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Abstract	

This	 thesis	 tackles	 a	 significant	 gap	 in	 nanotechnology	 by	 developing	 a	 multifunctional	 ZnO	

nanowire-embedded	 MIS	 capacitor	 capable	 of	 UV	 photodetection,	 non-volatile	 memory,	 and	

pressure	sensing	within	a	single	device.	While	ZnO	nanowires	are	recognized	for	their	individual	

applications,	there	is	limited	research	on	integrating	multiple	functions	into	one	device.	This	work	

demonstrates	 a	 straightforward,	 scalable	 fabrication	 approach	 using	 randomly	 dispersed	 ZnO	

nanowire	networks,	offering	a	 low-cost	alternative	to	complex	aligned	nanowire	methods,	and	

making	large-area	production	feasible	for	industrial	applications.	

The	challenge	of	understanding	charge	transport	in	random	nanowire	networks—more	complex	

than	 in	 aligned	 configurations—was	 addressed	 using	 percolation	 theory	 and	 Monte	 Carlo	

simulations.	By	establishing	a	universal	scaling	function,	this	approach	links	computational	and	

experimental	 analyses,	 enabling	 a	 reliable	 model	 of	 network	 conductivity.	 Experimental	

validation	 revealed	 that	 tunnelling	 conduction	 dominates	 below	 the	 percolation	 threshold,	

providing	crucial	insight	into	charge	transport	behaviour.	

Optimised	 at	 4	 wt.%	 ZnO	 concentration,	 this	 device	 prototype	 uniquely	 combines	 UV	

photodetection,	pressure	sensing,	and	non-volatile	memory	within	a	single	MOS	configuration,	

with	each	 functionality	capable	of	operating	 independently	or	simultaneously	within	 the	same	

device.	For	UV	sensing,	it	achieves	fast	response	times	and	high	sensitivity;	in	pressure	sensing,	it	

offers	reliable,	scalable	capacitive	response;	and	as	a	memory	device,	it	demonstrates	stable	and	

large	 memory	 window,	 repeatable	 performance.	 By	 delivering	 all	 these	 capabilities	 in	 one	

assembly,	 this	 work	 advances	 multifunctional	 nanowire-based	 technology,	 positioning	 ZnO	

nanowire	networks	as	a	promising	solution	for	versatile,	large-area	electronic	and	optoelectronic	

applications.	
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Chapter	. 	

	

INTRODUCTION	

	

"." General	Overview	

Nanowires	have	emerged	as	a	transformative	material	in	modern	electronics	due	to	their	unique	

properties	that	enable	them	to	be	utilised	in	multiple	devices.	These	nanostructures,	with	their	

one-dimensional	geometry	and	high	aspect	ratio,	provide	exceptional	electrical,	mechanical,	and	

optical	characteristics	that	make	them	suitable	for	various	technological	applications.	Nanowires	

exhibit	 semiconducting,	 piezoelectric,	 and	magnetic	properties,	which	 enable	 their	 integration	

into	various	devices,	 including	tactile	sensors,	non-volatile	memory,	ultraviolet	photodetectors	

(UVPDs),	 solar	 cells,	 and	 biosensing	 platforms.	 Despite	 their	 considerable	 promise	 in	

experimental	 settings,	 nanowire-based	 devices	 face	 significant	 obstacles	 to	 commercial	

realisation,	 mainly	 due	 to	 the	 challenges	 associated	 with	 large-area	 production	 and	 device	

integration.	

The	 random	 assembly	 of	 nanowires	 poses	 a	 significant	 challenge	 in	 enabling	 large-scale	

fabrication	by	spray	deposition	or	drop-casting.	For	nanowire-based	devices	to	achieve	consistent	

and	 reliable	performance,	 precise	 control	 over	 the	 alignment,	 density,	 and	 connectivity	 of	 the	

nanowires	is	required.	Even	though	the	inherent	randomness	of	nanowire	networks	often	leads	

to	 variability	 in	 device	 performance,	 making	 it	 difficult	 to	 produce	 devices	 with	 consistent	

behaviour	 across	 their	 potential	 applications,	 it	 also	 promises	 challenging	 properties	 such	 as	

charge	trapping.	Moreover,	the	methods	for	fabricating	aligned	nanowires	on	a	commercial	scale	

remain	complex	and	costly,	further	restricting	their	adoption	in	commercial	applications.	These	

limitations	 have	 hindered	 the	 practical	 deployment	 of	 nanowire-based	 devices	 despite	 their	

substantial	potential	in	enhancing	electronic,	optical	and	mechanical	systems.	

Another	critical	issue	in	nanowire	research	is	the	challenge	of	device	miniaturisation.	As	Moore’s	

Law	predicted	in	the	1970s,	over	the	past	40	years,	there	has	been	a	significant	increase	in	the	

number	 of	 transistors	 that	 can	 be	 integrated	 onto	 a	 chip	 at	 a	 lower	 or	 similar	 cost.	 This	 has	

resulted	in	notable	advancements	in	traditional	electronic	technologies.	The	latest	metal-oxide-

semiconductor-field-effect-transistors	 (MOSFET),	 the	 basic	 components	 of	 most	 electronic	

circuits,	have	now	reached	a	gate	length	of	3	and	5	nm	[1-3],	enabling	chips	to	contain	5.3	trillion	
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transistors.	Furthermore,	recent	reports	have	also	confirmed	the	successful	development	of		2	nm	

technology	in	2025	[2].	

As	electronic	devices	continue	to	shrink	in	size,	the	physical	limits	of	miniaturisation	are	being	

reached.	Traditional	approaches	to	improving	device	performance,	such	as	increasing	transistor	

density	 or	 reducing	 the	 size	 of	 individual	 components,	 are	 becoming	 less	 effective	 due	 to	

fundamental	physical	constraints	[1,	4].	To	overcome	these	limitations,	researchers	are	exploring	

the	development	of	devices	 that	 can	perform	multiple	 tasks	within	a	 single	device	node.	 Such	

devices	offer	a	promising	solution,	enabling	integrating	multiple	functions	into	a	single	platform,	

thereby	improving	overall	device	efficiency	and	reducing	the	need	for	additional	components.	

This	thesis	presents	a	novel	approach	to	addressing	the	limitations	of	large-scale	nanowire-based	

device	 fabrication	 for	 developing	 a	 multifunctional	 device	 prototype,	 which	 can	 also	 be	

transferred	to	commercial	applications	due	to	low-cost	and	large-area	fabrication	availability.	The	

ZnO	 nanowire-embedded	 metal-insulator-semiconductor	 (MIS)	 capacitor	 integrates	 multiple	

functions	within	a	single	configuration,	 including	non-volatile	memory,	UV	photodetection	and	

pressure	 sensing.	At	 the	 core	of	 the	device	 is	 a	network	of	 zinc	oxide	 (ZnO)	nanowires	which	

possess	unique	electrical,	optical,	and	mechanical	properties	that	enable	the	multifunctionality	of	

the	device.	By	embedding	ZnO	nanowires	into	the	insulator	layer	of	the	MIS	structure,	the	device	

can	perform	several	tasks	simultaneously,	demonstrating	how	a	single	system	can	be	optimised	

to	achieve	multifunctionality.	

	

".. ZnO	Nanowire-Based	Electronics	

Semiconductor	nanowires	(NWs)	have	attracted	great	interest	due	to	their	potential	in	advancing	

nanoscale	 technologies	 [5].	 Zinc	 Oxide	 (ZnO)	 NWs,	 formed	 from	 a	 II-VI	 semiconductor,	 are	

particularly	remarkable	for	their	distinct	wide-bandgap	semiconducting	properties	(3.4	eV)	and	

high	 exciton	 binding	 energy	 [6-8],	 making	 them	 attractive	 in	 various	 applications	 such	 as	

optoelectronic	systems	[9-11],	solar	cells	[12,	13],	photocatalysts,	and	sensors	[14,	15].	Moreover,	

their	low	toxicity,	biodegradability,	affordability	and	adaptability	in	various	forms	have	received	

considerable	attention,	leading	to	extensive	use	in	the	biomedical	and	healthcare	industries	due	

to	their	electrochemical	and	optical	features	[16].	

It	is	noted	that	there	are	several	factors	affecting	the	properties	of	ZnO	NWs	and	the	performance	

of	 their	 devices,	 such	 as	 nanowire	 diameter,	 length	 and	 inter-wire	 spacing	 [17]	 noting	 the	

significant	surface-to-volume	ratio	of	1D	nanowires.	In	addition	to	the	physical	properties	of	the	

nanowires,	matrix	materials,	which	are	used	as	transparent	reinforcement	materials,	affect	the	

device	performance	[18].	ZnO	is	known	to	possess	a	significant	exciton	binding	energy	of	60	meV,	
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making	it	possible	for	the	excitonic	emission	of	ZnO	to	persist	even	at	room	temperature	[8].	This	

feature	is	particularly	crucial	for	developing	light-emitting	devices,	including	lasers.	ZnO	tends	to	

exhibit	unintentional	n-type	doping	which	is	attributed	to	native	defects	in	its	crystalline	structure	

[7,	8].	These	defects	include	oxygen	vacancies	(missing	oxygen	atoms	at	regular	lattice	positions)	

and	zinc	interstitials	(additional	Zn	atoms	occupying	interstitial	positions	in	the	lattice)	[11,	19].	

ZnO	 NWs	 also	 demonstrate	 piezoelectric	 and	 photoelectric	 characteristics	 [13,	 20].	 Recently,	

owing	 to	 their	 unique	 electronic-mechanical	 coupling	 behaviour,	 they	 have	 been	 extensively	

explored	for	their	energy	conversion	capabilities.	Experimental	and	theoretical	research	has	been	

undertaken	to	comprehend	their	structure,	properties,	and	potential	applications,	such	as	piezo-

pressure	 and	 photo-mechanic	 applications	 [21,	 22].	 The	 ZnO	 photoluminescence	 spectrum	

consists	of	several	UV	emission	bands	and	the	visible	band	in	the	violet,	blue,	green,	yellow,	and	

orange-red	 regions.	 ZnO-based	 nanocrystal	 materials	 feature	 high	 electron	 mobility,	 robust	

transparency,	a	broad	bandgap,	and	optical	and	electrical	properties.	Due	to	the	photo-current	

properties,	ZnO-based	nanostructures	are	widely	studied	in	UV-photodetection	applications	with	

high	sensitivity	and	response	times	[10,	23,	24].		

The	exceptional	properties	of	ZnO	nanowires	have	allowed	them	to	be	used	in	a	wide	range	of	

applications,	 but	 their	 full	 potential	 in	multifunctional	 device	 prototypes	 remains	 unexplored.	

Current	literature	provides	limited	focus	on	the	development	of	devices	that	can	simultaneously	

perform	more	than	one	function	[25],	which	is	a	critical	requirement	for	addressing	the	growing	

limitations	 posed	 by	 Moore’s	 Law.	 This	 thesis	 aims	 to	 bridge	 that	 gap	 by	 investigating	 the	

fabrication	and	performance	of	multifunctional	devices	that	utilise	ZnO	nanowires.	Specifically,	

the	thesis	details	how	ZnO	nanowire-based	devices,	particularly	those	using	MIS	configurations,	

can	be	optimised	for	UV-PDs	(see	Chapter	6)	while	simultaneously	performing	other	functions	

such	as	non-volatile	memory	storage	and	pressure	sensing	in	Chapter	7	and	8.	By	demonstrating	

the	feasibility	of	these	multifunctional	devices,	this	work	contributes	to	ongoing	efforts	to	develop	

scalable,	cost-effective	solutions	 that	can	meet	 the	demands	of	modern	electronics	beyond	the	

limitations	of	Moore’s	Law.	

	

!.#.! Challenges	in	Large-Area	Nanowire-Based	Device	Fabrication	

One	of	the	primary	barriers	to	the	widespread	adoption	of	nanowire-based	devices	is	the	difficulty	

in	producing	nanowire-based	devices	on	a	large	scale.	Nanowires	are	typically	synthesised	using	

bottom-up	 fabrication	 techniques	 such	 as	 chemical	 vapour	 deposition	 (CVD)	 [26],	 molecular	

beam	epitaxy	(MBE)	[27],	and	solution-phase	synthesis	[28].	While	these	methods	can	produce	

high-quality	nanowires	with	excellent	control	over	their	properties,	they	are	not	well-suited	for	

large-area	applications	due	to	the	complexity	and	cost	of	the	processes	involved.	Moreover,	these	
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fabrication	techniques	often	result	in	nanowires	with	random	orientations,	although	it	makes	it	

challenging	to	achieve	uniform	device	performance,	the	randomness	can	bring	another	challenge	

such	as	charge	trapping	for	non-volatile	memory	performance.	

In	practical	applications,	nanowire-based	devices	require	precise	nanowire	alignment	and	density	

control	to	ensure	consistent	electrical	and	mechanical	behaviour.	However,	the	random	assembly	

of	semiconductor	nanowires	in	large-area	devices	introduces	variability	in	performance,	as	the	

connectivity	between	individual	nanowires	can	vary	significantly	across	different	regions	of	the	

device.	This	randomness	affects	the	conduction	paths	within	the	network,	leading	to	fluctuations	

in	electrical	properties	such	as	network	resistance	and	charge	transport.	

To	address	these	challenges,	various	strategies	have	been	proposed	to	control	the	assembly	of	

nanowires	 on	 a	 large	 scale.	 One	 approach	 uses	 top-down	 fabrication	 techniques,	 such	 as	

lithography,	to	pattern	nanowires	onto	a	substrate	[29].	While	this	method	offers	precise	control	

over	nanowire	placement,	it	is	limited	by	the	high	cost	and	complexity	of	the	lithography	process.	

Another	approach	is	to	use	external	forces,	such	as	electric	or	magnetic	fields,	to	align	nanowires	

during	 deposition.	 However,	 these	 methods	 are	 only	 sometimes	 scalable	 and	 may	 require	

specialised	equipment	that	adds	to	the	overall	fabrication	cost.	

This	thesis	introduces	an	alternative	approach	to	large-scale	nanowire	fabrication	by	employing	

a	drop-casting	technique.	Drop-casting	is	a	simple	and	cost-effective	method	that	allows	to	control	

for	the	random	distribution	of	nanowires	over	large	areas	explained	in	Chapter	3.	In	this	process,	

a	 solution	 containing	 ZnO	 nanowires	 is	 deposited	 onto	 a	 substrate,	 where	 it	 dries	 to	 form	 a	

random	 network.	 While	 the	 resulting	 nanowire	 network	 is	 random,	 it	 exhibits	 functional	

properties	 suitable	 for	 various	 applications,	 including	 charge	 storage,	 UV	 photodetection,	 and	

pressure	sensing.	Drop-casting	makes	it	possible	to	fabricate	nanowire-based	devices	on	a	large	

scale	 without	 complex	 and	 expensive	 fabrication	 techniques,	 making	 them	 suitable	 for	many	

potential	commercial	applications.	

	

".9 Percolation	Theory	and	Charge	Transport	in	Nanowire	Networks	

Investigating	the	dynamic	evolution	of	nanomaterial	properties	in	device	assemblies	and	studying	

their	 computational	 capabilities	 involves	using	a	 low-cost	 fabrication	process	 for	 efficient	 and	

large-area	devices.	This	process	relies	on	the	ability	to	control	the	spacing	between	nanowires	in	

a	 random	 network	 to	 achieve	 optimal	 device	 efficiencies.	 Nanowires	 (NWs)	 can	 combine	

important	properties,	such	as	the	localisation	of	charge	carriers	in	one,	two,	or	three	dimensions,	

with	complexities	of	the	fabrication	process,	providing	advances	over	existing	planar	technologies	

that	currently	serve	as	the	foundation	of	the	electronic	industry.	Recent	advances	indicate	that	
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NWs	 with	 a	 range	 of	 predefined	 properties	 (such	 as	 size,	 shape,	 chemical	 composition,	 and	

crystalline	 structure)	 can	 be	 grown,	 offering	 an	 excellent	 paradigm	 for	 developing	 novel	

functional	 device	 prototypes,	 including	 biosensors,	 solar	 cells,	 transistors,	 and	 lasers.	 The	

essential	step	is	to	take	this	critical	mass	of	scientific	knowledge	and	develop	routes	for	effectively	

transferring	NW	functionality	into	device	technologies.	

The	 random	 nature	 of	 nanowire	 networks	 presents	 a	 challenge	 in	 controlling	 their	 electrical	

properties	 [30,	31].	Percolation	 theory	provides	a	mathematical	 framework	 for	understanding	

how	connected	clusters	form	in	a	random	medium,	such	as	a	network	of	randomly	distributed	

constituents	[32].	To	overcome	the	complication	of	randomness,	percolation	theory	is	applied	to	

model	which,	in	turn,	can	be	used	to	optimise	the	behaviour	of	the	random	sticks	network	[33,	

34].	Applying	the	theory	makes	it	possible	to	determine	the	percolation	threshold	which	is	the	

critical	point	at	which	a	sufficient	number	of	nanowires	form	a	continuous	conductive	path	across	

the	device.	The	percolation	threshold	plays	a	crucial	role	in	determining	the	electrical,	mechanical,	

and	sensing	properties	of	the	nanowire	network.	

In	the	context	of	this	thesis,	percolation	theory	is	used	to	optimise	the	material	composition	of	the	

ZnO	nanowire	network	and	to	model	charge	transport	within	the	device.	Below	the	percolation	

threshold,	the	nanowires	are	not	physically	connected,	and	the	primary	mode	of	charge	transport	

is	tunnelling	between	isolated	nanowires	[35-37].	In	this	regime,	the	electrical	conductivity	of	the	

network	is	low,	and	the	device	may	be	more	sensitive	to	external	impacts	but	may	not	perform	

optimally.	 However,	 once	 the	 nanowire	 concentration	 exceeds	 the	 percolation	 threshold,	

continuous	 pathways	 are	 formed	 across	 the	 device	 which	 allow	 for	 percolation-dominated	

conduction.	This	transition	from	tunnelling	to	percolation	conduction	is	critical	for	optimising	the	

performance	of	a	device	in	its	various	functions.	

Despite	the	utility	of	percolation	theory	for	modelling	random	nanowire	networks,	there	remains	

a	significant	gap	in	the	literature	regarding	the	experimental	validation	of	these	models.	Existing	

studies	are	often	 limited	 in	 their	account	of	 the	complexities	of	charge	 transport,	especially	 in	

mixed	 regimes	where	 both	 tunnelling	 and	 percolation	 play	 significant	 roles.	 Additionally,	 the	

correlation	 between	 experimental	 results	 and	 theoretical	 predictions	 has	 been	 insufficiently	

explored.	This	thesis	addresses	these	 limitations	by	employing	the	shortest-path	algorithm	for	

Monte	 Carlo	 simulations,	 which	 promises	 faster	 computing	 while	 still	 accurately	 predicting	

percolation	thresholds	(see	Chapter	4).	The	research	question	centres	on	investigating	how	well	

percolation	theory,	supported	by	the	shortest-path	algorithm,	can	be	experimentally	validated	in	

ZnO	 nanowire	 networks	 and	whether	 adjustments	 are	 needed	 to	 better	 account	 for	 the	 dual	

conduction	mechanisms	of	tunnelling	and	percolation	(see	Chapter	5).	
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".B Multifunctional	Device	Prototype	

The	MIS	capacitor	device	developed	in	this	thesis	is	designed	to	perform	multiple	functions	using	

the	same	ZnO	nanowire	network.	The	ZnO	nanowires	are	embedded	in	the	insulator	layer	of	the	

MIS	 structure,	 allowing	 the	 device	 to	 operate	 as	 a	 non-volatile	 memory	 storage	 unit,	 a	 UV	

photodetector,	and	a	pressure	sensor.	This	multifunctionality	is	achieved	by	utilising	the	unique	

properties	 of	 the	ZnO	nanowires,	which	 can	 exhibit	 semiconducting,	 optical,	 and	piezoelectric	

characteristics.	

The	 characteristics	of	 the	multifunctional	 (MF)	device	prototype	demonstrate	 its	potential	 for	

simultaneous	integration	of	programming	and	sensing	capabilities	within	a	single	device	node.	

This	makes	it	highly	suitable	for	advanced	applications	across	various	Internet	of	Things	(IoT)	

technologies,	 including	 health	 monitoring,	 biomedical	 systems,	 robotics,	 artificial	 sensing	 for	

robotics,	and	environmental	monitoring.	This	prototype	uniquely	combines	non-volatile	memory	

for	programmable	functionality	with	the	ability	to	sense	UV	light	and	pressure.	The	non-volatile	

memory	 capability	 enables	 reliable	 on/off	 programming,	 while	 the	 integrated	 sensing	

functionalities	 provide	 real-time	 environmental	 and	 mechanical	 feedback.	 These	 attributes	

establish	 the	device	as	 a	 robust	 and	versatile	platform,	offering	 significant	 advantages	 for	 IoT	

applications	in	these	critical	fields.	

	

!.=.! Non-Volatile	Memory	

A	non-volatile	memory	device	can	retain	stored	information	even	when	not	powered	[38],	and	

flash	 memory	 and	 read-only	 memory	 are	 a	 type	 of	 non-volatile	 memory.	 Floating-gate	 flash	

memory	has	been	developed	successfully	in	recent	decades	through	continuous	down-scaling	of	

cell	 dimensions	 to	 achieve	 high	 data-storage	 density	 [39],	 fast	 program/erase	 speeds,	 low	

operating	voltage,	and	low	power	consumption	[40].	The	increasing	fabrication	density	of	flash	

memory	 has	 been	 mainly	 driven	 by	 area	 scaling.	 As	 the	 spacing	 between	 adjacent	 devices	

decreases,	parasitic	capacitance	plays	an	increasingly	dominant	role	in	the	device's	performance,	

as	data	stored	in	adjacent	cells	can	interfere	with	each	other	through	capacitive	coupling	[41].	

Moreover,	a	limited	margin	poses	a	significant	challenge	to	the	reliability	of	floating-gate	memory	

devices,	 as	 the	 number	 of	 electrons	 stored	 in	 the	 floating-gate	 significantly	 decreases	 with	

continual	down-scaling	of	the	cell	size	[42].	

The	ability	to	store	data	non-volatile	is	essential	for	many	modern	electronic	devices	[43,	44].	In	

this	device,	 the	ZnO	nanowires	play	a	 critical	 role	 in	 charge	 trapping,	which	 is	 the	underlying	

mechanism	for	memory	storage	[45].	The	network	of	ZnO	nanowires	serves	as	a	charge-trapping	

layer,	where	charges	are	stored	in	the	nanowire	junctions.	The	memory	mechanism	is	based	on	
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the	 ability	 of	 the	 ZnO	 nanowires	 to	 trap	 and	 retain	 charges,	 enabling	 the	 device	 to	 store	

information	even	when	power	is	not	supplied.	This	makes	the	device	suitable	for	applications	in	

data	 storage,	where	 reliability	 and	data	 retention	 are	paramount.	 It	 should	be	noted	 that	 this	

thesis	focuses	on	a	capacitive	non-volatile	memory	based	on	a	metal-oxide-semiconductor	(MOS)	

or	metal-oxide-metal	(MOM)	device	configuration	in	Chapter	7.		

	

!.=.# UV	Photodetection	

The	MIS	capacitor	device	also	functions	as	a	UV	photodetector	by	utilising	the	optical	properties	

of	ZnO	nanowires.	ZnO	is	known	for	its	high	sensitivity	to	UV	light,	making	it	an	ideal	material	for	

UV	photodetection	[9,	23,	46].	When	exposed	to	UV	light,	the	ZnO	nanowires	generate	electron-

hole	pairs,	leading	to	changes	in	the	charge	density	of	the	network.	This	change	in	charge	density	

can	be	measured	by	a	change	in	the	capacitance,	forming	the	basis	of	a	UV	light	detector	[47].	MIS	

device	formation	is	based	on	changes	in	the	charge	accumulation	because	of	external	impacts	on	

devices,	such	as	UV-light	exposure	on	the	gate	electrodes.	 It	has	been	widely	studied	that	ZnO	

nanowires	 generate	 charges	 under	 blue	 and	 UV	 light	 radiation	 due	 to	 the	 absorption	 and	

desorption	of	oxygen	on	 the	ZnO	nanostructure's	 surface	 [48,	49].	The	 intensity	of	 the	 charge	

generation	rate	of	the	device	increases	proportional	to	the	applied	radiation.	The	optoelectronic	

effect	 can	 be	 used	 in	 two	 terminal	 in-plane	 device	 formations:	 Field	 effect	 transistor,	

photodetector	[48-50],	and	solar	cells	[15].	Therefore,	these	devices	show	promising	potential	for	

optoelectronic	applications.	

However,	one	of	the	main	limitations	in	the	literature	lies	in	the	incomplete	understanding	of	the	

conduction	 mechanisms	 affecting	 UV-PD	 performance,	 particularly	 in	 metal-semiconductor-

metal	(MSM)	structures.	While	previous	studies	have	provided	theoretical	perspectives	for	the	

percolation	 behaviour	 of	 nanowire	 networks,	 the	 link	 between	 percolation	 theory	 and	

experimental	 UV-PDs	 performance	 has	 yet	 to	 be	 thoroughly	 validated	 in	 detail.	 This	 thesis	

addresses	 this	 limitation	 by	 applying	 percolation	 theory	 (in	 Chapter	 4)	 to	 model	 and	

experimentally	 validate	 the	 conduction	 mechanisms	 in	 ZnO	 nanowire-based	 MSM	 UV-PDs	 in	

Chapter	6.	Specifically,	this	research	proves	that	the	tunnelling	and	percolation	transition	directly	

impact	 UV-PD	 sensitivity	 and	 response	 time,	 which	 had	 been	 previously	 theorised	 but	 not	

conclusively	demonstrated.	

In	addition,	the	study	investigates	MIS	devices,	where	the	ZnO	nanowire-embedded	architecture	

shows	promising	UV	photodetection	capabilities	(in	Chapter	6)	and	exhibits	multifunctionality,	as	

explored	in	Chapter	8.	The	key	research	question	tackled	in	this	thesis	is	how	well	percolation	

theory	 and	 charge	 transport	 models	 can	 be	 linked	 to	 experimental	 data	 to	 optimize	 the	

performance	of	MSM	and	MIS	UV-PDs	by	promising	low-cost	fabrication	techniques.	By	filling	this	
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gap,	the	thesis	contributes	to	a	more	complete	understanding	of	charge	transport	in	ZnO	nanowire	

networks,	which	 is	 critical	 for	developing	high-performance,	 large-area,	and	cost-effective	UV-

PDs.	

	

!.=.D Pressure	Sensing	

Pressure	sensors	are	critical	components	in	various	applications,	ranging	from	medical	devices	to	

industrial	monitoring	systems.	They	can	be	broadly	classified	into	several	types	based	on	their	

operating	 principles.	 Resistive	 pressure	 sensors	 are	 one	 of	 the	 most	 common	 types	 and	 are	

further	 divided	 into	 strain	 gauges	 and	 piezo	 resistors,	 conducting	 polymer	 composites,	 and	

conductive	polymers.	These	sensors	typically	rely	on	the	change	in	resistance	when	subjected	to	

pressure.	 Another	 important	 category	 is	 piezoelectric	 pressure	 sensors,	 which	 generate	 an	

electric	charge	in	response	to	mechanical	stress	[51].	Inductance-based	pressure	sensors	operate	

based	 on	 changes	 in	 inductance	when	 exposed	 to	 pressure,	making	 them	 suitable	 for	 specific	

environments.	Finally,	capacitive	pressure	sensors,	which	are	 the	 focus	of	 this	 thesis,	measure	

pressure	 by	 detecting	 changes	 in	 capacitance	 between	 two	 conductive	 plates	 as	 the	 distance	

between	them	varies	under	pressure	[52].	Capacitive	sensors	offer	high	sensitivity,	 low	power	

consumption,	and	the	potential	for	integration	into	flexible	and	multifunctional	devices,	making	

them	ideal	for	modern	electronic	applications.	

Capacitive	pressure	sensors	are	versatile	across	a	range	of	applications.	They	measure	vascular	

pulse	at	10-20	kPa,	human	fingertip	texture	and	shape	sensing	at	10-40	kPa,	and	are	suitable	for	

tactile	 robotics,	with	 a	 broader	 pressure	 range	 of	 10-100	 kPa	 and	 beyond.	 Their	 adaptability	

makes	 them	 ideal	 for	 high-sensitivity	 tasks	 across	 these	 diverse	 fields	 [53].	 In	 this	 thesis,	we	

explore	a	wide	variety	of	pressure	ranges,	from	0.5	Pa	to	10	kPa,	making	these	devices	suitable	

for	applications	such	as	wearable	electronics	and	robotics.	

The	 device	 not	 only	 shows	 memory	 and	 photodetection	 functionalities	 but	 also	 serves	 as	 a	

pressure	 sensor	 by	 improving	 the	 dielectric	 properties	 of	 the	 embedded	 ZnO	 layer	 [54].	 The	

capacitive	pressure	sensor	operates	based	on	the	principles	of	a	parallel	plate	capacitor,	where	

the	dielectric	layer	in	between	the	plates	plays	a	crucial	role.	When	vertical	pressure	is	applied	to	

the	gate	electrode,	 it	changes	the	distance	between	the	plates,	causing	a	measurable	change	in	

capacitance.	By	optimising	the	permittivity	of	the	dielectric	layer	without	altering	ZnO	nanowire	

content,	 the	 capacitance	 is	 increased,	 thereby	 improving	 the	 signal-to-noise	 ratio	 for	pressure	

detection.	 The	 science	 research	 question	 tackled	 in	 this	 thesis	 is	 how	 percolation	 theory	 and	

charge	transport	models	can	be	adapted	to	account	for	these	variations	in	pressure	sensitivity,	

enabling	the	development	of	high-performance,	multifunctional	devices	suitable	for	wide-ranging	

applications.	
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".G Challenges	and	Opportunities	in	Device	Miniaturisation	

The	ever-increasing	demand	for	smaller,	faster,	and	more	efficient	electronic	devices	has	led	to	

the	pursuit	of	device	miniaturisation.	As	Moore’s	Law	predicted,	 the	number	of	 transistors	on	

integrated	 circuits	 has	 doubled	 approximately	 every	 two	 years,	 significantly	 increasing	

computational	power.	However,	as	devices	approach	the	nanoscale,	fundamental	physical	limits	

are	 being	 encountered,	 creating	 a	 need	 for	 novel	 approaches	 to	 overcome	 the	 limitations	 of	

traditional	miniaturisation	strategies.	The	reliance	on	scaling	down	single-function	components,	

such	as	transistors,	has	reached	a	saturation	point	where	quantum	effects,	heat	dissipation,	and	

power	consumption	impose	significant	challenges	[1,	4].	

One	promising	solution	to	 these	 limitations	 is	 the	development	of	multifunctional	devices	 that	

integrate	several	functionalities	within	a	single	platform.	Rather	than	continuing	to	scale	down	

individual	components,	multifunctional	devices	maximise	efficiency	by	combining	tasks	requiring	

multiple	 individual	 devices.	 This	 approach	 conserves	 space,	 reduces	 power	 consumption,	

minimises	 heat	 generation,	 and	 enhances	 overall	 device	 performance.	 Furthermore,	

multifunctional	 devices	 offer	 the	 potential	 to	 address	 the	 growing	 complexity	 of	 modern	

electronics	by	integrating	sensing,	processing,	and	storage	capabilities	into	a	unified	system.	

The	MIS	capacitor	device	prototype	developed	in	this	thesis	offers	this	approach	by	combining	

non-volatile	memory,	UV	photodetection,	and	pressure	sensing	in	a	single	configuration.	Using	

ZnO	 nanowires	 as	 the	 core	 functional	 material	 enables	 this	 multifunctionality,	 as	 their	

semiconducting,	 optical,	 and	 mechanical	 properties	 are	 well-suited	 to	 these	 diverse	 tasks.	

Integrating	multiple	functions	into	a	single	device	makes	it	possible	to	create	more	compact	and	

efficient	 systems	 to	perform	a	wide	 range	of	 tasks,	 paving	 the	way	 for	 the	next	 generation	of	

miniaturised	electronics.	

Multifunctional	devices	are	desirable	in	fields	such	as	wearable	technology,	the	Internet	of	Things	

(IoT),	and	flexible	electronics	[16],	where	space	is	at	a	premium,	and	devices	must	be	lightweight,	

efficient,	and	capable	of	operating	under	diverse	conditions.	For	example,	in	wearable	sensors,	a	

multifunctional	device	 that	 can	monitor	UV	exposure,	 store	data,	 and	detect	pressure	changes	

could	provide	users	with	a	comprehensive	health	monitoring	system	without	requiring	multiple	

separate	 devices.	 Similarly,	 in	 IoT	 applications,	 multifunctional	 nodes	 that	 combine	 sensing,	

processing,	and	communication	capabilities	could	reduce	power	consumption	and	improve	the	

overall	efficiency	of	interconnected	systems.	

However,	despite	the	significant	potential	of	multifunctional	devices,	several	challenges	must	be	

addressed.	One	of	the	key	challenges	is	ensuring	that	each	function	operates	effectively	without	
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compromising	the	performance	of	the	others.	In	the	case	of	the	MIS	capacitor	device,	for	example,	

the	same	ZnO	nanowire	network	 is	responsible	 for	charge	storage	 in	 the	non-volatile	memory	

function	and	mechanical	sensing	in	the	pressure	sensor.	Therefore,	 it	 is	crucial	to	optimise	the	

material	 composition	and	device	architecture	 to	ensure	 that	each	 function	performs	optimally	

while	maintaining	the	overall	functionality	of	the	device.	

As	discussed	earlier,	the	application	of	percolation	theory	provides	a	framework	for	optimising	

the	ZnO	nanowire	network	 to	ensure	 that	 it	performs	effectively	across	multiple	 functions.	By	

tuning	 the	 nanowire	 concentration	 and	 understanding	 the	 percolation	 threshold,	 the	 device's	

performance	in	terms	of	sensitivity,	charge	retention,	and	mechanical	stability	can	be	enhanced.	

Additionally,	the	drop-casting	fabrication	technique	ensures	that	the	device	can	be	produced	on	a	

large	scale	and	 low	cost,	making	 it	 feasible	 for	practical	applications	 in	 industries	 that	require	

multifunctional	devices.	

	

".H Research	Hypothesis	and	Thesis	Structure	

The	 exceptional	 properties	 of	 ZnO	 nanowires	 make	 them	 highly	 suitable	 for	 multifunctional	

device	applications;	however,	the	understanding	of	charge	transport	mechanisms	within	random	

nanowire	networks	remains	incomplete.	This	thesis	hypothesises	that	by	thoroughly	modelling	

and	 experimentally	 correlating	 the	 charge	 transport	 mechanisms	 in	 random	 ZnO	 nanowire	

networks,	 particularly	 through	 the	 percolation	 theory	 for	 evaluate	 the	 properties	 of	 random	

nature	 in	 optimal	device	 applications,	 it	 is	 possible	 to	develop	 state-of-the-art	multifunctional	

metal-insulator-semiconductor	 (MIS)	 and	 metal-semiconductor-metal	 (MSM)	 devices.	 This	

understanding	 will	 enable	 the	 integration	 of	 random	 ZnO	 nanowire	 networks	 into	 prototype	

devices,	demonstrating	improved	performance	in	UV	photodetection,	non-volatile	memory,	and	

pressure-sensing	 functionalities.	 The	 research	 question	 driving	 this	 thesis	 is:	 How	 can	 the	

percolation	 theory	 and	 charge	 transport	models	 be	 experimentally	 validated	 and	 adjusted	 to	

optimise	 the	 performance	 of	 random	 ZnO	 nanowire	 networks	 in	 multifunctional	 devices,	

particularly	in	MSM	and	MIS	configurations.	

To	 address	 this	 research	 question,	 the	 thesis	 sets	 out	 the	 following	 four	 objectives,	 each	

corresponding	to	a	result	chapter:	

• Objective	1:	Model	 the	percolation	behaviour	of	 random	ZnO	nanowire	networks	and	

validate	this	using	statistical	physics	approaches,	specifically	employing	the	shortest-path	

algorithm	 to	 efficiently	 simulate	 percolation	 thresholds.	 This	 objective	 is	 addressed	 in	

Chapter	 4,	 which	 focuses	 on	 transforming	 an	 arbitrary	 network	 into	 a	 universalised	

system	and	understanding	its	conductive	properties.	
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• Objective	2:	Correlate	the	percolation	model	with	experimental	charge	transport	data.	

Through	 I-V	 measurements,	 evaluate	 how	 the	 percolation	 threshold	 influences	

conductivity	in	ZnO	nanowire	networks	and	how	charge	transport	evolves	with	nanowire	

density.	 This	 objective	 is	 explored	 in	 Chapter	 5,	 where	 the	 experimental	 results	 are	

compared	 with	 Monte	 Carlo	 simulations	 to	 validate	 percolation	 theory	 in	 real-time	

applications.	

• Objective	3:	Investigate	the	UV	photodetection	capabilities	of	ZnO	nanowire	networks	in	

both	MIS	 and	MSM	device	 configurations,	 focusing	 on	 how	 percolation	 and	 tunnelling	

conduction	mechanisms	impact	UV	detection	performance.	In	Chapter	6,	the	performance	

of	MSM	devices	is	evaluated	based	on	direct	current	conduction,	while	MIS	devices	are	

examined	 for	 their	 capacitive	 charge	 response,	 highlighting	 their	 sensitivity	 and	

multifunctionality	in	UV	detection.	

• Objective	4:	Demonstrate	the	multifunctionality	of	ZnO	nanowire-embedded	MIS	devices	

by	 analysing	 their	 non-volatile	 memory	 and	 pressure-sensing	 capabilities.	 In	 Error!	

Reference	 source	 not	 found.,	 the	 same	 ZnO	 nanowire	 network	 that	 facilitates	 UV	

detection	is	shown	to	perform	reliable	memory	storage	and	pressure	sensing,	offering	a	

robust,	multifunctional	solution	for	advanced	electronic	applications.	

This	 thesis	 is	 structured	 to	 systematically	 address	 the	 research	 question	 and	 objectives.	 Each	

chapter	 builds	 upon	 the	 previous	 one	 to	 provide	 a	 comprehensive	 understanding	 of	 the	

development,	 modelling,	 and	 testing	 of	 the	 multifunctional	 ZnO	 nanowire-embedded	 MIS	

capacitor	device.	

• Chapter	 2	 introduces	 the	 custom-designed	 multifunctional	 device	 testing	 platform	

developed	for	ZnO	nanowires-embedded	MIS	devices.	This	platform	enables	the	devices	

to	undergo	testing	for	non-volatile	memory,	UV	photodetection,	and	pressure	sensing.	An	

overview	of	the	characterisation	equipment	is	also	provided.	

• Chapter	 3	 discusses	 the	 materials	 used	 for	 device	 fabrication,	 with	 a	 focus	 on	 the	

properties	of	random	ZnO	nanowire	networks	and	their	integration	into	MIS	structures.	

It	 details	 the	 fabrication	 process,	 emphasizing	 the	 drop-casting	 technique	 used	 to	

assemble	the	nanowire	network,	and	provides	background	from	the	literature.	

• Chapter	 4	 explores	 the	 application	 of	 percolation	 theory	 to	 random	 ZnO	 nanowire	

networks	using	Monte	Carlo	simulations.	The	shortest-path	algorithm	is	used	to	improve	

simulation	 efficiency,	 providing	 a	 critical	 link	 between	 theoretical	modelling	 and	 real-

world	 device	 performance.	 This	 chapter	 lays	 the	 foundation	 for	 understanding	 the	

conductive	behaviour	of	ZnO	nanowire	networks	and	their	role	in	device	functionality.	
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• Chapter	5	presents	experimental	results	that	validate	the	percolation	models	developed	

in	Chapter	4.	The	focus	is	on	correlating	the	statistical	predictions	of	percolation	theory	

with	experimental	data	from	current	–	voltage	(I-V)	measurements,	analysing	the	charge	

transport	in	ZnO	nanowire	networks	at	different	densities	on	microelectrode	arrays.	

• Chapter	6	investigates	the	UV	photodetection	capabilities	of	ZnO	nanowire	networks	in	

both	 MSM	 and	 MIS	 device	 configurations.	 In	 MSM	 devices,	 percolation	 theory	 and	

tunnelling	conduction	mechanisms	dominate,	resulting	in	high	sensitivity	to	UV	light.	In	

contrast,	 MIS	 devices	 rely	 on	 capacitive	 charge	 mechanisms,	 which	 are	 influenced	 by	

nanowire	 concentration	 and	 electrode	 separation,	 enabling	 multifunctionality.	 The	

chapter	highlights	the	differences	between	the	two	configurations	and	explores	the	factors	

affecting	their	UV-PD	performance.	

• Chapter	 7	 demonstrates	 the	 ZnO	 nanowire-embedded	 MIS	 devices,	 focusing	 on	 non-

volatile	memory	storage	capability	in	addition	to	UV	photodetection.	Experimental	results	

are	presented,	including	write/erase	cycles	with	respect	to	the	ZnO	intake	in	network.	The	

chapter	presents	the	versatility	of	the	MIS	devices	in	performing	charge	storing	abilities	

and	the	role	of	ZnO	nanowire	network	simultaneously.	

• Chapter	 8	 explores	 the	 capacitive	 pressure	 sensing	 capabilities	 of	 ZnO	 nanowire-

embedded	 MIS	 devices.	 The	 pressure-sensing	 functionality	 is	 tested	 under	 semi-

automated	pressure	loading,	showing	the	potential	of	these	devices	in	pressure-sensitive	

applications.	 Following	 this,	 the	 chapter	 presents	 the	multifunctionality	 of	 the	 device,	

integrating	UV	photodetection	and	non-volatile	memory	under	pressure	loading	within	

the	 same	device	 configuration.	 The	 ability	 of	 the	 device	 to	 perform	multiple	 functions	

simultaneously	is	analysed,	highlighting	its	versatility	for	the	applications	presented.	

• Chapter	 9	 provides	 a	 final	 summary	 of	 the	 key	 findings	 and	 discusses	 the	 broader	

implications	 for	 nanowire-based	 multifunctional	 devices.	 The	 contributions	 to	 the	

understanding	 of	 percolation	 theory	 in	 nanowire	 networks	 and	 its	 impact	 on	 charge	

transport	 are	 highlighted,	 along	 with	 suggestions	 for	 future	 research	 directions.	 The	

chapter	 emphasizes	 potential	 improvements	 in	 fabrication	 techniques	 and	 further	

optimization	of	ZnO	nanowire	networks	for	future	multifunctional	applications.	

".L Summary	

This	thesis	introduces	the	rationale	for	a	comprehensive	study	of	a	MIS	capacitor	device	based	on	

ZnO	nanowires	network	to	exhibit	multifunctional	properties.	Integrating	non-volatile	memory	

storage,	UV	photodetection,	and	pressure	sensing	into	a	single	device	addresses	key	challenges	in	

large-scale	 nanowire	 fabrication	 and	 device	miniaturisation.	 The	 use	 of	 percolation	 theory	 to	

model	and	optimise	the	ZnO	nanowire	network	provides	valuable	insights	into	the	electrical	and	



13	
	

mechanical	 properties	 of	 random	 nanowire	 networks,	 enabling	 the	 development	 of	 high-

performance	multifunctional	devices.	

The	drop-casting	 fabrication	 technique	 employed	 in	 this	work	 ensures	 that	 the	 device	 can	 be	

produced	on	a	large	scale,	making	it	suitable	for	practical	applications	in	industries	that	require	

multifunctional	devices.	The	experimental	results	demonstrate	that	the	ZnO	nanowire	network	

enhances	 the	 performance	 of	 the	 device	 across	 its	 various	 functions,	 making	 it	 a	 promising	

candidate	for	applications	in	flexible	electronics,	wearable	sensors,	and	the	Internet	of	Things.	

In	 conclusion,	 the	multifunctional	 MIS	 capacitor	 device	 developed	 in	 this	 thesis	 represents	 a	

significant	 advancement	 in	 nanowire-based	 electronics.	 By	 integrating	multiple	 functionalities	

into	a	single	platform	and	employing	scalable	fabrication	techniques,	this	work	is	proposing	a	way	

forward	for	the	next	generation	of	electronics	capable	of	multifunctionality,	contributing	to	the	

efforts	to	overcome	the	limitations	of	Moore’s	law.	
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Chapter	0 	

	

EXPERIMENTAL	TECHNIQUES	

	

.." General	Overview	

This	 chapter	 provides	 a	 comprehensive	 foundation	 for	 the	 experimental	 work	 and	 testing	

methodologies	employed	in	the	subsequent	sections	of	the	thesis.	It	begins	by	detailing	the	design	

and	 implementation	 of	 a	 multi-functional	 (MF)	 device-testing	 platform,	 which	 allows	 for	 the	

simultaneous	measurement	of	capacitance	and	DC	conductivity	under	varying	conditions,	such	as	

pressure	and	UV	light	exposure.	This	semi-automated,	computer-controlled	test	rig	is	integral	to	

the	 advanced	 applications	 discussed	 later	 in	 the	 thesis,	 specifically	 for	 UV	 photodetection	 in	

Chapter	6	and	non-volatile	memory	and	pressure	sensing	in	Chapter	8.	

The	chapter	also	presents	an	overview	of	the	key	characterisation	techniques	used	to	analyse	the	

properties	and	crystallography	of	ZnO	nanowire	networks	and	MOS	devices.	These	methods	are	

critical	to	understanding	the	material	and	electrical	properties	that	will	be	explored	in	greater	

detail	in	the	following	chapters.	

In	 addition,	 the	 fabrication	 and	 characterisation	 of	 a	 custom-designed	 microelectrode	 array	

design	are	presented.	This	array,	featuring	11	in-plane	two-terminal	electrodes	with	varying	gap	

sizes	between	1	and	50	microns,	will	be	employed	in	Chapter	5	to	correlate	the	conductivity	model	

introduced	in	Chapter	4.	Furthermore,	it	will	serve	as	the	basis	for	UV	photodetection	studies	in	

Chapter	6,	using	an	Al	/	ZnO-NWs	/	Al	(MSM)	device	configuration.	

