where A f  is the standard deviation in function /  and Ax,- is the standard deviation in independent 
variable x,-. The maximum value for the transconductance, gm, is determined from the fitted
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Boltzmann Sigmoid parameters using the following equation:

—.A ■[ + A 2
8m  — 4dx (B.3)

Using equation B.2, the uncertainty in the maximum transconductance is given by:

Agm=AAMib) AAM̂ 4sr)Adx2’ (B.4)

which simplifies to:

(At - A 2)2 Adx2 + [a a 21+ a a 2)dx2

dx 4

The threshold voltage Vth is calculated using:

Vth = -2dx  + xq. 

Using the variance formula, the uncertainty is then simply:

(B.5)

(B.6)

AVth =  ^ 4 A d x 2 +  A xq (B.7)

In order to calculate the carrier concentration, the gate-NW capacitance m ust be known, which 
is calculated using an analytical model for a metallic cylinder on an infinite plane of dielectric
[214]. Using this model, the gate capacitance Cg is given by:

C0 =
2n£SiO£0L

Log ^+V(W7
(B.8)

The m easurem ent uncertainties in dielectric thickness, NW length and NW radius are designated 
Ah, AL and Ar, respectively. In the case of NW length and radius, the range of values from re
peated SEM measurements are used for AL and Ar. The thickness of the dielectric layer was m ea
sured using cross-sectional SEM, and the uncertainty was given an upper bound of Ah = ±5nm , 
due to some variation in the oxide thickness across the sample. The uncertainty in the relative and 
absolute perm ittivity are assumed to be negligible, thus term s in the variance formula containing 
Ae may be neglected. The uncertainty in Cg can then be calculated using:

(B.9)
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where:

dL

dh

dr

27t£SiO2£0

Log ^+V(W7
-27T£:siO2£0h

^ L ogfl + i + V ^
2n£SiO2£0Lh

(B.10)

(B.12)

The carrier concentration at gate voltage Vg is then determined from the gate capacitance and 
threshold voltage using:

c*lvv*l

At Vg = OV the equation can be simplified to:
enr2L

CAVth |
n =

ner2L

giving an uncertainty in the carrier concentration of:

(B.13)

-C JV th\ \2 „ i - 2 C J V th\ \2 „ I C„ \ 2 
ner2L2 ) AL + ( 7rer3L ) Ar + ( ^ z )  AV|

AC; + (B.15)

assuming negligible uncertainty in the elementary charge e.
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