The	chapter	concludes	with	a	detailed	discussion	of	the	fabrication	processes	for	MOS	and	MIS	

devices,	setting	the	stage	for	exploring	the	functional	applications	of	ZnO	nanowires	in	capacitors.	

These	 devices	 will	 be	 crucial	 in	 demonstrating	 the	 multifunctional	 capabilities	 of	 the	 ZnO	

nanowire	network	in	Chapters	6,	7	and	8,	particularly	for	photodetection,	non-volatile	memory,	

and	pressure-sensing	applications.	Overall,	 this	chapter	 lays	 the	groundwork	 for	 the	 following	

experimental	investigations	and	results.	

	

... The	Test	Station/Rig	

This	section	provides	a	detailed	description	of	the	MF	test	rig	used	for	conducting	electrical	and	

mechanical	testing	on	MF	devices.	The	primary	objective	of	this	rig	 is	to	measure	the	accurate	
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electrical	 properties	 of	 devices	 reliably	 under	 various	 mechanical	 loads	 and	 UV	 radiation	

exposure.	The	development	of	this	testing	rig	involved	the	creation	of	hardware,	software,	and	

user	interface	(UI)	components.	

The	 devices	 are	 electrically	 triggered	 and	 monitored	 using	 the	 Keysight	 Precision	

Source/Measure	Unit	(SMU)	B2902A	[55]	and	BK	Precision	Meter	894	Inductance,	Capacitance,	

and	Resistance	(LCR)	meter	[56]	within	the	MF	test	rig,	as	depicted	in	Figure	2-1(a).	The	SMU	

functions	as	a	highly	accurate	direct	current	(DC)	power	source	that	applies	a	specified	voltage	to	

the	device	while	concurrently	measuring	the	current.	The	LCR	meter	monitors	the	capacitance	(C)	

and	conductance	(S)	in	parallel.	The	SMU	and	LCR	meter	are	linked	to	each	other	by	a	DC	bias	

voltage	 box	 due	 to	 the	 insufficient	maximum	DC	 voltage	 of	 the	 LCR	 for	MF	 device	 testing,	 as	

illustrated	in	Figure	2-1(c).	

The	samples	are	tested	on	a	test	frame	(Figure	2-1(d)),	on	which	a	DC	actuator	(Figure	2-1(e))	

and	 a	 load	 cell	 (Figure	 2-1(f))	 are	mounted	 for	 pressure	 testing	 [57].	 These	 devices	 are	 also	

electrically	connected	for	force	and	sensing	through	the	devices.	The	UV	source,	an	SVC	365nm	

UV	LED	(Figure	2-1(g)),	is	carefully	connected	and	powered	by	the	second	channel	of	the	SMU	for	

UV	radiation	[58].	This	is	crucial	for	monitoring	the	effect	of	UV	radiation	on	the	electrical	device	

signal,	which	 is	essential	 in	MF	device	testing.	During	experiments,	 the	UV	source	of	365nm	is	

positioned	at	a	constant	5cm	distance	 from	the	tested	sample	to	ensure	uniform	UV	exposure.	

Finally,	 the	 Arduino	 Uno	 controls	 and	monitors	 the	 DC	motor	 stepped	 actuator	 and	 load	 cell	

(Figure	2-1(h)).	

	

Figure	2-1:		Illustration	of	the	multifunctional	test-rig	consisting	of	SMU	(a),	LCR	meter	(b),	
interface	 adapter	 (c),	 test-rig	 frame	 (d),	 actuator	motor	 (e),	 load	 cell	 (f),	UV	
torch	(g),	Arduino	Uno	(h).	

	

The	 semi-automated	MF	 device	 test	 rig,	 controlled	 using	 Python	 code,	 is	 capable	 of	 precisely	

measuring	output	current	or	capacitance	while	applying	either	a	voltage	sweeps	or	a	constant	
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voltage.	 Additionally,	 the	 attached	 UV	 source	 can	 provide	 constant	 UV	 radiation	 during	 the	

experiment	or	be	cycled	on	and	off	as	required.	The	rig	enables	devices	to	undergo	MF	testing	for	

pressure,	UV	photodetection,	and	non-volatile	memory	performance	using	various	rig	test	modes,	

as	elaborated	in	the	subsequent	section	of	the	thesis.	

The	 development	 of	 the	 testing	 rig	 was	 classified	 into	 three	 distinct	 categories:	 hardware,	

software,	and	user	interface	(UI).	Each	of	these	categories	significantly	contributed	to	shaping	the	

functionality	and	effectiveness	of	the	final	product,	as	detailed	below.		

	

#.#.! The	Hardware	of	the	Rig	

2.2.1.1 Sources	and	Meters	

The	Keysight	B2900A	Series	bench-top	Source/Measure	Units	(SMUs)	are	designed	to	both	source	

and	measure	voltage	and	current,	making	them	suitable	for	a	wide	range	of	IV	(current	versus	

voltage)	measurement	tasks	that	demand	exceptional	resolution	and	accuracy	[55].	They	have	a	

voltage	sourcing	capability	of	up	to	±40	V	and	a	current	sourcing	capability	of	up	to	±3	A	DC	and	

±10.5	A	pulsed.	Moreover,	these	units	provide	precision	with	a	minimum	10	fA/100	nV	sourcing	

and	measuring	resolution.		

The	894	LCR	meters	are	precision	instruments	capable	of	measuring	components	and	materials'	

inductance,	capacitance,	and	resistance	at	DC	or	within	a	frequency	range	from	20	Hz	to	500	kHz	

[56].	They	offer	flexible	AC	and	DC	test	signal	configuration,	allowing	for	adjustment	of	AC	test	

signal	voltage	from	5	mVrms	to	2	Vrms,	and	AC	up	to	66.7	mArms,	depending	on	the	AC	impedance	

selected.	Additionally,	they	permit	the	addition	of	a	DC	bias	signal	to	the	measurements.		

Both	pieces	of	equipment	feature	standard	USB,	RS232,	LAN,	and	GPIB	interfaces,	enabling	remote	

control	 through	 SCPI	 commands.	 This	 facilitates	more	 precise	 and	 customised	 testing	 using	 a	

computer.	In	this	study,	a	LAN	cable	was	used	to	connect	the	SMU,	while	an	RS232	cable	was	used	

to	connect	the	LCR	meter.	

	

2.2.1.2 		 DC	Bias	Box	

The	four-terminal	type	test	fixture	is	a	is	suitable	for	applications	requiring	DC	biasing	from	an	

external	voltage	source.	It	is	designed	to	work	with	the	894	LCR	meter.	The	LCR	meter	alone	has	

a	maximum	voltage	range	of	±2.5	V,	meaning	that		I-V	and	capacitance-voltage	(C-V)	could	only	be	

perform	 in	 the	 low	 voltage	 region	 of	 ±2.5	 V,	 which	 is	 insufficient	 to	 fully	 characterise	 the	

nanocomposites.	 	 Therefore,	 to	 address	 this	 limitation,	 an	 additional	 DC	 supply	 box	 (11CR-

8110G201)	is	used.	With	a	maximum	voltage	handling	capacity	of	up	to	±200	V,	it	is	a	robust	and	
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reliable	solution	for	device	testing	that	requires	high	DC	bias	[59].	Its	input	resistance	of	100	kΩ	

with	2%	tolerance	is	also	valuable	for	achieving	precise	and	accurate	results.	Additionally,	it	can	

work	 within	 a	 frequency	 range	 of	 50	 Hz	 to	 2	 MHz,	 making	 it	 an	 ideal	 choice	 for	 MF	 device	

characterisation	seeking	a	reliable	and	versatile	solution.	

	

2.2.1.3 		 The	Frame	

The	frame	illustrated	in	Figure	2-1(d)	was	created	in	SolidWorks	[60]	to	transfer	stress	from	the	

actuator	to	frame	flex	rather	than	minimise	the	device	under	test	(DUT).	To	test	multiple	devices	

in	a	grid	format	without	moving	the	sample,	the	frame	needed	to	move	in	the	x	and	y	direction	for	

semi-automatic	testing	integration.	This	was	achieved	using	two	aluminium	(Al)	IGUS	slides.	The	

compressing	direction	is	the	z-axis.	The	top	section	of	the	frame	accommodates	the	dimensions	of	

the	linear	actuator	(with	space	for	heat	dissipation)	so	that	the	force	exerted	downwards	during	

displacement	is	resisted	by	the	actuator	frame	alignment	with	the	top	slide.	The	precision	of	the	

SolidWorks	design	was	crucial	since	the	actuator	had	a	total	stroke	of	just	19.05	mm,	and	tests	

were	required	both	with	and	without	the	7	mm	height	load	cell.	

	

2.2.1.4 Arduino	Uno	

The	Arduino	Uno	microcontroller	is	equipped	with	an	8-bit	RISC	microprocessor	purchased	from	

Arduino	(n.d.)	[61].	It	has	the	capability	to	compile	programs	externally	and	load	them	via	a	USB,	

which	also	functions	as	a	serial	communication	tool.	This	allows	for	an	easy	input-output	interface	

to	a	PC,	enabling	precise	and	autonomous	pressure	tests.	

The	Arduino	Uno	has	32KB	of	 flash	memory	for	program	storage,	with	0.5KB	reserved	for	the	

bootloader.	Due	to	memory	limitations,	it's	important	to	carefully	compartmentalise	the	test-rig	

functions.	It	uses	a	2048	SRAM	to	store	all	dynamic	memory.	It	is	crucial	to	avoid	the	storage	of	

excessively	long	analogue	input	data	arrays.	The	analogue	input	voltage	is	converted	using	an	on-

board	10-bit	 analogue	 to	digital	 converter	 (ADC)	 and	 indexed	with	 an	8-bit	 address.	 To	 store	

around	600	separate	data	points,	25%	of	the	on-chip	dynamic	memory	is	reserved	for	other	local	

variables.	Storing	the	analogue	data	on-chip	is	a	key	strategy,	instead	of	immediately	outputting	

the	values	to	the	serial	connection,	as	two	analogue	readings	need	to	be	taken	simultaneously	for	

some	functions	(i.e.	voltage	from	the	load	cell	and	voltage	from	the	sample).	Iteratively	outputting	

the	pair	of	values	would	make	 retrieving	 the	data	more	manageable.	With	 its	14	 independent	

pulse	width	modulation	(PWM)	output	pins,	the	Arduino	Uno	can	deliver	a	0V	logic	low	voltage	

and	a	5V	logic	high	voltage.		
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2.2.1.5 		 Actuator	

The	21H4U-2.5-907	Captive	Hybrid	Linear	Actuator	(seen	in	Figure	2-2a)	was	carefully	chosen	

based	on	precise	 stepping	control	 requirements.	The	actuator	driver,	 controlled	by	an	Allegro	

A3967	micro	stepping	driver	chip	[62],	which	is	the	key	component	controlling	the	movement	of	

the	actuator	for	controlled	pressure	load	onto	the	MF	devices.	Among	the	crucial	factors	was	the	

need	for	a	maximum	force	of	over	50	N	at	a	low	driving	rate	of	less	than	100	Steps/second,	which	

was	necessary	for	compressing	larger	Young's	modulus	materials.	

All	 inputs	to	the	driver	except	the	6V	DC	motor	power	supply,	provided	by	an	AC	to	DC	mains	

adaptor,	are	triggered	with	5V	PWM	and	are	therefore	compatible	with	the	Arduino's	outputs.	The	

A3967	can	step	the	actuator	at	a	selectable	full-step,	half-step,	quarter-step,	or	eighth-step	mode.	

The	driver	is	fitted	with	a	current	limiting	potentiometer	delivering	per-phase	current	ranging	

from	150	mA/phase	to	700	mA/phase	since	the	actuator	requires	a	different	per-phase	current	

for	each	step	mode.	A	rising	edge	on	the	STEP	pin	triggers	a	single	step	at	the	selected	step	mode.	

High	voltage	on	the	DIRECTION	pin	actuates	outwards	and	low	voltage	inwards.	A	high	voltage	is	

applied	to	the	ENABLE	pin	to	allow	the	driver	to	start	operating.	The	driver	is	grounded	to	one	of	

the	two	ground	pins	of	the	Arduino	Uno.	A	step	mode	of	an	1/8	was	selected	by	prioritising	shaft	

displacement	precision	over	actuator	speed.	This	results	in	the	minimum	shaft	displacement	of	

4.125μm.	The	step	mode	is	selected	with	a	2-bit	PWM	signal	from	the	microcontroller.	

	

Figure	2-2:	 (a)	Demonstration	of	linear	actuator	sample	compression,	(b)	block	diagram	of	
hardware	components	and	interconnections	taken	from	Master	dissertation	by	
Alistair	Ward	[63].	

	

Load	cell

Sample

Actuatory

z

(a) (b)
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The	movement	of	the	actuator	was	controlled	by	a	stepper	motor	driver	board	that	had	a	variable	

current	 per	 phase,	 ranging	 from	 150	 to	 700	 mA.	 This	 provided	 a	 significant	 margin	 for	 the	

required	490	mA.	The	board	was	capable	of	micro-stepping,	which	means	splitting	motor	steps	

into	less	than	1.8°	increments.	Two	drivers	were	tested,	and	the	Allegro	A3967	chip	was	selected	

because	 it	 can	 cause	 significant	 accuracy	 problems	 regarding	 actual	 versus	 triggered	 step	

displacement	movement.	The	maximum	output	force	for	this	step	was	found	to	be	below	10N.	As	

no	duty	cycle	frequency	testing	was	required,	shaft	speed	was	unimportant,	so	1/8th	was	selected.	

The	micro-stepping	scale	was	selected	using	a	2-bit	PWM	signal,	and	the	DIRECTION	and	ENABLE	

inputs	polarity	required	for	the	movement	was	controlled	by	the	Arduino	digital	pins.	Every	step	

was	triggered	by	a	rising	edge	on	the	STEP	input.	Figure	2-2(b)	shows	that	the	driver	was	used.	

	

2.2.1.6 Load	Cell	

Alistair	Ward	designed	 the	 rig,	which	 is	 responsible	 for	 applying	pressure	 and	measuring	 the	

resultant	 force	 during	 the	 tests	 as	 a	 part	 of	master	 dissertation	 [63].	 The	 low-force	 load	 cell	

labelled	FS2050	[64]	was	chosen	for	its	maximum	capacity	of	14.7	Newton	(N),	which	covers	most	

of	 the	actuator's	18	N	micro	stepped	 force	range.	This	 load	cell	uses	 four	piezoresistive	strain	

gauges	arranged	 in	a	Wheatstone	bridge	configuration,	connected	to	an	amplifier/comparator.	

This	 setup	 provides	 a	 voltage	 output	 range	 of	 1.08	 V	 to	 5	 V	 for	 a	 force	 range	 of	 0	 to	 14	 N,	

respectively.	The	Arduino	supplies	the	required	5V	and	ground,	while	the	external	ADC	measures	

the	output	differential	[57,	63].	

The	 FS2050	 low-force	 load	 cell	 was	 selected	 to	 enable	 self-sufficient	 pressure	 analysis	 of	

multifunctional	ZnO	nanowire-embedded	devices.	It	not	only	allows	controlled	precise	loading	on	

the	 sample	 but	 also	 provides	 electrical	 contact	 with	 the	 sample.	 To	 achieve	 a	 high	 level	 of	

autonomy,	the	load	cell	is	designed	to	work	with	a	stand-alone	governing	program	hosted	on	an	

embedded	system.	This	program	is	hosted	on	an	Arduino	Uno	that	interfaces	with	each	element	

of	the	linear	actuator	and	the	load	cell.	Figure	2-2(b)	depicts	how	the	Arduino	Uno	communicates	

with	 an	 actuator	 driver	 and	 a	 linear	 actuator.	 Additionally,	 Figure	 2-1(a-h)	 describes	 the	

interconnections	between	each	element	of	the	test	rig.	
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Figure	2-3:	 (a)	Calibration	of	 the	voltage	output	 from	the	 load	cell,	 and	 (b)	 the	 load	cell	
output	characteristic,	for	a	given	displacement	taken	from	dissertation	report	
by	Harry	Whittaker	[57].	

	

The	load	cell	output	voltage	was	calibrated	against	compressive	force	using	a	combination	of	set	

weights	 and	 containers	 with	 water,	 which	 were	 measured	 on	 a	 milligram	 weighing	 scale	 as	

depicted	in	Figure	2-3:	(a)	Calibration	of	the	voltage	output	from	the	load	cell,	and	(b)	the	load	cell	

output	characteristic,	for	a	given	displacement	taken	from	dissertation	report	by	Harry	Whittaker	

[57].(a).	The	results	demonstrated	a	strong	linear	relationship	with	an	R2	value	of	0.9933.	The	

gradient	 of	 4.723	N/V	was	 employed	 to	 convert	 the	 voltage	 output	 to	 an	 applied	 force	 in	 the	

Arduino	 code.	 A	 uniform	 test	 start	 point	 of	 an	 applied	 0.8	 N	 was	 selected,	 representing	 the	

displacement	"0"	point.	The	determination	of	the	displacement	zero	point	would	be	based	on	the	

sample	thickness	and	step	size	of	the	motor	for	consistent	samples.	

To	calculate	the	stress	applied	to	a	sample	on	top	of	the	load	cell,	it	is	important	to	eliminate	the	

stress	 loss	via	 the	 load	cell.	A	stepper	motor	 is	used	to	apply	the	required	pressure	to	move	a	

triggered	step,	and	the	displacement	remains	consistent	despite	sample	compression,	while	the	

applied	force	varies,	as	depicted	in	Figure	2-3:	(a)	Calibration	of	the	voltage	output	from	the	load	

cell,	and	(b)	the	load	cell	output	characteristic,	for	a	given	displacement	taken	from	dissertation	

report	 by	 Harry	 Whittaker	 [57].(b).	 The	 loading	 and	 unloading	 phases	 must	 be	 interpreted	

separately	due	to	significant	hysteresis.	The	applied	force	per	step	varied	for	this	sample,	and	it	

appears	that	a	5th-order	polynomial	would	likely	be	necessary	for	gradient	calculations	in	later	

sections,	 as	 it	 yielded	 larger	 R2	 values	 of	 0.9933	 and	 0.9765	 for	 loading	 and	 unloading,	

respectively.		

	

(a) (b)
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2.2.1.7 		 UV	LED	Torch	

In	order	to	facilitate	UV	sensing	of	MF	devices,	a	365nm	UV	light	emitted	diode	(LED)	from	SVC	

was	utilised	to	emit	the	required	UV	light.	This	LED	was	connected	and	powered	by	the	SMU,	as	

illustrated	 in	 Figure	 2-1(g).	 Throughout	 the	 experimentation,	 the	 LED	 was	 consistently	

maintained	at	a	precise	distance	of	5	cm	from	the	tested	sample,	resulting	in	a	maximum	luminous	

power	of	2400	mW,	at	3.4	V	which	can	also	be	modulated	as	a	function	of	the	bias	applied.	The	

illuminance,	calculated	as	7.63	mW/cm²	using	 the	 inverse	square	 law,	played	a	pivotal	 role	 in	

comprehending	the	variation	in	 light	 intensity	at	different	distances.	By	employing	the	inverse	

square	law	to	the	luminous	power	of	the	LED,	the	illuminance	was	derived	as	7.63	mW/cm².	To	

ensure	the	validity	of	the	results,	a	probe	stage,	or	actuator,	was	positioned	to	avoid	interference	

when	making	contact	with	the	gate	electrodes.	Integrating	the	UV	lamp	and	controlling	it	with	the	

software/user	interface	(sections	2.2.2/2.2.3)	meant	that	experiments	could	be	conducted	very	

reliably	 and	 reproducibly.	 	 This	 addressed	 the	 uncertainty	 that	 is	 inherent	 to	 the	 manual	

operation	of	the	UV	lamp.		

	

#.#.# The	Software	of	the	Test-rig	

The	integration	of	the	test	rig	and	its	corresponding	software	was	essential	for	ensuring	accurate	

pressure	application	and	UV	exposure	with	data	acquisition.	Alistair	Ward	designed	the	rig,	which	

is	responsible	for	applying	pressure	and	measuring	the	resultant	force	during	the	tests	as	a	part	

of	master	dissertation	[63].	To	complement	in	the	thesis,	a	computer	interface	that	bridges	the	

test	rig	with	the	measurement	sections,	ensuring	that	users	can	control	the	system	effectively	and	

collect	relevant	data	seamlessly	by	communicating	the	LCR,	the	SMU	and	UV	torch	in	Python.	

The	user-friendly	software	interface	plays	a	crucial	role	in	enabling	efficient	control	between	the	

test	parameters	and	the	data	acquisition	systems	organised	by	Harry	Whittaker	as	a	part	of	Master	

dissertation	[58].	His	contribution	is	elaborated	in	the	subsequent	sections	of	this	report,	where	

the	interface's	design	and	functionality	are	discussed	in	further	detail	(refer	to	Section	2.2.3	for	

Harry's	work	on	the	user	interface).	

2.2.2.1 		 Python	

The	 Python	 code	 was	 developed	 using	 SPYDER,	 an	 open-source	 integrated	 development	

environment	(IDE)	offering	an	advanced	coding	environment	for	developers.	The	code	employed	

standard	SCPI	(Standard	Commands	for	Programmable	Instruments)	commands	to	communicate	

with	the	programmable	instruments,	specifically	the	SMU	and	LCR	meter,	 for	conducting	tests.	

These	instruments	are	commonly	used	in	the	field	of	electronics	to	measure	and	analyse	electrical	

properties	such	as	voltage,	current,	resistance,	and	capacitance.	The	test	data	obtained	from	the	
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instruments	 was	 automatically	 saved	 onto	 the	 computer	 in	 CSV	 (Comma	 Separated	 Values)	

format,	providing	a	flexible	and	user-friendly	method	for	data	analysis	and	processing.	

	

2.2.2.2 Arduino	IDE	

At	 the	 outset	 of	 each	 operation,	 a	 menu	 of	 operational	 choices	 is	 presented	 via	 serial	

communication.	The	initial	step	involves	relocating	the	actuator	to	the	DUT.	This	is	achieved	by	

controlling	 the	 actuator's	 movement	 and	 measuring	 the	 force	 exerted	 on	 the	 load	 cell.	 The	

actuator's	movement	halts	when	the	force	reaches	a	threshold	of	one	newton.	This	force	threshold	

is	carefully	selected	to	ensure	that	the	DUT	is	firmly	positioned	between	the	actuator	and	load	cell,	

maintaining	alignment	during	the	testing	process	[63].	

Subsequently,	 the	 actuator	 is	 programmed	 to	 advance	 at	 its	 default	 step	mode	 of	 one-eighth,	

recording	values	 from	 the	 specified	analogue	 input	pins	during	 the	 testing	phase.	The	voltage	

input	is	converted	to	a	digital	format	using	a	10-bit	ADC,	which	produces	an	integer	value	between	

0	and	1023,	linearly	corresponding	to	a	voltage	range	from	0V	to	5V.	Consequently,	the	voltage	

precision	is	restricted	by	a	5mV	tolerance.	Given	the	single	ADC	setup,	it	is	not	feasible	to	measure	

analogue	 signals	 concurrently.	 Additionally,	 a	 one-millisecond	 delay	 is	 introduced	 between	

successive	voltage	measurements	to	allow	the	ADC	to	stabilise	back	to	zero.	

	

#.#.D User	Interface	

In	order	to	maintain	the	independence	of	the	timing	for	measurements	of	the	SMU	or	LCR	from	

the	timing	of	the	UV	LED	under	pressure	or	compression,	it	was	necessary	to	allow	the	user	to	

independently	select	timings	for	both	tasks.	This	was	achieved	using	threading,	a	technique	that	

allowed	the	simultaneous	execution	of	both	tasks	[65].	A	robust	and	user-friendly	system	was	

implemented	 to	manage	 the	 input	 data	 to	 further	 streamline	 the	 testing	process.	 This	 system	

enabled	the	automation	of	multiple	cycles	of	the	same	test	and	setting	controlled	by	computer,	as	

shown	in	Figure	2-1(a),	where	the	"Number	of	Cycles"	can	be	edited,	and	numerous	tests	to	be	

run	on	the	same	sample	with	varying	parameters,	such	as	the	"AC	Frequency",	DC	sweep	range,	

and	UV	on/off.	All	the	listed	parameters	could	be	set	for	testing	MF	device	prototype	[58].	Each	

cycle	was	saved	individually,	and	the	file	name	was	automatically	adjusted	to	specify	the	cycle	

number	or	the	value	of	AC	Frequency.	All	the	equipment	parameters	and	limitations	have	been	

defined	to	protect	the	system	overload.	For	instance,	a	frequency	less	than	500	kHz	for	the	AC	

Frequency	is	the	maximum	value	of	the	LCR	meter.	
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..9 Aluminium	Micro-Electrode	Array	

The	 design	 of	 the	 aluminium	 electrode	 arrays	 varies	 depending	 on	 their	 purpose:	 electrical	

characterisation	or	device	testing	under	a	probe	station	or	device	test	rig,	respectively.	Electrical	

characterisation	 under	 the	 probe	 station	 involves	 a	 two-terminal	 in-plane	 I-V	 measurement	

design.	Meanwhile,	 an	 array	of	 electrodes	 for	 out-plane	 testing	uses	 a	 parallel	 plate	 electrode	

design	for	MIS	capacitor	device	tests.	

	

#.D.! The	Design	

2.3.1.1 		 In-plane	Electrode	Array	

The	first	design,	depicted	in	Figure	2-4(a),	outlines	a	top-down	nanofabrication	technique	for	the	

growth	 of	 microelectrode	 arrays	 made	 of	 aluminium	 on	 2"	 circular	 glass	 substrates.	 Five	

individual	samples	are	fabricated	on	a	substrate.	These	arrays	feature	11	electrode	separations,	

ranging	from	1	to	50	µm	as	seen	in	optical	image	of	electrode	array	in	Figure	2-4(b).	Specifically,	

the	separations	are	1,	2.5,	5,	7.5,	10,	10,	15,	20,	30,	40,	and	50	µm,	with	each	electrode	having	a	

width	of	50	µm.	The	separation	between	all	parallel	array	pitches	is	100	µm.	Additionally,	a	1000	

µm	wide	square	is	located	on	the	edge	of	each	contact,	linking	the	array	to	facilitate	contact	with	

the	probe	station	for	testing,	as	detailed	in	the	next	section.	

	

Figure	2-4:	 (a)	 illustration	 of	 an	 aluminium	 electrode	 array	 with	 electrode	 separations	
ranging	 from	 1	 to	 50	 µm,	 and	 (b)	 optical	 microscopy	 image	 of	 varied	 gap	
electrode	arrays	with	dimensions.	

	

(a)

(b)
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In	 Chapter	 5,	 these	 arrays,	with	 their	 varying	 electrode	 separations,	 are	 utilised	 to	 study	 the	

conductivity	 of	 ZnO	nanowire	networks	 to	 correlate	 the	percolation	model	with	 experimental	

results.	The	ratio	between	the	array's	dimensions	and	the	nanowire	length	will	be	referenced	in	

the	conductivity	analysis	of	the	random	nanowire	network.	Furthermore,	the	effect	of	the	array's	

electrode	separations	on	the	MSM	UV-PD	performance	of	the	photodetectors	will	be	discussed	in	

Chapter	5.	

	

#.D.# Fabrication	

A	standard	washing	procedure	and	substrate	cleaning	procedure	were	followed	to	ensure	the	2"	

glass	wafers	were	free	from	any	impurities.	The	process	involved	cleaning	the	wafers	in	batches,	

where	each	wafer	was	rinsed	with	water,	followed	by	a	15-minute	ultrasonic	bath	with	water	and	

a	second	rinse.	The	slides	were	then	dried	with	nitrogen.	This	procedure	was	repeated	for	propan-

2-ol,	acetone,	Decon	90,	and	DI	water.	By	using	this	washing	process,	any	contaminants	or	debris	

that	may	have	been	present	on	 the	slides	were	effectively	removed,	ensuring	 the	wafers	were	

clean	and	ready	for	use.	Building	an	electrode	array	with	varying	electrode	spacing	using	100	nm	

aluminium	(Al)	metal	contact	involved	UV-positive	lithography.	The	first	step	involves	depositing	

a	100	nm	thick	 layer	of	aluminium	onto	a	2"	glass	substrate	through	thermal	evaporation	of	a	

metal	wire	source.	The	material	was	deposited	in	a	high	vacuum	environment	(<10-6	bar)	using	

an	Edwards	306	thermal	evaporator.	An	Edwards	RV12	rotary	pump	backing	an	Pfeiffer	Balzers	

Turbo		Pump	(PMP	01	320	B/R8132L)	was	used	to	achieve	the	high	vacuum.		

The	deposited	film's	thickness	and	deposition	rate	were	closely	monitored	using	an	Edwards	film	

thickness	monitor	(FTM7)	connected	to	a	quartz	crystal	microbalance.	Next,	a	lithography	process	

was	performed	on	the	aluminium-coated	glass	wafers.	 It	 involved	spin-coating	 the	photoresist	

S1813	onto	the	substrate	at	3700	rpm	for	60	seconds,	then	baking	it	to	95	℃	for	90	seconds.	The	

spin-coater	used	 for	 the	 thin-film	deposition	was	a	Laurell	Technologies	WS-400A-6NPP-LITE.	

The	photoresist	was	then	exposed	to	UV	light	at	75	mj/cm²	for	7	seconds	using	EVG620	Mask	

Aligner	and	baked	at	95	℃	for	60	seconds.	Afterwards,	the	baked	photoresist	was	developed	by	

immersing	it	into	351	developer	for	20	to	25	seconds	to	remove	the	areas	of	the	photoresist	that	

were	exposed	to	UV	light	during	the	positive	lithography	process.	The	developed	photoresist	was	

immersed	in	a	deionised	water	beaker	to	stop	the	development	of	fine	arrays	on	the	surface.		

Finally,	the	100	nm	thick	aluminium	layers	were	wet	etched	using	an	acid	solution	composed	of	

phosphoric	acid	(H₃PO₄),	nitric	acid	(HNO₃),	acetic	acid	(CH₃COOH),	and	deionised	water	(H₂O)	

in	the	following	ratio:	80%	H₃PO₄,	5%	HNO₃,	5%	CH₃COOH,	and	10%	H₂O.	This	etching	process	

was	employed	to	selectively	remove	aluminium	from	specific	regions	of	the	thin	film,	enabling	

precise	patterning	and	device	fabrication.	The	developed	surface	was	immersed	in	acid	etching	
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mixture	for	6	minutes	to	remove	the	aluminium	layer	where	the	photoresist	had	been	removed	

during	the	developing	process.	As	soon	as	the	final	aluminium	array's	etching	was	completed,	it	

was	 immersed	 in	 deionised	 water	 to	 stop	 the	 etching	 of	 the	 layer.	 After	 all,	 the	 processed	

substrates	were	immersed	in	acetone	and	isopropanol	solution	for	10	minutes	to	remove	all	the	

photoresist	and	other	residuals	from	the	surface.	Air	drying	with	a	nitrogen	purge	on	the	surface	

followed.	

	

..B Preparation	of	ZnO	Nanowires	Dispersion	

ZnO	 nanowires	 (CAS	 number:	 1317-13-2)	 were	 bought	 from	 Sigma	 Aldrich	 in	 powder	 form,	

shown	in	Figure	2-5.	The	nanowires	vary	in	length	from	4	to	5	µm,	as	noted	on	the	package.	They	

were	mixed	in	dimethylformamide	(DMF)	to	spread	even	on	the	substrates	on	in-plane	electrode	

arrays	 or	 devices.	 The	 process	 involves	 dispersion	 and	drying,	which	will	 be	 detailed	 in	 later	

sections.	

	

Figure	2-5:		SEM	image	of	the	powder	form	of	ZnO	nanowires	purchased	from	Sigma	Aldrich	
(CAS	number:	1317-13-2).	

	

#.=.! ZnO	Nanowires	Dispersion	

After	an	intended	amount	of	ZnO	nanowires	were	dispersed	in	the	DMF	solvent	by	continuous	

magnetic	stirring,	the	resulting	solution	exhibited	excellent	stability	and	homogeneity	for	drop-

casting	 deposition.	 The	 high	 dielectric	 constant	 of	 DMF	 [66]	made	 it	 an	 ideal	 solvent	 for	 the	

dispersion	 of	 polar	 or	 polarisable	 molecules	 [67],	 allowing	 the	 ZnO	 nanowires	 to	 be	 easily	

dispersed	and	preventing	them	from	clumping	together.	In	addition,	DMF's	adhesive	properties	

on	 glass	 substrate	 helped	 to	 ensure	 that	 the	 ZnO	 particles	 were	 well	 dispersed	 and	 well	

distributed	 [68].	 This	method	 of	 dispersing	 ZnO	 nanowires	 in	 DMF	 solvent	 could	 have	 using	

homogenous	 distribution	 through	 the	 varied	 electrode	 array	 design	 for	 detailed	 electrical	

characterisation	of	random	ZnO	nanowire	network.	
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To	 create	 the	 initial	 dispersion,	 the	 weight	 ratio	 of	 ZnO	 nanowires	 to	 DMF	 solvent	 must	 be	

determined.	 The	 process	 begins	 with	 accurately	 weighing	 the	 ZnO	 nanowires.	 Based	 on	 the	

desired	weight	ratio,	the	appropriate	amount	of	DMF	solvent	is	then	calculated.	For	instance,	to	

prepare	a	0.1	wt.%	ZnO	nanowire	solution,	the	weight	of	the	nanowires	is	first	measured,	and	the	

required	amount	of	DMF	is	then	calculated.	Given	the	density	of	DMF	(0.944	g/ml),	the	necessary	

volume	of	DMF	is	determined	and	added	to	the	vial	containing	the	ZnO	nanowires.	The	final	weight	

ratio	of	the	ZnO	nanowires	in	the	mixture	is	calculated	using	the	following	eq.		(2-1).	

𝑍𝑛𝑂	𝑁𝑊	𝑤𝑡.% =
𝑤!"#$%

𝑤!"#$% +𝑤&'(
× 100	 (2-1)	

Once	the	mixture	has	been	prepared,	the	mixture	was	kept	mixing	with	magnetic	stirrer	over	72	

hours	at	room	temperature	to	be	sure	homogenous	dispersion	of	nanowires	in	the	DMF.		

	

#.=.# ZnO	Nanowire	Deposition	

The	 ZnO	 nanowire-DMF	 solution	 was	 subjected	 to	 thorough	 mixing	 by	 being	 left	 to	 blend	

overnight	on	a	stirrer	to	ensure	the	uniform	dispersion	of	the	nanowires	throughout	the	mixture.	

Additionally,	the	composite	underwent	ultrasonic	treatment	at	an	elevated	temperature	of	40	–	

45	 ℃	 for	 30	 minutes	 prior	 to	 the	 deposition	 stage	 to	 further	 homogenize	 the	 mixture.	

Subsequently,	50	µl	of	the	final	mixture	was	deposited	onto	the	surface.	The	deposited	drops	were	

left	 to	 dry	 slowly	 overnight	 under	 vacuum	conditions	 at	 a	 controlled	 temperature	 of	 45	℃	 to	

ensure	complete	desiccation.	

In	the	final	stage,	the	prepared	samples	underwent	annealing	using	a	customised	RTA	method.	

The	samples	were	exposed	to	a	temperature	of	approximately	500	℃	for	a	duration	of	10	minutes.	

This	 critical	 annealing	 step	 significantly	 enhanced	 the	 nanowires'	 junction	 interface	 and	

crystallinity,	 laying	 a	 solid	 foundation	 for	 subsequent	 conduction	 analysis.	 The	 homogenous	

mixing,	controlled	deposition,	and	annealing	collectively	ensure	the	integrity	and	homogeneity	of	

the	drop-casted	nanowire	network.	
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Figure	2-6:	 SEM	images	of	random	ZnO	nanowire	network	on	microelectrode	array. 

Figure	 2-6	 presents	 the	 SEM	 image	 of	 a	 random	 ZnO	 nanowire	 network	 deposited	 on	 the	

microelectrode	array,	as	depicted	in	Figure	2-4(b),	and	subsequently	annealed	as	detailed.	The	

image	conclusively	demonstrates	that	the	network	achieves	a	fully	random	dispersion	across	a	

large	area	exceeding	100	µm².	Furthermore,	the	figure	provides	clear	evidence	that	the	deposition	

technique	successfully	mitigates	ZnO	nanowire	agglomeration,	effectively	overcoming	the	Van	der	

Waals	force	associated	with	their	high	surface	energy.	

	

..G MOS	and	MIS	Device	Fabrication	

MOS	and	MIS	devices	were	 fabricated	 to	 reveal	 the	 functionalities	of	 a	 random	ZnO	nanowire	

network	embedded	between	tunnelling-oxide	(TO)	and	blocking-oxide	(BO)	layers	[47,	69].	The	

designation	MOS	will	 refer	 to	 the	 n-Si/SiO2/Al	 and	n-Si/SiO2-PMMA/Al	 device	 configurations,	

while	MIS	will	be	employed	when	the	ZnO	nanowire	network	is	drop-casted	between	SiO2	TO	and	

Poly(methyl	 methacrylate)	 (PMMA)	 BO	 layers.	 This	 section	 will	 mainly	 detail	 the	 fabrication	

process	of	the	MOS	and	MIS	devices	for	later	use	in	the	thesis.	

The	 n-type	 silicon	 wafers	 used	 in	 the	 thesis	 were	 purchased	 from	 Testbourne	 Ltd.,	 with	 the	

product	 code	 S4-9000-079.	 These	wafers	 have	 a	 diameter	 of	 2	 inches	 and	 a	 thickness	 of	 300	

microns,	with	a	<100>	crystallographic	orientation.	The	wafers	are	doped	with	phosphorus	 to	

achieve	n-type	conductivity,	with	a	range	of	10-30	ohm-cm	resistivity.	The	corresponding	dopant	

density	is	approximately	(1 − 3) ×	10)*	𝑐𝑚+,,	varying	slightly	depending	on	the	exact	resistivity	

of	the	wafer.	One	side	of	each	wafer	is	polished,	providing	a	smooth	surface	ideal	for	subsequent	

device	fabrication	and	characterisation.	These	specific	properties	make	the	wafers	well-suited	for	

the	MOS	and	MIS	device	structures	and	various	functional	applications	in	this	thesis.	
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2.5.1.1 		 Tunnelling-Oxide	deposition	

The	MOS	device	structure	utilised	in	this	study	consists	of	a	300	µm	thick	n-type	silicon	wafer	

coated	with	a	30	nm	SiO2	layer.	The	SiO2	tunnelling	oxide	layers	was	deposited	via	sputtering,	a	

widely	used	method	for	thin	film	growth	due	to	its	uniform	deposition	capabilities	and	precise	

control	over	thickness	[70].	

The	deposition	process	was	conducted	under	 the	 following	conditions:	a	power	of	300	W	was	

applied,	and	Argon	gas	was	introduced	at	a	flow	rate	of	5	sccm	to	create	the	plasma	necessary	for	

sputtering.	The	process	pressure	during	deposition	was	maintained	at	5	mTorr,	while	the	base	

pressure	before	deposition	was	reduced	to	below	2	µTorr,	ensuring	a	clean	vacuum	environment.	

These	conditions	allowed	for	the	controlled	and	uniform	deposition	of	the	30	nm	SiO2	layer	onto	

the	silicon	wafer,	providing	an	 ideal	dielectric	 layer	 for	 the	subsequent	 fabrication	of	 the	MOS	

device.		

	

2.5.1.2 Blocking-Oxide	Deposition	

In	this	research,	PMMA	is	used	as	the	blocking-oxide	layer	in	MOS	and	MIS	devices.	The	primary	

purpose	of	the	PMMA	BO	layer	is	to	encapsulate	the	ZnO	nanowire	network	to	protect	the	device’s	

leakage	current	under	testing	thanks	to	high	resistivity	(1013	Ω. 𝑐𝑚 at 106 V.cm-1 applied field) [71, 

72].	The	PMMA	layers	were	spin-coated	on	SiO2	layers.	

The	process	begins	by	preparing	a	solution	containing	PMMA	in	chloroform,	with	a	weight	ratio	

of	1:99.	This	solution	is	left	to	mix	overnight	at	room	temperature	and	then	subjected	to	ultrasonic	

stirring	at	50°C	for	30	minutes	to	ensure	complete	dissolution.		

Following	this,	the	TO-deposited	n-Si	wafer	is	perfectly	cleaned	using	acetone	and	isopropanol	

(IPA)	and	exposed	to	UV	ozone	for	15	minutes.	Subsequently,	 the	PMMA	solution	 is	uniformly	

deposited	onto	the	TO	layer	using	a	Laurell	spin	coater	at	5000	rpm.	To	conclude,	the	final	PMMA	

thin	film	is	carefully	baked	on	a	hotplate	at	125°C	for	30	minutes,	ensuring	the	formation	of	the	

solvent-free	thin	film.	

	

2.5.1.3 Rapid	Thermal	Annealing	

RTA	 is	 a	 high-temperature	 heat	 treatment	 process	 conducted	 in	 a	 controlled	 atmosphere,	

enabling	rapid	and	precise	annealing	at	elevated	temperatures	in	either	a	vacuum	or	specific	gas	

environment.	Prior	to	depositing	the	blocking-oxide	PMMA	layer,	RTA	was	employed	on	both	the	

MOS	reference	samples	and	MIS	devices	 In	 this	case,	a	post-treatment	 is	observed	 to	enhance	

breakdown	strength	of	the	deposited	oxide	layers	[73].	The	purpose	was	to	enhance	the	integrity	
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of	the	devices	at	the	interface	between	the	crystalline	Si	and	amorphous	SiO2	layer	and	to	improve	

the	crystallinity	of	 the	ZnO	nanowire	as	well	as	 the	overall	 integrity	of	 the	nanowire	network.	

These	enhancements	will	be	discussed	in	the	Chapter	7	of	the	thesis.	Additionally,	the	RTA	process	

was	performed	on	the	SiO2	TO	layer	and,	when	applicable,	on	the	drop-casted	zinc	oxide	(ZnO)	

nanowire	network	on	the	TO	film.	 	

This	 annealing	 step	 was	 conducted	 at	 a	 temperature	 of	 450°C	 for	 10	 minutes	 in	 a	 vacuum	

environment.	After	turning	off	the	system	to	cool	down	to	room	temperature,	the	samples	were	

allowed	to	cool	down	to	room	temperature	under	vacuum	to	prevent	the	passivation	of	dangling	

bonds	[74].	The	use	of	RTA	under	these	controlled	conditions	aims	to	enhance	the	silicon	wafer	

and	oxide	 interface.	The	material	properties,	such	as	crystallinity	and	surface	morphology,	are	

critical	for	improving	the	overall	efficiency	and	the	stability	of	the	devices.	

	

2.5.1.4 Gate	Electrode	Deposition	

An	aluminium	gate	electrode	pattern,	200	nm	thick	and	shaped	 like	a	2	mm	radius	circle,	was	

deposited	onto	the	BO	surface	using	thermal	evaporation.	The	evaporation	process	took	place	in	

a	high	vacuum	environment	(<10-5	mbar)	using	an	Edwards	306	thermal	evaporator.	The	high	

vacuum	was	achieved	using	an	Edwards	RV12	rotary	pump	to	back	an	Edwards	E04K	diffusion	

pump.	 In	addition,	 a	quartz	 crystal	microbalance	was	connected	 to	an	Edwards	 film	 thickness	

monitor	(FTM7)	to	measure	the	deposition	rate	and	film	thickness.	As	a	result,	several	parallel	

plate	capacitor	devices	have	been	formed	on	a	single	device	of	each	array,	with	each	capacitor	

having	an	area	of	around	0.125	cm2.	

 

..H Summary	

In	conclusion,	this	chapter	outlines	the	basic	methods	required	for	the	development	of	a	versatile	

multi-functional	device	testing	platform	capable	of	sensing	capacitance	and	DC	conductivity	under	

various	conditions	such	as	pressure,	UV	light	exposure,	or	a	combination	of	both.	The	computer-

controlled,	semi-automated	test	rig	is	designed	for	advanced	device	applications.	It	will	be	used	

for	UV	photodetection	of	MIS	diodes	in	Chapter	6,	as	well	as	non-volatile	memory	and	pressure	

sensing	 in	 Chapter	 7.	 Additionally,	 this	 chapter	 introduces	 the	 characterisation	 techniques	

employed	to	understand	the	properties	and	crystallographic	structure	of	ZnO	nanowire	networks	

and	MOS	devices,	with	the	corresponding	results	presented	in	the	following	chapter.	

The	second	part	of	 the	chapter	discusses	 the	design	and	 fabrication	of	a	microelectrode	array	

comprising	 11	 in-plane	 two-terminal	 electrodes,	 with	 electrode	 gaps	 ranging	 from	 1	 to	 50	
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microns.	This	array	will	be	utilised	in	Chapter	5	to	validate	the	conductivity	model	introduced	in	

Chapter	4	.	It	will	also	serve	in	UV	photodetection	experiments	for	the	Al/ZnO	nanowire/Al	MSM	

device	configuration	in	Chapter	6.	

Finally,	the	chapter	describes	the	fabrication	processes	of	MOS	and	MIS	devices,	which	are	critical	

to	demonstrating	the	functionality	of	ZnO	nanowires	in	capacitors.	These	devices	will	be	further	

explored	in	Chapter	6	and	Chapter	7,	where	their	applications	in	UV	detection,	memory	devices,	

and	pressure	sensing	will	be	 fully	characterised.	The	 foundation	 laid	 in	 this	chapter	ensures	a	

comprehensive	understanding	of	the	devices	and	characterisation	methods	used	throughout	the	

thesis.	
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Chapter	3 	

	

MATERIALS	AND	CHARACTERISATIONS	

	

9." General	Overview	

This	 chapter	 provides	 a	 comprehensive	 overview	 of	 the	 ZnO	 nanowire	 and	 characterisation	

techniques	used	in	the	research,	focusing	on	the	literature	background	and	experimental	results.	

The	first	section	focuses	on	the	properties	and	applications	of	ZnO	nanowires,	with	an	emphasis	

on	their	unique	electrical	and	crystallographic	characteristics.	Relevant	studies	from	the	literature	

are	integrated	with	the	characterisation	results	obtained	during	this	research,	highlighting	how	

the	ZnO	nanowires	behave	in	the	specific	device	configurations	explored	here.	The	second	section	

of	the	chapter	focuses	on	the	characterisation	of	the	base	MOS	capacitors,	which	will	serve	as	the	

foundational	devices	 for	 further	experimentation	 later	 in	 the	 thesis.	Detailed	analyses	of	 these	

MOS	devices'	electrical	performance	and	structural	integrity,	including	the	impact	of	treatments	

such	as	RTA,	are	provided.	This	chapter,	therefore,	 lays	the	groundwork	for	understanding	the	

material	behaviour	and	device	characteristics	that	will	be	pivotal	in	the	subsequent	chapters	of	

the	thesis.	

	

9.. Zinc	Oxide	Nanowires	

Zinc	oxide	(ZnO),	a	semiconducting	material	from	the	II-VI	group,	is	drawing	increasing	research	

interest	 due	 to	 its	 attractive	 and	 fascinating	 properties,	 including	 a	 direct	 wide	 bandgap	 of	

approximately	 3.37	 eV	 at	 300	K	 and	 an	 exciton	 binding	 energy	 of	 approximately	 60	meV	 [7],	

rendering	it	an	attractive	option	for	various	applications	in	optoelectronic	[48,	50,	75,	76]	and	

biomedical	 devices	 [16].	 Specifically,	 ZnO	 micro-	 and	 nanostructures	 have	 demonstrated	

promising	results	 in	a	range	of	sensing	devices	such	as	UV	sensors	[10,	23,	77],	biosensors	for	

detecting	proteins	[78],	DNA,	and	cancer	cells	[79],	as	well	as	gas	sensors	[28].	

ZnO	 NW	 piezo-electronic-based	 device	 assemblies	 are	 based	 on	 the	 resistivity	 change	 at	 the	

Schottky	contact	with	the	metal.	Owing	to	the	piezoelectrical	potential	throughout	the	NWs,	the	

resistivity	state	at	the	metal-semiconductor	NW	interface	reversibly	changes	a	threshold	voltage	

[21,	22].	The	resistivity	shift	is	recorded	and	read	out,	which	has	the	potential	for	application	in	
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non-volatile	memory	devices,	stress	and	tactile	sensors,	touchpad	technology,	artificial	skin,	etc.	

[51,	52,	80,	81].	The	other	device	architecture,	p-n	junctions	of	ZnO	NWs	piezo-photonic	devices,	

is	based	on	the	change	in	the	depletion	zone	at	the	pn	junction	interface	due	to	the	mechanical	

stress	of	the	NWs.	The	intensity	of	the	recombination	rate	of	the	device	increases	proportionally	

to	 the	 applied	 force.	 The	 piezo-photonic	 effect	 can	 be	 used	 in	 light-remitted	 diodes	 [18,	 82],	

photocells,	photodetectors	(PDs)	[10,	23],	and	solar	cells	[15].	Therefore,	various	Schottky	and	p-

n	junction-based	piezo-electronic	and	piezo-photonic	devices	can	be	assembled	[18,	83,	84].	

It	is	noted	that	there	are	several	factors	affecting	the	properties	of	ZnO	NWs	and	the	performance	

of	their	resulting	devices,	such	as	nanowire	diameter,	length,	and	inter-wire	spacing	[18,	85].	In	

addition	 to	 the	 physical	 properties	 of	 the	 nanowires,	 matrix	 materials,	 which	 are	 used	 as	

transparent	reinforcement	materials,	affect	the	device’s	performance.	Due	to	increasing	oxygen	

vacancy	by	decreasing	the	size	of	NWs,	electrical	and	optical	properties	change	drastically	[11].	

Increasing	 the	 number	 of	 charge	 carriers	 caused	 by	 missing	 oxygen	 atoms	 in	 the	 structure	

enhances	the	transmittance	[86]	and	Young’s	modulus	of	ZnO	NWs	[85],	whereas	the	size	of	NWs	

decreases.	Photoluminescence	spectroscopy	(PL)	and	ultraviolet-visible	spectroscopy	(UV-VIS)		

are	two	of	the	key	methods	to	analyse	the	change	in	the	electronic	structure	of	the	NWs	depending	

on	their	size	[11],	and	Evolution-in-Materio	(EiM)	can	evolve	the	results	to	determine	the	optimal	

condition	for	the	best	device	efficiency	[87].	

On	 the	other	hand,	 size-dependent	Young’s	modulus	of	NWs	and	 their	 impact	on	piezoelectric	

yield	and	device	performance	can	be	computed	by	the	software	while	their	electronic	properties	

are	being	implemented.	The	density	of	ZnO	NWs	through	the	surface	is	the	other	factor	affecting	

device	performance	because	the	stress	on	the	single	ZnO	nanowire	increases	by	decreasing	the	

density	 of	 the	 NWs,	 which	 enhances	 the	 piezoelectric	 effect	 of	 the	 NWs	 [18].	 By	 using	 EiM	

software,	 each	 of	 these	 selected	parameters	will	 evolve	while	 the	 others	 are	 kept	 constant	 to	

analyse	the	effects	of	all	these	parameters	[87].	

In	addition	to	the	electrical,	optical,	and	mechanical	properties	of	NWs,	the	characterisation	of	

device	performance	is	the	other	key	factor.	Because	of	piezo	potential	along	the	NWs,	the	change	

in	depletion	zone	at	the	interface	of	Schottky	contact	or	p-n	junction	is	caused	by	applied	extra	

forward-bias	 [14,	 21].	 I-V	 measurement	 is	 a	 commonly	 used	 technique	 to	 analyse	 device	

performance	of	ZnO	piezoelectric	devices.	Moreover,	to	analyse	the	piezo-electronic	and	piezo-

photonic	performance	of	the	devices,	dielectric	field	change	under	applied	stress	can	be	analysed	

by	 C-V	 test.	 The	 effect	 of	 the	 chosen	 physical	 parameters	 of	 ZnO	 NWs,	 depending	 on	 device	

performance,	can	be	observed	by	I-V	and	C-V	measurements.		

Although	best	device	performance	is	one	of	the	main	aims	of	the	project,	the	processing	cost	is	

another	 crucial	 consideration	 because	 of	 the	 need	 for	 commercial	 viability.	 Even	 though	 the	
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smaller	diameter	of	NWs	shows	better	piezoelectric	efficiency	according	to	numerical	calculations	

and	studies,	the	fabrication	of	nanoscale	ZnO	NWs	can	be	quite	expensive.	Therefore,	optimum	

conditions	 are	 needed	 to	 produce	 the	 optimal	 device	 at	 the	 lowest	 possible	 cost	 to	 achieve	

industrial	or	commercial	viability.	

	

D.#.! Crystal	Structure	of	ZnO	Nanowire	Network	

ZnO	can	form	three	different	crystal	forms:	hexagonal	wurtzite	(B4),	zinc	blende	(B3),	and	cubic	

rocksalt	(B1)	[6-8]	as	seen	in	Figure	3-1(a),	(b)	and	(c),	respectively	[7].	Zinc	oxide	nanowires	are	

hexagonal	wurtzite	structures	that	grow	preferentially	on	c-axis	(200)	planes	[88].	Four	cations	

enclose	each	anion	in	a	tetrahedral	arrangement	and	vice	versa.	The	surface	favours	planes	(002),	

(100),	 and	 (101)	 due	 to	 high	 deposition	 rate	 and	 energy,	 leading	 to	 parallel	 growth	 in	 a	

polycrystalline	structure	with	three	lattice	parameters:	a=b=3.3	Å	and	c=5.2	Å.	It	is	a	non-centric	

symmetry	(no	inversion	symmetry),	which	is	the	source	of	ZnO's	piezoelectric	and	pyroelectric	

properties	[89,	90].	

	

Figure	3-1:	 Representation	of	various	ZnO	crystal	structures	(taken	by	[7]):	(a)	cubic	rock	
salt	 (B1),	 (b)	 cubic	 zinc	 blende	 (B3),	 and	 (c)	 hexagonal	 wurtzite	 (B4).	 The	
shaded	grey	and	black	spheres	denote	Zn	and	O	atoms,	respectively.	

X-ray	 diffraction	 (XRD)	 is	 used	 to	 characterise	 the	 crystallography	 of	 ZnO	 nanowires.	 It	 is	 a	

technique	that	involves	directing	X-ray	radiation	onto	a	specimen.	When	X-rays	interact	with	the	

specimen’s	 electrons,	 they	 cause	 constructive	 and	 destructive	 interference	 due	 to	 the	 atomic	

arrangement	 [91].	This	 interference	occurs	as	a	result	of	wave	scattering,	which	can	be	either	

constructive	 or	 destructive	 depending	 on	 the	 phase	 difference	 of	 the	 scattered	 waves.	

Constructive	 interference,	 leading	to	X-ray	diffraction,	occurs	when	the	scattered	waves	are	 in	
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phase	 and	 their	 path	 length	 differences	 are	 integer	 multiples	 of	 the	 wavelength	 (λ).	 This	

phenomenon	is	described	by	Bragg’s	law	represented	in	Figure	3-2:	

2𝑑-,/,0 𝑠𝑖𝑛 𝜃 = 𝑛𝜆	 (3-1)	

	

Where	𝒅𝒉,𝒌,𝒍	 is	 the	 interplanar	 spacing,	 and	 𝜃	 is	 the	 Bragg	 angle.	 The	 interplanar	 spacing	 is	

calculated	as:	

𝑑-,/,0 =
𝑎4

√ℎ5 + 𝑘5 + 𝑙5
	 (3-2)	

	

where	𝒂𝟎	is	the	lattice	parameter	for	the	crystalline	direction	(h	k	l).	

An	X-ray	diffractometer	measures	the	intensity	of	these	constructive	interferences	as	a	function	

of	the	scattering	angle,	producing	Bragg	peaks	at	angles	satisfying	Bragg’s	conditions.	These	peaks	

correspond	 to	 the	 diffraction	 of	 various	 crystal	 planes,	 allowing	 determination	 of	 the	 crystal	

structure	and	lattice	parameters	of	the	material	by	analysing	the	XRD	spectrum.	

	

Figure	3-2:	 Schematic	 representation	 of	 Bragg’s	 law	 along	 with	 the	 mathematical	
expression	shown	in	eq.	(3-2).	

Additionally,	XRD	can	estimate	the	nanometric	crystallite	size	of	crystalline	materials.	This	is	done	

by	analysing	the	broadening	of	peaks	in	the	diffraction	pattern	using	the	Debye	Scherrer	equation:	

𝜏 =
𝐾𝜆

𝛽 𝑐𝑜𝑠 𝜃
	 (3-3)	
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where	 𝜏	 is	 the	 mean	 size	 of	 the	 crystallite,	𝐾	 is	 a	 shape	 factor	 (approximately	 0.9),	 λ	 is	 the	

wavelength	of	the	X-ray,	𝛽	is	the	line	broadening	at	half	the	maximum	intensity	(FWHM),	and	𝜃	is	

the	Bragg	angle.	

In	this	study,	XRD	was	applied	to	both	the	drop-cast	random	ZnO	nanowire	network	and	MOS	

devices	before	and	after	rapid	thermal	annealing	(RTA)	to	investigate	their	crystalline	orientation	

and	structure.	The	ideal	ZnO	nanowire	growth	was	associated	with	a	(002)	crystalline	orientation	

in	any	seed	layer.	Therefore,	XRD	was	used	to	analyse	the	crystalline	orientation	of	various	seed	

layers	and	their	impact	on	nanowire	growth.	The	crystalline	orientation	of	the	nanowires	was	also	

determined	by	XRD	and	correlated	with	results	from	SAED	analyses.	Crystallite	sizes	for	the	seed	

layers	were	estimated	using	the	Debye	Scherrer	equation.	

XRD	experiments	were	conducted	using	a	Bruker	D8	Venture	diffractometer	with	high-intensity	

Mo/Cu	dual	IμS	2	sources.	For	optimal	alignment	and	signal	acquisition,	2	cm	x	2	cm	samples	were	

prepared	and	laid	flat	on	the	X-ray	sample	holder.	Typical	XRD	analyses	were	performed	between	

10°	and	50°	at	a	rate	of	0.05°	per	second,	focusing	on	significant	ZnO	peaks	situated	below	50°	

with	Cu	X-rays.	This	detailed	XRD	characterisation	provides	 insights	 into	the	crystal	structure,	

crystalline	orientation,	and	crystallite	sizes	of	the	random	ZnO	nanowire	networks,	enhancing	the	

understanding	of	their	morphological	properties	and	their	influence	on	nanowire	growth.	

	

Figure	3-3	displays	the	XRD	patterns	for	the	randomly	dispersed	ZnO	nanowire	network	before	

and	after	RTA	treatment	under	vacuum	conditions.	All	peaks	observed	after	heating	the	precursor	

at	500°C	correspond	to	the	standard	hexagonal	wurtzite	ZnO	crystal	structure	(JCPDS	36-1451)	

[92].	 Perfectly	 aligned	 nanowires	 perpendicular	 to	 the	 surface	 are	 typically	 in	 the	 (002)	

orientation	due	to	surface	thermodynamic	energy	[7,	8].	The	high	deposition	rate	and	associated	

energy	 result	 in	 the	 preference	 of	 adatoms	 for	 the	 (002),	 (100),	 and	 (101)	 planes,	 leading	 to	

parallel	growth	and	a	polycrystalline	structure.	
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Figure	3-3:		XRD	 analysis	 of	 random	 ZnO	 nanowire	 network	 before	 and	 after	 RTA	
treatment.	

	

XRD	can	identify	the	alignment	of	nanowires,	which	exhibit	the	(100)	and	(101)	planes	along	with	

the	(002)	plane,	as	seen	in	Figure	3-4.	Additionally,	peaks	less	intense	than	the	(002)	peak	in	the	

XRD	diffractograms	of	ZnO	nanowires	may	indicate	a	polycrystalline	structure	or	poor	alignment	

[88].	A	 strong	 (100)	peak	on	 the	 as-drop-cast	 ZnO	nanowire	network	 (red	 line	 in	Figure	3-3)	

suggests	the	as-drop-cast	ZnO	nanowire	networks	are	oriented	along	the	c-axis	[27,	88,	89,	93,	

94].	The	peak	identification	from	the	series	of	samples	aligns	with	the	ICDD	database	sheet	(36-

1451)	 [92],	 confirming	 a	 single-phase	 hexagonal	 wurtzite	 structure.	 A	 strong	 preferential	

direction	along	the	c-axis	is	highlighted,	with	the	(002)	peak	at	a	diffraction	angle	of	2θ	=	34°.	The	

intensities	of	the	(100),	(103),	and	(202)	planes	increase,	likely	due	to	the	horizontal	orientation	

of	the	ZnO	nanowires	on	the	surface	[88].	As	seen	in	Figure	3-4,	other	low-intensity	orientations	

of	the	planar	layer	may	result	in	weak	(100),	(103),	and	(202)	peaks	due	to	the	randomness	of	the	

ZnO	nanowire	network	on	the	surface.	The	crystalline	size	(D)	of	the	nanowires	have	calculated	

as	61.23	and	70.42	nm	before	and	after	RTA,	respectively.	
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Figure	3-4:		The	 orientation	 of	 the	 nanowires	 in	 the	 (h	 k	 l)	 planes	 with	 respect	 to	 the	
substrate	plane	[88].	

	

The	black	line	in	Figure	3-3	shows	the	XRD	patterns	of	the	rapid	thermal	annealed	ZnO	nanowire	

network	 (annealed	 at	 500°C	 for	 10	 min).	 All	 samples	 display	 a	 hexagonal	 wurtzite	 crystal	

structure	with	enhanced	(100),	(110),	and	(101)	peak	intensity.	The	strongest	peaks	seen	at	2-

theta	values	of	31.7,	34.4,	36.2,	47.5,	56.5,	62.8,	66.3,	67.9,	and	69.1	correspond	to	specific	lattice	

planes:	 (100),	 (002),	 (101),	 (102),	 (110),	 (103),	 (200),	 (112),	 and	 (201)	 respectively.	 The	

diffraction	peaks	correspond	to	a	ZnO	hexagonal	wurtzite	structure	and	align	with	published	ZnO	

data	(a	=	3.249	Å,	c	=	5.205	Å	JCPDS	File,	5-664)[93,	94].	

The	(002)	peak	intensity	decreases	at	500°C.	Higher	annealing	temperatures	provide	atoms	with	

sufficient	activation	energy	to	occupy	energetically	favourable	sites	within	the	ZnO	crystal	lattice,	

promoting	the	growth	of	 larger	grains	with	 lower	surface	energy.	This	results	 in	more	 intense	

(100)	and	(110)	peaks,	as	the	(100)	plane	has	the	lowest	surface	energy	in	ZnO	and	is	also	linked	

to	horizontal	alignment	of	the	ZnO	nanowires,	increased	oxygen	vacancy	defects	at	500°C	[88].	

Additionally,	 higher	 temperatures	 increase	 molecular	 motion,	 disrupting	 crystal	 lattice	

perfection,	as	observed	at	500°C.	All	(002)	peak	positions	are	similar	before	and	after	annealing,	

indicating	residual	tensile	stress	in	the	nanowires.	No	additional	peaks	corresponding	to	impurity	

phases	are	observed,	confirming	the	high	purity	of	the	ZnO	nanowires	[88].	

	

D.#.# Electronic	structure	of	ZnO		

X-ray	Photoelectron	Spectroscopy	(XPS)	has	been	used	to	determine	the	binding	energy	of	ZnO	

nanowires	 in	 case	of	 understanding	 the	 electronic	 structure	of	 them.	 it	was	developed	by	Kai	

Siegbahn	[95].	This	technique	involves	irradiating	the	material	with	X-rays	of	known	and	fixed	

energy.	These	X-rays	are	absorbed,	leading	to	the	ionisation	of	the	atoms	in	the	material.	Electrons	

are	emitted	via	the	photoelectric	effect	from	core	levels	(or	from	electronic	levels	in	the	valence	

band).	The	photoelectrons	originating	from	the	material's	surface	are	detected,	and	their	kinetic	
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energies	are	measured.	It	is	possible	to	determine	the	binding	energy	of	each	photoelectron	using	

the	following	relation	in	eq.	(3-4)	[95]:	

𝐸7 = ℎ𝑣 − 𝐸8 −𝑊	 (3-4)	

	

where	ℎ𝑣	is	the	energy	of	the	incident	X-ray	photons	𝐸7	is	the	binding	energy	of	the	photoelectron	

in	its	core	level,	𝐸8 	is	the	kinetic	energy	of	the	emitted	photoelectron,	and	𝑊	is	the	work	function	

of	the	analyser.	

The	binding	energy	of	these	collected	photoelectrons	is	characteristic	of	the	emitting	atoms.	The	

binding	energies	of	photoelectrons	emitted	by	each	element	are	summarised	in	a	database	[96]	

maintained	 by	 NIST	 (National	 Institute	 of	 Standards	 and	 Technology)	 and	 in	 the	 scientific	

literature.	

The	 binding	 energy	 of	 an	 electron	 depends	 not	 only	 on	 the	 level	 at	which	 the	 photoemission	

mechanism	occurs	but	also	on	the	valence	state	of	the	atom	and	its	environment.	The	core	electron	

is	subject	to	a	Coulomb	force	exerted	by	the	charges	of	neighbouring	atoms	[97].	Suppose	another	

element	 replace	 this	 neighbouring	 atom.	 In	 that	 case,	 this	 force	 varies,	 leading	 to	 a	 spatial	

redistribution	of	the	valence	charges	and	generating	a	new	potential	experienced	by	the	electron	

in	question.	As	a	result,	its	binding	energy	is	altered.	A	change	in	the	chemical	environment	of	the	

core	electrons	induces	shifts	in	the	characteristic	peak	of	an	element.	This	chemical	shift	depends	

on	the	nature	and	number	of	atoms	bonded	to	the	emitting	atom,	as	well	as	the	electronegativity	

of	neighbouring	atoms	[97].	

The	variation	in	the	analysis	depth	of	the	substrate	depends	on	the	angle	𝜃,	which	represents	the	

angle	between	the	axis	of	the	analyzer	and	the	normal	to	the	surface.	The	corresponding	analysis	

depth	 for	 each	 angle	𝜃	 is	 equal	 to	3	𝜆 cos 𝜃.	 This	 expression	 indicates	 that	 the	 analysis	 depth	

decreases	 as	 the	 angle	 𝜃	 increases.	 Using	 the	 AR-XPS	 technique	 [98],	 we	 can	 schematically	

represent	the	electronic	structure	of	ZnO	nanowires	before	and	after	RTA	[99,	100].	

The	tetrahedral	coordination	of	the	hexagonal	wurtzite	ZnO	lattice	structure	is	common	in	sp3	

covalent	bonding.	These	materials	exhibit	both	sp3	covalent	and	ionic	characteristics.	ZnO,	an	II-

VI	 compound	 semiconductor,	 demonstrates	 adjacent	 ionicity	 between	 covalent	 and	 ionic	

semiconductors	[6,	7,	101].	Zinc	oxide	(ZnO)	usually	contains	unintentional	n-type	doping	caused	

by	defects	 in	 its	 crystal	 structure	 [102],	 such	as	oxygen	vacancies	and	zinc	 interstitials.	These	

defects	also	serve	as	centres	for	adsorption	at	the	atomic	or	molecular	level,	making	ZnO	useful	

for	UV	photodetection	[11].	However,	the	challenge	of	achieving	p-type	doping	in	ZnO,	primarily	

due	 to	 native	 defects,	 has	 been	 a	 longstanding	 issue	 in	 ZnO	nanoengineering	 [103,	104].	 This	

limitation	has	restricted	the	range	of	applications	for	ZnO	in	semiconductors.	Despite	this,	n-type	
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ZnO	demonstrates	high	electron	mobility	and	intense	luminescence.	Its	abundance	and	ease	of	

production	have	positioned	ZnO	as	a	highly	researched	semiconductor	material	in	the	electronics	

industry	 [6-8].	 For	 a	 comprehensive	 analysis	 of	 semiconductor	 properties	 of	 ZnO	 and	

applications,	consult	Janotti's	work	[8].	

The	oxygen	vacancy	(VO)	significantly	influences	the	properties	of	metal	oxides,	impacting	doping,	

processing,	device	degradation	and	more.	Determining	if	n-type	conductivity	stems	from	VO	has	

long	been	challenging	in	ZnO[105,	106].	Although	VO	has	the	lowest	formation	enthalpy,	it	creates	

a	deep	electronic	state	in	ZnO,	which	may	limit	its	conductivity	at	room	temperature[107,	108].	

Theoretical	studies	show	conflicting	results	due	to	methodological	limitations.	Experimental	data	

suggests	VO	 concentrations	 far	 exceed	 theoretical	predictions[100,	109].	Models	 for	VO	 in	ZnO	

often	rely	on	indirect	evidence,	and	its	charge	state	remains	contentious[110].	

In	conclusion	of	the	literature,	the	n-type	conductivity	of	ZnO	results	from	group-III	impurities,	

hydrogen	substitution,	and	possibly	group-IV	impurities.	Shallow	donors	show	distinct	peaks	in	

the	PL	spectrum.	Oxygen	vacancies	act	as	deep	double	donors	with	specific	energy	levels	relative	

to	the	conduction	band	minimum	(CBM).	Zinc	vacancies	are	deep	acceptors	associated	with	red,	

blue,	 and	 green	 emissions	 [111,	 112].	 Oxygen	 vacancies	 dominate	 diffusion	 with	 identified	

activation	enthalpy.	Migration	enthalpy	is	determined,	showing	changes	in	VO	formation	enthalpy.	

Liu	 et	 al.	 [110]	 reported	 a	 study	 exploring	 oxygen-isotope	 ZnO	 heterostructures	with	 precise	

control	 of	 chemical	 potential	 and	 Fermi	 level.	 They	 found	 the	 challenge	 of	 the	 neutral	 state	

assumption	 of	 VO	 in	 ZnO,	 establishing	 them	 as	 primary	 donor-like	 defects,	 explaining	 n-type	

conductivity.	
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Figure	3-5:	 XPS	 characterisation	 of	 as-deposited	 (top)	 and	 RTA-treated	 (bottom)	 ZnO	
nanowire	networks	presented	in	this	thesis;	(a)	O	1s,	(b)	Zn	2p3/2,	(c)	Zn	1s.	

	

The O 1s peak spectrum can be deconvoluted into three contributions, with their peak located at 530 eV, 

531.7 eV, and 532.8 eV, as seen in Figure	3-5(a). The 530 eV peak represents O2− from the wurtzite 

structure of the ZnO lattice 20, while the 531 eV peak is associated with O2− in the oxygen-deficient 
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region within the ZnO matrix [113]. The 532.4 eV peak originated from surface oxidation when the 

ZnO films were exposed to air [99, 114].  

The	observed	 intensity	decreases	after	RTA	treatment	at	450	℃	under	vacuum,	as	depicted	 in	

Figure	 3-5,	 indicating	 a	 reduction	 in	 the	 intensity	 of	 the	 as-deposited	 and	 RTA-annealed	 ZnO	

network.	The	peak	located	at	530	eV	exhibits	a	relatively	larger	intensity	and	integrated	area	than	

that	at	531.7	eV	in	the	as-deposited	and	RTA-treatment	ZnO	network,	suggesting	that	this	oxygen	

signal	 primarily	 originates	 from	 the	 Zn–O	 bond	 [110,	 115].	 The	 addition	 of	 RTA	 annealing	

promotes	the	formation	of	the	Zn–O	bond	and	effectively	decreases	oxygen	deficiency.	The	Zn	and	

O	atomic	concentration	in	the	Zn–O	state	can	be	determined	from	the	peak	area	of	the	Zn	2p3/2	

in	Figure	3-5(b)	and	O	1s	at	530	eV	 in	Figure	3-5(a).	The	Zn	content	relative	to	the	O	1s	peak	

increases	 due	 to	 RTA	 treatment,	 indicating	 that	 the	 deviation	 from	 stoichiometry	 induces	

electrons	in	the	film,	resulting	in	an	n-type	ZnO	film.	The	drop-casted	nanowire	network	exhibits	

more	oxygen	deficiency,	but	the	annealing	process	under	vacuum	conduction	decreases	oxygen	

deficiency	by	Zn-O	bonds.	

This	improvement	in	stoichiometry,	confirmed	by	the	increased	Zn-to-O	ratio	in	the	XPS	analysis,	

is	 expected	 to	 enhance	 charge	 transport	 characteristics.	 Specifically,	 the	 reduction	 of	 oxygen	

vacancies,	which	act	as	electron	donors,	is	crucial	in	tuning	the	carrier	concentration	and	overall	

conductivity	of	the	ZnO	network.	These	findings	set	the	stage	for	the	electrical	characterization	in	

section	3.3,	where	the	I-V	measurements	will	be	discussed.	By	linking	the	chemical	modifications	

revealed	by	XPS	to	the	electronic	behaviour	analysed	through	I-V	measurements,	we	can	better	

understand	how	annealing	and	compositional	adjustments	affect	charge	transport	mechanisms	in	

the	ZnO	nanowire	network.	The	I-V	analysis	in	section	3.3	will	thus	provide	further	evidence	of	

how	 the	 improvements	 in	 material	 stoichiometry	 translate	 into	 changes	 in	 conductivity,	

supporting	the	overall	thesis	goal	of	optimising	the	ZnO	network	for	enhanced	performance	in	

device	applications.	

	

9.9 Electrical	Characteristics	of	the	Network	

The	study	aims	to	investigate	the	I-V	characteristics	of	the	ZnO	nanowire	network	on	the	in-plane	

electrode	array	to	understand	the	conduction	hierarchy	of	the	ZnO-NW	network.	In	Chapter	4,	an	

analysis	 will	 be	 conducted	 step-by-step	 on	 how	 the	 material	 ratio	 of	 the	 ZnO-NW	 network	

influences	conductivity	by	characterizing	the	aluminium	micro-electrode	array.	Before	a	detailed	

investigation	of	the	I-V	characteristics	of	the	ZnO	nanowire	network,	the	conductivity	of	the	ZnO	

nanowire	 network	 on	 the	 microelectrode	 array	 will	 be	 presented	 in	 this	 section.	 The	 I-V	

measurements	 will	 be	 calibrated	 using	 the	 control	 electrode.	 Subsequently,	 the	 electrical	
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conductivity	of	ZnO	nanowires	prior	to	the	RTA	annealing	process	will	be	assessed	to	determine	

the	effects	of	RTA	on	the	ZnO-NW	network's	electrical	properties.	

As	depicted	in	Figure	3-6,	a	control	electrode	exhibits	low	electrical	conductivity	when	used	alone.	

The	electrode	responses	to	0.25	V	voltage	sweep,	ranging	from	0	to	10	V	and	then	back	to	0	V,	are	

almost	 identical	with	small	hysteresis.	The	negative	current	 levels	 in	 the	graph	result	 from	an	

offset	in	the	source	meter.	As	seen	in	Figure	3-6,	there	is	no	charge	transport	on	the	undeposited	

electrode	array.	Therefore,	the	charge	transport	of	random	ZnO	nanowire	networks	with	varied	

nanowire	densities	can	be	investigated	on	the	microelectrode	array.	

	

	

Figure	3-6:	 I-V	characteristics	of	a	10μm	gap	microelectrode	array.	

	

An	investigation	was	conducted	on	the	properties	of	randomly	dispersed	ZnO	nanowires	in	DMF	

solvent	with	varying	concentrations.	ZnO	nanowires	in	ratios	between	0.01	and	4.5	wt.%	were	

drop-casted	on	 a	10μm	gap	of	 aluminium	microelectrode	 arrays,	 as	 shown	 in	 Figure	2-4.	 The	

conductivities	of	the	randomly	dispersed	ZnO	nanowires	were	tested	on	two-terminal	in-plane	

devices,	 resulting	 in	 different	 current	 levels	 ranging	 from	 nanoamp	 to	 milliamp	 levels,	 as	

presented	in	Figure	3-5.	The	I-V	tests	of	ZnO	nanowire	networks	displayed	a	non-linear	sweep	

range	 of	±20V	 due	 to	 the	 semiconducting	 nature	 of	 the	 ZnO	 nanowires.	 The	 increase	 in	 the	

electrical	conducting	of	the	random-ZnO	nanowire	networks	could	be	verified	by	the	number	of	

nanowires	in	the	channel	with	increasing	nanowire	weight	ratio	in	drop-casted	DMF	solution.		
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Figure	3-7:	 	I-V	characteristics	of	drop-cast	and	RTA-treated	ZnO	nanowire	network	with	a	
variation	 of	 the	 material	 ratio	 between	 0.01	 and	 4.50	 wt.%	 on	 10	 µm	 gap	
microelectrode	arrays.	

	

In	 addition	 to	 the	 non-linear	 characteristic	 I-V,	 the	 system	 shows	 a	 rectifying	 behaviour	 I-V	

characteristics	when	a	low	nanowire	concentration	at	0.01	and	0.05	wt.%	is	drop-casted	on	the	

10	µm	gap	microelectrode	array,	as	seen	in	Figure	3-7.	The	appearance	of	the	rectifying	behaviour	

in	such	an	asymmetrical	 I-V	characteristics	 for	 low-nanowire	concentrations	(0.01–0.51	wt.%)	

can	be	attributed	to	the	existence	of	interface	dipoles	at	metal-nanowire	contacts,	resulting	in	the	

depinning	of	the	Fermi	level	at	the	metal-nanowire	contact	[116].	In	the	context	of	nanowires,	the	

Fermi	level	is	consistently	located,	or	"pinned,"	within	them.	The	choice	of	low	and	high	work-

function	metals	does	not	impact	the	creation	of	uneven	barrier	heights	for	charge	injections	in	the	

densely	 drop-casted	 networks	 of	 nanowires.	 This	 phenomenon	 is	 observable	 in	 most	 metal-

semiconductor	 junctions	 with	 bulk-contact	 structures	 [117-119].	 Furthermore,	 the	 dielectric	

constant	of	the	nanowires	plays	a	critical	role	in	the	number	of	nanowires	and	has	implications	

for	 charge	 injections	 at	 nanotube-metal	 contacts	 [120].	 Consequently,	 when	 densely	 packed	

networks	are	involved,	tunnelling	current	supersedes	thermionic	emission	current	in	nanowire-

nanowire	junctions,	resulting	in	I-V	characteristics	that	adhere	to	Ohm’s	law	[121].	
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As	presented	in	Figure	3-8,	the	current-voltage	characteristics	of	random	ZnO	nanowire	networks	

are	 shown	when	 the	electrode	separation	was	1	and	10	µm,	 illustrated	as	black	and	red	 lines	

respectively.	It	is	evident	that	the	system	displays	a	non-linear	I-V	relationship	for	both	electrode	

separations.	This	can	be	attributed	to	the	semiconductor	properties	of	ZnO	nanowires	and	the	

complex	conduction	mechanism	through	the	nanowire	network.	

	

	

Figure	3-8:	 I-V	 characteristics	 of	 0.1	wt.%	 ZnO	 nanowire	 network	 on	 1	 and	 10	 µm	 gap	
microelectrode	array.	

	

Figure	3-8	illustrates	two	different	electrode	separations	to	demonstrate	how	the	nanowire	itself	

and	a	network	can	affect	the	I-V	characteristic	of	the	system.	The	length	of	the	nanowire	is	5	µm,	

which	 is	 significantly	 larger	 than	 the	 1	 µm	 electrode	 separation,	 causing	 the	 majority	 of	 the	

current	 to	 flow	 through	 individual	 nanowire	 which	 span	 the	 electrodes.	 However,	 when	 the	

electrode	 separation	 is	 increased	 to	 10	 µm,	 the	 current	 flows	 through	 nanowire-nanowire	

junctions.	The	I-V	characteristic	of	the	two	different	electrode	separations	displays	a	non-linear	I-

V	 relation	as	discussed,	 but	 the	 symmetry	of	 the	 I-V	 characteristic	 varies	 [116].	 Typically,	 the	

expected	outcome	when	aluminium	metal	forms	an	ohmic	contact	with	ZnO	on	both	ends	of	the	

nanowire	 network	 is	 a	 linear	 and	 symmetrical	 I-V	 characteristic	 [122].	 Above	 the	 threshold	

voltage,	 the	 results	 of	 this	 study	 indicate	 a	 non-linear	 and	 asymmetric	 I-V	 nature	 where	

thermionic	emission	becomes	dominant	[121].	Therefore,	the	asymmetric	I-V	characteristics	are	
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attributed	 to	 the	 formation	 of	 dissimilar	 contact	 resistance	 and	 various	 barriers	 on	 nanowire	

junctions	and	nanowire	metal	ends	[116].	

According	to	the	results	obtained	from	the	voltage	sweep,	which	ranged	from	-10	to	10	V	and	back	

to	-10	V,	each	system	has	narrow	hysteresis	due	to	asymmetric	aluminium	contact.	However,	the	

electrode	responses	showed	a	noticeable	contrast	in	the	symmetry	of	positive	bias	in	comparison	

to	negative	bias	for	electrode	separations	of	1	and	10	µm.	Figure	3-8	shows	that	the	current	flow	

through	the	1	µm	electrode	separation	was	nearly	symmetrical	in	both	positive	and	negative	bias,	

with	 the	 highest	 current	 at	 10	 V	 reaching	 approximately	 60	 and	 -60	 µA	 for	 the	 positive	 and	

negative	10	V	bias,	respectively.	On	the	other	hand,	the	current	flow	was	asymmetrical	 for	the	

10	µm	electrode	separation.	The	highest	current	observed	was	0.09	and	-0.03	µA	for	positive	and	

negative	10	V,	respectively.	The	result	shows	that	the	larger	electrode	separations	may	rectify	the	

I-V	 characteristic.	 It	 was	 expected	 that	 the	 current	 level	 would	 differ	 for	 both	 electrode	

separations	due	to	the	effect	of	junction	resistivity	between	two	nanowires	[116,	120,	121],	but	

the	ratio	of	the	differences	between	negative	and	positive	bias	was	also	varied	due	to	the	forward	

rectifying	 I-V	 characteristic	 with	 pinched	 hysteresis	 loop	 as	 shown	 in	 Figure	 3-8.	 The	 other	

possibility	is	the	contact	between	the	ZnO	nanowire	and	the	Al	electrode.	Any	differences	between	

the	one	side	of	the	Al	electrode	may	result	in	asymmetrical	I-V	characteristics	[117].	
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Figure	3-9:	 I-V	 sweep	 of	 (a)	 0.1	 and	 (b)	 1.0	 wt.%	 ZnO	 nanowires	 on	 10𝜇𝑚	 gap	
microelectrode	array.	

	

Five	cycles	of	the	symmetrical	I-V	characteristics	of	0.1	and	1.0	wt.%	ZnO	nanowire	networks	on	

a	10	𝜇𝑚	electrode	gap,	shown	in	Figure	3-9,	present	different	levels	of	nonlinearity	in	their	I-V	

characteristics.	 Increasing	 the	 channel	 length	 leads	 to	 the	 flow	 of	 current	 through	 nanowire-

nanowire	junctions,	in	line	with	the	literature	[123].	Therefore,	it	is	important	to	understand	the	

properties	of	these	junctions	to	gain	insight	into	the	charge	transport	in	a	random	ZnO	nanowire	

network.	 The	 purpose	 of	 conducting	 multiple	 cycles	 of	 the	 I-V	 sweep	 test	 is	 to	 ensure	 the	

reproducibility	and	stability	of	the	conductivity.	When	an	electric	field	is	applied	to	the	conductive	
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path,	 it	 can	 alter	 the	 filling	 trap	 states	 of	 the	 nanowire-nanowire	 junctions	 in	 the	 network,	

resulting	in	a	slight	change	in	conductivity	[31].	The	5	cycles	of	I-V	characteristics	for	0.1	and	1.0	

wt.%	in	Figure	3-9	(a)	and	(b)	demonstrate	 that	 the	network	exhibits	reproducible	and	stable	

conductivity.	

The	resistivity	of	junctions	is	a	critical	factor	influencing	the	conductivity	of	random	networks.	At	

low	potential,	 the	 I-V	characteristics	exhibit	 linear	ohmic	conductivity,	 indicating	 that	 junction	

resistivity	governs	charge	transport	[124].	As	the	voltage	increases,	a	sharp	rise	is	observed,	as	

shown	 in	Figure	3(a-b).	However,	 the	nonlinearity	 at	 0.1	 and	1.0	wt.%	 is	 not	 identical	 due	 to	

distinct	percolation	characteristics	of	each	network.	The	varying	percolation	characteristics	result	

from	changes	in	inter-particle	distances	as	the	ZnO	nanowire	content	fluctuates.	This	fluctuation	

in	 inter-particle	 distances	 is	 the	 physical	 mechanism	 causing	 the	 voltage	 dependence	 on	 the	

conductivity	of	random	nanowire	networks	 [125,	126].	Consequently,	 the	 level	of	nonlinearity	

varies	depending	on	the	percolation	characteristics	of	the	ZnO	nanowire	content.	

In	 conclusion,	 this	 section	 investigates	 the	 general	 electrical	 characteristics	 of	 random	 ZnO	

nanowires	on	microelectrode	arrays.	The	I-V	characteristic	may	exhibit	a	rectifying	effect	at	the	

lowest	 nanowire	 intake	 values	 due	 to	 high	 junction	 resistivity.	 However,	 the	 investigation	

demonstrates	 that	 ZnO	 nanowire	 networks	 exhibit	 repeatable	 and	 stable	 nonlinear	 I-V	

characteristics.	 This	 same	 principle	 will	 be	 utilised	 in	 the	 following	 chapters,	 where	 the	

conductivity	of	ZnO	nanowires	will	be	modelled	in	Monte	Carlo	simulation	and	experimentally	

correlated.	A	detailed	investigation	of	charge	transport	in	a	random	ZnO	nanowire	network	will	

be	conducted	 in	Chapter	5	by	 integrating	the	scaling	 factor	of	a	percolative	nanowire	network	

described	in	Chapter	4.	

	

9.B MOS	and	MIS	Devices		

The	utilisation	of	MIS	or	MOS	devices	has	become	prevalent	in	contemporary	device	technology,	

particularly	in	the	fabrication	of	capacitors	and	transistors.	However,	the	ongoing	miniaturisation	

of	devices,	often	associated	with	Moore’s	Law,	is	now	reaching	its	technological	limitations	[1,	2].	

To	address	this	challenge,	a	promising	approach	is	to	introduce	multifunctional	ZnO	nanowires	

into	MIS	 devices,	 thereby	 enabling	 the	 generation	 of	 digital	 signals	 through	 the	 simultaneous	

impact	 of	 multiple	 external	 factors	 [7,	 8,	 15].	 The	 integration	 of	 ZnO	 nanowire-based	 device	

assemblies	can	lead	to	significant	changes	in	resistivity	or	charge	density	[9,	15,	22,	127],	resulting	

in	the	production	of	electrical	signals	at	the	gate	contact	in	response	to	external	stimuli	such	as	

exposure	to	light,	pressure,	or	charge	accumulation.	The	potential	applications	of	ZnO	nanowire	

network-embedded	MIS	devices	will	be	expounded	in	Chapters	6	and	7,	with	a	preliminary	focus	
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on	providing	a	general	 characterisation	of	 the	MIS	device	configuration	before	exploring	 their	

specific	applications.	

The	other	functionalities	of	the	embedded	dielectric	layer	of	MIS	device	formation	are	based	on	

changes	 in	 the	 charge	 accumulation	 because	 of	 external	 impact	 on	 devices,	 such	 as	 UV-light	

exposure	and	pressure	on	 the	gate	electrodes.	 It	has	been	widely	 studied	 that	ZnO	nanowires	

generate	 charges	 under	 blue	 and	 UV	 light	 radiation	 due	 to	 the	 absorption	 and	 desorption	 of	

oxygen	on	the	ZnO	nanostructure's	surface	[48,	49].	The	intensity	of	the	charge	generation	rate	of	

the	 device	 increases	 proportional	 to	 the	 applied	 radiation.	 The	 optoelectronic	 effect	 can	 be	

applied	in	two	terminal	in-plane	device	formations:	Field	effect	transistor,	photodetector	[48-50],	

and	solar	cells18.	Therefore,	a	variety	of	anisotropic	electrode	configurations	and	transistor-based	

optoelectronic	sensors	and	photodetector	devices	can	be	assembled.	

It	is	noted	that	there	are	several	factors	affecting	the	properties	of	ZnO	NWs	and	the	performance	

of	their	devices,	such	as	nanowire	diameter,	length	and	inter-wire	spacing	[17]	because	of	the	high	

improvement	 of	 surface-to-volume	 ratio	 of	 high	 aspect	 ratio	 of	 1D	 nanowire	 formation.	 In	

addition	 to	 the	 physical	 properties	 of	 the	 nanowires,	 matrix	 materials,	 which	 are	 used	 as	

transparent	reinforcement	materials,	affect	 the	device’s	performance	 [18].	Zinc	Oxide	(ZnO)	 is	

known	 to	 possess	 a	 significant	 exciton	 binding	 energy	 of	 60	meV,	making	 it	 possible	 for	 the	

excitonic	emission	of	ZnO	to	persist	even	at	room	temperature.	This	feature	is	particularly	crucial	

for	the	development	of	light-emitting	devices	including	lasers.	ZnO	tends	to	exhibit	unintentional	

n-type	doping,	which	 is	attributed	to	the	presence	of	native	defects	 in	 its	crystalline	structure.	

These	 defects	 include	 oxygen	 vacancies	 (which	 are	 missing	 oxygen	 atoms	 at	 regular	 lattice	

positions)	and	zinc	interstitials	(which	are	additional	Zn	atoms	occupying	interstitial	positions	in	

the	lattice)	[11,	19].		

	

D.=.! MOS	Capacitor	Device	Assembly	

Owing	 to	 extensive	 usage	 of	 the	 Si,	 silicon	 oxide	 (SiO2)	 metal-oxide/insulator-semiconductor	

(MOS/MIS)	 capacitors,	 the	 functionalities	 of	 ZnO	 nanowires	will	 be	 performed	 by	 embedding	

them	into	the	highly	studied	MIS	device	configuration	illustrated	in	Figure	3-10(a).	This	thesis	will	

present	three	types	of	MOS	device	assemblies:	(i)	a	reference	MOS	device	assembly	(Dr)	formed	

as	 n-Si/SiO2/Al,	 (ii)	 a	 MOS	 assembly	 with	 a	 PMMA	 blocking	 oxide	 (Dp)	 formed	 as	 n-

Si/SiO2/PMMA/Al,	 and	 (iii)	 a	 ZnO	 nanowire	 embedded	MIS	 device	 assembly	 (Dnw,i),	where	 'i'	

indicates	the	weight	percentage	(wt.%)	of	ZnO	nanowires.	
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Figure	3-10:	(a)	MIS	device	formation	of	highly	doped	n-Si/SiO2/ZnO-NWs/PMMA/Al,	(b)	
Illustration	of	the	cross-section	of	MF	device	formation.	

	

In	Figure	3-8	(b),	a	cross-sectional	illustration	of	the	MIS	capacitors	configuration	is	presented,	

demonstrating	the	deposition	of	TO	and	BO	on	the	n-Si	wafer.	The	MIS	devices	are	manufactured	

on	a	doped	n-type	Si	(n-Si)	wafer	(100)	that	is	phosphorus-doped	and	has	a	resistivity	of	10-30	Ω-

cm.	 This	 wafer	 was	 purchased	 from	 Testbourne	 Ltd	 (S4-9000	 D79).	 A	 30	 nm	 thick	 layer	 of	

sputtered	SiO2	is	used	for	the	TO.	ZnO	nanowires	(ZnO-NWs)	are	drop-casted	onto	the	tunnelling	

layer	 in	 Section	 2.4.2,	 forming	 a	 nanowire	 network	 intended	 to	 act	 as	 the	 charge-trapping	

(interface	trapping)	layer	for	memory	function	and	as	a	photo-active	material	under	UV	radiation.	

Furthermore,	a	thin	PMMA	BO	layer	encapsulates	the	ZnO	nanowires,	preventing	against	charge	

leakage.	The	200-nm	Al	thermally	deposited	contacts	are	patterned	using	a	shadow	mask.	It	 is	

noted	that	bridging	between	the	top	electrode	and	ZnO	may	introduce	leakage	current,	potentially	

resulting	in	unreliable	memory	behaviour	in	the	devices.	Previous	reports	have	highlighted	the	

impact	 of	 poor	 encapsulation	 of	 the	 conductive	 charge	 storage	 element	 in	 hybrid	 insulators,	

leading	to	unreliable	memory	behaviour	due	to	high	charge	leakage	[128].		

	

D.=.# Characterisation	of	MOS	and	MIS	Devices	

The	 interaction	 between	 an	 amorphous	 and	 a	 crystalline	 material	 at	 the	 SiO2/Si	 interface	 is	

complex	due	to	differences	in	atomic	positioning.	This	results	in	some	silicon	atoms	within	the	

crystal	 structure	being	unpaired	with	either	oxygen	or	another	silicon	atom,	 forming	dangling	

bonds	[129].	The	main	effect	of	Rapid	Thermal	Annealing	(RTA)	is	to	cause	hydrogen	desorption	

from	existing	silicon	dangling	bond	defects.	Compared	to	conventional	furnace	annealing,	the	RTA	

process	 does	 not	 create	 additional	 interface	 defects	 [74].	 Therefore,	 applying	 RTA	 annealing	

treatment	 to	 the	 samples	 on	 the	 SiO2	 growth	 n-Si	 wafers	 under	 a	 hydrogen-free	 vacuum	

(a)
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environment	is	crucial	to	passivate	dangling	bonds	and	improve	the	n-Si	and	oxide	surface	[129-

131].	

	

Figure	3-11:		 XRD	of	reference	MOS	(Dr)	devices	before	and	after	RTA	treatment.	

	

Figure	3-11	shows	the	XRD	result	of	SiO2	grown	n-Si	wafer	before	and	after	RTA	treatment	under	

vacuum	conditions.	The	X-ray	diffraction	(XRD)	analysis	of	n-doped	(100)	oriented	silicon	wafers	

was	performed	to	assess	the	crystallographic	changes	before	and	after	rapid	thermal	annealing	

(RTA).	 The	 diffraction	 patterns	 revealed	 characteristic	 peaks	 for	 silicon	 at	 2θ	 values	 of	

approximately	69°,	corresponding	to	the	(400)	crystallographic	plane.	These	reflections	confirm	

the	crystalline	structure	of	silicon	and	align	with	standard	diffraction	patterns	for	cubic	silicon.	

After	RTA	treatment,	the	intensity	of	these	peaks	remained	consistent,	indicating	that	the	thermal	

processing	 did	 not	 induce	 significant	 structural	 degradation.	 In	 addition	 to	 the	 silicon	 peaks,	

reflections	 corresponding	 to	 aluminium	 were	 also	 observed,	 suggesting	 the	 presence	 of	 the	

aluminium	 electrode	 pattern	 on	 the	 reference	 MOS	 devices.	 The	 XRD	 spectrum	 revealed	

prominent	Al	peaks	associated	with	characteristic	diffraction	angles	for	aluminium,	as	indicated	

by	 stars	 in	Figure	3-11.	Overall,	 the	XRD	results	 suggest	 that	 the	RTA	process	maintained	 the	

structural	 integrity	of	 the	 silicon	wafers	while	potentially	 enhancing	 the	Si	 and	SiO2	 interface.	
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Therefore,	the	devices	will	be	annealed	to	enhance	not	only	the	charge	transport	through	the	ZnO	

nanowire	 network,	 but	 also	 enhance	 dielectric	 properties	 and	 charge	 states	 at	 the	 interface	

between	the	Si	and	oxide	layer.	

	

D.=.D Characterisation	of	Two	Terminal	MOS	Capacitors	

Since	the	primary	device	configuration	of	the	MF	is	to	integrate	the	ZnO-NWs	network	into	the	

insulator	layer	of	MIS,	it	is	essential	to	prepare	the	Dr	device	formation	of	n-Si/SiO2/Al	and	Dp	n-

Si/SiO2/PMMA/Al	to	distinguish	the	effect	of	ZnO	nanowire	intake	into	the	insulator,	before	the	

investigation	the	potential	for	the	device	produced	from	the	random	ZnO-NW	network	to	exhibit	

multifunctional	capability.	Here,	the	Dr	MOS	formation	of	n-Si/SiO2/Al	(in	Figure	3-12(a))	will	be	

called	 a	 reference	 MOS	 capacitor.	 In	 contrast,	 n-Si/SiO2/ZnO-NWs/PMMA/Al	 formation	 (as	

illustrated	 in	 Figure	 3-10(a)	will	 be	 addressed	 as	 Dnw,i	MIS	 capacitors	 to	 distinguish	 between	

configurations.	

	

Figure	3-12:	Structure	of	a	Dr	(n-Si/SiO2/Al)	MOS	capacitor:	(a)	perspective	view,	(b)	cross-
section.	

	

3.4.3.1 		 C-V	Measurement	of	MOS	

	The	performance	of	MOS/MIS	capacitors	is	influenced	by	variations	in	the	oxide	and	traps	at	the	

SiO2-Si	interface.	A	study	was	conducted	to	observe	the	charge-trapping	effect	of	the	sputtered	

SiO2	layer.	This	involved	performing	a	reference	C-V	cycle	without	ZnO	nanowires,	illustrated	in	

Figure	3-12(a),	with	 results	presented	 in	Figure	3-13(a).	The	electrical	 characterisation	of	 the	

devices	was	carried	out	using	a	multifunctional	test	station	detailed	in	Chapter	2,	which	enables	

measurements	of	the	C-V	and	I-V	sweep	gate	characteristics.	

	

d	=	30	nmV
(a) (b)(b)	
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Figure	3-13:		C-V	characteristics	of	reference	MOS	devices	before	and	after	RTA	treatment	
described	in	Section	2.5.1.3.	

	

The	band	structure	of	the	n-doped	silicon	semiconductor	with	a	1.1	eV	band	gap	bends	when	a	

negative	or	positive	potential	is	applied	to	the	Al	gate	terminal,	while	the	n-Si	remains	at	ground	

potential	(as	shown	in	Figure	3-12(b).	Applying	potential	to	the	gate	terminal	causes	the	band	of	

the	n-Si	to	bend	and	induces	charge	into	the	n-Si	at	the	oxide	interface.	Figure	3-13(a)	shows	the	

typical	 C-V	 characteristics	 of	 n-type	 Si	 semiconductors	 named	 accumulation,	 depletion,	 and	

inversion	 from	 positive	 to	 negative	 bias,	 respectively.	 The	 band	 bending	 of	 the	 n-Si	 under	

accumulation,	depletion,	and	inversion	are	presented	from	Figure	3-14(a)	to	Figure	3-14(c)	[129-

131].		

When	a	positive	voltage	is	applied	to	the	gate	of	the	MOS,	the	band	of	n-Si	bends	downward	due	

to	the	potential	difference	between	the	gate	and	n-Si.	This	results	in	the	accumulation	of	electrons	

at	the	n-Si	interface,	causing	the	conduction	band	to	move	closer	to	the	Fermi	level.	Consequently,	

the	silicon	becomes	more	n-type	at	the	interface,	leading	to	the	accumulation	of	charge	(Qacc)	in	
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the	n-Si	due	 to	 the	positive	 gate	voltage,	 resulting	 in	 a	 larger	 capacitance,	 as	 shown	 in	Figure	

3-14(a).	

	

Figure	3-14:		Energy	band	diagram	of	reference	MOS	at	(a)	accumulation,	(b)	Depletion,	and	
(c)	inversion	region.	

	

Conversely,	when	a	negative	voltage	is	applied	to	the	gate,	it	induces	a	positive	charge	in	the	n-Si,	

causing	upward	band	bending	as	depicted	in	Figure	3-14(b)	[131].	This	creates	a	negative	charge	

on	the	metal	gate	and	a	positive	charge	in	the	MOS	due	to	the	depletion	in	the	n-Si,	resulting	in	a	

gradual	 decrease	 in	 capacitance,	 illustrated	 in	 Figure	 3-13(a).	 As	 a	 result	 of	 applying	 a	 larger	

negative	gate	voltage,	there	is	an	increase	in	negative	and	positive	charge	accumulation	at	the	gate	

and	n-type	silicon	(n-Si)	regions,	respectively.	As	depicted	in	Figure	3-14(c),	this	increased	charge	

accumulation	 causes	 further	 upward	 bending	 of	 the	 energy	 bands,	 ultimately	 resulting	 in	 the	

Fermi	level	(EFs)	crossing	the	intrinsic	Fermi	level	(EFi)	[129,	131].	Consequently,	the	Fermi	level	

(EFs)	becomes	closer	to	the	valence	band	than	to	the	conduction	band.	By	applying	a	sufficiently	

negative	 voltage	 to	 the	 gate,	 exceeding	 the	 threshold	 voltage	 (Vt),	 the	majority	 of	 the	 carriers	

accumulate	at	the	interface	between	the	semiconductor	and	the	oxide,	creating	a	depletion	region	

characterised	 by	 a	 depletion	 distance	 (xd).	 This	 scenario	 implies	 that	 the	 hole	 density	 in	 the	

inversion	layer	near	the	silicon	surface	becomes	equivalent	to	the	electron	density	in	the	neutral	

n-Si	region.	Further	increases	in	the	negative	gate	voltage	cause	the	Fermi	level	to	approach	the	

valence	band	more	closely,	resulting	in	a	more	significant	inversion	layer	charge	density	(Qn)	[74,	

130-132].		

	

3.4.3.2 I-V	Measurements	on	MOS	and	MIS	

The	I-V	characteristics	of	the	base	MOS	capacitor	were	analysed	before	and	after	the	RTA	process,	

as	shown	in	Figure	3-15.	The	multifunctional	test	rig	has	been	exploited	for	the	I-V	test	of	MIS	

devices.	 The	 I-V	 curve	 of	 the	 base	MOS	 capacitor	 exhibits	 a	 typical	 behaviour,	with	 negligible	

leakage	current	within	the	±10	V	range.	After	RTA	treatment,	a	slight	improvement	in	the	current	

conduction	 was	 observed,	 likely	 due	 to	 the	 enhanced	 quality	 of	 the	 SiO₂	 layer	 and	 reduced	

interface	trap	density.		

(a) (b) (c)
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Figure	3-15:	I-V	characteristics	of	base	MOS	devices	before	and	after	TRA	treatment,	MIS	
devices	with	PMMA,	and	MIS	devices	with	1	wt.%	ZnO	nanowire	network.	

	

Additionally,	the	I-V	characteristics	of	the	MIS	structure	with	a	thin	PMMA	layer	deposited	on	the	

MOS	capacitor	show	a	slight	increase	in	leakage	current	compared	to	the	Dr	MOS	capacitor.	This	

increase	could	be	attributed	to	the	influence	of	the	PMMA	layer	on	the	overall	dielectric	properties	

of	the	MIS.	Furthermore,	the	DNW,1.0	MIS	capacitor	with	1	wt.%	ZnO	nanowires	embedded	between	

the	 SiO₂	 and	 PMMA	 layers	 demonstrated	 a	 noticeable	 rise	 in	 leakage	 current.	 This	 increased	

leakage	is	attributed	to	the	ZnO	nanowires,	which	introduce	additional	conduction	pathways	and	

defects,	 potentially	 enhancing	 charge	 carrier	 transport	 through	 the	 structure.	 The	 I-V	

measurements	 confirm	 that	 the	 presence	 of	 ZnO	 nanowires	 significantly	 affects	 the	 leakage	

current,	while	the	PMMA	layer	alone	has	a	more	moderate	influence.	

	

9.G Summary	

In	conclusion,	the	ZnO-NW	networks	were	characterised	both	before	and	after	the	RTA	process	to	

assess	 the	 impact	of	heat	 treatment	on	 the	network's	 structural	and	electrical	properties.	The	

analysis	revealed	that	the	RTA	process	significantly	enhanced	the	crystallinity	of	the	nanowires,	

which,	 in	 turn,	 positively	 influenced	 the	 conductivity	 of	 the	 random	 ZnO-NW	 networks.	 This	

improvement	 in	 crystallinity	 and	 conductivity	 lays	 the	 groundwork	 for	 further	 exploration	 in	

subsequent	chapters.	In	Chapter	5,	a	detailed	evaluation	of	the	conductivity	across	variable-gap	
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microelectrode	 arrays	 will	 be	 performed	 to	 provide	 a	 comprehensive	 understanding	 of	 the	

network's	 electrical	 behaviour.	 Additionally,	 the	 photodetection	 capabilities	 of	 the	 ZnO-NW	

network,	 particularly	 under	 UV	 light,	 will	 be	 examined	 in	 Chapter	 6,	 highlighting	 the	

multifunctional	potential	of	these	networks	in	device	applications.	

	The	final	MIS	devices	will	undergo	comprehensive	testing	to	evaluate	their	performance	subject	

to	various	stimuli	in	Chapter	6,	7	and	8.	The	RTA	process	enhanced	the	interface	between	the	SiO₂	

layer	 and	 n-Si	 substrate,	 improving	 device	 characteristics.	 Additionally,	 the	 RTA	 treatment	

significantly	 improved	 charge	 transport	 in	 the	 random	ZnO	 nanowire	 network,	 suggesting	 its	

positive	effect	on	conductivity	and	device	performance.	Based	on	these	results,	the	MIS	devices	

will	be	subjected	to	RTA	treatment	after	the	random	ZnO	nanowire	network	is	drop-cast	on	the	

tunnelling-oxide	 layer,	prior	 to	 the	spin-coating	of	 the	PMMA	blocking-oxide.	This	approach	 is	

expected	to	optimise	the	device	properties	and	overall	performance	further.	
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Chapter	4 	

	

THE	UNIVERSALIZATION	OF	RANDOM	NANOWIRE	SYSTEMS	

	

B." General	Overview	

Understanding	the	behaviour	of	random	ZnO	nanowire	networks	is	critical	for	fabricating	low-

cost,	large-area	MF	devices,	especially	given	the	inherent	complexity	of	randomness.	Computer	

simulations,	supported	by	experimental	validation,	provide	a	vital	pathway	to	link	the	complexity	

of	random	networks	with	real-world	applications.	However,	a	significant	limitation	arises	from	

the	 geometrical	 arbitrariness	 of	 conductivity	 simulations,	 as	 results	 can	 vary	 depending	 on	

system-specific	 parameters.	 Universalizing	 the	 geometry	 of	 random	 networks	 resolves	 this	

limitation	by	ensuring	consistency	and	applicability	of	ZnO	nanowire	networks	across	diverse	

system	 sizes,	 orientations,	 and	 configurations,	 including	 in-plane	 electrodes	 and	 embedded	

structures.	 This	 universalization	 not	 only	 enhances	 the	 understanding	 of	 how	 conductivity	

behaviour	influences	specific	applications	but	also	establishes	a	unique	contribution	by	bridging	

theoretical	models	with	experimental	observations.	

This	chapter	applies	a	robust	Monte	Carlo	analysis	to	simulate	a	complex	random	stick	system	

within	 an	 asymmetric	 cell.	 By	 incorporating	 a	 time-efficient	 shortest-path	 and	 cluster-finding	

algorithms	into	percolation	theory,	the	study	aims	to	detect	the	universalised	cluster	parameters	

by	calculating	the	universal	scaling	function,	thereby	achieving	universality	in	random	nanowire	

networks	and	enabling	more	realistic	modelling.	The	resulting	universally	scaled	system	serves	

as	a	foundation	for	conducting	comprehensive	conductivity	analyses	in	Chapter	5	and	impact	on	

device	 performances	 in	 Chapter	 6	 and	 7.	 Percolation,	 a	 phenomenon	 extensively	 studied	 in	

statistical	physics,	addresses	the	universal	scaling	properties	of	randomness.	While	the	random	

stick	system	has	theoretically	been	a	model	for	percolation	studies,	prior	research	predominantly	

relied	 on	 union-find	 algorithms	 for	 Monte	 Carlo	 simulations,	 which	 are	 computationally	

demanding.	This	study	adopts	a	more	efficient	shortest-path	algorithm,	enabling	rapid	detection	

of	 spanning	 characteristics	 and	 validating	 its	 results	 against	 established	 literature,	 thereby	

advancing	the	field	of	percolation-based	network	analysis.	
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B.. Percolation	Theory	for	Universalization	

Understanding	the	connection	between	computer-generated	models	and	real-world	experimental	

conditions	 is	 essential	 for	 scientific	 research.	 Renormalisation	 group	 (RG)	 theory	 [32,	 133]	

highlights	the	universal	principles	that	govern	the	behaviour	of	systems	across	different	scales	

and	conditions.	It	points	out	that	the	scaling	functions	for	the	probability	of	spanning	are	universal	

for	systems	with	the	same	dimensionality,	spanning	rule,	aspect	ratio	and	boundary	conditions.	

This	means	that	similar	systems	share	universal	scaling	functions	for	the	spanning	probability.	

This	universality	results	from	the	fixed	point	in	the	renormalisation	group	flow,	which	dictates	

the	system's	behaviour	at	large	scales.	This	theory	is	valuable	as	it	allows	researchers	to	predict	

and	draw	conclusions	based	on	a	few	fundamental	principles,	leading	to	a	better	understanding	

of	 complex	 systems.	 The	 renormalisation	 group	 theory	 has	 been	 applied	 successfully	 in	 site	

percolation	by	Reynold	et	 al.	 [134].	 The	 theory	 is	 also	 combined	with	 square	 and	 rectangular	

systems	[133,	135-137].		Its	broad	applicability	and	deep	insights	into	complex	systems	make	it	

an	essential	concept	in	conduction	in	random	networks	[138-146].	

In	materials	science,	it	is	widely	recognised	that	a	common	feature	of	random	nanowire	networks	

is	 a	 sharp	 increase	 in	 conductivity	 at	 a	 critical	 volume	 fraction	 of	 the	 conductive	 phase.	 This	

phenomenon	is	a	subject	of	intense	research.	It	is	typically	explained	by	percolation	theory	which	

concludes	the	formation	of	an	electrically	connected	cluster	of	filler	particles	that	spans	the	entire	

sample.	The	conductivity	further	increases	as	the	cluster	grows	with	the	addition	of	more	filler	

particles.	A	power-law	behaviour	of	conductivity	near	the	critical	volume	fraction	is	commonly	

observed,	 as	 seen	 in	 eq.	 (4-1)	 These	 findings	 have	 significant	 implications	 for	 the	 design	 and	

optimisation	of	materials	and	a	range	of	practical	applications	in	the	charge	transport	behaviour	

of	the	composites.	

	 𝝈 ∝ 𝝈𝒄 �
𝒑 − 𝒑𝒄
𝒑𝒄

�
𝒕
	 (4-1)	

In	 research,	 a	 statistical	 approach	 called	 universal	 finite-size	 scaling	 analysis,	 combined	with	

Monte	Carlo	 simulations,	 can	help	predict	 and	understand	 real-world	phenomena	 in	a	precise	

conduction	model.	This	approach	simplifies	complex	systems	by	identifying	fundamental	scaling	

parameters	 that	 control	 their	 behaviour,	 allowing	 us	 to	 focus	 on	 essential	 elements	 without	

getting	lost	in	the	details	of	individual	systems.	This	helps	develop	generalised	charge	transport	

models	that	can	be	applied	to	a	wide	range	of	systems,	saving	time	and	resources	by	reducing	the	

need	for	extensive	experimentation.	

A	 percolation	model	must	 be	 built	 using	 a	 statistical	Monte	 Carlo	 analysis	 of	 a	 random	 stick	

network	to	create	a	universalized	cluster	 in	order	 to	start	analysing	conductivity.	Monte	Carlo	
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methods	 are	 a	 class	 of	 computational	 algorithms	 used	 to	 model	 the	 probability	 of	 different	

outcomes	in	systems	with	inherent	uncertainty.	By	relying	on	repeated	random	sampling,	these	

techniques	are	especially	useful	for	complex	systems	that	are	difficult	to	model	deterministically.	

In	 this	 thesis,	Monte	 Carlo	 simulations	 are	 employed	 to	 study	 the	 percolation	 behaviour	 and	

charge	 transport	 in	 random	ZnO	nanowire	networks,	allowing	 for	more	accurate	modelling	of	

conductivity	 and	 device	 performance	 under	 varied	 conditions.	 This	 involves	 creating	 a	

universalised	random	nanowire	network	that	can	serve	as	the	basis	 for	conduction	analysis.	A	

statistical	percolation	 function	and	a	 cluster-finding	algorithm	are	used	 to	 identify	and	 isolate	

clusters	within	the	network.	Then,	we	conduct	a	Monte	Carlo	study	to	determine	the	stick	density	

in	the	unit	cell,	which	helps	establish	a	probability	function	for	conduction	analysis	in	the	next	

stage.	

Both	percolation	theory	and	clustering	are	fundamental	approaches	that	play	a	crucial	role	in	the	

universalisation	of	detected	clusters	for	further	charge	transport	analysis,	as	discussed	in	the	next	

chapter.	Percolation	theory	has	already	proven	its	ability	to	universalise	any	geometrical	system,	

including	 dots,	 circles,	 squares,	 and	 sticks,	 for	 both	 isotropic	 and	 even	 high	 aspect	 ratio	

anisotropic	 unit	 cells	 [32,	 144,	 147,	 148].	 Percolation	 theory	 offers	 a	 promising	 approach	 to	

standardising	random	stick	systems	in	anisotropic	unit	cells.	Meanwhile,	clustering	is	a	valuable	

technique	in	exploratory	data	analysis	that	involves	grouping	objects	based	on	their	similarity	or	

connection	 while	 ensuring	 that	 they	 differ	 from	 objects	 in	 other	 groups	 or	 clusters.	With	 its	

widespread	use	in	statistical	data	analysis,	clustering	has	many	applications	in	various	fields,	such	

as	pattern	recognition,	 image	analysis,	 information	retrieval,	bioinformatics,	data	compression,	

computer	graphics,	and	machine	learning.	

This	 chapter	aims	 to	 run	MATLAB	by	practically	applying	 the	 two	algorithms.	The	 focus	 is	on	

hands-on	learning	and	experimentation.	By	tackling	the	examples	presented,	one	can	gain	a	solid	

understanding	 of	 the	 inner	 workings	 of	 MATLAB.	 The	 chapter	 starts	 by	 demonstrating	 how	

MATLAB	 handles	 simple	 numerical	 expressions	 and	 mathematical	 formulas,	 and	 then	 the	

universalisation	of	the	network	is	explained.		

To	ensure	precise	conductivity	analysis,	we	bring	two	primary	algorithms	to	work	together	to	

create	universalised	clusters.	The	first	algorithm,	the	shortest	path	algorithm,	carefully	examines	

the	network	to	determine	whether	it	is	spanned	between	two	opposite	borders	in	the	specified	

direction.	In	addition	to	the	shortest	path	algorithm,	the	code	also	runs	the	cluster-find	algorithm.	

This	algorithm	is	designed	to	identify	individual-spanned	clusters	and	track	essential	parameters	

within	the	network,	such	as	the	number	of	sticks	and	nodes	and	the	distance	between	each	node	

in	 the	 cluster.	 By	 monitoring	 these	 data	 from	 the	 Monte	 Carlo	 simulations,	 we	 can	 gain	 a	

comprehensive	understanding	of	the	specific	parameters	of	each	cluster,	which	is	essential	 for	
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accurate	 network	 analysis	 for	 reconstructing	 the	 regular	 lattice.	 By	 combining	 these	 two	

algorithms,	 the	 code	 can	 assess	 the	 probability	 of	 network	 connectivity	 and	 gain	 a	 thorough	

understanding	 of	 the	 specific	 parameters	 of	 each	 cluster.	 This	 enables	 accurate	 and	 reliable	

probability	data	that	can	be	used	for	conduction	analysis	in	the	next	chapter.	

The	 primary	 objective	 of	 the	 shortest	 path	 algorithm	 is	 to	 determine	whether	 the	 network	 is	

percolated	during	all	the	individual	iterations	of	the	loop.	This	is	done	by	checking	if	the	system	

spans	from	one	selected	edge	to	the	opposite	side	of	the	asymmetric	cell.	The	code	records	how	

many	times	the	network	is	spanned	for	the	total	number	of	iterations.	The	MATLAB	shortest	path	

algorithm	is	integrated	into	the	code	to	achieve	this	task.	In	addition	to	detecting	the	probability	

of	spanning	the	network,	the	shortest	path	function	identifies	the	most	efficient	route	from	the	

starting	point	on	one	edge	to	the	destination	on	the	opposite	edge.	This	algorithm	for	statistical	

analysis	of	the	system	plays	a	crucial	role	in	network	analysis	and	has	numerous	applications	in	

various	fields,	including	transportation	[149,	150],	telecommunications	[151,	152],	and	computer	

science	[153,	154].	

The	process	of	identifying	clusters	within	a	given	system	involves	a	thorough	examination	of	each	

stick	to	detect	any	instances	of	contact	with	its	neighbouring	counterparts.	Once	such	contact	is	

established,	the	sticks	in	question	are	then	grouped	together	as	a	cluster.	If	this	particular	cluster	

spans	from	one	end	of	the	system	to	the	opposite	edge,	it	is	recorded,	and	the	relevant	parameters	

are	saved	for	future	reference.	This	algorithmic	approach	ensures	a	comprehensive	and	accurate	

identification	of	all	clusters	within	a	given	system.	

4.2.1.1 Important	notation	and	definition	

Table	4-1	presents	 significant	parameters,	 variables,	 indices,	 and	 results	with	 their	 respective	

symbols	and	definitions.	Refer	to	the	subsequent	text	for	a	more	comprehensive	grasp	of	these	

concepts.	

Table	4-1	Index	definitions	and	essential	notations.	

Notation	 Definition	 Parameter	 Variable	

N	 Number	of	stick	or	site	 	 √	

𝑙	 Stick	length	 	 √	

θ	 The	angle	of	the	sticks	to	the	-x	axis	 √	 	

n	 Stick	density	 	 √	

nc	
Critical	stick	density	at	percolation	

threshold	
√	 	
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pc	
Critical	percolation	probability	at	

percolation	threshold	
√	 	

𝑝8;	
Critical	percolation	probability	in	the	

horizontal	direction	
√	 	

𝑝8
<	

Critical	percolation	probability	in	the	

vertical	direction	
√	 	

L	 System	size	 	 √	

Lx	
Oriented	inside	the	rectangular	system	

of	width	(vertical)	
	 √	

Ly	
Oriented	inside	the	rectangular	system	

of	width	(horizontal)	
	 √	

R(n,L)	
Renormalization	factor	for	given	stick	

density	and	system	size	
√	 	

r	 Aspect	ratio	of	the	system	 √	 	

𝒏𝒄
𝒆𝒇𝒇.𝒙	

Effective	stick	density	in	the	horizontal	

direction	
√	 	

𝒏𝒄
𝒆𝒇𝒇𝒚	

Effective	stick	density	in	the	vertical	

direction	
√	 	

𝑷(𝒏,𝑳,𝒓)	 The	probability	distribution	function	for	
a	given	stick	density	and	system	size	

√	 	

𝒎(𝒙)	 Prefactors	in	the	horizontal	direction	 √	 	

𝒎(𝐲)	 Prefactors	in	the	vertical	direction	 √	 	

𝜗	 correlation	exponent	 √	 	

𝐅(𝐱)	 Boundary	condition	 √	 	

𝐛𝟎	 Constant	 √	 	

𝜎	 Conductivity	 √	 	

𝝈𝒄	
Conductivity	at	the	percolation	

threshold	
√	 	

t	 Conductivity	exponent	 √	 	
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B.9 Percolation	of	Random	Stick	System	in	Anisotropic	Unit	Cell	

The	 percolation	 behaviour	 of	 a	 stick	 system	 within	 a	 2-dimensional	 asymmetric	 finite-scale	

system	has	been	extensively	 investigated	using	Monte	Carlo	simulation.	Previous	studies	have	

indicated	that	 the	random	stick	system	exhibits	 the	same	universality,	even	 in	structures	with	

high	aspect	ratios	and	pronounced	cell	asymmetry	[133,	135,	139,	144,	147,	155,	156].	The	critical	

percolation	 threshold	 has	 already	 been	 calculated	 as	 5.63726	 by	 Li	 et	 al.	 [141].	 An	 algorithm	

known	as	 “Weighted	union-find,	with	path	 compression”	 is	 employed	 to	determine	whether	a	

cluster	spans	 the	opposite	boundary	 [136].	This	algorithm	 involves	 the	 repeated	addition	of	a	

random	bond	to	the	lattice,	followed	by	the	identification	of	the	clusters	to	which	the	sites	at	either	

end	of	the	bond	belong	through	the	traversal	of	 their	respective	trees	until	 the	root	nodes	are	

reached.	If	necessary,	the	two	trees	are	merged	using	a	process	known	as	amalgamation.	However,	

the	algorithm	requires	individual	checks	to	determine	whether	it	belongs	to	the	tree,	which	can	

be	time-consuming,	particularly	for	small	system	sizes	where	the	nanowire	length	is	much	smaller	

than	the	size	of	the	system.	

In	contrast	to	the	Union-Find	algorithm,	the	shortest-path	algorithm,	when	used	in	conjunction	

with	MATLAB,	seeks	to	determine	a	path	between	the	identified	two	opposite	boundaries	of	the	

system.	Instead	of	working	with	each	stick	to	determine	whether	it	is	part	of	the	tree,	the	shortest-

path	 algorithm	 focuses	 on	 the	 sticks	 connected	 to	 the	 selected	 boundaries	 and	 checks	 for	 a	

possible	path	between	them.	This	approach	eliminates	the	need	to	build	a	cluster,	thereby	saving	

time	that	would	otherwise	be	spent	on	probabilistic	percolation	analysis.	Moreover,	the	shortest-

path	algorithm	is	efficient	because	it	enables	the	user	to	identify	the	least	number	of	sticks	in	a	

spanned	system	and	the	number	of	individual	spanning	paths	that	exist	[157].	In	the	context	of	

the	winner-takes-all	conduction	approach,	it	is	imperative	to	have	accurate	information	about	the	

number	of	paths	and	their	respective	characteristics	to	undertake	a	practical	conduction	analysis.	

This	 information	 can	 be	 invaluable	 for	 analysing	 the	 universalised	 system,	 allowing	 users	 to	

release	these	spanned	clusters	if	needed.	

A	percolated	system	is	determined	by	implementing	an	unweighted	shortest-path	algorithm	in	

MATLAB.	 This	 algorithm	 is	 designed	 to	 identify	 the	 route	 with	 the	 lowest	 number	 of	 sticks	

connecting	the	two	opposite	boundaries	of	the	cell	instead	of	minimising	the	overall	distance.	It	is	

more	efficient	for	its	high-speed	response,	enabling	efficient	analysis	of	percolation	phenomena	

within	 the	 examined	 stick	 system.	 This	 section	 aims	 to	 determine	 the	 correlation	 between	

simulated	 results	 and	 established	 literature	 on	 stick	 percolation,	 specifically	 concerning	 high	

asymmetrical	finite	cells.		
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Figure	4-1:	 Typical	 configuration	 of	 randomly	 dispersed	 stick	 system	 through	
perpendicular	direction	where	the	system	aspect	ratio,	𝑟 = 𝑥 𝑦⁄ ,	(b)	illustrates	
a	 renormalised	 and	 rebuilt	 system	 depending	 on	 universalised	 scaling	
parameters.	

	

The	percolation	of	randomly	distributed	sticks	in	an	asymmetric	system	size	was	studied	using	

the	 MATLAB	 shortest	 path	 package	 in	 the	 simulation.	 N	 seeds	 of	 the	 generated	 sticks	 were	

randomly	 dispersed	 in	 an	 asymmetric	 system	 (r),	 where	 the	 ratio	 between	 the	 percolation	

direction	and	the	opposite	direction	defines	 the	aspect	ratio	of	 the	short	and	 long	sides	of	 the	

system.	 Thus,	 the	 percolation	 at	 the	 y-axis,	 as	 shown	 in	 Figure	 4-1(a),	 represents	 the	 system	

asymmetry	in	the	horizontal	direction	where	r=y/x	and	perpendicular	direction	where	r=x/y.	The	

N	widthless	(i.e.	1D)	sticks	with	the	length	(l)	are	dispersed	in	a	2-dimensional	system	where	the	

system	asymmetry	r=y/x,	and	a	random	angle	(θ)	between	±90°	to	the	x-axis,	as	shown	in	Figure	

4-1(a).	The	system	size	of	 the	asymmetric	cells	 is	determined	depending	on	the	ratio	between	

sides	(short	(𝐿<)	and	long	(𝐿;)	sides)	of	the	system	and	sticks	unit	length.	The	normalised	size	of	

the	asymmetric		rectangular	system,	L,	is	calculated	as	in	previous	studies[143,	155];	

	

	 𝑳 = �𝑳𝒙𝑳𝒚	 (4-2)	

	

Where	the	oriented	system	width	in	the	horizontal	(𝐿;)	and	perpendicular	directions	(𝐿<)	are,	

	

	
𝑳𝒙 =

𝒙
𝒍
	

𝑳𝒚 =
𝒚
𝒍
	

(4-3)	

	

(a) (b)
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Once	 the	 system	 size	 is	 normalised	with	 respect	 to	 stick	 length	 (𝑙),	 the	 stick	 density,	 n,	 as	 in	

previous	finite-size	analysis	as	in	refs	[34,	136,	142,	143,	155];	

	

	 𝒏 =
𝑵
𝑳𝟐
	 (4-4)	

	

A	statistical	percolation	 function	represents	106	 iterations	at	each	step	of	stick	density	n	 for	a	

selected	system	aspect	ratio,	r,	and	system	size	L.	The	shortest	path-finding	algorithm	is	run	at	

each	iteration	to	check	whether	the	system	is	percolated	through	the	opposite	side	of	the	axis	of	

the	unit	cells.	Thus,	the	percolation	probability	function,	R(N,	L,r)	for	a	given	stick	density	is	created	

concerning	stick	density.	However,	an	arbitrary	probability	 function	of	stick	density	cannot	be	

obtained	due	 to	 the	 relation	𝑛 = 	𝑁 𝐿5⁄ .	 Because	binominal	 distribution	 is	 not	 suitable	 for	 the	

continuum	percolation	[136,	155],	Poisson	distribution	is	performed	instead.	

	

	 𝑹(𝒏,𝑳,𝒓) = �
�𝒏𝑳𝟐�𝑵𝒆+𝒏𝑳𝟐

𝑵!
𝑹𝑵,𝑳,𝒓

J

𝒏K𝟎

	 (4-5)	

	

The	 critical	 probability	 in	 the	 vertical	 direction	 (𝑝8;)	 and	 the	 horizontal	 direction	 (𝑝8
<)	 is	 the	

probability	 of	 forming	 a	 path	 cross-section	 through	 horizontal	 and	 vertical	 directions,	

respectively.	It	is	obvious	that	more	particles	must	be	connected	for	percolation	in	the	horizontal	

direction	than	in	the	vertical	direction.	Thus,	the	effective	percolation	threshold	for	the	horizontal	

and	 vertical	 directions	 is	 calculated	 as	 the	 ratio	 of	 the	 change	 in	 stick	 density	 and	 critical	

probability	 (𝑃(",7,L) = 𝜕𝑅(",7,L) 𝜕𝑛⁄ .).	 The	 Gaussian	 distribution	 is	 then	 approximated	 to	 the	

critical	percolation	density	of	the	system.	The	other	way	to	calculate	the	effective	stick	percolation	

density	𝑛8
MNN	for	each	system	size	that	the	system	percolates,	most	likely	in	horizontal	or	vertical	

directions,	is;	

	

	 𝒏𝒄
𝒆𝒇𝒇 =

𝟏
𝑳
¡ 𝒏𝑷(𝒏,𝑳,𝒓)𝒅𝒏
J

𝒏K𝟎
	 (4-6)	
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Since	the	scaling	factor	is	the	dominant	behaviour	of	the	system	percolation,	it	can	be	calculated	

for	both	directions	as	given	in	eq.	(4-7);	

	

	
𝒏𝒄
𝒆𝒇𝒇.𝒙 = 𝒏𝒄 +𝒎(𝒙)𝑳

+𝟏
𝝑 	

𝒏𝒄
𝒆𝒇𝒇.𝒚 = 𝒏𝒄 +𝒎(𝒚)𝑳

+𝟏
𝝑 	

(4-7)	

	

where	𝜗	is	a	universal	scaling	factor	that	equals	4 3⁄ 	for	the	2D	system.	Here,	𝑛8 	(= 5.63726)	is	

the	 numerically	 calculated	 critical	 stick	 density	 of	 the	 randomly	 distributed	 stick	 at	 the	

percolation	 threshold	 [34].	𝑚(;)	 and	𝑚(<)	 are	 the	 factors	 of	 scaling	 exponent	 if	 the	 average	

percolation	threshold	may	vary	in	the	horizontal	and	perpendicular	direction,	respectively.	

To	solve	the	universality	problem	of	the	formed	asymmetric	system,	R(n,	L,r)	should	read	with	

universal	function;	

	

	 𝐑(𝐧, 𝐋)~𝐅(𝐱) + 𝐛𝟎 𝐋⁄ 	 (4-8)	

	

where	 𝑏4	 is	 system	 constant	 and	 F(x)	 polynomial	 form	 of	 x	(= (𝒏 − 𝒏𝒄)𝑳
"𝟏
𝝑 )	 in	 percolation	

transition.	Thus,	the	function	turns	into	universality	[34,	133].		

Balberg	et	al.	noted	that	the	percolation	threshold	is	isotropic	even	for	an	anisotropic	system	such	

as	 an	 isotropic	 stick	 distribution	 [138,	 139].	 They	 also	 showed	 numerically	 that	 the	 critical	

percolation	threshold	is	isotropic	[34].	Zezelj	et	al.	[143,	155]	also	showed	that	high	asymmetric	

geometries	have	an	isotropic	percolation	threshold,	which	is	calculated	by	[34].	The	conductivity	

of	 the	 system	 must	 be	 isotropic	 at	 the	 critical	 percolation	 probability	 for	 the	 anisotropic	

percolation	threshold.	Thus,	the	conductivity	exponent	of	the	percolated	cluster	is	calculated	as	

in	 eq.	 (4-1).	 Even	 though	 the	 universal	 conductivity	 exponent	 is	 calculated	 as	 ~1.3	 [32],	

experimental	 conductivity	 exponent	 results	 fluctuated	 sharply	 due	 to	 junction	 density	 and	

hierarchy	of	the	conduction	that	will	be	investigated	in	Chapter	5.	

	

B.B Implementation	of	Monte	Carlo	Analysis	

This	section	aims	to	introduce	the	strategy	of	how	the	algorithm	performed	to	detect	a	percolated	

network	 through	 the	 system,	 whilst	 illustrating	 the	 formation	 of	 the	 clusters	 for	 different	
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variables,	demonstrating	the	application	of	percolation	theory	by	integrating	the	shortest	path,	

and	 comparing	 the	 universalised	 renormalisation	 function	 for	 percolation	 of	 a	 random	 stick	

system.	

	

=.=.! The	shortest-path	algorithm		

The	 percolation	 behaviour	 of	 a	 stick	 system	 within	 a	 2-dimensional	 asymmetric	 finite-scale	

system	has	been	extensively	 investigated	using	Monte	Carlo	simulation.	Previous	studies	have	

indicated	that	 the	random	stick	system	exhibits	 the	same	universality,	even	 in	structures	with	

high	aspect	ratios	and	pronounced	cell	asymmetry.	The	critical	percolation	threshold	has	already	

been	calculated	as	5.63726	by	Li	et	al.	 [34].	To	determine	whether	a	cluster	spans	the	opposite	

boundary,	 an	 algorithm	 known	 as	 “Weighted	 union-find	with	 path	 compression”	 is	 employed	

[158].	This	algorithm	involves	repetitively	adding	a	random	bond	to	the	lattice	and	then	identifying	

the	 clusters	 to	which	 the	 sites	 at	 either	 end	of	 the	bond	belong	 through	 the	 traversal	of	 their	

respective	trees	until	the	root	nodes	are	reached.	If	necessary,	the	two	trees	are	merged	using	a	

process	known	as	amalgamation.	However,	the	algorithm	requires	individual	checks	to	determine	

whether	it	belongs	to	the	tree,	which	can	be	time-consuming,	particularly	for	small	system	sizes	

where	the	nanowire	length	is	much	smaller	than	the	size	of	the	system.	

In	contrast	to	the	Union-Find	algorithm,	the	shortest-path	algorithm,	when	used	in	conjunction	

with	MATLAB,	seeks	to	determine	a	path	between	the	opposite	boundaries	of	the	system.	Instead	

of	working	with	each	stick	to	determine	whether	it	is	part	of	the	tree,	the	shortest-path	algorithm	

focuses	on	the	sticks	connected	to	the	selected	boundaries	and	checks	for	a	possible	path	between	

them.	 This	 approach	 eliminates	 the	 need	 to	 build	 a	 cluster,	 thereby	 saving	 time	 that	 would	

otherwise	be	spent	on	probabilistic	percolation	analysis.	Moreover,	the	shortest-path	algorithm	

is	helpful	because	it	enables	the	user	to	identify	the	least	number	of	sticks	in	a	spanned	system	

and	 the	number	of	 individual	 spanning	paths	 that	 exist.	 In	 the	 context	of	 the	winner-takes-all	

conduction	approach,	it	is	imperative	to	have	accurate	information	on	the	number	of	paths	and	

their	respective	characteristics	to	undertake	an	effective	conduction	analysis.	This	 information	

can	be	invaluable	for	analysing	the	universalised	system,	allowing	users	to	release	these	spanned	

clusters	if	needed.	

A	percolated	system	is	determined	by	implementing	an	unweighted	shortest-path	algorithm	in	

MATLAB.	 This	 algorithm	 is	 designed	 to	 identify	 the	 route	 with	 the	 lowest	 number	 of	 sticks	

connecting	the	two	opposite	boundaries	of	the	cell	instead	of	minimising	the	overall	distance.	It	is	

more	efficient	for	its	high-speed	response,	enabling	efficient	analysis	of	percolation	phenomena	

within	 the	 examined	 stick	 system.	 This	 study	 aims	 to	 determine	 the	 correlation	 between	
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simulated	results	and	established	literature	on	stick	percolation,	specifically	in	relation	to	high	

asymmetrical	finite	cells.	

	

=.=.# Efficient	Analysis	of	Random	Stick	System	Using	Shortest	Path	Algorithm	

The	percolation	of	randomly	distributed	sticks	in	an	asymmetric	system	size	was	studied	using	

the	 MATLAB	 shortest	 path	 package,	 the	 simulation.	 N	 seeds	 were	 randomly	 dispersed	 in	 an	

asymmetric	 system	 (𝑟)	 	 where	 the	 ratio	 between	 the	 percolation	 direction	 and	 the	 opposite	

direction	defines	the	aspect	ratio	of	the	short	and	long	sides	of	the	system.	Thus,	the	percolation	

at	the	y-axis,	as	shown	in	Figure	4-2	represents	the	system	asymmetry	in	the	horizontal	direction	

where	𝑟 = <
;
	and	perpendicular	direction	where	𝑟 = ;

<
.	The	N	widthless	(1D)	sticks	with		length	(𝑙)	

are	dispersed	in	a	2-dimensional	system	where	the	system	asymmetry	r=y/x,	and	a	random	angle	

(θ)	between	±90°	with	respect	to	the	x-axis,	as	shown	in	Figure	4-2	produced	by	MATLAB	figures.	

In	this	study,	an	asymmetric	system	is	formed	where	𝑟 = 5	and	𝑟 = 0.2	in	vertical	and	horizontal	

directions.	

	

Figure	4-2:	 The	asymmetric	system,	which	has	dimensions	of	5	in	the	-x	direction	and	0.2	
in	the	-y	(horizontal)	direction.	

	

Figure	4-2	 illustrates	 the	process	 of	 identifying	 the	boundary	 conditions	of	 the	 system	before	

generating	N	randomly	distributed	sticks	within	the	cell.	To	form	the	sticks,	the	code	randomly	

assigns	seed	coordinates	(𝑥Q , 𝑦Q)	and	creates	sticks	with	these	coordinates	as	the	centre	points,	

with	a	length	of	𝑙.	As	shown	in	Figure	4-3,	to	ensure	that	the	sticks	are	randomly	distributed	with	

a	360°	angle,	they	were	assigned	a	random	angle	of	±	90°	degrees	with	the	-x	axis.	This	approach	

ensures	that	there	are	no	limitations	on	the	distribution	of	the	sticks,	as	they	can	be	oriented	in	

any	direction	within	the	cell.	The	utilisation	of	these	methods	provides	uniform	conditions	and	

assumes	that	there	is	no	effect	on	randomness	due	to	external	conditions.	
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Figure	4-3:	 Illustration	of	randomly	dispersed	N	stick	in	the	asymmetric	cell.	(N	=	11,	𝑙	=	
0.5)	

	

Once	 all	 the	 sticks	 are	 formed,	 the	 algorithm	 first	 checks	 for	 pairs	 of	 touching	 sticks	 using	 a	

function	into	the	shortest-path	algorithm	which	geometrically	calculates	whether	an	individual	

stick	in	the	network	intersects	with	any	other	neighbouring	sticks.	If	sticks	intersect,	a	node	is	

formed	 at	 the	 point	 of	 intersection.	 Once	 the	 algorithm	 checks	 all	 the	 possible	 intersections	

between	the	pairs,	a	nodes	list	is	created	for	cluster	analysis.	Figure	4-4	illustrates	the	application	

of	this	method	in	a	system	of	29	randomly	dispersed	sticks	with	a	length	of	0.5	in	an	asymmetric	

cell.	The	resulting	clusters,	denoted	by	dashed	circles,	consist	of	at	least	two	sticks,	while	the	blue	

coloured	plus	signs	display	the	nodes	where	two	sticks	intersect.	

	

Figure	4-4:	 Illustration	of	finding	pairs	intersecting	between	29	widths	less	sticks	with	0.5	
length.	 Blue-coloured	 plusses	 and	 dashed	 circles	 represent	 the	 nodes	 and	
clusters,	respectively.	

	

In	the	final	stages	of	the	algorithm,	the	shortest	path-finding	package	in	MATLAB	runs	between	

the	two	boundaries	on	opposite	sides	of	the	cell,	seeking	a	possible	path	through	the	list	of	created	

nodes,	as	illustrated	in	Figure	4-4.	If	the	system	spans	between	the	two	opposite	boundaries,	as	

shown	 in	 Figure	 4-5,	 the	 loop	 is	 recorded	 as	 having	 percolated	 over	 106	 iterations.	 This	

calculation	determines	how	many	times	the	system	percolates	over	a	million	iterations.	
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Figure	4-5:	 An	 example	 of	 a	 spanned	 100	 random	 sticks	 (l=0.5)	 system	 between	 two	
opposite	boundaries	in	the	horizontal	direction.	

	

=.=.D Variables	of	system	formation	

This	study	is	focused	on	an	asymmetric	system	where	the	degree	of	cell	asymmetry	(variable	r)	is	

maintained	 at	 a	 stable	 level	 by	 5x1	 dimensions.	 The	 system	 size	 and	 stick	 densities	 are	 the	

variables	 for	 the	 renormalisation	 function	 R(n,	 L,	 r)	 of	 the	 asymmetric	 system.	 This	 function	

provides	universalisation	 for	percolating	between	 the	 two	opposite	boundaries	of	 the	 system.	

Section	 4.2	 emphasises	 the	 importance	 of	 scaling	 the	 computer-generated	 system	 for	

universalization.	Section	4.3	demonstrates	how	the	renormalization	 function	of	 the	percolated	

random	stick	system	is	applied	to	the	asymmetric	cell	using	the	shortest	path	algorithm.	

Our	method	involves	gradually	increasing	N	(and	consequently	n	for	the	given	L)	to	link	the	effect	

of	ZnO-NW	density	with	the	change	in	the	conductivity	of	an	individual	electrode	separation.	As	

shown	in	eq.	(4-1),	the	material	properties	near	the	critical	percolation	probability	are	dominated	

by	 a	 specific	 parameter.	 Since	 this	 parameter	 is	 n-dependent,	 we	 run	 the	 code	 step	 by	 step,	

increasing	on	N	to	demonstrate	how	n	affects	the	spanning	behaviour	of	the	system	L.	Figure	4-6	

shows	the	random	stick	dispersion	 in	 the	asymmetric	cells	 for	various	N	between	25	and	225	

while	keeping	L	constant.	Scaling	the	stick	density,	Figure	4-6	illustrates	how	the	sticks'	dispersion	

affects	the	cluster	formation	for	the	given	system	size	L=4.47.	
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Figure	4-6:	 Visualisation	of	random	stick	density	through	the	system	of	5x1	and	L=4.47	for	
the	N=	25	(a),	N=75	(b),	N=125	(c),	N=175	(d),	and	N=225	(e).	

	

Based	 on	 our	 simulation,	 The	 simulation	 has	 determined	 that	 the	 system	 reaches	 the	 critical	

percolation	threshold,	𝑛8
MNN.<	when	n=3.05.	This	occurs	when	there	are	61	sticks	in	the	system,	as	

calculated	by	eq.	(4-7) 	When	the	stick	density	is	below	the	critical	point,	with	N=25,	the	system	
can	only	create	a	few	small	clusters	consisting	of	two	sticks,	as	illustrated	in	Figure	4-6	(a).	It	is	

a.

b.

c.

N	=	25

N	=	75

N	=	125

d.

e.
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improbable	 that	 the	system	will	 create	a	continuum	path	between	 the	borders.	 Just	above	 the	

critical	stick	density,	with	N=75,	the	system	will	link	the	opposite	side	by	the	preliminary	spanning	

clusters,	 as	 shown	 in	 Figure	 4-6	 (b).	 If	 the	 stick	 density	 is	 further	 increased	 to	 N=125,	 two	

prominent	individual	spanning	clusters	will	form,	as	shown	in	Figure	4-6	(c).	Eventually,	the	main	

spanned	clusters	will	merge,	although	there	may	still	be	small	clusters	not	part	of	the	big	one,	as	

seen	in	Figure	3-6	(d).	However,	with	a	further	increment	in	stick	density	to	N=225,	all	the	sticks	

will	span	into	one	big	cluster,	as	shown	in	Figure	4-6	(e).	

The	 other	 variable,	 L,	 represents	 the	 length	 ratios	 between	 the	 ZnO-NWs	 and	 electrode	

separation.	 Just	 as	 the	 spacing	 of	 nanowires	 and	 electrodes	 affects	 the	 formation	 of	 a	 path	

formation	of	nanowires	between	two	electrodes,	the	ratio	of	stick	length	to	system	dimensions	

will	similarly	affect	the	formation	of	a	spanning	continuum	network.	For	this	reason,	as	seen	in	

Figure	4-7	(a-d),	while	N	in	the	system	is	kept	constant	at	500,	the	ratios	between	the	sticks	and	

the	dimensions	of	the	system	through	-x	and	-y	are	varied.	This	figure	shows	the	effect	of	varying	

L	 between	 5.59	 and	 22.36.	 To	 simulate	 the	 variation	 of	 the	 electrode	 distance	 in	 a	 real	

experimental	system,	the	stick	length	is	set	at	an	equivalent	ratio	of	L	in	the	simulation	to	replicate	
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accurately	the	experimental	conditions	between	the	electrode	width	and	gap	and	ZnO	nanowires	

length	discussed	in	the	next	chapter.	

	

Figure	4-7:	 Distribution	of	500	random	sticks	in	the	asymmetric	system	(r=1/5)	for	various	
L	=	22.36	(a),	11.18	(b),	8.94	(c),	and	5.59	(d).	

	

As	illustrated	in	Figure	4-7(a),	the	phenomenon	of	the	sticks	forming	clusters	in	a	large	system	

(L=22.36)	is	apparent,	and	they	can	only	produce	small	clusters	with	a	limited	number	of	sites.	

Even	when	the	system	size	is	reduced	by	half,	as	shown	in	Figure	4-7(b),	the	likelihood	of	forming	

a	continuous	network	remains	significantly	low,	even	with	increased	sticks	within	the	clusters.	

However,	 when	 the	 system	 size	 is	 further	 decreased	 to	 L=8.94,	 the	 probability	 of	 forming	 a	

spanning	network	rise,	as	seen	 in	Figure	4-7(c),	although	some	sites	remain	 isolated	 from	the	

spanned	 clusters.	 Ultimately,	 upon	 a	 further	 decrease	 in	 the	 system	 size,	 all	 the	 sites	 become	

members	of	the	main	cluster,	as	illustrated	in	Figure	4-7(d).	

A	significant	factor	impacting	the	specific	behaviour	is	the	system	size,	which	is	crucial	in	scaling	

the	sticks	in	a	rectangle	cell.	As	depicted	in	Eq.	(4-4),	the	density	of	sticks	per	unit	area	is	directly	

proportional	 to	 the	 system	 size	 of	 the	 asymmetric	 rectangle	 cell.	 Accordingly,	 stick	 density	 is	

a.

b.

L	=	22.36

L	=	11.18

c.

d.

L	=	8.94

L	=	5.59
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frequently	regarded	as	a	variable	in	system	scaling.	To	comprehensively	consider	the	influence	of	

the	system's	size,	 the	number	of	sticks	must	be	transformed	 into	a	distribution	based	on	stick	

density,	which	is	subsequently	amenable	to	scaling	using	the	Gaussian	distribution,	as	evidenced	

in	Eq.	 (4-5).	By	 incorporating	the	system	size	 into	the	differential	renormalisation	 function,	as	

expounded	in	Eq.	(4-8),	it	becomes	an	intrinsic	part	of	the	universal	percolation	equation.	These	

computations	 lead	 to	 a	 better	 understanding	 of	 the	 correlations	 between	 system	 size,	 stick	

density,	and	overall	behaviour.	

	

=.=.= Hamilton	Supercomputing	

Even	though	the	shortest-path	algorithm	promises	more	efficient	computing	than	the	union-find	

algorithm,	 the	 Monte	 Carlo	 simulation	 still	 requires	 intensive	 GPU	 usage	 for	 10⁶	 iterations.	

Hamilton	is	an	exceptional	High-Performance	Computing	(HPC)	service,	centrally	operated	and	

readily	accessible	to	trained	researchers	at	Durham	University.	In	this	study,	the	HPC	was	crucial	

for	executing	 large-scale	Monte	Carlo	 simulations,	 specifically	 running	 the	MATLAB	script	10⁶	

times	for	stick	percolation	across	various	system	sizes.	The	extensive	computational	power	of	the	

HPC	enabled	parallel	processing	of	these	iterations,	which	would	otherwise	be	computationally	

prohibitive	 on	 standard	 systems.	 MATLAB	 scripts	 were	modified	 to	 run	 in	 parallel	 using	 the	

'parfor'	 function,	distributing	 the	workload	across	48	CPU	cores,	each	with	128	GB	RAM.	As	a	

result,	the	'parfor'	function	efficiently	divided	multiple	iterations	among	the	cores,	significantly	

reducing	the	program's	execution	time	in	72	hours,	which	is	the	limit	of	allowed	supercomputing	

time	by	Hamilton.	

	

B.G Universal	Finite-size	Scaling	Function	for	Random	Stick	Percolation	

in	Asymmetric	Cells	

This	section	aims	to	show	how	an	arbitrary	system	turns	into	a	universal	system	by	scaling	the	

function	of	percolation	theory.	For	this	purpose,	it	summarises	how	the	Monte	Carlo	method	is	

applied	 to	 the	 percolation	 of	 the	 random	 stick	 system	 in	 asymmetric	 cells	 (𝑟 = 1 5⁄ , 5)	 by	

integrating	the	shortest-path	package	of	MATLAB.		
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Figure	4-8:	 Demonstration	of	the	probability	distribution	for	two	different	system	size	of	
L=5	 (black	 line)	and	L=50	 (red	 line),	 and	both	horizontal	 (dashed	Line)	and	
vertical	(strait	line)	directions.	

	

Figure	 4-8	 shows	 the	 probability	 distribution	 of	 the	 sticks	 at	 perpendicular	 (solid	 line)	 and	

horizontal	(dashed	line)	directions	when	the	system	size	L	equals	5	(black	line)	and	50	(red	line).	

As	detailed	in	Section	4.4,	Figure	4-8	is	generated	by	simulating	the	distribution	of	random	sticks	

in	an	asymmetric	cell	and	then	using	a	shortest-path	algorithm	to	determine	whether	the	system	

is	spanned.	The	simulation	was	repeated	106	times	for	each	stick	density	data	point	(n)	and	for	

each	 system	 size	 (L)	 to	 produce	 statistical	 spanning	 possibilities	 of	 the	 system	 for	 the	 stick	

densities	and	system	sizes.	Thus,	the	figure	shows	the	probability	of	the	continuum	path	between	

0	and	1	for	the	given	stick	density	of	a	system	size.		

Furthermore,	Figure	4-8	indicates	that	the	increment	in	scaling	of	the	system	(which	means	the	

increment	in	system	size)	converges	the	efficient	system	percolation	to	the	universal	percolation	

threshold	 for	 horizontal	 and	 vertical	 directions.	 On	 the	 other	 hand,	 the	 system	 converges	 the	

universal	 percolation	 threshold	where	 the	 percolation	 probability	 is	 close	 to	 1	 in	 the	 vertical	

direction	while	it	is	close	to	0	in	the	horizontal	direction.	This	means	the	system	exhibits	isotropic	
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physical	properties	in	the	horizontal	direction	when	the	pc	is	close	to	1.	However,	the	system	is	

expected	to	present	universal	physical	properties	at	a	very	low	degree	of	pc.	

	

Figure	4-9:	 Monte	Carlo	simulation	for	the	probability	distribution	of	various	system	sizes	
between	L=2.24	and	L=100,	horizontal	(right	side	of	the	dot-dashed	line)	and	
vertical	(left	side	of	the	dot-dashed	line)	directions.	The	dot-dashed	line	point	
at	the	universal	percolation	threshold	calculated	by	ref	[34].	The	arrows	in	both	
directions	of	the	dot-dashed	line	indicate	the	direction	where	the	system	sizes	
are	increasing.	

	

The	 current	 algorithm	 allows	 for	 the	 analysis	 of	 large-scale	 stick	 systems	 using	Monte	 Carlo	

analysis	with	 a	 significant	 number	 of	 iterations.	 The	 extended	 results	 of	 the	 stick	 percolation	

simulation	for	asymmetric	systems	up	to	large	sizes	between	L	=	2.25	and	100	are	listed	in	Figure	

4-9.	 The	 figure	 provides	 a	 comprehensive	 overview	 of	 the	 probability	 of	 spanning	 at	 various	

system	sizes	in	vertical	(L=0.2)	and	horizontal	(r=5)	directions,	detected	using	the	shortest	path	

algorithm	outlined	in	the	previous	section.	The	dashed	line	on	the	graph	represents	universal	stick	

percolation	 based	 on	 Ref.	 [34].	 The	 arrows	 indicate	 the	 direction	 in	which	 the	 system	 size	 L	

increases	for	both	axial	directions	of	the	system.	The	dashed	line	in	the	figure	is	the	theoretical	

universal	percolation	threshold	of	5.63726.	

The	representation	of	large-scale	data	offers	valuable	data	on	system	size-dependent	percolation	

behaviour	for	scaling	the	system.	As	depicted	in	Figure	4-8	and	Figure	4-9,	a	discernible	trend	

emerges:	 the	 percolation	 probability	 distribution	 experiences	 an	 increase	 in	 slope	 along	 both	

dimensions	 with	 an	 expanding	 system	 size.	 This	 phenomenon	 indicates	 system	 convergence,	
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indicated	by	the	steeper	curves	observed	in	the	percolation	probability	 function	as	the	system	

dimensions	expand.	Notably,	 even	 in	 considerable	 system	asymmetry,	 an	observation	 is	made	

regarding	the	intersection	of	percolation	probability	function	curves	at	a	specific	value	denoted	

as	 nc,	 described	 by	 ref.	 [155].	 The	 consistent	 convergence	 at	 nc,	 irrespective	 of	 the	 system's	

asymmetry,	underscores	the	significance	of	this	particular	point	in	the	behaviour	of	percolation	

probability	with	systematic	system	scales.	

Furthermore,	 a	 pivotal	 finding	 emerges	 concerning	 the	 standard	 deviation	 of	 the	 probability	

distribution	function,	which	diminishes	to	zero	as	the	system	size	tends	to	infinity.	This	signifies	

an	increased	concentration	and	predictability	in	the	probability	distribution,	attributable	to	the	

reduced	 independence	 of	 the	 system	 factor	 for	 larger	 values	 of	 L,	 as	 articulated	 in	 eq.	 (4-7).	

Consequently,	with	the	approach	towards	an	infinite	system	size,	the	probability	of	percolation	

tends	towards	either	1	or	0,	symbolic	of	highly	predictable	behaviour	in	an	infinitely	large	system.	

	

Figure	4-10:	The	black	solid	squares	indicate	the	probability	distribution	of	the	system	with	
L=11.18.	 The	diamond	 symbols	 represent	 the	probability	 distribution,	while	
the	red	dashed	line	shows	the	Gaussian	distribution	function	data	fitting.	

	

Before	advancing	 the	 investigation	 to	 the	subsequent	 stage,	 it	 is	 imperative	 to	provide	a	 clear	

explanation	 of	 the	 numerical	 calculation	 of	 the	 related	 parameters.	 Figure	 4-10	 shows	 the	

probability	distribution	of	the	system	along	the	vertical	direction	when	the	system	size	(L)	is	fixed	

at	11.18.	The	black	squared	symbol	line	in	Figure	4-10	corresponds	to	the	probability	distribution	

concerning	stick	density,	as	previously	illustrated	in	the	group	of	the	probability	distribution	of	
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the	 various	 system	 sizes	 in	 Figure	 4-9.	 This	 representation	 is	 intended	 to	 elucidate	 the	

methodology	employed	in	calculating	the	effective	percolation	threshold	for	the	given	system	size	

(L=11.18).	

The	distribution	of	the	black	diamond	symbols	in	Figure	4-10	shows	the	list	of	the	changes	in	the	

probability	 distribution	 (P)	 where	 𝑃",7 = �𝑅7," − 𝑅7,"+)� 𝛿𝑛⁄ ,	 meaning	 the	 canonical	 average	

position	of	the	percolation	threshold	[159].	For	each	step	of	the	increment	in	the	stick	density.	

The	 effective	 critical	 stick	 density,	 nc,	 represents	 the	 point	 at	which,	 for	 the	 initial	 instance,	 a	

percolating	 cluster	 establishes	 connectivity	 between	 the	 system's	 boundaries.	 The	 Gaussian	

distribution	fitting	of	the	P	will	give	the	effective	percolation	threshold	for	each	system	size.	The	

compilation	 of	 effective	 stick	 density	 values	 corresponding	 to	 various	 system	 sizes	 and	

percolation	directions	is	presented	in	Figure	4-11.	

	

Figure	4-11:	 Dependence	of	average	stick	percolation	density,	𝑛8
MNN ,	on	system	size,	L,	and	

aspect	ratio,	r=0.2	and	r=5.	Values	were	calculated	using	Eq.	7	and	obtained	
from	Monte	Carlo	simulations	for	various	system	sizes	between	2.24	and	100.	
The	horizontal	dashed	line	represents	the	percolation	threshold,	nc.	

	

Moreover,	the	maximum	of	the	probability	distribution	function,	also	known	as	the	effective	stick	

percolation	density	⟨n⟩L,r,5	and	⟨n⟩L,r,0.2,	approaches	the	percolation	threshold	nc	with	 increasing	

system	size	as	seen	in	Figure	4-11.	For	systems	with	an	aspect	ratio	of	more	than	one	(r	>	1),	the	

average	stick	percolation	density	⟨n⟩L,r	converges	to	nc	with	the	increment	on	the	system	size	L.	

This	is	because	large	finite	systems	are	more	likely	to	be	spanned	in	the	longitudinal	direction	at	
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larger	stick	densities	 than	nc.	In	comparison,	 larger	systems	are	more	 likely	 to	percolate	 in	 the	

transverse	direction	at	lower	densities	than	the	critical	value.	On	the	other	hand,	for	systems	with	

an	aspect	ratio	greater	than	one	(r	>	1),	the	average	stick	percolation	density	⟨n⟩L,r	converges	from	

above.		

	

Figure	4-12:	 Calculation	of	scaling	factor	for	both	percolation	dimension	(r=0.2	and	r=5),	
represented	in	eq.	(4-7).	

	

Owing	to	the	strong	dependence	of	the	system	size	on	the	𝑛8
MNN ,	the	correlation	exponent	(𝜗)	is	the	

dominant	behaviour	of	the	system	percolation.	The	exponent	can	be	calculated	for	both	directions	

using	 eq.	 (7a)	 and	 (7b),	where	+)
R
=	−0.75	 for	 2-dimensions	 finite-system	 [133].	 Here,	𝑛8 	(=

5.625)	is	the	numerically	calculated	critical	stick	density	of	the	randomly	distributed	sticks	at	the	

universal	 percolation	 threshold.	𝑚(;)	 and	𝑚(<)	 are	 the	 factors	 of	 the	 scaling	 exponent	 for	 an	

average	percolation	threshold,	which	may	vary	differentially	in	the	horizontal	and	perpendicular	

direction,	 respectively.	 In	 Figure	4-12,	 the	horizontal	 scaling	 exponent	 also	 converges	 to	 a	2D	

scaling	exponent	of	-0.75	for	system	asymmetry	as	simulated	[34],	and	the	exponent	is	equal	for	

the	vertical	and	horizontal	directions	[155].	Our	calculation	also	agrees	with	the	comment	that	

the	scaling	exponent	is	-0.72238	for	both	planar	directions.	

To	address	the	universality	challenge	even	in	small	system	sizes	(where	L<5),	an	important	step	

involves	the	determination	of	the	critical	stick	density	through	simulation	of	the	R(n,L,r)	function.	

This	determination	is	reliant	on	a	universal	function	as	in	eq.	(4-7).	
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Figure	4-13:	R	plot	demonstrating	finite-size	scaling	and	the	universal	scaling	function	for	
finite-size	corrections	in	a	system	with	nc=5.63726.	

	

Figure	4-13	presented	above	illustrates	the	universalised	scaling	function	of	the	system	denoted	

as	F(x),	wherein	b₀	represents	a	constant,	and	(𝑛8 − 𝑛)𝐿
+%&		serves	as	the	scaling	variable,	with	v	

representing	 the	 correlation-length	 exponent	 as	 calculated	 and	 depicted	 in	 Figure	 4-12.	

Incorporating	 this	 scaling	 function	 into	 the	 probability	 distribution	 for	 variable	 system	 sizes,	

ranging	from	small	to	large	systems,	leads	to	strong	convergence.	This	convergence	implies	a	wide	

range	 of	 system	 sizes	 adheres	 to	 the	 same	 scaling	 function,	 exhibiting	 consistent	 universality	

across	diverse	scales.	

	Figure	4-13	visually	presents	the	universalised	probability	R(n,L,0.2)	function	for	the	asymmetric	

system,	as	outlined	in	eq.	(4-7).	By	incorporating	a	metric	factor,	A� 	(a₁=0.1062)	in	eq.	(4-8),	we	

have	defined	a	universal	polynomial	function	F� (x̂)=	1⁄2+x̂+A₃x̂³+A₅x̂⁵+⋯,	where	A₃=-1.061	and	

A₅=0.752,	aligning	closely	with	the	results	reported	in	[34,	135,	136].	These	outcomes	indicate	the	

feasibility	of	transforming	our	asymmetric	system	to	exhibit	universality	akin	to	isotropic	systems	

and	lattice	percolation.	

	

B.H Summary	

This	chapter	presents	the	application	of	percolation	theory	to	analyse	random	stick	systems	using	

a	 finite-scale	 analysis	method.	 The	 shortest-path	 algorithm	was	 run	 rather	 than	 the	weighted	
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Union-Find	 algorithm	 due	 to	 its	 faster	 detection	 of	 spanning	 networks	 and	 effectiveness	 in	

gathering	data	 for	conductivity	analysis	of	ZnO	nanowire	networks.	The	results	demonstrate	a	

percolation	threshold	consistent	with	the	values	reported	in	the	literature,	validating	using	the	

shortest	path	algorithm.	This	serves	as	a	foundation	for	further	analysis	in	subsequent	sections.	

The	next	chapter	will	focus	on	a	detailed	conductivity	analysis	of	random	ZnO	nanowire	networks	

and	explore	the	relationship	between	conductivity	mechanisms	and	percolation	behaviour.	This	

correlation	 has	 yet	 to	 be	 extensively	 studied	 and	 is	 addressed	 in	 detail.	 Chapter	 6	 will	 then	

examine	 UV	 photodetection	 performance	 in	 the	 same	 ZnO	 nanowire	 networks,	 linking	 the	

efficiency	 of	 UV	 photodetection	 to	 the	 conduction	 mechanisms	 influenced	 by	 percolative	

behaviour.		

The	final	chapter	will	extend	the	percolation	theory	to	investigate	the	charge	storage	capacity	of	

these	networks	when	embedded	in	the	dielectric	layer	of	MIS	capacitors.	The	findings	from	this	

chapter	provide	not	only	a	faster	solution	for	stick	percolation	in	finite-scale	analysis	but	also	a	

critical	link	between	percolation	behaviour	and	optimal	device	performance.	These	insights	are	

essential	in	developing	effective	device	prototypes	in	later	sections.	
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Chapter	9 	

	

EXPLORING	CHARGE	TRANSPORT	THROUGH	RANDOM	

NETWORKS:	A	COMPARATIVE	STUDY	OF	THEORETICAL	

MODELS	AND	EXPERIMENTAL	INVESTIGATIONS		

	

G." General	Overview	

The	chapter	presents	a	significant	contribution	to	the	field	by	proposing	a	model	that	addresses	

the	correlation	of	composite	conductivity	between	experiments	and	simulations.	As	discussed	in	

Chapter	4,	using	a	universalised	random	stick	system	is	crucial	 for	a	more	realistic	simulation,	

moving	 away	 from	 arbitrary	 system	 parameters.	 This	 approach	 holds	 promise	 for	 a	 realistic	

simulation	of	the	experimental	results	of	a	random	ZnO-NWs	network	between	two	Al	electrodes.	

Recognising	the	time	inefficiency	of	generating	a	random	stick	system	by	Monte	Carlo	simulation	

for	each	parameter	of	conduction	analysis,	we	implemented	a	more	efficient	approach.	By	running	

a	 cluster-finding	algorithm	 in	parallel	 to	 the	 shortest	path	approach,	we	were	able	 to	 identify	

critical	parameters	that	reflect	the	structure	of	the	random	system,	detailed	in	section	4.3.	This	

helps	to	establish	the	validity	of	our	approach	and	the	thoroughness	of	our	analysis.	

Once	the	clusters	are	reconstituted	for	each	system	size,	we	proceed	to	simulate	the	conduction	

of	the	system	using	LTspice.	This	simulation	allows	us	to	discuss	and	reflect	on	critical	parameters,	

which,	 in	 turn,	helps	us	 correlate	 the	experimental	 findings	of	 random	ZnO-NWs	networks	on	

various	 electrode-separated	 Al	 electrode	 arrays.	 The	 details	 of	 this	 process	 are	 explained	 in	

Section	5.4.	

	

G.. Approach	to	Charge	Transport	through	a	Random	Network	

The	accuracy	of	conduction	in	composites	consisting	of	random	constitutes	in	their	structures	is	

based	 on	 the	 lattice	 geometry	 of	 a	 network	 and	 the	 hierarchy	 of	 conductance	 between	

constituents.	 Anticipating	 charge	 transport	 through	 a	 composite	 is	 important	 when	 device	

modelling	for	an	application	where	charge	transport	is	essential	for	an	efficient	device.	Modelling	

the	 conduction	 of	 a	 random	 nanowire	 network	 requires	 both	 scaling	 of	 the	 network	 and	

consideration	of	the	hierarchical	conduction	mechanism	for	the	realistic	scenario,	even	though	
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one	of	 them	is	systematically	underestimated	 in	the	 literature	 [30,	124,	160].	As	mentioned	in	

Chapter	3,	the	universal	scaling	of	constituents	in	a	random	network	with	respect	to	the	system	

size	 is	critical	 for	replicating	the	fact	that	the	cluster	realised	in	a	simulation	can	be	related	to	

experimental	 data.	 However,	 hierarchy	 in	 the	 conduction	 process	 is	 equally	 important	 when	

modelling	charge	transport	across	percolated	networks	of	constituents.	The	proposed	approach	

suggests	a	 state-of-the-art	 solution	 for	anticipating	conduction	 in	 random	nanowire	networks.	

The	proposed	model	uses	a	combination	of	theory	and	algorithms	to	predict	how	random	ZnO	

nanowire	networks	 transport	 charges	 accurately.	 Combining	 the	percolation	model	with	 real-

world	 I-V	 data	 of	 random	 ZnO	 nanowire	 networks	 on	 the	microelectrode	 array	 presented	 in	

Chapter	2	aims	to	gain	an	essential	link	between	the	model	and	experimental	data.	

A	systematic	series	of	steps	was	undertaken	to	demonstrate	our	model	for	the	realistic	prediction	

of	charge	 transport	 through	a	random	ZnO-NW	network.	As	explained	 in	Chapter	3,	 the	 initial	

phase	involved	the	construction	of	a	universal	random	nanowire	network	by	applying	the	Monte	

Carlo	method	to	the	percolation	of	a	random	stick	system	in	an	asymmetric	unit	cell.	Following	

the	establishment	of	this	universalised	nanowire	cluster,	the	model	facilitates	a	comprehensive	

analysis	of	its	conductivity,	allowing	for	predictions	and	comparisons	pertinent	to	experimental	

evidence.	 This	 methodological	 approach	 ensures	 a	 robust	 foundation	 for	 evaluating	 and	

extrapolating	charge	transport	behaviour	within	the	specified	ZnO	nanowire	network.	

The	process	of	conductivity	modelling	is	a	crucial	aspect	of	predicting	conduction.	It	often	involves	

the	utilisation	of	advanced	software	tools.	One	such	tool	that	has	gained	considerable	popularity	

in	recent	years	 is	 the	LTspice	program	[161].	This	program	enables	researchers	 to	model	and	

simulate	various	systems'	electrical	behaviour	accurately.	By	determining	the	critical	variables	

involved	in	the	system	in	Chapter	3,	we	can	use	LTspice	to	create	detailed	models	that	accurately	

reflect	the	system's	behaviour	under	different	conditions,	as	discussed	in	Section	4.3.	

LTspice,	a	sophisticated	computer	software	precisely	designed	to	simulate	analogue	electronic	

circuits	grounded	in	the	SPICE	(Simulation	Program	with	Integrated	Circuit	Emphasis)	platform,	

stands	 as	 an	 important	 tool	 in	 the	 exploration	 and	 analysis	 of	 conduction	 phenomena.	 This	

software	offers	plenty	of	components	that	enable	simulation	of	the	conductivity	of	any	system.	It	

makes	 the	 simulations	 adaptable	 with	 various	 software.	 Originally	 developed	 by	 Linear	

Technology	and	currently	maintained	by	Analog	Devices,	LTspice	stands	out	as	the	most	widely	

utilised	SPICE	software	within	the	research	and	industry	[162].	Notably,	despite	being	freeware,	

LTspice	lacks	artificial	restrictions	on	its	capabilities,	boasting	no	limitations	on	features,	nodes,	

components,	or	subcircuits.	The	software	includes	an	extensive	library	of	SPICE	models	derived	

from	Analog	Devices,	Linear	Technology,	Maxim	Integrated,	and	various	third-party	contributors.		



	

	 82	

In	 this	 thesis,	 LTspice	 software	 is	 being	 used	 to	 analyse	 conduction	 in	 the	 constituent	

universalised	 random	 ZnO-NWs	 network,	 as	 explained	 in	 Section	 5.3.1.	 This	 computational	

framework	offers	a	unique	feature	wherein	node	lists,	delineating	sticks	and	their	junctions	with	

each	other	can	be	seamlessly	integrated.	As	a	result,	it	is	adaptable	to	a	range	of	configurations,	as	

summarised	in	Section	5.3.2,	and	allows	users	to	adjust	conduction	parameters	by	individually	

changing	the	attributes	associated	with	each	node.	This	approach	allows	for	fine-tuned	parameter	

adjustments,	enabling	a	more	detailed	examination	of	conduction	characteristics	in	the	universal	

ZnO-NWs	system,	as	discussed	in	Section	5.3.3.	

As	mentioned	 in	 Chapter	 4,	 junction	 and	 contact	 resistance	 emerges	 as	 a	 predominant	 factor	

influencing	the	ultimate	conduction	within	the	random	system	of	constituents	[31,	124,	143,	146,	

160,	163-165].	Furthermore,	the	ZnO	nanowires,	identified	as	n-type	semiconductors	[6,	7]	with	

a	nonlinear	conduction	behaviour	(as	presented	in	Chapter	2),	influence	the	electronic	structure	

of	 the	 ZnO	 nanowire	 network.	 Given	 the	 complicated	 nature	 of	 these	 physical	 phenomena,	 a	

rigorous	integration	of	junction	and	nanowire	properties	becomes	important	for	the	analysis	of	

conduction	within	the	network.	Consequently,	as	explained	in	Section	4.4,	the	properties	of	each	

resistance	 node	 are	 assigned	 accordingly,	 taking	 into	 consideration	 the	 specificities	 of	 the	

constituent	 physical	 phenomena,	 thus	 contributing	 to	 a	 comprehensive	 understanding	 of	 the	

intricate	conduction	dynamics	at	play.	

In	this	chapter,	LTspice	is	used	to	simulate	the	conductivity	of	ZnO	nanowire	networks,	focusing	

on	the	I-V	response	across	various	gap	Al	microelectrode	arrays	(as	introduced	in	Chapter	2)	and	

different	nanowire	ratios,	detailed	in	Section	4.4.1.	The	variation	of	electrode	separation	aims	to	

generate	I-V	data	for	various	system	sizes,	L,	while	the	nanowire	ratio	dictates	the	stick	density	

(n)	in	the	simulations.	Eq.	(4-3)	describes	the	system	size	as	the	ratio	between	the	nanowire	length	

and	the	dimensions	of	the	electrode	width	and	gaps.	Since	the	nanowire	length	remains	constant	

throughout,	each	electrode	separation	corresponds	to	a	distinct	system	size,	allowing	a	systematic	

exploration	of	how	electrode	separation	and	nanowire	ratio	influence	the	conductivity	of	the	ZnO	

nanowire	networks.	The	objective	is	to	ensure	that	the	scaling	behaviour	observed	in	Chapter	4's	

simulations	applies	meaningfully	to	the	experimental	results	discussed	in	this	chapter.	

The	 experimental	 investigation	 involves	 I-V	 testing	 of	 ZnO	 nanowire	 networks	 on	 Al	

microelectrode	arrays	with	varying	concentrations	of	ZnO	nanowires,	measured	in	wt.%.	Testing	

begins	 when	 the	 system	 first	 exhibits	 measurable	 conductivity	 and	 continues	 until	 charge	

transport	saturates.	Current	density	values	at	10	V	will	be	recorded	for	each	electrode	array	and	

ZnO	nanowire	concentration.	In	parallel,	the	ZnO	nanowire	networks	will	be	simulated	using	the	

universal	 scaling	 principles	 established	 in	 the	 previous	 chapter	 through	 percolation	 theory.	

LTspice	will	simulate	the	I-V	characteristics,	with	diodes	and	resistors	representing	the	electrical	
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behaviour	of	the	nanowires	and	their	junctions.	This	approach	ensures	that	the	simulations	are	

grounded	in	a	universal	model	rather	than	relying	on	arbitrary	methods	frequently	seen	in	the	

literature		[31,	160].	

The	final	step	involves	comparing	the	experimental	and	simulated	conductivity	data	at	10	V	to	

evaluate	the	model's	accuracy	in	predicting	network	behaviour	based	on	nanowire	density	and	

electrode	separation.	This	comparison	will	confirm	the	robustness	of	the	universal	model	and	its	

broader	 applicability,	 distinguishing	 it	 from	 the	more	 limited,	 arbitrary	models	 often	 cited	 in	

previous	research	[31,	160,	163,	164].	By	demonstrating	the	correlation	between	simulation	and	

experimental	results,	this	study	validates	the	predictive	power	of	the	model	for	understanding	

and	optimising	the	conductivity	of	ZnO	nanowire	networks.		

	

G.9 Exploring	Conductivity	through	Simulation:	A	Computational	Study	

This	section	demonstrates	how	the	clusters	can	be	reformed	using	the	universalised	parameters	

obtained	 in	 Chapter	 4.	 The	 section	 is	 divided	 into	 three	 subsections	 that	 explain	 in	 detail	 the	

complexities	of	building	pathways	and	modelling	conduction	through	these	pathways	in	LTspice.	

Each	 subsection	 provides	 practical	 information	 about	 the	 processes	 of	 path	 formation	 and	

modelling	conduction	phenomena	within	the	LTspice	simulation	environment.	

	

S.D.! Formation	of	the	Universal	Clusters	

The	 study	 begins	 by	 using	 statistical	 calculations	 and	 percolation	 theory	 to	 establish	 the	

universality	of	a	random	ZnO	nanowire	network.	It	then	explores	the	use	of	universalised	cluster	

parameters	 to	 develop	 a	 model	 for	 simulating	 the	 conductivity	 of	 any	 randomly	 distributed	

percolated	 network.	 This	 model	 involves	 reconstructing	 the	 universalised	 clusters	 in	 the	

simulation	to	determine	the	conductivity	of	nanowire	composites	within	the	percolated	network.	

By	monitoring	and	adjusting	specific	variables,	 it	becomes	possible	 to	 simulate	 the	percolated	

clusters	needed	to	determine	the	conductivity	of	each	sub-system.	This	methodology	enables	the	

assessment	of	the	conductivity	of	any	randomly	distributed	percolated	network	of	nanomaterial	

composites.	
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Figure	5-1:	 (a)	 illustration	 of	 random	 ZnO-NWs	 network	 in	 an	 asymmetric	 cell	
representing	the	electrodes	at	both	opposite	sides	of	the	y-axis.	(b)	illustration	
of	 reconstituted	 ZnO-NWs	 system	 by	 considering	 data	 from	 the	 Union-find	
algorithm.	

	

The algorithm utilised enables continuous tracking of the mean percolated cluster size for a defined 

anisotropy and system size. This facilitates the generation of universally interconnected clusters for 

conductivity analysis, providing valuable insights into the behaviour of percolated systems.	Once the 

Cluster Find algorithm is integrated into the MATLAB script and gathers parameters on percolated 

clusters, the goal is to reconstruct these clusters, as shown in Figure	5-1(b). This assumes that (i) the 

sticks can only form ±45° to the x-axis for the isotropic case and (ii) the nodes are evenly spaced with 

an average length along the sticks. An example of the universalised cluster is depicted in Figure 4-1b.	

Inserting	geometrical	parameters	 into	 these	assumptions	allows	us	 to	calculate	 the	number	of	

sticks	required	to	form	a	percolative	path	through	the	selected	direction,	eq.	(5-1).		

	

	 𝑁ST =
𝑑

𝑛0 ∗ 𝐵8
∗
2
√2
	 (5-1)	

	

where	NSP	is	the	least	number	of	sticks	required	to	create	the	shortest	path	between	two	opposite	

sides	of	the	cell,	d	is	the	distance	between	the	two	opposite	boundaries	of	the	direction	selected,	

and	𝑛0 	 is	 the	average	distance	between	 two	neighbouring	nodes	on	a	 stick.	Once	 the	 required	

number	of	rods	has	been	calculated	for	the	shortest	path,	and	each	stick	contacts	amount	of	𝐵8 	of	

other	rods,	and	the	total	required	number	of	sticks	of	the	cluster	to	produce	the	shortest	path	is:	

	

	 𝑁UVW- = 𝐵8 × 𝑁ST	 (5-2)	

	

(a) (b)
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Where	𝑁UVW-	is	the	total	number	of	sticks	used	to	build	a	spanning	cluster	in	the	direction	where	

the	shortest	path	connects	the	two	opposite	boundaries	in	the	direction	of	percolation.	Then,	how	

many	of	the	percolated	paths	(𝑃$)	that	the	system	can	produce	is	calculated	by:	

	

	 𝑃$ =
𝑁8

𝑁UVW-« 	 (5-3)	

	

where	𝑁8 	 is	 the	 total	 number	 of	 sticks	 that	 are	 any	 spanned	 cluster	member.	 Therefore,	 the	

system's	ability	to	generate	clusters	can	be	evaluated	by	determining	the	number	of	clusters	it	can	

produce.	Ultimately,	the	universalised	probability	function	governing	cluster	formation	yields	the	

constant	(α)	given	in	eq.	(5-4).	This	coefficient	(α)	is	a	characteristic	of	the	composite.	It	considers	

the	number	of	paths	a	system	can	create	and	their	likelihood	of	occurrence,	as	illustrated	by	the	

probability	 function	depicted	 in	Figure	5-2(a).	Thus,	 the	coefficient	will	be	 introduced	 into	the	

final	conductivity	modelled	by	the	simulation	if	percolation	is	valid	for	the	given	condition.	

	

	 𝛼 = 𝑅(",7.L) × 𝑃$	 (5-4)	

	

The	clusters	are	reconstructed	by	exploiting	the	critical	parameters	acquired	through	the	Union-

Find	 algorithm,	 such	 as	 𝑛0 ,	 𝐵8 ,	 stick	 density,	 and	 asymmetry,	 which	 play	 a	 crucial	 role	 in	

determining	the	formation	of	universalised	clusters	in	simulation,	as	evidenced	in	Figure	5-2(a).	

The	 reconstruction	 process	 of	 universalised	 clusters	 involves	 leveraging	 these	 parameters	 to	

develop	an	accurate	representation	of	the	cluster's	morphology	and	structure	for	a	given	stick	

density	 and	 system	 size.	 By	 utilising	 the	 Union-Find	 algorithm,	 the	 study	 aims	 to	 provide	 a	

comprehensive	understanding	of	the	factors	that	govern	the	clustering	behaviour	of	the	sticks	and	

their	relationship	with	percolation	theory.	Overall,	the	findings	of	these	clusters	have	significant	

implications	 for	 the	 design	 and	 understanding	 of	 the	 system	 conductivities	 by	 fine-tuning	

between	system	parameters	such	as	stick	and	junction	conductivities.	
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Figure	5-2:	 (a)	Illustration	of	the	nodes	where	nanowire	junctions	are	and	the	shortest	path	
(red	 sticks),	 and	 (b)	 the	 tunnelling	 distance	 between	 nanowire-nanowire	
junctions.	

	

S.D.# Charge	Transport	through	Random	Network	

Percolation	theory	is	widely	used	to	study	the	conductivity	mechanism	of	complex	networks	in	

electronic	applications	[141,	142,	147,	164,	166,	167].	The	theory	associates	system	conductivity	

with	filler	size,	orientation	and	isotropy,	even	for	high	asymmetric	system	parameters	[142,	143].	

It	has	been	observed	that	even	for	highly	asymmetric	systems,	the	system	conductivity	remains	

uniform	at	the	critical	percolation	threshold	probability	[139].	This	highlights	the	relevance	of	the	

system	conductivity	with	theory	in	the	context	of	isotropic	percolation	threshold.	

Percolation	studies	on	the	conductivity	of	randomly	dispersed	1D	sticks	in	2-dimensions	and	3-

dimensions	 have	 revealed	 a	 universal	 conductivity	 exponent,	 which	 is	 a	measure	 of	 how	 the	

conductivity	 changes	 as	 the	 density	 of	 sticks	 increases	 relative	 to	 critical	 stick	 density.	 The	

universal	exponent	for	2D	systems	is	t	=	1.3,	and	for	3D	systems,	t	=	2	(eq.	(4-1)).	

However,	 experimental	 and	numerical	 studies	on	 the	 conductivity	of	 carbon	nanotubes	 (CNT)	

[168,	169]	and	nanowires	[31,	37,	164,	170]	have	shown	a	significant	discrepancy	between	the	

observed	conductivity	exponent	and	the	calculated	universal	value.	The	discrepancy	is	attributed	

to	the	relationship	between	the	conductivity	exponent	and	the	stick-to-stick	junction	ratio	[143,	

164],	stick	resistivity,	and	junction	density	[141,	143,	169],	playing	a	vital	role	in	the	conduction	

models	based	on	the	percolation	theory.	Therefore,	a	more	comprehensive	model	 is	needed	to	

explain	the	non-universal	critical	exponent	of	the	network.	This	is	because	the	existing	model	does	

not	 consider	 the	 conduction	 mechanism	 when	 determining	 network	 conductivity	 using	 the	

percolation	theory-based	conductivity	of	random	networks.	

(a) (b)
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Various	approaches	can	be	employed	to	simulate	the	 junction	resistivity	and	 its	 impact	on	the	

conduction	behaviour	of	a	system.	One	such	strategy	involves	setting	the	junction	resistivity	(RJ)	

by	providing	a	ratio	with	respect	to	the	nanowire	resistivity	(RS)	as	studied	in	[143]	for	various	

ranges	 of	 asymmetric	 system	 sizes.	 This	 is	 because	 it	 has	 been	 previously	 discussed	 in	 the	

literature	 that	 junction	 resistivity	 is	 assumed	 to	 have	 a	 critical	 role	 in	 the	 random	 network	

conductivity	[31,	146].	As	a	result,	the	RJ	becomes	the	dominant	characteristic	of	the	network,	and	

the	system's	conductivity	depends	on	the	physical	interaction	between	the	constituents	through	

the	network.	

Tunnelling	conduction	is	a	widely	explored	method	to	simulate	conduction	in	random	networks	

where	 constituents	 have	 interparticle	 distance	 allowing	 hopping	 between	 them.	 It	 enables	

conduction	 even	 when	 there	 is	 some	 distance	 between	 the	 constituents	 [171,	 172].	 In	 this	

approach,	 the	 constituents	 are	 assumed	 to	 physically	 touch	 each	 other	 in	 the	 simulations.	

However,	tunnelling	conduction	can	occur	because	they	may	only	electrically	interact	with	each	

other	rather	than	direct	charge	transport.	Figure	5-2(b)	illustrates	that	even	if	the	components	

overlap	each	other	in	2D,	tunnelling	conduction	can	still	occur.	Studies	have	demonstrated	that	

the	distances	between	the	components	in	a	percolated	network	can	vary	depending	on	the	filler	

density,	resulting	in	the	variation	of	RJ	as	a	function	of	component	density	[171].	Therefore,	unlike	

the	constant	junction	resistivity,	this	approach	suggests	a	variable	junction	resistivity	associated	

with	the	nanowire	density	in	the	system.	With	its	ability	to	model	conduction	in	networks	with	

distance	between	components,	it	can	provide	a	better	way	to	comprehend	the	behaviour	of	these	

complex	systems,	which	can	help	determine	the	correlation	between	the	experimental	conduction	

of	ZnO-NWs	and	the	simulation.	

Simulations	of	complex	structured	filler	materials	have	shown	that	they	behave	in	specific	ways	

in	certain	systems.	The	electronic	charge	can	be	transferred	over	the	path	with	the	least	resistance	

or	energy	barrier,	particularly	under	 low	potentials	when	 the	 junction	resistance	 is	dominant.	

This	 phenomenon	 is	 known	 as	 the	 "Winner-takes-all"	 approach	 [124].	 To	 estimate	 the	 non-

universal	critical	conductivity	exponent,	simulations	have	been	carried	out	on	the	conductivity	

calculated	 over	 the	 complex	 structures	 formed	 in	 these	 systems.	 Therefore,	 focusing	 on	 the	

shortest	path	or	the	least	resistive	path	is	crucial	for	detecting	and	simulating	charge	transport	

analysis	[160,	173].	The	simulation	is	carried	out	on	the	shortest	path	and	the	number	of	such	

paths	formed	through	the	system.	

To	 establish	 a	 clear	 connection	 between	 the	 critical	 conductivity	 exponent	 and	 experimental	

results,	it	is	essential	to	develop	a	precise	model.	Currently,	our	research	is	focused	on	studying	

the	conductivity	mechanism	of	a	complex	ZnO-NWs	network	in	charge	transport	behaviour.	The	

conductivity	mechanism	through	the	network	plays	a	significant	role	in	the	conduction	exponents.	
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Therefore,	it	is	crucial	to	conduct	experimental	reflection	of	random	ZnO-NWs	network	in	various	

electrode	separations	to	determine	the	conduction	mechanism	accurately.	Our	goal	is	to	achieve	

a	comprehensive	understanding	of	the	conduction	mechanism	and	establish	a	clear	link	between	

the	critical	conductivity	exponent	and	the	experimental	results.	

	

S.D.D Conductivity	Analysis	with	LTspice	

Subsequently,	 LTspice	 software	 facilitates	 conduction	measurement	 by	 exploiting	 the	 defined	

shortest	path	as	in	Figure	5-2(a)	and	utilising	resistivity	values	assigned	to	stick-to-stick	junctions	

(RJ),	stick-to-boundaries	(or	electrodes)	(RC)	and	sticks	(or	ZnO-NWs)	(RS)	as	seen	in	Figure	5-3.	

These	resistivity	values	are	crucial	as	they	determine	the	current	flow	through	the	system,	thereby	

influencing	 the	 overall	 conduction	 behaviour.	 With	 clusters	 now	 exhibiting	 a	 standardised	

behaviour	 and	 a	 connected	 node	 list,	 a	 seamless	 integration	 of	 a	 conduction	 model	 can	 be	

extracted.	 This	 involves	 incorporating	 universalised	 spanned	 paths	 into	 LTspice	 for	

comprehensive	analysis.	

	

Figure	 5-3:	 The	 upper	 side	 illustrates	 the	 three	 conjugated	 ZnO-NWs	 contacted	 by	 two	
aluminium	 electrodes,	 blue	 and	 yellow	 dots	 point	 out	 where	 ZnO-NWs/Al-
electrodes	and	ZnO-NWs/ZnO-NWs	junction	positions.	The	bottom	side	shows	
the	circuit	formation	of	three	ZnO-NWs	contacts	in	LTspice	software.	

	

Figure	5-3	illustrates	the	detailed	conduction	simulation	through	a	path,	visually	depicting	three	

connected	ZnO	nanowires	positioned	between	two	aluminium	electrodes	at	 the	upper	section.	

Simultaneously,	 the	 lower	 section	 of	 the	 figure	 provides	 a	 schematic	 replication	 of	 the	

corresponding	 circuit	 in	 LTspice.	 The	 simulation	 of	 the	 system's	 conduction	 involves	 the	

Al Al
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consideration	of	three	key	parameters.	The	first	parameter	consists	of	the	contact	resistivity	(RC)	

between	the	ZnO-NWs	and	the	aluminium	electrode,	denoted	by	the	blue	dot	point	in	Figure	5-3.	

The	 yellow	 dot	 in	 the	 figure	 represents	 the	 second	 parameter,	which	 refers	 to	 the	 resistivity	

between	two	connected	nanowires,	commonly	referred	to	as	 junction	resistivity	(RJ).	All	 these	

resistivities	are	adjustable	parameters	aiding	to	vary	them	for	precise	simulation.		

The	third	parameter	that	needs	to	be	considered	in	the	analysis	of	ZnO	nanowires	is	the	resistivity	

inherent	 to	 the	 nanowire	 structure.	 A	 diode	 tool	 [174]	 is	 introduced	 to	 facilitate	 conductivity	

simulation	for	ZnO	nanowire	networks,	coupled	with	a	serial	resistance	to	model	the	nonlinear	

ohmic	behaviour	of	ZnO	conduction[6].	This	tool	enables	the	user	to	change	parameters	such	as	

carrier	 density,	 band	 gap,	 and	 breakdown	 current,	 which	 significantly	 impact	 the	 electronic	

structure	of	the	ZnO	material.	This	feature	provides	greater	control	and	flexibility	when	analysing	

the	system.	

A	‘serially’	connected	resistivity	is	introduced	to	allow	adjustments	in	the	nanowire	resistivity.	

Since	diodes	permit	current	flow	in	only	one	direction,	two	diodes	are	connected	in	parallel	but	

in	opposite	directions	relative	to	their	counterparts.	This	configuration	captures	the	conduction	

behaviour	in	ZnO	nanowires	for	both	negative	and	positive	directions	by	allowing	current	to	pass	

for	both	bias	polarities.	As	a	result,	the	simulation	provides	a	more	comprehensive	understanding	

of	the	system's	behaviour,	which	is	essential	for	developing	efficient	and	effective	applications.	

	

G.B Correlation	the	Conduction	of	Random	ZnO-NWs	Network	

This	 section	 aims	 to	make	 use	 of	 the	 conductivity	models	 to	 establish	 a	 correlation	 between	

experiments	and	simulations	for	the	reconstituted	universal	clusters.	These	clusters	have	been	

accomplished	by	reconstituting	the	clusters	with	data	obtained	from	the	union-find	algorithm	for	

different	 system	 sizes	 and	 densities	 of	 ZnO-NWs,	 elaborated	 in	 Section	 4.4.	 To	 establish	 an	

experimental	 correlation	with	 the	model,	we	have	randomly	dispersed	ZnO-NWs	with	various	

weight	ratios	onto	Al	microelectrode	arrays	for	I-V	characterisation,	as	mentioned	in	Chapter	3	

and	presented	in	Section	5.4.2.	Finally,	we	have	identified	the	critical	parameters	to	establish	a	

correlation	between	the	collected	conduction	data	from	the	simulation	and	the	experimental	data	

in	section	5.4.3.	

	

S.=.! Simulation	of	the	Clusters	and	Conductivity	

As	mentioned	in	the	previous	section,	the	current-voltage	characteristic	of	the	shortest	path	of	

various	 stick	densities,	has	been	presented	 in	Figure	5-4.	The	 conductivity	values	detected	by	

LTspice	for	the	given	system	parameters	were	multiplied	by	a	factor	α,	as	explained	in	eq.	(4-4),	



	

	 90	

to	obtain	the	final	conduction	of	the	systems	if	the	system	percolated.	This	unique	approach	allows	

fine-tuning	the	overall	conduction	behaviour	in	random	ZnO-NWs	networks	for	various	electrode	

separations	of	Al	electrode	arrays,	a	significant	finding	in	our	research.	

	

Figure	5-4:	 (a)	Illustration	of	an	LTspice	simulation	for	the	shortest	path	of	a	system	that	
consists	of	 five	nanowires;	dashed	 lines	represent	 the	system	borders	at	 the	
two	opposite	sides.	(b)	I-V	sweep	of	the	system	(L=8.94)	through	the	shortest	
path	of	the	system	for	various	stick	densities	between	n=1.2	and	n=6.	

	

The	formation	of	a	Winner-Take-All	(WTA)	pathway	in	networks	is	a	crucial	aspect	of	network	

connectivity.	 The	 conductivity	 of	 the	 networks	 is	 dominated	 by	 the	 junctions	 when	 junction	

resistivities	 are	 much	 larger	 than	 the	 nanowires	 itself.	 This	 WTA	 pathway	 exhibits	 distinct	

conductance	plateaus	that	remain	stable	across	a	range	of	current	compliances.	It	represents	the	

pathway	with	the	lowest	possible	energy	connectivity	within	the	network,	as	illustrated	in	Figure	

5-4(a).	The	conduction	of	the	shortest	path	is	measured	by	LTspice,	with	a	node	listed	in	Figure	

5-4(a).	

Thanks	to	the	least	energy	path	approach	of	WTA,	the	charge	has	the	potential	to	be	efficiently	

carried	between	the	furthest	nodes	on	the	same	ZnO-NW.	In	other	words,	due	to	a	lower	energy	

barrier	than	any	junction,	the	charge	prefers	to	flow	through	a	nanowire	until	it	must	pass	the	

other	 neighbour	 nanowire	 through	 a	 junction	 between	 them.	 Therefore,	 the	 charge	 will	 be	

expected	to	flow	through	the	 lowest	number	of	nanowires,	demonstrating	the	efficiency	of	the	

WTA	pathway	as	illustrated	in	Figure	5-4(b).		
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	Using	this	approach,	LTspice	allows	the	simulation	of	the	charge	transport	over	the	estimated	

shortest	path.	Once	 the	current	 flow	 is	simulated	over	 the	path,	 the	 total	 flow	 is	calculated	by	

multiplying	with	the	constant	value	a,	that	the	universal	probability	of	the	system	can	produce	a	

number	 of	 clusters	with	 the	 probability	 p.	 Figure	 5-4(b)	 shows	 the	 simulated	 Log(I)-V	 sweep	

between	0	–	10	V	range	for	various	stick	density	when	the	system	size	L	=8.94	in	red	colour	scale	

from	light	to	dark	in	a	case	depicting	the	stick	density	scale	from	lower	to	higher.	The	non-ohmic	

behaviour	 of	 the	 ZnO-NWs	 system	 is	 reflected	 in	 the	 simulated	 conductivity	 thanks	 to	 the	

integration	of	the	model	diode	reflecting	the	ZnO-NWs	electronic	behaviour.	

As	 detailed	 previously,	 the	 cluster	 analysis	 algorithm,	 which	 produces	 data	 for	 the	 cluster	

structure	as	a	 function	of	 stick	density,	 is	 illustrated	 in	Figure	5-2(a).	The	universal	 statistical	

cluster	 parameters	 for	 four	 different	 system	 sizes	 are	 presented	 in	 Figure	 5-5.	 As	 previously	

explained	in	sections	3-6,	the	number	of	clusters	gradually	increases	with	the	addition	of	more	

sticks	to	the	system	until	all	the	sticks	are	members	of	the	same	cluster,	so	the	total	cluster	number	

decreases	to	one.	An	effective	percolation,	neff,	threshold	for	the	horizontal	direction	of	spanning	

probability	of	random	stick	system	is	reached	around	a	stick	density	lower	than	the	universal	stick	

density	due	to	the	nature	of	asymmetric	system	dimensions,	as	presented	in	Figure	4-9.	As	clearly	

shown	 in	Figure	5-5,	 the	system	size	critically	 impacts	 the	behaviour	of	 the	cluster	 formation.	

While	the	system	still	produces	new	clusters	above	the	neff	for	the	systems	smaller	than	L=6.7,	the	

larger	 systems	subsequently	cannot	 form	a	new	cluster	as	 the	stick	density	 increases	because	

clusters	have	already	begun	to	merge	beyond	this	threshold	point	above	the	point.		

The	system	generates	spanning	clusters	with	 low	probability	 in	 lower	stick	densities	and	then	

systematically	creates	new	clusters	with	slightly	higher	stick	densities.	It	is	important	to	note	that	

the	number	of	clusters	produced	eventually	plateaus	and	then	decreases.	This	increase	in	stick	

density,	 an	 important	 factor	 in	 the	 conduction	behaviour,	 results	 in	 the	merging	of	 individual	

clusters.	 The	 formation	 of	 a	 new	 homogeneous	 system	 results	 from	 creating	 new	 conduction	

paths	 beyond	 system	 saturation,	 which	 leads	 to	 increased	 stick-to-stick	 junctions	 due	 to	 the	

coalescence	of	clusters	(refer	to	Figure	5-5).	The	conductivity	behaviour	of	the	system	is	affected	

by	the	neff	characteristic	of	the	system	size	variation	above	these	critical	points	when	the	t	values	

listed	in	eq.	(4-1)	are	varied	as	a	function	of	system	size.	It	is	important	to	note	that	this	behaviour	
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is	a	direct	consequence	of	the	system's	 inherent	properties,	which	will	be	discussed	in	Section	

5.3.3.	

	

Figure	5-5:	 Formation	 of	 the	 clusters	 as	 a	 function	 of	 the	 stick	 density	 for	 4	 different	
systems	size	L=4.5,	6.7,	8.9	and	11.2.	The	perpendicular	dashed	lines	are	the	
positions	of	the	neff	for	the	system.	

	

In	summary,	the	section	has	demonstrated	an	important	part	of	understanding	the	reconstitution	

of	the	universal	clusters.	Using	the	Union-Find	algorithm	function	in	MATLAB	script,	we	created	

the	node	list	of	interconnected	groups	of	components	within	the	system.	Through	the	integration	

of	percolation	theory	demonstrated	in	Chapter	4,	we	have	ensured	the	universal	applicability	of	

these	clusters,	which	is	a	fundamental	concept	in	our	methodology.	With	the	help	of	an	advanced	

tool	library,	LTspice	can	simulate	the	current	flow	of	the	clusters	on	the	nodes	list	of	ZnO-NWs	

and	 their	 junction	 with	 each	 other	 and	 Al	 electrodes.	 By	 reforming	 the	 shortest	 paths	 and	

integrating	their	universal	probability	of	formation,	we	can	better	understand	the	current	flow	of	

these	clusters	and	the	potential	effects	of	conduction	mechanisms	on	the	system	conduction.	

	

S.=.# Conductivity	of	Random	ZnO-NWs	Networks	

A	range	of	nanowire	densities	 in	DMF	solutions	were	applied	to	electrode	arrays	with	various	

electrode	separations	to	demonstrate	the	relationship	between	the	conductivity	model	and	the	

universalised	 cluster	 approach	 in	 the	 experimental	 correlation	 of	 randomly	 dispersed	 ZnO	

nanowires.	The	ZnO	nanowire	ratios	indicate	stick	densities	in	the	simulation,	while	the	variations	
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in	electrode	array	dimensions	represent	the	system	sizes	of	the	simulations.	The	size	of	the	system	

is	calculated	using	eq.	(4-2),	which	is	modified	with	respect	to	the	length	of	the	nanowires	(5	μm)	

and	 the	 dimensions	 of	 the	 electrode	 separation	 and	 width.	 The	 conductivity	 of	 the	 random	

network	is	then	tested	through	two-terminal	in-plane	I-V	measurements,	as	detailed	in	Section	

3.3.	 Figure	 5-6	 shows	 the	 I-V	 characteristics	 of	 various	 ratios	 of	 ZnO-NWs	 on	 a	 ten-micron	

electrode-separated	Al	microelectrode	array	and	an	LTspice	simulation	with	the	same	system	size	

as	 the	 electrode	 separation	 and	nanowire	 length.	 The	 experimental	 and	 simulated	 results	 are	

listed	in	the	legends	of	the	figure	as	the	weight	ratio	of	ZnO-NWs	in	DMF	solution	and	stick	density,	

respectively.	

	

Figure	5-6:	 I-V	sweep	of	ZnO	nanowires	on	10	µm	gap	Al	microelectrode	array,	labelled	as	
wt.%	and	simulated	random	stick	system	on	the	horizontal	direction	(L=4.50)	
labelled	with	n.	

	

The	conduction	behaviour	of	ZnO	nanowire	networks	at	various	concentrations	has	been	analysed	

using	a	 comprehensive	 I-V	 simulation.	 In	Figure	5-6,	while	 an	 I-V	 sweep	 is	presented	 for	ZnO	

nanowire	concentrations	of	0.25,	1,	4,	5,	10,	and	15	wt.%	in	a	DMF	solution,	all	situated	within	a	

10	 µm	 electrode	 separation,	 the	 simulated	 I-V	 is	 shown	 for	 n=1.35,	 1.95,	 2.7	 and	 5.7.	 The	

electrodes	were	subjected	to	a	voltage	sweep	from	0	V	to	10	V	in	0.1	V	steps,	and	the	resulting	

current	was	tested	using	the	SMU	and	simulated	using	LTspice.	The	measured	and	simulated	data	

were	 compared,	 and	 the	 results	 are	 illustrated	 in	 Figure	 5-6.	 The	 distinctive	 nonlinear	
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characteristics	inherent	in	semiconductor	nanowires	are	evident	for	both	tested	ZnO-NWs	and	

simulated	clusters	[6,	174].		

As	discussed	in	Chapter	4,	we	calculated	the	critical	stick	density	to	be	5.625,	consistent	with	the	

literature	[34].	The	shortest	path	integrated	Monte	Carlo	simulation	also	provided	similar	results.	

The	value	of	n=5.7	is	just	above	the	critical	stick	density,	at	which	point	the	conductivity	of	the	

system	becomes	universal	regardless	of	its	size	and	dimensions.	Figure	5-6	also	indicates	that	the	

I-V	results	of	10	and	15	wt.%	random	ZnO-NWs	networks	align	with	the	simulation	of	universal	

stick	density.	Additionally,	the	conductance	remains	relatively	constant	beyond	this	point	despite	

a	one-third	increase	in	the	nanowire	density.	This	stable	conductivity	beyond	the	critical	density	

indicates	 that	 the	 universal	 parameter	 is	 approaching	 the	 saturation	 point	 of	 the	 ZnO-NW	

network's	conductivity	for	the	given	system	size	and	dimensions.	The	available	data	support	this	

observation	and	serves	as	a	clear	indication	of	the	system's	robustness	and	reliability	[33,	143].	

Another	observation	is	that	the	change	in	ZnO-NWs	density	between	1	and	5	wt.%	corresponds	

with	the	conductivity	change	between	n=1.9	and	n=2.7	in	the	simulation.	

 

Figure	5-7:	 Current	 flow	 of	 ZnO-NWs	 network	 at	 10	 V	 for	 5,	 10	 and	 40	 μm	 electrode	
separations	of	Al	electrodes	marked	as	cross-points.	The	fitted	data	are	marked	
with	a	straight	line.	

	

The	relationship	between	current	flow	and	nanowire	density	was	examined	in	a	ZnO	nanowire	

network	at	10V	for	three	different	electrode	separations	(5,	15,	and	40	μm)	as	shown	in	Figure	

5-7.	The	system	sizes	were	calculated	using	eq.	(4-2)	and	(4-3)as	demonstrated	in	Chapter	4,	with	

corresponding	system	sizes	of	2.00,	5.48,	and	8.94	for	the	electrode	separations	of	5,	15,	and	40	

μm,	respectively.	

A	 notable	 difference	 in	 the	 conductivity	 characteristics	 was	 observed	 when	 comparing	 the	

electrode	separations	of	5	μm	and	larger.	An	increase	in	nanowire	density	led	to	a	sharp	increase	
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in	 conduction	 up	 to	 the	 saturation	 point	 of	 0.015.	 However,	 increasing	 the	 nanowire	 density	

beyond	a	certain	point	resulted	in	fluctuations	in	conduction,	occurring	two	or	three	times.	The	

system	exhibited	two	conductivity	steps	along	two	distinct	percolation	behaviours,	in	addition	to	

the	percolation	staircase	with	two	transitions	demonstrating	a	hierarchical	pattern	of	tunnelling	

conductance	[36,	157].	These	observations	indicate	that	there	is	a	high	level	of	control	over	the	

conductivity	properties	of	the	nanowire	network.											

The	observation	of	stair-like	behaviour	can	be	attributed	to	a	conduction	mechanism	between	

particles	 or	 random	 clusters,	 which	 are	 subject	 to	 two	 different	 transport	 regimes:	 sub-

percolative	or	tunnelling	and	percolative	conduction	[37,	166,	171].	It	is	important	to	note	that	

despite	the	overlapping	positioning	of	the	sticks,	direct	physical	contact	is	not	always	guaranteed.		

The	transportation	of	charges	is	closely	linked	to	traversing	the	optimal	energy	barrier	between	

two	adjacent	elements.	Through	extensive	 research,	 the	conductivity	properties	of	 fillers	have	

been	 thoroughly	 examined	 regarding	 varying	 shapes	 and	 electron	 flow	 processes.	 This	 has	

included	a	detailed	analysis	of	both	extreme	cases	of	hopping	and	percolation	conduction	and	the	

intermediate	regimes	between	these	two	characteristics.	By	utilising	real	data	presented	in	the	

literature,	the	approach	has	been	effectively	applied	with	great	success	[37].	

To	summarise,	we	used	LTspice	software	to	systematically	adjust	component	conductance	for	an	

accurate	 simulation	 of	 conductivity	 properties.	 By	 employing	 various	 conduction	models	 and	

identifying	 junction	 conductivity	 through	 experimental	 findings,	 we	 obtained	 reliable	 and	

consistent	results	between	experimental	conductivity	and	simulations.	It	is	important	to	note	that	

due	to	the	stair-like	conduction	behaviour	of	the	experimental	data,	hopping	conduction	between	

the	nanowire-nanowire	 junction	will	 be	 the	 focus	 for	 accurately	 simulating	 the	 system.	 In	 the	

upcoming	section,	we	will	investigate	the	tunnelling	conduction	mechanism	through	the	ZnO-NWs	

network	and	analyse	the	experimental	data	to	evaluate	the	network	parameters	such	as	RJ,	RC,	and	

RNW	for	a	more	precise	simulation.	Our	analysis	will	also	involve	examining	the	role	of	universal	

percolation	probability	in	integrating	the	conduction	model.	

	

S.=.D Analysis	of	the	Conductivity	

This	 section	 investigates	 conduction	 models	 in	 a	 random	 nanowire	 network	 to	 identify	 the	

correlation	with	experimental	results.	The	findings	presented	in	this	section	demonstrate	a	clear	

understanding	 of	 the	 subject	 universal	 percolation	 probability	 on	 network	 conductivity.	 The	

tunnelling	conduction	approach	is	used	to	determine	junction	resistance	and	explore	the	impact	

of	the	universal	percolation	probability	on	network	conductivity.	
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4.4.3.1	Random	Resistive	Network	

Percolation	theory	is	a	well-established	methodology	used	to	analyse	the	electrical	properties	of	

complex	 universalised	 systems.	 The	 method	 is	 based	 on	 a	 homogenous	 assessment	 of	 the	

electrical	properties	of	the	continuous	network	present	throughout	the	system	[143,	146,	160,	

165].	 The	 approach	 involves	 defining	 a	 list	 of	 connected	 junctions	 on	 the	 universal	 network	

continuum	 as	 active	 nodes	 and	 simulating	 the	 total	 current	 flowing	 through	 the	 system	 by	

applying	Kirchhoff's	current	law.	This	method	has	been	proven	effective	in	numerous	studies.	In	

this	approach,	the	resistivity	of	the	network	points	is	considered	constant	throughout	the	system,	

and	the	resistances	outside	are	assumed	to	be	negligible.	Percolation	theory	is	widely	employed	

to	 simulate	 the	 conduction	of	percolated	networks	and	 to	 establish	a	 connection	between	 the	

universal	 conductivity	 exponent,	 t,	 and	 the	 capacity	 to	 evaluate	 universal	 complex	 systems.	

Overall,	 percolation	 theory	 is	 a	 powerful	 tool	 that	 facilitates	 the	 evaluation	 of	 the	 electrical	

properties	of	complex	systems	systematically	and	reliably,	making	it	an	asset	for	understanding	

the	charge	transport	behaviour	of	the	continuum	network.	

The	 first	method	 employed	 in	 this	 study,	while	 rooted	 in	 the	 same	principles,	 introduced	 the	

approach	 in	percolation	 theory.	 It	was	evaluated	using	 the	 shortest	path	method.	This	unique	

twist	marked	active	connections	as	resistance	points	along	the	shortest	path	while	considering	

resistance	points	outside	the	shortest	path	inactive.	The	total	current	along	this	path	was	then	

simulated,	leading	to	the	determination	of	the	final	conductivity	of	the	universal	system.	This	was	

achieved	by	taking	the	product	of	the	total	conductivity	with	the	system	coefficient,	as	detailed	in	

Section	5.3.1.	

Comparing	the	effect	of	the	variation	of	the	system	sizes	on	neff,	presented	in	Figure	4-11,	suggests	

that	the	larger	system	sizes	require	more	clusters	to	create	a	spanning	one	through	the	vertical	

direction	of	the	system.	The	effective	stick	density	is	lower	than	the	universal	percolation	stick	

density	due	to	the	nature	of	the	asymmetry	of	the	system.	The	analysis	of	the	conduction	at	the	

range	 of	 10	 V	 (Figure	 5-7)	 shows	 that	 the	 currents	 increase	 with	 the	 stick	 density	 before	

percolation,	which	may	be	linked	to	the	numbers	cluster.	However,	after	percolation,	the	current	

still	increases	with	the	stick	density	but	at	a	significantly	lower	rate,	i.e.	the	larger	the	system	size,	

the	slower	 the	 increase	 in	 the	current.	This	 is	 consistent	with	 the	 increase	of	 the	conductivity	

exponent	extracted	from	eq.	3-1	and	listed	in	Figure	4-5	for	four	different	system	sizes.		

The	 findings	 presented	 in	 the	 figure	 highlight	 the	 effect	 of	 system	 size	 on	 determining	 the	

conductivity	exponent	of	a	given	asymmetric	system.	In	summary,	for	systems	with	L=4.45,	the	

conductivity	exponent	t=0.60	and	1.67	below	and	above	the	threshold,	respectively.	Similarly,	for	

systems	with	L=6.70,	the	conductivity	exponent	t=0.49	and	1.64	below	and	above	the	threshold,	

respectively.	For	 larger	systems,	with	L=8.90	and	L=11.20,	 the	conductivity	exponent	shows	a	
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similar	 trend,	 with	 t=0.37	 and	 1.84,	 and	 t=0.46	 and	 1.94	 below	 and	 above	 the	 threshold,	

respectively.	These	results	provide	valuable	insights	into	the	effect	of	junction	densities	on	the	

system	conductivity	behaviour,	as	they	demonstrate	the	importance	of	considering	system	size	in	

understanding	the	electrical	conductivity	of	system	size.		

The	 results,	 as	 shown	 in	 Figure	 5-5,	 indicate	 that	 the	 conductivity	 exponent	 increases	 with	

increasing	system	size	above	the	effective	percolation	threshold.	However,	it	is	the	opposite	for	

below	the	threshold.	This	means	that	the	system	conductivity	exponent	converges	to	the	universal	

conductivity	exponent	(t=1.3	for	2	dimensions)	with	a	decrease	in	system	size.	This	phenomenon	

may	 be	 due	 to	 the	 fact	 that	 the	 number	 of	 junctions	 in	 the	 shortest	 path	 increases	 with	 an	

increment	 in	 system	 size.	 This	 is	 because	 the	 shortest	 path	 consists	 of	more	 sticks	when	 the	

system	size	becomes	larger.	It	is	also	widely	studied	that	the	ratio	between	the	junction	resistivity	

versus	 stick	 resistivity	 and	 the	 number	 of	 junctions	 causes	 the	 nonuniversal	 conductivity	

exponent[143,	164].	Thus,	the	results	confirm	that	the	density	of	RJ	causes	the	deviation	of	the	

universal	conductivity	exponent.	

	

Figure	5-8:	 Simulated	current	flow	at	10	V	for	the	systems	where	L=4.50	(black	square),	6.7	
(red	circle),	8.9	(blue	upside	triangles),	and	11.2	(green	downside	triangles).	

	

In	 our	 analysis	 of	 the	 critical	 conductivity	 exponent	 of	 the	 asymmetric	 cells	 for	 a	 percolated	

random	stick	 system,	we	have	uncovered	 findings	 that	have	practical	 implications.	 Figure	5-5	

reveals	the	cluster	number's	relationship	with	stick	density	for	various	system	sizes.	In	contrast,	

Figure	5-8	illustrates	the	current	flow	of	the	system	for	different	stick	densities	at	10	V.	As	the	
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number	of	clusters	increases,	there	is	a	more	pronounced	rise	in	current	flow	for	the	lower	stick	

densities.	However,	for	larger	stick	densities,	the	conductivity	increment	becomes	less	dependent	

on	stick	density,	particularly	after	merging	small	clusters.	Moreover,	Figure	5-8	depicts	that	the	

conduction	 exponents	 of	 the	 systems	 are	 different	 below	 and	 above	 the	 effective	 percolation	

threshold.	The	formation	of	a	new	path	and	merging	of	these	paths	exhibit	unique	characteristics	

of	network	formation	within	a	system	that	can	significantly	impact	the	absolute	conduction	of	the	

system,	highlighting	the	relevance	of	the	findings	to	conduction	in	a	random	ZnO-NWs	network.		

The	analysis	of	current	flow	in	the	vertical	direction	reveals	a	strong	dependence	on	the	size	of	

the	 system,	 as	 depicted	 in	 Figure	 5-8.	 Larger	 sticks	 in	 the	 lower	 system	 size	 exhibit	 more	

significant	charge	transport	in	the	vertical	direction	for	lower	stick	densities.	However,	the	charge	

transport	 across	 various	 system	 sizes	 tends	 to	 converge	 around	 the	 critical	 stick	 density	 (nc	

=5.625),	consistent	with	the	expectations	of	percolation	theory.	These	results	confirm	that	our	

model	 adheres	 to	 the	 percolation	 rule,	 which	 mandates	 that	 the	 system	 properties	 must	 be	

isotropic	 at	 the	 critical	 stick	 density.	 However,	 Figure	 5-8	 illustrates	 that	 the	 conduction	

behaviours	 of	 the	 random	nanowire	 network	 do	 not	 align	with	 experimental	 results	 (seen	 in	

Figure	 5-7)	 for	 the	 lower	 nanowire	 density	 of	 the	 system.	 This	 suggests	 that	 the	 classical	

conduction	model	does	not	apply	to	lower	stick	density.	

As	our	analysis	demonstrates,	the	increment	of	the	conduction	with	respect	to	system	size	aligns	

with	the	increment	to	be	more	dominant	for	larger	system	sizes,	as	indicated	by	the	conductivity	

exponent	increment.	However,	despite	the	good	match	of	the	steady	RJ	approach	above	the	neff,	

the	 conduction	 behaviour	 of	 the	 system	 does	 not	 correspond	 to	 the	 experimentally	 reflected	

staircase	conductivity	behaviour	of	ZnO-NWs	below	this	critical	point.	This	discrepancy	suggests	

that	the	conductivity	approach	of	the	percolation	theory	(eq.	(4-1))	is	valid	for	systems	larger	than	

the	 correlation	 length	 𝜉,	 where	 𝜉 ∝ |𝑛 − 𝑛8|+R	 [173].Therefore,	 it	 is	 necessary	 to	 explore	

alternative	conduction	mechanisms	for	points	under	the	effective	percolation	threshold,	which	

will	be	discussed	in	the	next	section.	

	

5.4.3.1 		 Tunnelling	conduction	

The	conductivity	properties	of	fillers	have	been	thoroughly	examined	about	varying	shapes	and	

electron	flow	processes.	This	has	included	a	detailed	analysis	of	both	extreme	cases	of	hopping	

and	percolation	conduction	and	the	intermediate	regimes	between	these	two	characteristics.	By	

utilising	real	data	presented	in	the	literature,	the	approach	has	been	effectively	applied	with	great	

success[36,	 37,	 171].	 Percolation	 theory	 allows	 calculation	 of	 the	 distance	 between	 two	

constituents	with	the	relation	of	nL2rS=1[175],	where	rS	is	the	shortest	distance	between	the	two	
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adjacent	particles	as	seen	in	Figure	5-2(b).	When	an	electron	flows	through	the	distance,	D,	of	the	

shortest	path	by	tunnelling,	it	accumulates	a	number	of	stick-to-stick	junction	times.		

Assigned	were	two	types	of	individual	conductivity	behaviour	to	model	electrical	conductance:	

tunnelling	and	percolation	conduction.	For	this	purpose,	various	microscale	conductances	have	

been	 assigned	 to	 the	 junctions.	 For	 example,	 it	 is	 assumed	 that	 the	 interparticle	 conductance	

remains	constant	and	independent	of	stick	density	above	the	percolation	threshold	(Figure	5-8).	

On	 the	 contrary,	 below	 the	 percolation	 threshold	 (Figure	 5-2(b)),	 it	 has	 been	 observed	 that	

tunnelling	conductance	between	the	constituents,	specifically	for	pairs	of	sticks	over	distance	x,	

may	decrease	exponentially	 as	 the	distance	between	 them	 increases,	 as	 seen	 in	Figure	5-7.	 In	

summary,	any	conductivity	between	two	sticks	is	assumed	to	follow	these	principles	[36].	

	 𝒈𝒋 = °
𝒈𝒄																														𝒇𝒐𝒓		𝒏 ≥ 𝒏𝒄

𝒈𝒕𝒆
+𝟐(𝒓𝒔+𝒅) 𝝃[ 										𝒇𝒐𝒓	𝒏 < 𝒏𝒄

	 (5-5)	

	

Where	rs	is	the	shortest	distance	between	two	adjacent	sticks,	d	is	the	diameter	of	the	sticks	in	3-

dimension,	and	ξ	is	the	tunnelling	decay	length.	The	perfectors,	gc	and	gt	in	eq.	(4-5a)	and	(4-5b)	

for	above	and	below	the	critical	stick	density.	The	gt	 is	expected	 to	be	 larger	 than	gc	 since	 the	

electrons	have	to	overcome	the	energy	barrier	caused	by	the	inter-constituent	distance.	In	our	

model,	below	the	system's	threshold	point,	we	will	utilise	the	dynamic	conductance	of	gt	based	on	

the	distance	between	particles	and	the	tunnelling	decay	length	instead	of	relying	on	a	constant	

junction	conductance	of	gc	above	the	critical	stick	length.	

The	 intermediate	 conductance	 between	 extreme	 hoping	 and	 percolation	 conduction	 of	 the	

random	network	for	the	stick	has	also	been	obtained,	where	the	tunnelling	part	of	the	conduction	

is	[36]:	

	

	 𝑔 ≅ 𝑔W𝑒𝑥𝑝 ¸
2𝐷
𝜉
𝛾(𝑑 𝑙⁄ )5

𝜙
¼	 (5-6)	

	

Where	D	 is	 the	 cluster	 size,	 g	 is	 the	 constant	with	 respect	 to	 filler	 shape,	 and	d	 and	 l	 are	 the	

diameter	 and	 length	 of	 the	 sticks.	 At	 this	 point,	 we	 were	 tasked	 with	 developing	 a	 basic,	

observational	model	that	outlines	the	relationship	between	the	conductivity	of	the	sticks	network	

and	the	variance	of	φ	with	respect	to	the	critical	threshold.	Thus,	the	relevance	of	the	percolative	

conduction	seen	in	Eq.	(4-1)	is	dominant	above	the	threshold	of	the	system,	while	eq.	(4-6)	leads	
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the	conduction	below	the	critical	point.	Therefore,	we	can	extract	the	microstructure	parameters	

from	the	experimental	results	presented	in	Figure	5-7.	

	

Figure	5-9:	 Simulated	current	flow	at	10	V	for	the	systems	where	L=4.50	(black	squares),	
6.7	(red	circles),	and	8.9	(blue	triangles).	

	

As	discussed	 in	 the	previous	 section,	 it	 is	 important	 to	note	 that	 the	phenomenon	of	dynamic	

junction	conduction	plays	a	vital	role	in	determining	the	path	conductivity	of	a	system	below	its	

critical	 stick	density.	This	 is	 because	 the	 interparticle	distance	between	adjacent	 constituents,	

which	 causes	 hopping	 conduction,	 is	 formed	 through	 the	 shortest	 path.	 Figure	 5-9	 clearly	

illustrates	the	conductivity	for	the	range	of	stick	densities	when	tunnelling	conduction	as	in	eq.	

(4-5a)	and	(4-5b)	for	below	and	above	the	effective	stick	densities,	respectively,	are	linked	to	the	

constituent	 network.	 This	 relationship	 is	well-supported	by	 research	 [36,	160]	 and	 should	 be	

considered	when	analysing	similar	systems.	The	parameters	for	the	conduction	of	two	adjacent	

constituents	 were	 confidently	 determined	 by	 fitting	 percolation	 conduction	 (eq.	 (4-1))	 and	

hopping	conduction	(eq.	(4-6))	to	the	experimental	data	of	randomly	dispersed	ZnO	nanowires.	

These	parameters	are	presented	in	Figure	5-7	as	a	straight	line	on	the	experimental	data	points.	

The	results	demonstrate	 the	approach	to	presenting	 the	conduction	through	the	shortest	path	

integrated	 into	 the	 universal	 scaling	 function.	 The	 universalised	 shortest-path	 conduct	

revolutionary	approach,		acknowledging	the	potential	for	differing	perspectives	and	adjustment	

on	the	conduction.		
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Moreover,	the	final	calculation	of	the	shortest	path	for	both	sides	of	the	stick	density	introduce	a	

constant,	α,	which	is	determined	by	eq.	(4-4).	This	is	because	the	analysed	shortest	path	data	is	

formed	using	the	same	principle	as	the	union-find	algorithm.	However,	Figure	5-9	still	needs	to	

align	better	with	the	experimental	data	points	for	lower	stick	densities	below	the	neff.	Figure	5-9	

shows	a	linear	dependence	in	the	system's	conductivity	results	below	the	critical	stick	density,	

which	is	not	align	with	Figure	5-7	for	low	nanowire	densities	because	it	shows	that	there	is	a	large	

plateau	of	similar	conduction	behaviour	before	the	percolative	conduction	behaviour	becomes	the	

dominant	 conduction	 mechanism	 after	 the	 tunnelling	 regime.	 When	 α	 is	 excluded	 from	 the	

analysis	of	conduction	in	the	system	with	a	stick	density	below	the	neff,	the	conductivity	results	

align	more	closely	with	the	simulated	conductivity,	as	shown	in	Figure	5-10.	This	suggests	that	

only	 a	 critical	 path	 significantly	 contributes	 to	 the	 charge	 flow	when	 hopping	 conductivity	 is	

dominant	[124,	173].	This	result	has	significant	implications	and	sheds	light	on	the	underlying	

behaviour	of	the	random	ZnO-NWs	system,	which	will	aid	in	developing	the	charge	transport.	

	

Figure	5-10:	Simulated	current	flow	at	10	V	for	the	systems	where	L=4.50	(black	squares),	
6.7	(red	circles),	and	8.9	(blue	triangles).	

	

To	summarise	the	analysis	of	a	random	ZnO-NWs	network,	the	universal	scaling	approach	is	a	

convenient	tool	to	simulate	the	random	nanowire	network	for	experimental	correlations.	Even	

though	 the	 percolation	 transport	 mechanism	 is	 insufficient	 to	 explain	 the	 conduction	 of	 the	

network	when	lower	nanowire	densities	than	the	effective	percolation	threshold,	the	universality	

of	 reconstitute	 nanowire	 network	 is	 a	 fascinating	 approach	 to	 simulate	 the	 conductivity.	 The	

processes	on	the	universalised	network	below	the	threshold	point	have	remained	universal	even	
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though	the	percolation	transport	is	not	applicable	in	that	region	of	nanowire	density,	providing	a	

reassuring	consistency	to	the	conduction	studies	on	the	low	density	of	ZnO	nanowires	even	below	

the	neff	of	the	system.	

The	experimental	conductivity	findings	of	ZnO-NWs	across	various	electrode	separations	on	the	

microelectrode	 array	 and	 nanowire	 densities	 exhibit	 a	 staircase-like	 conduction	 pattern,	 as	

depicted	in	Figure	5-7.	This	behaviour	is	explained	by	the	tunnelling	regime	of	each	composite	

component	 in	 [37].	 Hence,	 the	 assumption	 that	 the	 junction	 resistivity	 remains	 constant	

regardless	of	nanowire	density,	as	shown	in	Figure	5-8,	is	invalid	below	the	effective	percolation	

threshold,	as	the	conductivity	behaviour	does	not	align	with	experiments	below	neff.		

Consequently,	 the	 hopping	 conduction	 behaviour	 through	 nanowire-to-nanowire	 junctions	 is	

employed	below	the	critical	threshold,	as	indicated	by	Figure	5-7,	which	considers	the	literature	

[36,	37,	171].	As	a	result,	the	derivative	RJ	is	fitted	by	eq.	(4-6)	to	the	experimental	data	below	the	

threshold	points,	which	are	then	applied	to	the	simulation	to	conclude.	Figure	5-9	illustrates	the	

simulated	tunnelling	conductivity	for	the	nanowire	densities	below	the	neff	of	the	systems,	where	

the	universalised	probability	function	is	introduced	to	the	shortest	path	of	the	systems.	However,	

as	 observed	 in	Figure	5-9,	 the	 conductivity	 exhibits	 a	 linear	dependence	on	nanowire	density	

through	the	tunnelling	regime	of	the	system,	which	is	not	align	to	Figure	5-7.	Nevertheless,	Figure	

5-10	aligns	with	the	experimental	behaviour	when	the	universal	conductivity	constant	in	eq.	(5-4)	

is	removed	from	the	final	conductivity	measurement.	This	leads	to	the	conclusion	that	the	charge	

can	only	flow	through	one	specific	path,	which	must	have	the	lowest	energy	barrier,	as	discussed	

in	the	literature	[124,	160].	

Therefore,	 the	model	presented	 in	this	chapter	effectively	describes	the	system	behaviour	and	

provides	 a	 novel	 visualisation	 of	 the	 universal	 conduction	 path.	 This	 approach,	with	 its	 time-

saving	capabilities,	offers	a	practical	tool	for	device	modelling	and	applications,	using	accessible	

and	essential	software	for	realistic	simulations.	

	

G.G Summary	

The	correlation	between	the	conductivity	of	the	random	ZnO	nanowire	network	in	simulations	

and	experimental	results	shows	that	using	a	shortest-path	approach,	based	on	percolation	theory,	

is	valid	for	understanding	charge	transport	in	a	random	ZnO	nanowire	network.	This	approach,	

discussed	in	Chapter	4	and	supported	by	existing	literature,	was	used	to	analyse	the	conductivity	

of	the	random	ZnO	nanowire	network	in	simulations	by	finding	the	shortest	paths	through	the	

network.	By	 incorporating	parameters	 from	the	universalised	network,	 the	LTspice	simulation	
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provided	a	more	comprehensive	understanding	of	the	conductivity	behaviour	of	the	random	ZnO	

nanowire	network.	

The	 results	 suggest	 that	 the	 model	 can	 accurately	 predict	 conductivity	 by	 simulating	 the	

parameters,	 such	 as	 junction	 and	 nanowire	 resistivities	 based	 on	 stick	 density	 and	 electrode	

separation.	 Experimental	 findings	 revealed	 a	 two-step,	 stair-like	 conductivity	 pattern	 at	 10	V.	

While	 the	 system	 remains	 conductive	 below	 the	 effective	 percolation	 threshold,	 percolation	

theory	alone	cannot	 fully	explain	this	behaviour.	 Instead,	 the	observed	conductivity,	especially	

below	 the	 effective	 percolation	 threshold,	 is	 better	 explained	 by	 the	 tunnelling	 conduction	

approach,	where	conductivity	is	maintained	through	a	single	critical	path,	as	described	in	Section	

5.4.3.	

These	 findings	show	that	realistic	modelling	of	random	ZnO	nanowire	networks	 is	 feasible	 for	

practical	applications.	The	insights	gained	will	be	further	explored	in	Chapter	6,	focusing	on	the	

application	of	these	networks	to	UV-PD	devices.	The	practical	applications	that	could	benefit	from	

the	realistic	conductivity	model	of	random	ZnO	nanowire	networks	include	non-volatile	memory,	

UV	photodetection,	and	pressure	sensing.	The	knowledge	gained	from	the	conductivity	analysis	

could	potentially	lead	to	advancements	in	these	areas,	offering	more	efficient	and	reliable	devices	

for	non-volatile	memory	storage,	UV	photodetection,	and	pressure	sensing	applications,	which	are	

discussed	in	subsequent	chapters.	
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Chapter	) 	

	

UV-PHOTODETECTION	OF	RANDOM	ZNO	NANOWIRES	

	

H." General	Overview	

In	 the	 previous	 chapter,	 we	 fitted	 the	 theoretical	 percolation	 model	 from	 Chapter	 4	 with	

experimental	in-plane	I-V	characterisation	to	study	the	impact	of	the	random	ZnO	network	ratio	

on	 the	 conduction	 mechanism.	 In	 this	 chapter,	 we	 will	 investigate	 two	 prototypes	 of	 ZnO	

nanowire-embedded	devices:	MSM	and	capacitive	MIS.	The	MSM	in-plane	device	prototype	aims	

to	explore	the	connection	between	the	network's	percolation-related	conduction	mechanism	and	

UV-PD.	On	the	other	hand,	the	formation	of	the	MIS	device	aims	to	study	capacitive	UV-PDs	when	

the	ZnO	nanowire	network	is	embedded	between	TO	and	BO.	

Recent	studies	have	employed	various	methods	to	enhance	the	performance	of	ZnO	UV	PDs	[9,	10,	

23,	 77,	 176-179].	 These	 include	 using	 diverse	 ZnO	 nanostructures,	 such	 as	 zero-dimensional	

nanoparticles	[180],	nanowires	[23,	176],	tetrapods	[10,	24],	and	other	forms.	Some	studies	have	

focused	on	optimising	the	dimensions	of	these	nanostructures,	such	as	the	diameter	of	nanowires,	

to	improve	oxygen	absorption	and	conductivity.	Extensive	research	has	also	been	conducted	on	

doping	ZnO	NWs	with	elements	like	Ga,	Sb,	Mg,	Ag,	and	Nd	to	enhance	optoelectrical	properties	

[177,	 178,	 181-192].	 Additionally,	 efforts	 to	 increase	 ZnO	 conductivity	 through	 material	

composites	and	nanoparticle	decoration,	such	as	nanodiamonds,	single-walled	carbon	nanotubes,	

and	graphene-quantum-dots,	have	been	explored	[186,	192,	193].	Post-fabrication	processes	like	

pulsed	light	treatment	and	rapid	thermal	annealing	have	also	been	investigated	to	reduce	surface	

defect	trap	centres	[194].		

However,	the	impact	of	inter-nanowire	junctions	on	the	performance	of	ZnO-NW	PDs,	as	well	as	

the	 influence	 of	 inter-electrode	 gap	 and	 nanowire	 concentration,	 has	 not	 been	 sufficiently	

quantified	in	existing	research.	While	theoretical	predictions	exist	in	the	literature,	there	remains	

a	 significant	 need	 for	 a	 detailed,	 empirical	 study	 to	 provide	 a	 clearer	 understanding	 of	 these	

factors.	 Therefore,	 this	 chapter	 will	 focus	 on	 applying	 percolation	 theory	 to	 examine	 how	

variations	 in	the	nanowire	concentration	and	the	resulting	changes	 in	conduction	mechanisms	

affect	the	sensitivity	and	response	of	MSM	devices	used	for	UV	photodetection.	

Additionally,	while	 the	 capacitive	 response	 of	 ZnO	nanowire-embedded	MIS	 devices	 has	 been	

briefly	touched	upon	in	the	literature,	comprehensive	studies	are	still	lacking.	In	the	second	part	
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of	 this	 chapter,	we	will	 investigate	 the	 capacitive	 behaviour	 of	 ZnO-NW	embedded	devices	 in	

detail,	aiming	to	fill	 this	gap	in	the	current	body	of	knowledge.	This	section	seeks	to	provide	a	

deeper	understanding	of	how	 these	 factors	 influence	 the	performance	of	ZnO	nanowire-based	

photodetectors,	ultimately	contributing	to	the	optimisation	of	device	sensitivity	and	response.		

This	 chapter	 investigates	 the	 effects	 of	 inter-electrode	 gap	 and	 low-cost	 drop-casting	 solution	

concentration	on	 the	photo	 response	of	MSM	and	MIS	 structured	ZnO	UV	PDs.	Three	 solution	

concentrations	(1,	4,	and	20	wt.%)	and	three	inter-electrode	gaps	(2.5	μm,	10	μm,	and	50	μm)	

were	 tested	 for	 MSM	 devices	 to	 investigate	 the	 impact	 of	 the	 charge	 transport	 on	 UV-PDs	

capability	of	in-plane	MSM	devices.	On	the	other	hand,	capacitive	UV-PD	for	MIS	capacitors	has	

also	 investigated	 with	 three	 different	 ZnO	 NWs	 intake	 (0.25,	 0.50	 and	 1.00	 wt.%)	 for	 three	

different	capacitors	DNW,0.25,	DNW,0.5,	DNW,1.0,	respectively.	

Quantitative	characterisation	was	performed	to	calculate	the	rise	and	decay	times	and	the	dark-

to-light	current	ratio	of	the	PDs,	optimising	the	developed	UV	PD.	This	study	aims	to	contribute	to	

the	 growing	 research	 in	 this	 field	 by	 exploring	 the	 significance	 of	 the	 inter-electrode	 gap	 and	

conduction	mechanism	for	MSM	devices	while	MIS	capacitors	will	be	investigated	as	a	part	of	MF	

device	application	of	ZnO	NWs	 in	creating	electronically	practical	and	commercially	viable	UV	

sensors.	

	

H.. Method	

The	design,	fabrication,	and	characterisation	of	MSM	and	MIS-structured	ZnO-embedded	devices	

and	 their	 detailed	 fabrication	 processes	 are	 explained	 in	 Chapter	 3.	 The	 process	 begins	with	

preparing	the	substrate	and	depositing	aluminium	electrodes	using	UV-positive	lithography	for	

MSM	structures.	ZnO	nanowires	are	 then	drop-cast	onto	 these	electrodes	 for	MSM	and	silicon	

dioxide	(SiO2)	configurations	at	varying	concentrations	to	form	a	ZnO	nanowire	network.	Three	

different	inter-electrode	gaps	(2.5	μm,	10	μm,	and	50	μm)	are	tested	to	observe	their	impact	on	

the	 performance	 of	 MSM	 UV-PDs.	 The	 electrical	 performance	 of	 the	 fabricated	 UV	 PDs	 is	

characterised	 under	 a	 365	 nm	UV	 light	 source	 using	 the	 test	 rig	 presented	 in	 Chapter	 2.	 The	

experimental	setup	maintains	the	LED	at	a	constant	distance	from	the	sample,	and	a	probe	stage	

is	used	to	make	electrical	contact	with	the	electrodes.	Performance	metrics	such	as	responsivity,	

sensitivity,	photo	response	rate,	and	stability	are	evaluated	through	current-voltage	(I-V)	sweeps	

and	 UV	 radiation	 cycles.	 The	 study	 also	 aims	 to	 understand	 the	 impact	 of	 percolation	 and	

conduction	mechanisms	on	UV-PDs	by	varying	electrode	separations.	

Electrical	characterisation	involves	performing	I-V	sweeps	in	dark	and	UV-illuminated	conditions	

to	measure	photocurrent	and	dark	current.	Responsivity	 (R)	and	sensitivity	 (S)	are	calculated	
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using	the	photocurrent	generated	and	the	incident	light	power.	The	UV	enhancement	factor,	which	

compares	 the	UV-illuminated	current	 to	 the	dark	current,	 is	also	determined.	Once	 the	UV-PD	

response	 of	 the	 ZnO	nanowire	 network	 is	 validated,	 the	 aim	 shifts	 to	 analysing	 the	UV	photo	

response	of	MIS	diodes	where	ZnO	nanowires	are	embedded	into	the	MIS	device	configuration,	as	

detailed	in	Chapter	2.	The	semi-automated	testing	rig	facilitates	precise	and	repeatable	I-V	and	C-

V	 measurements	 under	 periodically	 applied	 UV	 light.	 The	 rig	 is	 validated	 against	 known	

benchmarks	to	ensure	accuracy	and	reliability.	

The	electrical	performance	of	 the	UV	PDs	was	measured	using	 the	Keysight	B2902A	Precision	

Source/Measure	Unit	(SMU),	which	served	as	the	power	source	and	simultaneously	measured	the	

current,	and	LCR	meter	to	read	capacitance	spontaneously	as	described	in	Section	3.4.3.	The	UV	

source	was	an	SVC	365nm	UV	LED,	connected	and	powered	by	the	SMU,	and	kept	at	a	constant	5	

cm	distance	from	the	tested	sample.	The	LED's	luminous	power	was	2400	mW,	and	its	illuminance	

was	calculated	to	be	7.63	mW/cm²	using	the	inverse	square	law.	A	probe	stage	was	used	to	contact	

the	electrodes	on	the	glass	substrate,	ensuring	the	probes	did	not	obstruct	the	UV	LED.	

Modern	high-performance	PDs	are	evaluated	based	on	their	responsivity,	sensitivity	(S),	photo	

response	 rate	 (R),	 and	 stability.	 These	 parameters	 guided	 the	 sample	 characterisation	 in	 this	

study.	Initially,	a	typical	I-V	test	was	performed,	sweeping	the	voltage	from	-15V	to	15V	and	back	

to	 -15V	 in	 both	 dark	 and	 constant	 UV	 illumination	 conditions.	 Each	 sample	 underwent	 ten	

successive	tests	to	ensure	stability,	with	the	sweep	selected	for	quantitative	analysis	determined	

by	identifying	when	the	response	stabilised	after	UV	exposure.	

Two	 crucial	 parameters,	 responsivity	 and	 stability	 were	 calculated	 from	 these	 tests.	 The	

responsivity,	the	ratio	of	generated	output	current	to	incident	light	power,	was	calculated	using	

the	equation:	

	

𝑅'S' =
𝐼U-
𝑃Q"
	 							(6-1)	

𝑅'\S =
𝐶U-
𝑃Q"

	 (6-2)	

	

where	𝐼U-	is	the	photocurrent	(calculated	as	Δ𝐼U- = 𝐼]^ − 𝐼_ ,	with	𝐼]^ 	being	the	UV-illuminated	

current	and	𝐼_ 	the	dark	current),	and	𝑃Q"	the	incident	light	power.	The	same	way,		𝐶U-	is	the	change	

in	 capacitance	 (calculated	 as	 ∆𝐶U- = 𝐶]^ − 𝐶_)	 with	 𝐶]^ 	 being	 exposed	 UV	 and	 𝐶_ 	 the	 dark	

capacitance.	Sensitivity,	a	measure	of	the	PD’s	ability	to	detect	weak	UV	signals,	was	calculated	

using:	
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𝑆'S' =
∆𝐼U-
𝐼_

× 100	 (6-3)	

𝑆'\S =
∆𝐶U-
𝐼_

× 100	 (6-4)	

	

The	 UV	 enhancement	 factor,	 the	 ratio	 between	∆𝐼U-	 and	∆𝐶U- ,	 was	 calculated	 to	 analyze	 the	

increase	 in	 conductivity	 under	 different	 voltage	 biases.	 To	 further	 characterize	 the	 device,	

samples	were	exposed	to	cycles	of	UV	radiation	at	a	constant	bias	voltage	above	the	threshold	

voltage.	The	UV	radiation	was	applied	until	the	measured	current	stabilized	and	then	turned	off.	

This	process	was	performed	using	 the	 testing	rig	developed	to	allow	for	 the	calculation	of	 the	

response	 and	 recovery	 times.	 These	 are	 defined	 as	 the	 time	 required	 to	 reach	 90%	 of	 the	

maximum	UV-illuminated	current	from	the	dark	current	and	vice	versa	as	seen	in	Figure	6-1(a)	

and	(b).	The	device's	stability	was	assessed	by	periodically	turning	it	on	and	off	and	comparing	

each	cycle	to	ensure	a	consistent	response.	

	

Figure	6-1		 One	UV	cycle	with	10	V	device	bias	 -	60s	on/60s	off.	 (a)	MSM	sample	–	4	wt.%	
solution	concentration	50μm	electrode	gap,	(b)	MIS	sample	1	wt.%	embedded	into	
the	insulator	layer.	

	

Lastly,	the	performance	limitations	of	the	material	and	device	were	investigated	by	reducing	the	

ON-and-OFF	cycle	periods	until	the	MSM	sample	could	no	longer	reliably	distinguish	between	the	

states.	This	involved	incrementally	decreasing	the	UV	LED	ON-time	below	the	calculated	rise	time	

of	the	PD	(from	1s	to	0.5s	then	0.25s)	while	maintaining	a	sufficient	off-time	(15	seconds)	to	allow	

the	device	to	recover/reset	to	𝐼_ .	The	peak	𝐼]^ 	and	𝐼_ 	ratios	were	calculated	to	ensure	reliable	
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distinction,	and	the	off-time	period	was	also	reduced	from	the	calculated	decay	time	to	determine	

the	device's	response	speed	limitations.	

	

H.9 UV	Photodetection	of	ZnO	nanowire	Network	

Under	UV	exposure,	ZnO	exhibits	several	key	reactions.	When	ZnO	is	exposed	to	UV	light,	electron-

hole	pairs	are	created	as	the	UV	photons	have	enough	energy	to	excite	electrons	from	the	valence	

band	 to	 the	 conduction	 band,	 leaving	 behind	 positively	 charged	 holes	 [6,	7,	127,	183].	 These	

photogenerated	holes	migrate	 towards	 the	 surface	of	 the	material,	 driven	by	 the	electric	 field	

created	by	the	band	bending	at	the	surface.	Upon	reaching	the	surface,	the	holes	discharge	the	

chemisorbed	oxygen	ions	present	on	the	surface	of	ZnO.	These	negatively	charged	oxygen	ions	

capture	free	electrons	from	the	n-type	ZnO,	creating	a	depletion	layer	near	the	surface	and	causing	

further	band	bending	[9,	24,	195].	

The	discharge	of	chemisorbed	oxygen	ions	by	the	photogenerated	holes	leads	to	their	desorption	

from	the	surface	of	ZnO,	which	in	turn	destroys	the	depletion	layer	and	increases	the	electrical	

conductance	 of	 the	 material	 [9,	 196-198].	 The	 photogenerated	 electrons,	 separated	 from	 the	

surface	 by	 the	 band	 bending,	 enhance	 the	 conductivity	 of	 the	 ZnO	 film,	 contributing	 to	 the	

photocurrent	 generated	 by	 the	 material.	 The	 amount	 of	 chemisorbed	 molecules	 on	 the	 ZnO	

nanowire's	surface	can	be	derived	as	a	conclusion	from	increasing	conductance	since	absorbed	

oxygen	 molecules	 may	 locally	 change	 the	 surface	 states,	 work	 function	 and	 band	 alignment,	

resulting	in	an	increment	in	charge	carrier	and	their	mobility	[196,	197].	

Comparing	the	dark	current	(Id)	of	the	PDs	to	the	UV-illuminated	current	(IUV)	reveals	that	the	

UV-illuminated	current	is	significantly	higher	by	more	than	103	orders	of	magnitude,	indicating	a	

strong	 UV	 photoelectric	 conversion	 capability	 in	 the	 PDs.	 This	 observation	 is	 consistent	with	

established	 research,	 which	 identifies	 the	 photocarrier	 generation	 mechanism	 in	 ZnO	 UV	

photodetectors	primarily	influenced	by	the	absorption	and	desorption	of	oxygen	on	the	surface	

of	ZnO	nanowires	[199].	In	the	absence	of	UV	light,	oxygen	molecules	adsorb	onto	the	ZnO	surface,	

capturing	free	electrons	through	the	reaction	[199,	200].	

	

𝑂5 + 𝑒+ → 𝑂5+	 (6-5)	

	

This	process	creates	an	electron-depleted	layer	with	low	conductivity,	with	the	thickness	of	this	

depletion	layer	being	equal	to	the	Debye	length	of	the	material,	which	is	19	nm	for	ZnO	at	room	
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temperature	[179,	201].	Upon	exposure	to	UV	light,	photons	with	energy	greater	than	the	ZnO	

bandgap	generate	electron-hole	pairs	in	the	NW	layer	according	to	the	reaction	[202];	

	

ℎ𝑣 → 𝑒+ + ℎ`	 (6-6)	

	

The	electron-hole	pairs	are	then	separated	by	a	 local	electric	 field	within	the	depletion	region,	

resulting	 in	 photo-generated	 electrons	 populating	 the	 conduction	 band	 and	 significantly	

enhancing	 conductivity.	 Meanwhile,	 the	 photo-generated	 holes	 are	 driven	 towards	 the	 ZnO	

surface	 by	 the	 electric	 field,	where	 they	 neutralise	 the	 absorbed	 oxygen	 ions	 through	 surface	

electron-hole	recombination	[203],	described	by	the	reaction:	

ℎ` + 𝑂5+ → 𝑂5	 (6-7)	

	

This	 recombination	 reduces	 the	 depletion	 layer's	 thickness,	 thereby	 further	 increasing	

photoconductivity.	Additionally,	the	photocurrent	transient	in	ZnO	under	UV	exposure	typically	

shows	a	slow	decay	process,	attributed	to	the	slow	charge-transfer	processes	involved	in	oxygen	

chemisorption	and	photodesorption.	Carrier	capture	over	the	potential	barrier	and	the	thermal	

activation	of	physiosorbed	oxygen	molecules	also	contribute	to	this	slow	decay[197,	199,	204].	

ZnO-based	nanostructures,	 particularly	 nanowires,	 are	 highly	 regarded	 for	UV	photodetection	

due	to	their	high	surface-to-volume	ratio,	which	enhances	their	interaction	with	UV	light	[6,	7].	

The	literature	on	ZnO-based	PDs	primarily	focuses	on	two	critical	areas	of	improvement	[9].	The	

first	 is	 improving	 the	 sensitivity	 of	 PDs,	 which	 involves	 achieving	 a	 higher	 current	 contrast	

between	the	ON	and	OFF	states	of	 the	UV	source.	This	 improvement	allows	 for	more	accurate	

differentiation	 between	 the	 presence	 and	 absence	 of	 UV	 light,	 resulting	 in	more	 reliable	 and	

precise	measurements	 [9,	77,	179].	The	second	 focus	 is	on	 improving	 the	response	and	decay	

times	of	ZnO-based	PDs.	A	faster	response	time	allows	the	photodetector	to	react	more	quickly	to	

UV	light,	while	a	shorter	decay	time	ensures	the	device	returns	to	its	initial	state	promptly	after	

the	 UV	 light	 is	 turned	 off	 [9,	 10,	 23].	 Addressing	 these	 areas	 aims	 to	 develop	 ZnO-based	

photodetectors	 that	are	more	sensitive	to	UV	 light	and	faster	and	more	efficient,	making	them	

suitable	for	a	wide	range	of	applications,	from	environmental	monitoring	to	communications.	

One	effective	method	to	enhance	the	sensitivity	of	devices	to	UV	exposure	is	the	incorporation	of	

a	 thin	dielectric	 layer	between	the	metal-semiconductor-metal	 (MSM)	 formation,	 transforming	

them	into	metal-insulator-semiconductor	(MIS)	structures	[77,	205,	206].	The	presence	of	a	thin	

insulator	layer	acts	as	a	dielectric	barrier,	resulting	in	a	significant	increase	in	conductivity	under	
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UV	 light	 exposure	 and	 leading	 to	 more	 sensitive	 UV	 photodetectors	 (PDs).	 Young	 et	 al.	 [77]	

compared	the	UV	photo	response	sensitivity	of	ZnO-based	MSM	and	MIS	structures.	Their	findings	

highlight	 that	 the	 inclusion	 of	 a	 5	 nm	 thick	 SiO2	 insulator	 layer	 significantly	 enhances	 the	

photodetection	performance	of	ZnO-based	devices	through	several	key	mechanisms	[77].	Firstly,	

the	SiO2	layer	acts	as	an	insulating	barrier	between	the	metal	contact	and	the	ZnO	layer,	effectively	

suppressing	leakage	current	and	leading	to	a	substantial	reduction	in	dark	current.	Experimental	

results	have	demonstrated	that	the	dark	current	in	ZnO	MIS	photodetectors	is	significantly	lower	

than	in	ZnO	MSM	photodetectors	[77].	

Young	et	al.	[206]	observed	in	a	separate	study	that	MIS	PDs	have	a	photo-to-dark	current	ratio	

that	 is	about	200	times	higher	than	that	of	MSM-structured	PD.	Notably,	with	a	silicon	dioxide	

layer	thickness	of	98	nm,	the	rejection	ratio	is	significantly	improved.	The	silicon	dioxide	layer	

effectively	reduces	noise	and	enhances	the	detectivity	of	the	device.	

Furthermore,	 the	 SiO2	 layer	 not	 only	 reduces	 dark	 current	 but	 also	 increases	 photocurrent,	

thereby	improving	the	photocurrent	to	dark	current	contrast	ratio.	This	increased	contrast	ratio	

indicates	a	higher	sensitivity	of	the	ZnO	MIS	photodetector	to	incident	light,	as	it	can	achieve	a	

more	 pronounced	 distinction	 between	photocurrent	 and	 dark	 current	 compared	 to	 ZnO	MSM	

photodetectors.	 In	 a	 parallel	 study,	 aluminium-doped	 zinc	 oxide	 (AZO)	based	metal-insulator-

semiconductor-insulator-metal	(MISIM)	PDs	with	a	thin	SiO2	insulating	layer	showed	a	lower	dark	

current	 compared	 to	 the	MSM	 formation	of	 the	 same	device,	 resulting	 in	 two	 times	better	UV	

on/off	contrast	[205].		

They	also	used	three	different	in-plane	electrode	separations	(10,	20,	and	50	µm),	finding	that	the	

largest	 electrode	 separation	 showed	 the	 highest	 photo	 response,	 three	 times	 larger	 than	 the	

lowest	electrode	separation	[205].	In	summary,	the	SiO2	insulator	layer	improves	photodetection	

performance	by	reducing	dark	current,	increasing	the	photocurrent	to	dark	current	contrast	ratio,	

and	enhancing	the	UV-to-visible	rejection	ratio,	making	ZnO	MIS	photodetectors	more	sensitive	

and	 selective	 in	 UV	 detection.	 Electrode	 separation	 has	 also	 been	 noted	 to	 contribute	 to	 the	

sensitivity	of	the	ZnO	PDs	[205].	

The	presence	of	numerous	deep-level	states	at	the	surfaces	of	the	ZnO	nanostructures,	along	with	

gas	 desorption	 and	 reabsorption	 processes,	 can	 lead	 to	 high	 photosensitivity.	 The	 size	 of	

nanomaterials	and	various	surface	treatments,	such	as	heat	treatments	and	gold	nanoparticle	(Au-

NP),	 silver	 nanoparticles	 (Ag-NPs)	 and	 other	 inorganic	 nanostructure	 decorations,	 influence	

surface	band	bending,	which	in	turn	affects	photon-electron	conversion	behaviours.	By	adjusting	

the	 thin	depletion	 region	near	 the	 surface,	 the	optoelectronic	properties	of	PDs	based	on	ZnO	

nanostructures	 can	 be	 tuned.	 However,	 due	 to	 slow	 photocarrier	 relaxation	 from	 surface	
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adsorption	and	desorption	processes,	PDs	based	on	single	ZnO	often	exhibit	long	recovery	times	

[9].	

Strategies	 such	 as	 introducing	 heterojunctions	 and	 constructing	 core-shell	 and	 network	

geometries	 to	 modulate	 interface	 carrier	 transport	 have	 been	 proposed	 to	 enhance	

photosensitivity	and	recovery	time	[178,	183,	184,	200].	For	instance,	Chen	et	al.	[197]	developed	

ZnO	 nanobelt	 (NB)	 networks	 on	 prefabricated	 Ti/Au	 electrodes	 using	 a	 vapour-liquid-solid	

method,	 resulting	 in	 ZnO	 NB-network	 PDs.	 These	 PDs	 displayed	 a	 fast	 recovery	 time	 of	 0.53	

seconds,	significantly	shorter	than	the	32.95	seconds	observed	in	single	ZnO	NB-based	PDs,	due	

to	enhanced	electron	transport	facilitated	by	numerous	NW-NW	junction	barriers	in	the	network	

[197].	

Gedamu	 et.	 al.	 [9]	 highlights	 the	 remarkable	 UV	 photodetection	 performance	 of	 ZnO	 nano-

tetrapod	networks,	similar	to	a	random	nanowire	network	with	a	similar	nanostructure	[9].	The	

device	displays	reversible	current	switching	when	UV	light	is	toggled	on	and	off	while	maintaining	

a	constant	bias	voltage	of	3.6	V.	The	on/off	current	ratio	is	roughly	254.5	at	3.6	V,	significantly	

increasing	to	about	3277	at	3.0	V	and	approximately	4500	at	2.4	V.	These	findings	demonstrate	a	

highly	sensitive	response	to	UV	light.	Additionally,	the	device	exhibits	a	quick	response	time	and	

rapid	recovery	time.	A	detailed	analysis	reveals	rise	time	constants	of	about	68	milliseconds	and	

a	 primary	 decay	 time	 of	 approximately	 32	 milliseconds,	 with	 a	 secondary	 decay	 constant	 of	

around	200	milliseconds	[9].	They	demonstrate	the	superior	efficiency	of	the	ZnO	nano	tetrapod	

network-based	 device	 for	 rapid	 and	 effective	 UV	 photodetection.	 Due	 to	 the	 structural	

resemblance	 of	 randomness	 in	 nano-tetrapods	 to	 a	 random	 nanowire	 network,	 this	 notable	

performance	underscores	the	potential	of	comparing	with	a	random	nanowire	network	for	UV-

PDs.	

The	results	from	various	studies	demonstrate	the	remarkable	UV	photodetection	capabilities	of	

ZnO-based	nanostructures.	Under	UV	exposure,	ZnO	generates	electron-hole	pairs	as	UV	photons	

excite	electrons	from	the	valence	to	the	conduction	band,	creating	positively	charged	holes	[127].	

These	 holes	migrate	 to	 the	 surface,	 neutralising	 chemisorbed	 oxygen	 ions	 and	 increasing	 the	

material's	electrical	conductance.	This	process	enhances	photocurrent	due	to	the	high	surface-to-

volume	ratio	of	ZnO	nanostructures,	making	them	highly	sensitive	to	UV	light	[127].	The	transient	

photocurrent	 typically	 shows	 a	 slow	 decay	 due	 to	 the	 prolonged	 charge-transfer	 processes	

involved	in	oxygen	chemisorption	and	desorption.	

Various	studies	have	focused	on	enhancing	both	the	photosensitivity	and	recovery	time	of	ZnO-

based	photodetectors.	 Incorporating	a	thin	dielectric	 layer,	such	as	SiO2,	 in	MIS	structures,	has	

been	 shown	 to	 improve	 performance	 as	 summarised	 above	 dramatically.	MIS	 photodetectors	

exhibit	a	photo-to-dark	current	ratio	200	times	higher	than	metal-semiconductor-metal	(MSM)	
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structures	 [77].	 Strategies	 like	 introducing	 heterojunctions	 and	 constructing	 core-shell	 and	

network	 geometries	 have	 further	 improved	 device	 performance.	 For	 instance,	 ZnO	 nanobelt	

networks	could	achieve	a	 rapid	recovery	 time	of	0.53	seconds	compared	 to	32.95	seconds	 for	

single	 ZnO	 nanobelts,	 thanks	 to	 enhanced	 electron	 transport	 through	 numerous	 nanobelt-to-

nanobelt	junction	barriers	[197].	Similarly,	Gedamu	et	al.	highlighted	the	efficiency	of	ZnO	nano-

tetrapod	networks,	which	showed	an	on/off	current	ratio	of	up	to	4500	and	fast	response	and	

recovery	 times.	 These	 findings	 underscore	 the	 potential	 of	 random	 ZnO	 nanostructures	 in	

developing	highly	sensitive	and	efficient	UV	photodetectors	[9].	

This	chapter	lies	in	the	development	of	highly	manufacturable	ZnO	nanowire	UV-PDs,	which	are	

well-suited	for	large-area	fabrication,	offering	both	scalability	and	practical	application	potential.	

This	work	provides	a	detailed	experimental	examination	of	UV-PD	performance,	bridging	the	gap	

between	 theoretical	 predictions	 and	 experimental	 results.	 By	 systematically	 investigating	 the	

influence	of	electrode	separation—comparing	charge	transport	through	single	nanowires	at	small	

gaps	 (2.5	 µm)	 to	 larger	 gaps	 (10,	 and	 50	 µm)	 within	 random	 ZnO	 nanowire	 networks—this	

research	uncovers	 the	critical	 role	of	 inter-nanowire	 junctions	and	conductivity	mechanism	 in	

defining	device	performance.	

The	study	 further	explores	 two	device	architectures:	MSM	and	MIS,	highlighting	how	differing	

charge	 transport	 mechanisms	 influence	 UV-PD	 functionality.	 MSM	 devices,	 which	 rely	 on	 DC	

current	transport,	are	analysed	across	the	entire	percolation	regime	of	ZnO	nanowire	networks,	

while	MIS	devices,	governed	by	capacitive	charge,	are	examined	specifically	in	the	sub-percolative	

regime	 due	 to	 protecting	 them	 charge	 leakage	 in	 highly	 percolative	 network.	 This	 dual-

architecture	 approach	 provides	 better	 understanding	 how	 device	 structure	 impacts	 charge	

transport	 and	 overall	 photodetector	 performance.	 By	 integrating	 experimental	 results	 with	

percolation	theory,	this	work	presents	a	novel	contribution	to	the	understanding	of	random	ZnO	

nanowire	 networks	 in	 UV	 photodetection,	 with	 important	 implications	 for	 optimizing	 device	

design	and	functionality.	

	

H.B Analysis	and	Insights	into	ZnO	UV	Photodetector	Performance	

	

X.=.! The	UV	photodetection	in	MSM	Devices	

The	 optimal	 sensitive	 contact	 lies	 somewhere	 between	 a	 distant,	 touching	 and	 full	

interpenetration.	 This	 suggests	 that	 the	 types	 of	 nano-junctions	 formed	 between	 nano-

microstructures	 in	 the	network	bridge	play	a	 crucial	 role	 in	 the	photodetection	mechanism	of	

these	photodetectors	[9,	127,	199,	207].	Three	nanowire	concentrations	have	been	selected	for	
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investigation	to	explore	the	conduction	mechanism	of	UV	photodetector	response.	Three	different	

samples	were	fabricated	using	the	methods	outlined	to	assess	the	influence	of	electrode	gap	and	

solution	concentration	on	the	photo	response	of	ZnO	PDs.	The	solution	concentrations	utilised	

were	1%,	4%,	and	20%,	and	the	inter-electrode	gaps	selected	from	the	micro-electrode	array	were	

2.5,	10,	and	50	μm.		

The	initial	step	in	characterising	the	MSM	PDs	involved	conducting	a	current-voltage	(I-V)	sweep	

from	-15	V	to	15	V	and	back	to	-15	V	with	0.25	V	voltage	sweep.	This	range	was	chosen	to	capture	

the	relationship	between	voltage	and	current	accurately.	Figure	6-2(a-f)	displays	the	I-V	results	

for	the	1	to	20	wt.%	concentration	samples	under	dark	and	UV	illumination	conditions	for	three	

different	 electrode	 separations	 (2.5,	 10,	 and	 50	 µm).	 These	 results	 represent	 the	 patterns	

observed	 across	 all	 three	 concentrations	 and	 electrode	 separations,	 with	 additional	 data	 for	

various	voltage	biases	provided	in	Table	6-1.	

The	 I-V	 curves	 exhibited	 a	 non-linear	 shape,	 characteristic	 of	 semiconductors	 like	 ZnO,	 as	

previously	 discussed	 in	 Chapter	 2.	 This	 non-linearity,	 also	 observed	 by	 Kumar	 et	 al.	 [177]	

indicates	 the	 formation	 of	 an	 energy	 barrier	 between	 individual	 ZnO	 nanowires	 and	

microstructures	within	 the	 random	network	patterns.[208].	While	 this	 supports	 the	notion	of	

metal-semiconductor	junctions	exhibiting	Schottky	rather	than	ohmic	behaviour,	the	instability	

of	free	electrons,	which	may	recombine	with	non-O2-paired	holes,	and	the	slow	adsorption	and	

desorption	 of	 O2,	 pose	 significant	 challenges	 for	 ZnO-based	 PDs	 [177],	 limiting	 their	 market	

utilisation.	
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Figure	6-2:		Current-Voltage	(I-V)	Characteristics	of	ZnO	Nanowire	Networks	under	Dark	and	
UV	Exposure.	The	figure	illustrates	the	I-V	response	of	ZnO	nanowire	networks	for	
different	ZnO	nanowire	concentrations	under	dark	(a-c)	and	UV	exposure	(d-f).	
The	measurements	were	taken	for	three	different	electrode	separations:	2.5	μm	
(black	lines),	10	μm	(red	lines),	and	50	μm	(blue	lines).	The	concentrations	of	ZnO	
nanowire	intake	were	1	wt.%	(a,	d),	4	wt.%	(b,	e),	and	20	wt.%	(c,	f).	

	

The	conduction	mechanism	of	a	random	ZnO	nanowire	network	depends	on	the	nanowire	ratio,	

as	discussed	in	Chapter	5.	Figure	6-2(a-c)	illustrates	the	full	double	I-V	sweep	for	samples	with	1,	

4,	 and	 20	wt.%	ZnO	nanowire	 ratios.	 It	 has	 been	 noted	 that	 the	 interfaces	 are	 crucial	 for	 the	

sensitivity	and	efficiency	of	UV-PDs	[9,	127].	The	impact	of	the	conduction	mechanism	related	to	

percolation	on	MSM	UV-PDs	performances	will	be	investigated	in	this	section.	
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	In	the	1	wt.%	sample,	the	tunnelling	conduction	mechanism	is	dominant,	while	a	fully	percolative	

network	is	achieved	in	the	20	wt.%	sample.	The	4	wt.%	sample	represents	the	transition	region	

where	tunnelling	conduction	is	nearing	saturation	and	approaching	the	percolative	regime.	These	

results	aim	to	observe	the	impact	of	the	conduction	mechanism	on	the	UV-PD	performance	of	in-

plane	MSM	formation	of	a	random	ZnO	nanowire	network.	

	

Table	6-1:		 List	of	the	dark	current	(𝐼_),	UV	exposure	current	(𝐼]^)	at	15V	presented	in	Figure	
6-2,	sensitivity	(S)	(as	calculated	using	eq.	(6-3),	and	responsivity	(as	calculated	
in	eq.	(6-4)	for	ZnO	UV	MSM	photodetectors	as	a	function	of	electrode	separations	
and	ZnO-NW	ratio	(wt%).	

MSM	
Sample	

Electrode	
Separation	
(μm)	

Dark	Current	
(μA)	

UV	Exposure	
(μA)	

Sensitivity	
(eq.5-2)	(%	
× 10,)	

Responsivity	
(A/W)	

1	wt.%	

2.5	 8.00	 200	 2.4	 50300	

10	 1.00	 100	 9.9	 26000	

50	 0.04	 50	 124	 260	

4	wt.%	

2.5	 2.000	 60	 2.9	 15203	

10	 0.250	 30	 11.9	 780	

50	 0.006	 25	 417	 131	

20	wt.%	

2.5	 40.0	 980	 2.3	 246395	

10	 21.5	 750	 33.88	 19109	

50	 13.8	 1000	 71.76	 5170	

	

The	samples	were	subjected	to	a	UV	sensitivity	test	lasting	a	total	of	600	seconds.	During	this	test,	

each	sample	experienced	alternating	periods	of	UV	light	on/off	cycles,	with	each	cycle	consisting	

of	30	seconds	of	exposure	followed	by	30	seconds	of	dark.	This	pattern	was	repeated	continuously	

for	the	entire	600-second	test	duration.	The	most	significant	characteristic	of	Figure	6-2	is	the	

relation	between	the	current	level	under	dark	and	UV.	The	percolation	behaviour	of	the	random	

ZnO	 nanowire	 network	 is	 dominant	 in	 dark	 current	 conditions,	 as	 seen	 in	 Figure	 6-2(a-c),	 a	

detailed	 study	 presented	 in	 Chapter	 4.	 However,	 the	 conductivity	 behaviour	 of	 these	 random	

networks	does	not	obey	the	percolation-dependent-conductivity	model,	as	evidenced	in	Figure	

6-2	(e-f)	and	the	listed	results	in	Table	6-1.	To	further	assess	the	significance	of	the	data	reported	

in	 Table	 6.1,	we	will	 later	 compare	 these	 findings	 against	 existing	 literature	 to	 evaluate	 their	

consistency	and	identify	any	deviations	or	novel	trends.	
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In	 low	 nanowire	 concentration	 (1	 wt.%),	 the	 dominant	 conduction	 mechanism	 is	 tunnelling,	

where	junction	resistivities	dominate	the	nanowire	network	conductivity	due	to	a	non-physical	

contact	 between	 nanowires.	 Thus,	 the	 conductivity	 is	 strongly	 dependent	 on	 the	 electrode	

separation;	with	larger	electrode	separations,	the	conductivity	is	far	lower	than	smaller	electrode	

separations,	as	seen	 in	Figure	6-2(a).	The	depletion	of	electrons	by	surface	oxygen	 interacting	

with	nanowires	creates	a	high	potential	barrier	[9,	209].	The	conductivity	at	2.5	μm,	where	there	

is	no	junction	barrier,	is	8	and	2000	times	higher	than	at	10	μm	and	50	μm	electrode	separation,	

respectively,	as	seen	in	Table	6-1.	Similarly,	in	4	wt.%	ZnO	nanowire	networks,	where	tunnelling	

conduction	behaviour	remains	dominant	despite	nearing	the	percolative	regime,	the	conductivity	

at	2.5	μm	is	8	and	400	times	higher	than	at	10	μm	and	50	μm	electrode	separation,	respectively,	

as	seen	in	Figure	6-2(b).	However,	the	conductivity	is	less	dependent	on	electrode	separation	in	

the	higher	concentration	samples	(20	wt.%),	where	the	universal	percolation	conductivity	rules	

charge	 transport,	 resulting	 in	 nearly	 identical	 conductivity	 levels	 regardless	 of	 the	 electrode	

separation,	as	seen	in	Figure	6-2(c).	

Under	 UV	 exposure,	 the	 potential	 barriers	 between	 the	 junctions	 significantly	 decrease,	

particularly	penetrating	junctions	[9,	127,	199,	209],	and	the	sample	conductivity	levels	increase	

to	 the	 hundred-microamp	 level,	 regardless	 of	 the	 ZnO	 nanowire	 concentration	 and	 electrode	

separations.,	 as	 seen	 in	 Figure	 6-2(d-f).	 There	 is	 not	 an	 apparent	 relation	 to	 the	 initial	 rise	

observed.	However,	 the	 final	conductivity	of	 the	random	network	may	vary	slightly	due	to	the	

random	nature	of	the	ZnO	nanowire	network.	Consequently,	less	conductive	samples	under	dark	

conditions	become	more	sensitive	under	UV	exposure.	

The	results	of	UV	exposure	summarised	in	Table	6-1	show	that	UV-PD	sensitivities	varied	between	

approximately	2×103	and	4×105,	depending	on	electrode	separation	and	nanowire	concentration.	

The	 sensitivity	 was	 calculated	 using	 eq.	 (6-3)	 shows	 a	 marked	 dependence	 on	 electrode	

separation	 and	 ZnO	 concentration.	 Higher	 sensitivities	 are	 observed	 for	 configurations	 with	

greater	electrode	separations	due	to	the	impact	on	the	potential	barrier	between	the	junctions	[9,	

127].	As	the	electrode	separation	increases	from	2.5	μm	to	50	μm,	sensitivity	rises	substantially	

across	all	ZnO	concentrations.	For	the	1	wt.%	sample,	sensitivity	surges	from	2.4×103	to	1.24×105,	

demonstrating	significant	enhancement	in	sensitivity.	The	4	wt.%	sample	shows	an	even	more	

pronounced	 sensitivity	 enhancement,	 rising	 from	2.9×103	 to	 4.17×105,	more	 than	 a	 102	 times	

increment.	The	20	wt.%	sample	also	follows	this	trend,	with	sensitivity	escalating	from	2.3×103	to	

7.18×104.	 However,	 the	 4	 wt.%	 sample	 at	 50	 μm	 separation	 notably	 achieves	 the	 highest	

sensitivity	of	4.17×105,	 highlighting	 its	 superior	performance	 in	UV	PDs,	which	 is	 significantly	

higher	than	1	and	20	wt.%	samples.	
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This	significant	sensitivity	 improvement	with	larger	electrode	separations	can	be	attributed	to	

the	 increased	distance,	which	reduces	recombination	 losses	and	enhances	 the	effective	photo-

generated	charge	collection.	ZnO	tetrapod	(ZnO-T)	is	like	a	1D	ZnO	nanowire	structure	consisting	

of	four	1D	nanowires	linked	to	a	central	core.	ZnO-T	legs	have	the	like	nanowire	properties	[9,	

179].	Detailed	 studies	on	ZnO-T	 for	UV-PS	have	noted	a	high	 sensitivity	 ranging	between	2.8-

4.5×103	depending	on	deposition	technique	and	electrode	separations.	Our	random	ZnO	nanowire	

networks	 have	 shown	 4.17×105	 sensitivity,	 almost	 2	 orders	 of	 magnitude	 larger	 than	 the	

published	data	[9,	179].		

A	recent	study	on	UV	photodetection	of	ZnO-T	 for	different	deposition	methods	(drop	casting,	

micro-drop	casting,	spray	coating	and	slot-die	coating)	on	various	electrode	separations	(5,	10	

and	15	𝜇𝑚)	[179].	In	the	study,	it	was	observed	that	there	was	no	discernible	correlation	between	

the	 distance	 separating	 the	 electrodes	 and	 their	 light	 sensitivity.	 Each	 deposition	 method	

exhibited	 optimal	 performance	 at	 different	 electrode	 distances.	 Moreover,	 various	 deposition	

techniques	performed	a	 comparable	 range	of	photo	 response	 (~102	 -	 103)	 at	 their	peak	point	

despite	spray	deposition	yielding	the	highest	responsivity	(=2.8×103)	[179].	The	intended	final	

film	thickness	was	the	same	for	all	methods,	but	the	percolation	behaviour	varied.	Therefore,	the	

differences	 in	 UV-PD	 performance	 related	 to	 electrode	 separation	may	 be	 due	 to	 the	 varying	

percolation	behaviours	of	ZnO-T	resulting	from	different	coating	techniques.	

Our	results	indicate	that	understanding	the	percolation	behaviour	of	the	network	is	crucial	to	gain	

insight	 into	 the	 photo-response	mechanism	 of	 UV-PDs.	 Our	 study	 suggests	 that	 the	UV	 photo	

response	is	most	efficient	at	the	critical	material	ratio,	where	tunnelling	conductivity	transitions	

to	percolation	behaviour.	The	efficiency	decreases	above	and	below	this	critical	point.	A	similar	

content	 has	 also	 been	 theoretically	 discussed	 in	 [9],	which	 postulates	 that	 the	 ideal	 sensitive	

contact	would	be	between	a	slight	touching	and	a	complete	interpenetration	because	UV	exposure	

overcomes	the	potential	barrier	when	nanowires	have	just	penetrated	each	other.	Additionally,	

the	number	of	junctions	with	energy	barriers	is	vital	for	higher	sensitivity	in	the	performance	of	

ZnO	nanowire	UV-PDs	when	correlated	with	the	application	of	percolation	theory.	The	application	

of	percolation	theory	and	its	correlation	with	experimental	results	in	Chapter	4	and	Chapter	5	are	

promising	to	comprehensively	understand	UV	photodetection	experimentally,	and	the	theory	and	

experimental	UV-PD		has	not	been	practically	achieved	before.	Thus,	experimentally	correlated	

percolation	of	ZnO	nanowire	network	is	promising	contribution	for	the	gap	in	the	literature.	

	

X.=.# Response	of	Random	ZnO	Nanowire	Networks	on	MSM	

In	the	previous	section,	it	was	observed	that	the	sensitivity	of	the	1	wt.%	and	4	wt.%	random	ZnO	

nanowire	networks	 in	MSM	device	configurations	was	highest	when	the	electrode	separations	
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were	set	at	50	μm.	Additionally,	it	is	important	to	evaluate	the	response	and	decay	times	of	UV	

photodetectors,	which	indicate	the	device's	reaction	to	UV	exposure	and	its	efficiency	in	returning	

to	its	initial	off	state	after	exposure.	This	section	aims	to	assess	these	two	devices	under	periodic	

UV	 exposure	 with	 various	 on/off	 cycles	 to	 thoroughly	 examine	 their	 response	 and	 decay	

characteristics.	This	analysis	will	offer	a	deeper	understanding	of	the	dynamic	behaviour	of	these	

UV	photodetectors	and	their	practical	utility	in	scenarios	where	rapid	switching	and	recovery	are	

crucial.	

	

Figure	6-3:		 Time-dependent	 photo	 response	 of	 the	 1	 wt.%	 ZnO	 nanowire	 network	
photodetector	with	a	50	μm	electrode	separation	under	periodic	UV	exposure	and	
dark	cycles.	The	device	was	subjected	to	120	seconds	of	UV	illumination	followed	
by	360	seconds	of	dark	conditions	under	DC	biases	of	5V,	10V,	and	15V.	

	

Figure	6-3	illustrates	the	photo	response	of	a	1	wt.%	ZnO	NW	network	photodetector	with	a	50	

μm	 electrode	 separation	 under	 periodic	 UV	 exposure	 and	 dark	 cycles,	 with	 different	 applied	

biases	of	5V,	10V,	and	15V.	The	photodetector's	current	increases	rapidly	upon	UV	illumination	

and	 gradually	 decreases	 when	 the	 light	 is	 turned	 off,	 demonstrating	 its	 responsiveness	 and	

recovery	capabilities.	Furthermore,	the	cycles	are	consistent	and	repeatable	over	multiple	on/off	

periods,	highlighting	the	device's	stability	and	reliability	under	prolonged	UV	exposure.	

The	response	and	decay	times	are	calculated	as	the	time	between	90%	change	in	condition	before	

the	on/off	states,	as	described	in	Figure	6-1(a).	At	a	5V	bias,	the	device	exhibits	a	response	time	

of	62.12	seconds	and	a	decay	time	of	272.49	seconds.	The	initial	rapid	rise	in	current	indicates	
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efficient	photocarrier	generation	upon	UV	exposure.	At	the	same	time,	the	slower	decay	suggests	

a	gradual	recombination	of	photogenerated	carriers	and	desorption	of	oxygen	molecules	from	the	

ZnO	nanowire	surface	[7,	9,	199,	209].	

As	the	bias	voltage	increases	to	10V,	the	response	time	decreases	to	52.6	seconds,	while	the	decay	

time	 increases	 to	 343.85	 seconds.	 The	 reduction	 in	 response	 time	 indicates	 faster	 carrier	

generation	and	collection	due	to	the	higher	electric	field	[209].	On	the	other	hand,	the	extended	

decay	 time	 could	 be	 attributed	 to	more	 photogenerated	 carriers	 requiring	 additional	 time	 to	

recombine	or	desorb	[9].	At	the	highest	bias	of	15V,	the	response	time	decreases	to	42.72	seconds,	

indicating	 the	most	 rapid	 photo	 response	 among	 the	 tested	 biases.	 The	 decay	 time	 is	 321.39	

seconds,	slightly	shorter	than	at	10V,	but	it	still	suggests	a	substantial	carrier	recombination	and	

desorption	process.	

In	 summary,	 the	 results	 demonstrate	 that	 increasing	 the	 bias	 voltage	 improves	 the	

photodetector's	response	time,	making	it	react	faster	to	UV	illumination.	However,	the	decay	time	

does	 not	 exhibit	 a	 simple	 trend,	 suggesting	 complex	 interactions	 between	 photogenerated	

carriers	and	 the	surface	states	of	 the	ZnO	nanowires.	These	 findings,	 combined	with	 the	 large	

electrode	 separation	 of	 50	 μm,	 offer	 the	 opportunity	 to	 optimise	 and	 fine-tune	 the	 operating	

conditions	of	ZnO-NW-based	UV	photodetectors	for	various	applications.		

	

Figure	6-4:		Time-dependent	 photo	 response	 of	 the	 4	 wt.%	 ZnO	 nanowire	 network	
photodetectors	with	a	50	μm	electrode	separation	under	UV	duty	cycles	of	60s	
ON/OFF	at	5V	(black),	10V	(red)	and	15V	(blue).	
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Figure	6-4	presents	the	photo	response	of	a	4	wt.%	ZnO	nanowire	network	photodetector	with	a	

50	μm	electrode	separation	under	periodic	60s	UV	exposure	and	60s	dark	cycles,	with	incremental	

applied	 biases	 of	 5V,	 10V,	 and	 15V.	 The	 photodetector's	 current	 sharply	 increases	 upon	 UV	

illumination	and	decreases	rapidly	when	the	light	is	turned	off,	demonstrating	its	quick	response	

and	recovery	capabilities.	At	a	5V	bias,	the	device	exhibits	a	response	time	of	5.52	seconds	and	a	

decay	time	of	9.73	seconds.	The	swift	rise	in	current	indicates	efficient	photocarrier	generation	

upon	 UV	 exposure,	 and	 the	 rapid	 decay	 suggests	 effective	 recombination	 of	 photogenerated	

carriers	and	desorption	of	oxygen	molecules	from	the	ZnO	nanowire	surface	[9,	210]..		

When	the	bias	voltage	is	increased	to	10V,	the	response	time	decreases	to	4.2	seconds,	and	the	

decay	 time	 increases	 to	 13.13	 seconds.	 The	 reduced	 response	 time	 indicates	 faster	 carrier	

generation	 and	 collection	 due	 to	 the	 higher	 electric	 field,	 which	 is	 consistent	 with	 the	 best	

performance	in	the	literature	[9,	10,	23].	In	contrast,	the	slightly	prolonged	decay	time	could	be	

attributed	to	increased	photogenerated	carriers	requiring	more	time	to	recombine	or	desorb.	At	

the	highest	bias	of	15V,	 the	response	 time	decreases	 to	3.46	seconds,	 showing	 the	most	 rapid	

photo	response	among	the	 tested	biases.	The	decay	 time	 is	18.78	seconds,	 indicating	a	slower	

recovery	compared	to	the	lower	biases,	which	may	be	due	to	the	higher	electric	field	causing	more	

significant	carrier	generation	and	slower	desorption	processes.	

When	comparing	the	response	of	a	1	wt.%	ZnO	nanowire	network	photodetector	under	similar	

conditions,	 the	 4	 wt.%	 sample	 shows	 faster	 response	 and	 decay	 times	 at	 all	 bias	 voltages.	

Specifically,	the	response	times	for	the	4	wt.%	sample	are	significantly	shorter,	indicating	a	more	

efficient	photocarrier	generation	process	due	to	the	critical	material	ratio	around	the	percolation	

threshold	where	tunnelling	conduction	turns	into	percolative	conductivity	[9].	Additionally,	the	

decay	times,	while	longer	at	higher	voltages,	remain	generally	shorter	than	the	1	wt.%	sample,	

reflecting	a	more	rapid	recombination	and	desorption	process.	

The	shortest	response	time,	3.52	s,	is	almost	half	of	the	most	sensitive	device	of	the	ZnO-T	network	

deposited	 spin-coating	 [179].	 The	 same	 material	 fabricated	 by	 vacuum-based	 burner	 flame	

transport	synthesis	showed	a	slightly	lower	response	time	of	2.4	s	[9].	On	the	other	hand,	a	study	

reported	fast	response	and	decay	time	in	a	few	hundred	microseconds	for	random	ZnO	nanowires	

fabricated	by	a	low-cost	method	on	3	𝜇𝑚	electrode	separations	but	extremely	low	sensitivity	ratio	

[23].	Our	findings	indicate	that	we	have	achieved	both	high	sensitivity	and	rapid	response	in	UV	

photodetectors	using	a	low-cost	drop-casting	method	that	permits	easy	scalability	for	large-area	

production.	Subsequently,	we	will	conduct	an	in-depth	analysis	of	the	device's	responsiveness	to	

ascertain	its	capacity	to	generate	electronically	detectable	signals	for	real-time	applications.	
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X.=.D Analysis	of	=	wt.%	ZnO-NW	Network	Photo-response	

In	 the	 previous	 section,	 a	 comparative	 analysis	 between	 1	 wt.%	 and	 4	 wt.%	 ZnO	 nanowire	

network	photodetectors	was	conducted,	highlighting	the	superior	sensitivity	and	faster	response	

times	 of	 the	 4	 wt.%	 samples,	 especially	 with	 larger	 electrode	 separations	 of	 50	 μm.	 This	

comparison	sets	 the	stage	 for	a	 focused	 investigation	 into	how	well	 the	4	wt.%	ZnO	nanowire	

networks	perform	in	quickly	detecting	signals.	After	observing	promising	results,	the	next	section	

looks	at	how	the	4	wt.%	samples	react	to	different	ON/OFF	duty	cycles	of	UV	light.	By	studying	

these	changes,	we	aim	to	understand	the	 fast	response	and	high	sensitivity	of	 the	4	wt.%	ZnO	

nanowire	 network	 photodetectors	 and	 therefore,	 their	 potential	 for	 advanced	 UV	 detection	

applications.	

	

Figure	6-5:		Time-dependent	 photo	 response	 of	 the	 4	 wt.%	 ZnO	 nanowire	 network	
photodetector	with	a	50	μm	electrode	separation	under	a	UV	duty	cycle	of	0.25	
(Black),	0.50	(Red)	and	1.00	(Blue)	second	ON	15	seconds	OFF.	

	

Figure	6-5	shows	the	photo	response	of	the	4	wt.%	ZnO	nanowire	network	photodetectors	under	

incremental	UV	duty	cycles	of	0.25,	0.5,	and	1	second	ON,	followed	by	15	seconds	OFF	under	10V	

constant	 bias.	 The	 device	 exhibits	 a	 sharp	 and	 quick	 increase	 in	 current	 upon	 UV	 exposure,	

followed	by	a	gradual	decay	when	the	UV	light	is	turned	off.	The	response	is	faster	for	shorter	UV	

ON	cycles,	indicating	the	device's	capability	to	react	quickly	to	changes	in	UV	illumination.	
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Table	6-2:		 Performance	metrics	of	the	4	wt.%	ZnO	nanowire	network	photodetector	with	a	
50	 μm	 electrode	 separation	 under	 various	 UV	 on/off	 duty	 cycles	 presented	 in	
Figure	6-5.	

On	cycle	(s)	 Dark	Current	
(μA)	 UV	Current	(μA)	 Decay	Time	(s)	 Sensitivity	(%)	

0.25	 0.02399	 0.63679	 4.25	 2554±3.39	

0.50	 0.02158	 1.23226	 3.00	 5610±4.92	

1.00	 0.02133	 1.58725	 3.25	 7341±4.11	

	

Table	6-2	presents	detailed	performance	metrics	for	the	photodetector	under	different	UV	duty	

cycles.	The	results	are	as	follows:	For	a	0.25-second	UV	on	cycle,	the	dark	current	is	0.02399	mA,	

the	UV	current	is	0.63679	μA,	the	decay	time	is	4.25	seconds,	and	the	sensitivity	is	2554%.	When	

the	UV	on	cycle	increases	to	0.5	seconds,	the	dark	current	slightly	decreases	to	0.02158	mA,	the	

UV	current	increases	to	1.23226	μA,	the	decay	time	shortens	to	3	seconds,	and	the	sensitivity	rises	

to	5610%.	Finally,	 for	a	1-second	UV	on	cycle,	 the	dark	current	measures	0.02133	mA,	 the	UV	

current	reaches	1.58725	μA,	the	decay	time	is	3.25	seconds,	and	the	sensitivity	peaks	at	7341%.	

The	results	suggest	that	the	sensitivity	and	UV	current	of	the	photodetector	increase	with	longer	

UV	exposure	cycles.	However,	the	decay	time	does	not	follow	a	simple	 linear	trend.	It	shows	a	

minimum	of	0.5	seconds	and	slightly	increases	for	the	1-second	cycle.	The	varied	duty	cycles	of	

UV	exposure	demonstrate	that	the	device	has	high	sensitivity,	even	for	a	0.25-second	duty	cycle.	

Compared	 to	 previously	 published	 research	 on	 the	 ultra-fast	 UV	 response	 of	 random	 ZnO	

nanowires	 [23]/rods	 [176],	 the	 devices	 exhibit	 extremely	 high	 sensitivity	 within	 a	 250-

millisecond	UV	exposure,	enabling	the	device	to	generate	digital	signals	within	250	milliseconds.		
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Figure	6-6:	 Time-dependent	 photo	 response	 of	 the	 4	 wt.%	 ZnO	 nanowire	 network	
photodetectors	with	 a	 50	 μm	 electrode	 separation	 under	 a	UV	 duty	 cycle	 of	 1	
second	ON	and	3	second	OFF.	

	

Figure	6-6	presents	the	photo	response	of	the	4	wt.%	ZnO	nanowire	network	photodetectors	with	

a	 50	 μm	 electrode	 separation	 under	 a	 UV	 duty	 cycle	 of	 1	 second	 ON	 and	 2	 seconds	 OFF.	 An	

automated	real-time	digital	converter	was	integrated	into	the	testing	apparatus	to	further	support	

the	idea	that	waiting	for	the	full	on-off	period	is	unnecessary.	This	code	simplifies	the	process	by	

automatically	selecting	Id	and	IUV	values	from	the	collected	data	up	to	that	point,	eliminating	the	

need	to	preprograming	current	values.	It	then	determines	the	midpoint	between	these	values.	If	

UV	light	is	detected,	the	output	is	1;	if	not,	it	is	0.	Figure	6-6	presents	the	digital	output	alongside	

the	corresponding	analogue	data.	This	illustrates	that	full	rise	and	decay	times	are	not	essential	

for	 creating	 an	 accurate	 UV	 PD.	 The	 consistency	 across	 numerous	 cycles	 demonstrates	 the	

device's	stability	during	continuous	use	and	its	lack	of	requirement	for	extended	recovery	periods	

between	subsequent	UV	exposures.		

The	 4	 wt.%	 ZnO	 nanowire	 network	 photodetectors,	 featuring	 a	 50	 μm	 electrode	 separation,	

demonstrate	outstanding	photo	response	characteristics.	They	exhibit	 fast	response	 times	and	

high	 sensitivity.	 Two	 key	 challenging	 points	 have	 been	 addressed	 in	 this	 section.	 Firstly,	 the	

importance	 of	 percolation	 theory,	 presented	 in	 Chapter	 4,	 is	 focused	 on	 determining	 optimal	

device	performance.	The	application	of	percolation	theory	is	essential	for	the	most	optimal	device	

sensitivity	 and	 response.	 The	 critical	 percolation	 threshold,	 where	 the	 tunnelling	 conduction	
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mechanism	turns	to	percolative	conductivity,	showed	the	most	efficient	performance.	This	finding	

is	 also	 in	 agreement	with	 published	papers	 [9,	127].	 The	 second	 challenging	 point	 is	 that	 the	

fabrication	 of	 the	 device	 is	 quite	 a	 low-cost	 deposition	 of	 a	 random	 ZnO	 nanowire	 network.	

Besides,	 it	 does	 not	 require	 a	 high-cost	 lithography	 technique	 for	 the	 most	 optimal	 UV-PD	

applications.	These	results	emphasise	the	significance	of	optimising	UV	on/off	cycles	to	achieve	

optimal	performance	in	UV	photodetectors.	

	

H.G UV	Photodetection	of	the	MIS	Capacitors	

In	the	previous	section,	the	UV	photocurrent	detection	capabilities	have	been	presented.	Another	

UV-PD	approach	is	capacitive	detection	in	MIS	capacitor	device	formation.	Capacitive	UV-PD	is	a	

promising	 device	 concept	 in	 health	monitoring	 [211,	212]	 and	 tactile	 sensing	 [51,	213],	 even	

though	most	research	on	capacitive	sensors	focuses	on	strain	and	pressure	sensing	[52,	80].	As	

proved	 in	 the	previous	 section,	 ZnO-NWs	are	known	 to	 generate	 carriers	under	UV	exposure,	

leading	to	changes	in	capacitance	that	can	be	monitored	to	assess	the	response	of	ZnO-based	MIS	

photodetectors.	This	characteristic	provides	valuable	information	about	the	device's	reliability	for	

various	applications.	In	this	section,	UV	light	will	be	periodically	applied	to	MIS	devices	to	monitor	

their	response	in	terms	of	capacitance	changes.	Three	samples	will	be	tested	with	ZnO	nanowire	

concentrations	of	0.25	wt.%,	0.50	wt.%,	and	1	wt.%	in	order	to	investigate	their	sensitivity	with	

respect	 to	 the	 ZnO	 nanowire	 intake	 encapsulated	 between	 SiO2	 and	 PMMA.	 By	 analysing	 the	

capacitance	 response	 of	 these	 samples	 under	UV	 exposure,	we	 aim	 to	 gain	 insights	 into	 their	

performance,	sensitivity,	and	stability.	This	analysis	will	help	determine	the	most	effective	ZnO	

concentration	for	reliable	and	efficient	UV	photodetection	in	MIS	capacitors	[47].		

	

X.S.! UV	Photodetection	of	MIS	Device	Prototype	

The	UV	photodetection	tests	of	ZnO-embedded	ZnO	nanowires	integrated	into	the	dielectric	layer	

on	a	highly	doped	n-type	silicon	wafer	were	conducted	using	a	UV	torch,	as	described	in	Section	

2.2.	The	experimental	setup	employed	our	precisely	designed	multifunctional	test	probes,	with	a	

load	probe	applying	a	consistent	base	force	of	0.5N	to	the	top	gate	electrode,	and	conductive	tape	

establishing	contact	with	the	n-Si	wafer	from	the	bottom.	The	aim	of	this	section	is	to	calculate	the	

capacitive	UV	sensitivity	of	the	samples	using	a	30-second	on/off	cycle.	The	C-V	Constant	Voltage	

interface	in	Python	was	utilized	to	capture	measurements	during	the	repeated	UV	torch	on/off	

cycles,	ensuring	consistent	detection	intervals.	

Three	different	nanowire	concentrations,	as	well	as	a	bare	n-Si	wafer	with	a	30	nm	sputtered	oxide	

layer,	 were	 tested	 to	 assess	 the	 photodetection	 capabilities	 of	 the	 multifunctional	 device	
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prototype.	The	signal	was	found	to	be	strong	and	detectable	within	the	30-second	on/off	duty	

cycle,	 providing	 clear	 evidence	 of	 the	 system’s	 UV	 sensitivity.	 A	 lower	 concentration	 of	 ZnO	

nanowires	was	systematically	used	to	minimize	device	leakage,	as	a	dense,	continuous	nanowire	

network	within	 the	blocking	and	tunnelling	oxide	 layers	 is	challenging	 to	encapsulate	and	can	

form	a	current	bridge	with	the	gate	electrode	[71].	The	results,	which	highlight	the	relationship	

between	nanowire	concentration	and	UV	sensitivity,	are	summarized	in	Figure	6-7.	

	

	

Figure	6-7:		Sensitivity	(SMIS)	of	ZnO	nanowire-embedded	MIS	samples	with	concentrations	of	
DNW,0.25,	DNW,0.5	and	DNW,1.0	under	UV	duty	cycles	of	30	seconds	ON	and	30	seconds	
OFF.	

	

Figure	 6-7	 illustrates	 the	 sensitivity	 (SMIS)	 of	 ZnO	 nanowire-embedded	 MIS	 (Metal-Insulator-

Semiconductor)	 samples	 with	 three	 different	 ZnO	 concentrations	 (DNW,0.25,	 DNW,0.5	 and	 DNW,1.0)	

under	periodic	UV	exposure	cycles	of	30	seconds	on	and	30	seconds	off.	The	sensitivity	is	plotted	

over	time	to	show	the	response	of	each	sample	to	the	UV	illumination	duty	cycles.	The	sensitivities	

are	calculated	using	the	eq.	(6-4).	The	results	of	these	three	different	samples	are	summarised	in	

Table	6-3.	
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Table	6-3:		 Performance	metrics	 of	 ZnO	nanowire	 embedded	MIS	 samples	with	 different	 ZnO	
concentrations	 (DNW,0.25,	 DNW,0.5	 and	 DNW,1.0)	 under	 UV	 ON/	 OFF	 duty	 cycles	 of	 30	
seconds.	

Sample	 Response	
(s)	

Decay	Time	
(s)	

Sensitivity	
(%)	

0.25	wt.%	 20.075	 36.025	 5.88	

0.50	wt.%	 6.325	 31.900	 14.46	

1.00	wt.%	 1.250	 0.500	 15.47	

	

As	noted	in	Chapter	5,	the	0.25	wt.%	ZnO	drops	on	the	MSM	structures	were	barely	conductive	

due	 to	 the	 inter-nanowire	distance,	 resulting	 in	 tunnelling	 conduction.	However,	 isolated	ZnO	

nanostructured	 islands	 previously	 showed	 charge	 chemisorption	 and	 desorption	 	 under	 UV	

exposure,	 which	 result	 in	 change	 in	 the	 charge	 in	 the	 capacitors	 [44,	 69].	 UV-PDs	 The	 UV	

photodetectors	(PDs)	performance	of	DNW,0.25	MIS	devices	(represented	by	black	squares	in	Figure	

6-7	 the	 lowest	 sensitivity	 and	 the	most	 extended	 response	and	decay	 times	among	 the	 tested	

samples.	This	sample	reaches	its	maximum	sensitivity	more	slowly	and	takes	longer	to	return	to	

its	baseline	state	once	the	UV	light	is	turned	off.	Specifically,	the	response	time	is	20.075	seconds,	

the	 decay	 time	 is	 36.025	 seconds,	 and	 the	 sensitivity	 is	 5.88%.	 This	 extended	 response	 and	

recovery	period	 indicates	 that	 the	 low	concentration	of	ZnO	nanowires	 limits	 the	efficiency	of	

charge	carrier	generation	and	collection,	thereby	affecting	the	overall	performance	of	the	device.	

In	 contrast,	 DNW,0.5	 sample	 (represented	 by	 red	 circles	 in	 Figure	 6-7)	 shows	 a	 significant	

improvement	in	performance.	It	achieves	higher	sensitivity	and	faster	response	and	decay	times	

compared	to	the	DNW,0.25.	The	response	time	for	this	sample	is	6.325	seconds,	the	decay	time	is	

31.900	seconds,	and	the	sensitivity	is	14.46%.	The	enhancement	in	performance	can	be	attributed	

to	 the	 increased	conductivity	 resulting	 from	the	saturation	of	 the	 tunnelling	distance	between	

nanowires,	leading	to	improved	charge	carrier	generation	and	collection	efficiency.	This	suggests	

that	an	optimal	concentration	of	ZnO	nanowires	is	critical	for	enhancing	the	performance	of	MIS	

photodetectors,	balancing	the	need	for	sufficient	conductive	pathways	while	maintaining	effective	

photodetection	capabilities.		

The	1.00	wt.%	sample	(represented	by	blue	triangles)	demonstrates	the	highest	sensitivity	and	

the	quickest	response	and	decay	times	among	the	three	samples.	It	responds	almost	immediately	

to	the	UV	light,	with	a	response	time	of	just	1.250	seconds,	and	returns	to	its	baseline	state	rapidly	

with	a	decay	time	of	half	a	second.	The	sensitivity	for	this	sample	is	the	highest	at	15.47.	
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Figure	6-8:		Capacitance	 response	 of	 the	 DNW,1.0	 MIS	 capacitor	 with	 a	 50	 μm	 electrode	
separation	under	UV	duty	cycles	for	10	seconds	on/off.	

	

Figure	6-8	illustrates	the	capacitance	response	of	a	DNW,1.0	MIS	capacitor	under	UV	duty	cycles	of	

10	seconds	on/off.	The	device	exhibits	a	consistent	and	repeatable	change	 in	capacitance	with	

each	cycle,	highlighting	its	reliability	and	fast	response	to	the	UV	duty	cycle	with	a	1.25	response	

and	 0.5s	 decay	 time.	 The	 baseline	 capacitance	 of	 the	 device	 is	 approximately	 0.152	 nF	 in	 the	

absence	of	UV	light.	Upon	UV	exposure,	the	capacitance	increases	to	about	0.156	nF,	reflecting	the	

additional	charge	injection	facilitated	by	the	ZnO	nanowires.	The	device	responds	swiftly	to	the	

UV	illumination,	as	evidenced	by	the	sharp	rise	in	capacitance	at	the	beginning	of	each	on	cycle.	

Similarly,	 the	 capacitance	 drops	 quickly	 when	 the	 UV	 light	 is	 turned	 off,	 indicating	 efficient	

recovery	 to	 the	 baseline	 state.	 The	 repeated	 cycles	 over	 a	 600-second	 period	 show	minimal	

variation	 in	 capacitance	 response,	 demonstrating	 the	 device's	 stable	 performance	 under	

prolonged	UV	exposure.	

These	results	indicate	that	the	DNW,1.0	ZnO	nanowire	MIS	capacitor	responds	quickly	to	UV	light	

and	maintains	consistent	performance	over	multiple	cycles.	This	reliability	and	rapid	response	

make	it	suitable	for	applications	requiring	stable	and	efficient	UV	detection.	Figure	6-8	reinforces	

the	 earlier	 findings	 that	 the	 MIS	 capacitor	 devices,	 with	 their	 enhanced	 charge	 injection	

properties,	are	highly	effective	in	UV	detection.	The	stable	capacitance	changes	observed	in	this	

test	 further	 validate	 the	 device's	 potential	 for	 use	 in	 reliable	 and	 fast-responding	 UV	

photodetector	applications.	



	

	 128	

The	data	indicates	that	increasing	the	ZnO	nanowire	concentration	in	the	MIS	samples	enhances	

their	sensitivity	and	reduces	both	response	and	decay	times.	The	DNW,1.0	shows	a	fast	response	of	

1.25	s	and	a	high	sensitivity	of	15.47.	Analysis	of	ZnO	nanowires	using	capacitive	methods	is	a	new	

approach,	 and	 there	 are	 limited	 studies	 on	 capacitive	 UV	 photodetectors	 (PDs)	 using	 ZnO	

nanomaterials.	 Initial	studies	have	 indicated	that	700	𝜇𝑊/𝑐𝑚5	UV	 light	 irradiation	resulted	 in	

approximately	1.5	sensitivity	[212].	Our	results	show	sensitivity	of	14.46	and	15.47	for	0.50	and	

1.00	wt.%	ZnO	nanowire-embedded	MIS	capacitors	with	a	fast-speed	response	of	6.325	and	1.250	

seconds,	 respectively.	This	 trend	suggests	 that	 lower	concentrations	of	ZnO	nanowires	regime	

improve	the	photodetector's	ability	to	respond	to	UV	light	quickly	and	efficiently,	making	them	

suitable	for	applications	requiring	rapid	detection	and	high	sensitivity.	

	

H.H Summary	

This	study	investigated	the	performance	of	ZnO	NWs	based	UV-PDs	with	a	focus	on	two	key	device	

configurations:	 MIS	 and	 MSM.	 The	 overarching	 goal	 was	 to	 develop	 UV-PDs	 that	 are	 highly	

sensitive,	fast-responding,	and	scalable	for	large-area	applications,	while	also	investigating	how	

device	structure	and	nanowire	concentration	affect	UV	detection	performance.	

For	 MSM	 devices,	 the	 percolation	 behaviour	 of	 the	 random	 ZnO	 nanowire	 network	 played	 a	

critical	role	in	determining	device	performance,	particularly	in	the	context	of	UV	photodetection.	

Unlike	MIS	devices,	MSM	devices	rely	on	DC	conductivity	mechanisms,	and	this	study	was	the	first	

to	coherently	integrate	both	simulation	and	experimental	data	to	prove	the	impact	of	percolation	

in	 these	devices.	The	 results	 showed	 that	 the	MSM	devices	were	most	efficient	 just	below	 the	

percolative	 conductivity	 threshold,	 where	 tunnelling	 conductivity	 through	 the	 random	 ZnO	

nanowire	network	reached	saturation	before	percolative	conductivity.	

Among	 the	 various	 concentrations	 tested,	 the	4.00	wt.%	ZnO	nanowire	 samples	 exhibited	 the	

highest	 sensitivity	and	 response	 time,	with	a	maximum	sensitivity	of	4.17	×	10⁵.	This	 sample,	

when	combined	with	a	50	µm	electrode	separation,	showed	superior	performance,	as	 the	ZnO	

nanowire	junctions	acted	as	barriers	when	UV	light	was	off,	significantly	reducing	conductivity	

and	enhancing	the	on/off	contrast.	Moreover,	the	MSM	devices	were	able	to	detect	signals	with	

UV	 exposure	 as	 short	 as	 0.25	 seconds,	 highlighting	 their	 ultrafast	 and	 sensitive	 response	

capabilities.	

The	integration	of	simulation	and	experiment	in	the	study	of	MSM	devices	provided	new	presents	

the	percolation	behaviour	of	random	ZnO	nanowire	networks.	This	demonstrates	the	critical	role	

that	 percolation	 plays	 in	 enhancing	 device	 performance	 and	 further	 validates	 the	 use	 of	 ZnO	

nanowires	in	high-sensitivity	UV-PDs.	
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In	 the	 MIS	 devices,	 the	 UV	 photodetection	 capabilities	 were	 significantly	 influenced	 by	 the	

concentration	 of	 ZnO	 nanowires	 embedded	 in	 the	 dielectric	 layer.	 The	 study	 examined	 ZnO	

nanowire	concentrations	of	DNW,0.25,	DNW,0.5	 and	DNW,1.0	under	periodic	UV	exposure.	The	DNW,1.0	

sample	 showed	 the	 fastest	 response	 and	 decay	 times	 (1.25	 sec	 and	 0.5	 sec,	 respectively),	

demonstrating	superior	UV	sensitivity.	This	result	underscores	the	importance	of	optimizing	ZnO	

nanowire	concentration	for	enhanced	device	performance.	However,	beyond	1.00	wt.%,	stable	UV	

signals	could	not	be	detected,	likely	due	to	charge	leakage	caused	by	inadequate	encapsulation	of	

the	 high	 nanowire	 density	 in	 the	 PMMA	 layer.	 This	 limitation	 suggests	 that	 while	 higher	

concentrations	may	increase	sensitivity,	they	also	increase	the	risk	of	signal	instability.	

The	findings	from	the	MIS	devices	emphasize	the	potential	for	large-area	applications,	particularly	

in	low-cost,	easily	producible	UV-PDs.	These	devices	offer	promising	applications	in	areas	such	as	

wearable	electronics	and	robotics,	where	fast	response	and	low-cost	fabrication	are	critical.	The	

study	demonstrated	that	a	well-optimized	ZnO	nanowire	concentration	enables	high	sensitivity	

and	rapid	UV	detection,	but	careful	control	of	nanowire	density	is	essential	to	prevent	device.		

This	chapter	successfully	demonstrated	that	ZnO	nanowire-based	UV-PDs	can	be	easily	fabricated	

for	 large-area	 applications,	 offering	 scalable,	 low-cost	 solutions	 for	 sensitive	 and	 rapid	 UV	

detection.	The	integration	of	simulations	with	experimental	data	provided	new	perspectives	on	

the	 understanding	 the	 relationship	 between	 nanowire	 concentration,	 percolation,	 nanowire	

scaling	and	charge	transport	mechanisms	in	both	MIS	and	MSM	devices.	The	findings	confidently	

prove	 the	 importance	 of	 optimizing	 ZnO	 nanowire	 concentration	 and	 electrode	 separation	 to	

balance	sensitivity,	response	time,	and	device	stability.	

Further	 investigation	 from	 the	 capacitive	 MIS	 devices	 will	 be	 discussed	 in	 the	 next	 chapter,	

focusing	 on	 developing	 non-volatile	 memory	 and	 pressure	 sensing	 for	 the	 same	 device	

configuration.	This	ongoing	research	aims	to	understand	the	unique	properties	of	ZnO	nanowires	

to	 create	 advanced	 photodetectors	 with	 improved	 performance	 and	 wider	 applications.	 The	

findings	from	this	study	provide	a	strong	foundation	for	future	work	in	optimising	ZnO	nanowire-

based	photodetectors	and	exploring	their	potential	in	multifunctional	devices.	
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Chapter	< 	

	

MIS	CAPACITOR	FOR	NON	-VOLATILE	MEMORY		

	

L." General	Overview	

This	chapter	is	concerned	with	the	thorough	study	of	the	performance	of	a	randomly	distributed	

ZnO	 nanowire-embedded	 layer	 in	 a	 metal-insulator-semiconductor	 (MIS)	 device	 structure.	

Chapter	2	discusses	the	use	of	nanowires	embedded	in	a	PMMA	layer	in	the	device,	while	Chapter	

3	 covers	 the	 universalised	 percolation	 probability	 of	 a	 random	 nanowire	 system.	 Chapter	 4	

discussed	the	theoretical	principles	of	charge	transport	in	a	random	ZnO	nanowire	network.	This	

chapter	 concerns	 the	 measurement	 of	 two	 distinct	 functions	 from	 the	 same	 ZnO	 nanowire-

embedded	device:	non-volatile	memory	and	pressure	sensing,	along	with	the	UV-photodetection	

capability	of	the	ZnO	nanowire-embedded	MIS	capacitor	presented	in	Section	6.5.	

C-V,	time-dependent	capacitance	(C-t),	I-V,	and	time-dependent	current	(I-t)	measurements	were	

performed	both	under	UV	illumination	and	dark	conditions,	as	described	in	Chapter	2.	To	ensure	

that	the	measurements	accurately	reflected	stable,	functional	behaviour,	the	samples	were	tested	

by	running	a	set	of	cyclic	potential	sweeps	ten	times	to	eliminate	any	transitional	effects.	These	

techniques	provide	information	on	the	versatile	functionalities	generated	by	the	MIS	devices,	their	

capability	of	non-volatile	charge-storing	behaviour,	and	the	efficiency	with	which	they	produce	

digital	signals	because	of	external	pressure	on	gate	electrodes.	

Different	weight	 varieties	 of	 ZnO	nanowires	 embedded	 in	 the	 insulator	 layer	were	 studied	 to	

understand	how	the	percolative	behaviour	of	random	ZnO	networks	related	to	the	conduction	

mechanism	affects	the	performance	of	these	functionalities	individually.	In	this	case,	the	results	

presented	 in	 Chapter	 5	 have	 been	 considered	 in	 the	 relations	 between	 the	 network	 charge	

transport	and	ZnO	nanowire	intake.	The	overall	goal	was	to	find	the	optimal	configuration	that	

would	maximise	these	versatile	functionalities	of	MIS	devices	with	respect	to	the	nanowire	ratio.		

	

L.. MIS	Capacitor	Non-volatile	Memory		

The	function	of	memory	involves	three	distinct	processes:	programming	memory	to	store	data,	

storing	data,	and	retrieving	data	by	reading	the	memory's	state.	The	storage	of	data	in	the	memory	

involves	 an	 extra	 layer	 incorporated	 into	 the	 gate	 oxide.	 This	 additional	 layer	 enables	 the	
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realisation	of	two	types	of	memory	cells:	Floating	gate	(FG)	based	memory,	initially	demonstrated	

by	Guterman	et	al.,	and	charge	trapping	(CT)	memory	[214].	

In	1967,	the	first	memory	cell	using	Si3N4	as	a	charge-trapping	material	was	developed.	This	type	

of	 charge-trapping	 memory,	 known	 as	 SONOS,	 consists	 of	 a	 structure	 involving	 poly-

Si/oxide/Si3N4/oxide/Si	substrate.	Both	floating	gate	and	charge	trapping	layers	are	embedded	

between	two	dielectric	layers.	The	TO	is	conventionally	made	of	silicon	dioxide,	while	the	upper	

oxide	can	vary	depending	on	the	device	type.	For	floating	gate	memory,	the	upper	oxide	is	typically	

composed	of	 a	 stack	of	 SiO2/Si3N4/SiO2	 (ONO),	 known	as	 the	 inter-gate	dielectric	 or	 interplay	

dielectric.	In	CT	memory	devices,	the	upper	oxide	is	a	SiO2	layer	called	the	BO.	Initially,	SiO2	was	

used	as	the	material	for	TO	and	BO	due	to	its	good	interface	quality	with	Si,	but	Al2O3	is	now	used	

to	 prevent	 charge	 leakage	 as	 flash	 memory	 scales	 [44,	 69].	 Additionally,	 research	 is	 being	

conducted	on	other	higher-k	oxides	to	scale	the	memory	further	[215].	

According	to	The	International	Technology	Roadmap	for	Semiconductors	(ITRS)	projections	for	

memory	 devices,	 the	 charge-trapping	 memory	 is	 viewed	 as	 the	 most	 promising	 and	 feasible	

device,	particularly	for	NAND	structures	[216].	In	CT	memory	devices,	electric	charges	are	stored	

in	states	of	CT	within	a	dielectric	material	rather	than	in	a	conductive	or	semiconductor,	as	seen	

in	floating	gate	memory.	The	necessity	for	a	lithographic	definition	of	a	floating	gate	is	eliminated	

in	the	process	flow.	The	gate	oxide	comprises	three	layers	of	dielectrics	integrated	between	the	

channel	and	the	gate.	This	gate	oxide	stack	offers	greater	scalability	than	floating	gate	memory,	

consequently	allowing	for	more	scalable	program/erase	voltages.	

	

Z.#.! Basic	Non-volatile	Memory	Cell	Operation	

In	non-volatile	memory	devices,	data	storage	is	achieved	by	modulating	the	threshold	voltage	(Vt)	

by	injecting	and	removing	charges	in	the	charge-trapping	layers.	During	the	programming	phase,	

electrons	are	introduced	into	the	charge	storage	layer	via	mechanisms	such	as	Fowler-Nordheim	

tunnelling,	 leading	 to	a	positive	shift	 in	Vt.	Conversely,	 the	erasure	process	 involves	extracting	

these	charges,	resulting	in	a	negative	Vt	shift.	The	memory	state	is	read	by	applying	a	gate	voltage	

between	 the	 programmed	 and	 erased	 states,	 allowing	 for	 the	 detection	 of	 either	 a	 "0"	

(programmed)	or	"1"	(erased)	state	[217].	

Charge	leakage	challenges	the	retention	of	these	states	over	time,	primarily	due	to	defects	in	the	

TO	 and	 BO	 layers.	 These	 defects	 can	 be	 intrinsic,	 originating	 from	 the	 device	 structure,	 or	

extrinsic,	 resulting	 from	 the	 operational	 stress	 of	 programming	 and	 erasing	 cycles.	 While	

beneficial	for	lower	power	consumption,	a	thinner	TO	layer	may	have	more	significant	leakage	

due	to	increased	electron	back-tunnelling.	
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The	degree	of	Vt	shift,	known	as	 the	 threshold	voltage	shift	 (∆𝑉W),	 is	a	critical	parameter,	as	 it	

directly	correlates	with	the	density	of	charge	trap	states	within	the	CT	layer.	This	relationship	is	

quantified	by	eq.	(7-1),	which	allows	for	the	estimation	of	the	memory	cell's	charge	trap	state.	The	

elementary	charge	(𝑞).	The	ability	to	precisely	control	and	maintain	∆𝑉W	is	crucial	for	the	reliable	

operation	 of	 memory	 devices,	 ensuring	 data	 retention	 and	 future	 memory	 technologies'	

scalability.	

𝑁 =
𝐶W∆𝑉W
𝑞

	 (7-1)	

	

The	equation	expressing	the	𝑉W	can	be	monitored	by	the	flat-band	voltage	change	(𝑉(a)	shown	in	

eq.(7-2)	[218].	

𝑉W = 𝑉(a − 2𝜙U +
𝑡b;
𝜖b;

�2𝜖SQ𝑞𝑁&�2𝜙U�	 (7-2)	

Where	ϕc	is	the	potential	in	the	Si	substrate,	ϵde,	ϵfg		Si	are	the	gate	stack	and	Si	permittivity,	tde	

is	the	gate	stack	thickness,	Nh	is	the	substrate	doping	(donor).	

	

7.2.1.1 		 Characterisation	

The	memory	devices	are	evaluated	by	analysing	the	frequency-dependence	of	their	capacitance-

voltage	(C-Vgate)	characteristics	(100	kHz	-	500	kHz)	with	0.250V	voltage	steps	to	determine	their	

programmed/erased	 states.	 The	 erased	 state	 is	 achieved	 by	 sweeping	 the	 gate	 voltage	 from	

negative	to	positive	potentials.	 In	contrast,	 the	programmed	state	 is	achieved	by	sweeping	the	

gate	voltage	from	positive	to	negative	potentials.	The	observed	negative	shift	is	due	to	the	storage	

of	electrons	in	the	insulator	layers	in	MIS.	The	∆𝑉(a	shift,	and	the	∆𝐶W	values	are	obtained,	with	

the	 threshold	 voltage	 extracted	 at	 a	 capacitance	 of	 500	 pF	 around	 the	 onset	 of	 the	 depletion	

region.	 The	 memory	 hysteresis	 measured	 at	 different	 operating	 voltages	 illustrates	 that	 the	

memory	cell	exhibits	a	broad	shift	at	low	P/E	voltages.	

	

Z.#.# Charge	Trapping	Layer	and	Materials	

CT	layers	play	a	crucial	role	in	performing	non-volatile	memory	devices	by	offering	high	charge	

trapping	density,	which	is	essential	for	achieving	a	larger	memory	window	at	consistent	operating	

voltages.	Utilising	materials	with	a	high	dielectric	constant	 (high-k)	enhances	 the	electric	 field	

across	the	TO,	thereby	enabling	either	a	larger	memory	window	or	reduced	operating	voltages.	A	

thinner	CT	layer	can	further	increase	the	electric	field	across	the	TO,	contributing	to	lower	power	

consumption	[43,	219].	Additionally,	amorphous	CT	layers	are	preferred	over	crystalline	ones	to	
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minimise	charge	leakage,	as	grain	boundaries	in	crystalline	materials	can	serve	as	leakage	paths.	

Finally,	 a	 CT	 layer	with	 a	 large	 band	 offset	 relative	 to	 the	 TO	 and	BO	 effectively	 confines	 the	

charges	stored,	improving	memory	retention	characteristics.	

	

Z.#.D Defects	in	The	Tunnelling	Oxide	

In	TO	materials,	 several	high-k	oxides	are	being	explored	 to	enable	 further	scaling	of	memory	

devices	 while	 maintaining	 charge	 retention	 [220].	 High-k	 oxides	 allow	 the	 use	 of	 physically	

thicker	TO	layers	with	equivalent	or	smaller	oxide	thickness	compared	to	SiO2.	Key	requirements	

for	 TO	materials	 include	 a	 large	 bandgap	 and	 a	 significant	 band	 offset	with	 the	 Si	 channel	 to	

prevent	charge	leakage.	Amorphous	TO	materials	are	preferred	to	minimise	leakage	through	grain	

boundaries	[219].	A	high	breakdown	electric	field	is	also	crucial	as	device	scaling	increases	the	

electric	field	across	the	TO.	Good	interface	quality	with	the	Si	channel	is	also	essential,	with	Al2O3	

being	a	commonly	used	material	due	to	its	high	interface	quality	and	low	defect	density	[221].	

Therefore,	this	section	aims	to	characterise	the	oxide	layer	without	ZnO	nanowires	to	distinguish	

the	contribution	of	the	oxide	layer	on	MIS	device	memories.	

During	the	growth	of	the	oxide	layer,	positive	fixed	charges	usually	exist	in	the	oxide	layer	called	

Qss	due	to	defects	in	the	oxide	layer.	The	oxide	defects	can	be	attributed	to	two	main	reasons.	One	

common	 cause	 is	 the	 presence	 of	 dangling	 covalent	 oxygen	 bonds	 in	 the	 oxide	 layer	 and	 the	

bonding	of	oxygen	with	silicon	at	the	silicon	surface.	As	a	result,	a	thermal	annealing	process	may	

lead	to	an	excess	of	silicon	in	the	oxide	near	the	interface,	while	an	excess	of	oxide	may	form	at	

the	silicon	interface	due	to	dangling	oxygen	atoms.	A	rapid	thermal	post-annealing	process	has	

been	conducted	after	the	oxide	growth	on	the	n-Si	layer	to	mitigate	the	effects	of	oxygen	diffusion	

and	oxide	 layer	 formation	at	 the	 interface	 [222].	One	 cause	of	 interface	 state	 formation	 is	 the	

mismatch	 between	 the	 lattices	 of	 silicon	 and	 SiO2	 at	 the	 oxide-semiconductor	 interface.	 This	

results	in	traps	at	the	interface	within	silicon's	forbidden	energy	bandgap	around	the	Fermi	Level	

(EF)	 of	 n-doped	 silicon	 due	 to	 the	mismatch	 between	 the	 100	 or	 111-oriented	 silicon	 crystal	

lattices	and	the	SiO2	layer	[223].	

The	net	fixed	charge	in	SiO2	is	concentrated	near	the	interface	of	the	MOS	structure,	assuming	

that	no	other	oxide	charge	is	present.	This	net	charge	is	measured	as	electronic	charge	per	unit	

area	(C/cm²).	The	flat	band	voltage	is	the	potential	where	no	band	bending	occurs,	leading	to	a	

zero-space	 charge	 region.	 Interface	 charge	 traps	 in	 MOS	 devices	 significantly	 affect	 electrical	

characteristics,	shifting	the	flat	band	voltage	either	positively	or	negatively	depending	on	the	type	

and	 density	 of	 the	 traps.	 This	 shift	 influences	 the	 device's	 turn-on	 behaviour	 and	 alters	 the	

subthreshold	slope,	which	impacts	the	turn-on	speed	as	the	gate	voltage	increases.	Additionally,	

these	traps	can	cause	leakage	current,	which	is	detrimental	to	low-power	applications.	
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Moreover,	 interface	 charge	 traps	 affect	 the	 flat-band	 voltage,	 consequently	 altering	 charge	

accumulation	or	depletion	and	modifying	the	C-V	characteristics.	These	changes	reshape	the	C-V	

curve's	form	and	gradient.	The	impact	of	interface	charge	traps	is	determined	by	their	density,	

energy	 levels,	 and	 distribution,	 as	 well	 as	 the	 presence	 of	 oxide	 charges	 and	 work	 function	

differences.	Therefore,	analysing	the	TO	on	the	base	MOS	device	is	essential	for	improving	the	e-

beamed	TO	on	the	n++	doped	Si	wafer.	This	topic	will	be	further	discussed	in	the	next	section.	

	

7.2.3.1 		 Characterisation	of	Tunnelling	Oxide	

To	enhance	our	understanding	of	the	characteristics	of	TO,	Figure	7-1	illustrates	the	C-V	cycle	of	

MIS	formation	without	ZnO	nanowires.	This	is	intended	to	determine	the	effect	of	nanowires	on	

the	functionalities	of	the	final	MIS	devices.	Figure	7-1(a)	shows	the	C-V	characteristics	of	the	MOS	

devices	both	before	and	after	RTA	treatment.	The	term	MOS	indicates	that	only	TO	SiO2	is	present	

on	the	base	devices,	while	MIS	includes	an	additional	layer	on	the	TO,	such	as	ZnO	nanowires	and	

BO	PMMA	layers.	Lastly,	Figure	7-1(b)	presents	the	C-V	characteristics	of	MIS	devices	where	a	BO	

PMMA	layer	is	spin-coated	on	the	RTA-treated	TO	layer.	

	

Figure	7-1:		C-V	characteristics	for	annealed	and	unannealed	devices.	(a)	C-V	curves	of	DR	
comparing	annealed	and	unannealed	samples,	showing	the	effect	of	annealing	
on	 capacitance.	 (b)	 Normalised	 C-V	 curves	 (C/Cmax)	 comparing	 DR	 and	 DB	
structures,	 illustrating	 the	 impact	 of	 the	 PMMA	 layer	 on	 the	 device's	
characteristics.	

	

Figure	7-1(a)	presents	the	CV	characteristics	of	MOS	capacitors	at	100	kHz,	both	before	and	after	

annealing.	 As	 detailed	 in	 Chapter	 2,	 the	 devices	 are	 positioned	 on	 the	 test	 rig	 for	 C-Vgate	

measurements.	The	gate	voltages	are	swept	from	−20	V	to	+20	V	in	the	forward	direction	and	from	

+20	V	to	−20	V	in	the	reverse	direction,	with	a	step	size	of	0.1	V.	A	reference	device	(DR)	made	of	

(a) (b)
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n-Si/SiO2/Al,	without	ZnO	nanowires	and	PMMA	layers,	was	fabricated	to	examine	the	effect	of	

thermal	treatment	on	the	device	characteristics.	Two	versions	of	this	control	device	were	tested:	

one	 exposed	 to	 rapid	 thermal	 annealing	 and	 one	 not	 exposed.	 The	 depletion	 region	 in	 the	

unannealed	MOS	is	much	larger	than	in	the	annealed	one,	which	may	indicate	a	higher	number	of	

interface	traps.	This	 is	because	more	charges	are	needed	to	fill	 the	more	traps	at	the	 interface	

states,	requiring	a	broader	voltage	sweep	to	achieve	the	same	surface	potential.	The	additional	

PMMA	BO	 layer	on	 the	TO	 layer	 (DB)	 results	 in	a	 larger	depletion,	 linking	additional	 interface	

states	 between	 them.	 However,	 the	 flat	 band	 voltage	 remains	 similar	 to	 the	 annealed	 MOS	

structure,	indicating	the	apparent	role	of	the	PMMA	layer	in	the	DB	device	formation.	

The	MOS	structure	includes	an	insulator	capacitance	(CIns)	and	a	semiconductor	capacitance	(CS)	

in	series.	C-V	characteristics	of	the	control	devices	help	determine	fabrication	parameters.	In	the	

accumulation	 region,	 most	 carriers	 gather	 at	 the	 interface,	 and	 the	 maximum	 accumulation	

capacitance	(Cox)	is	used	to	estimate	the	insulator	stack's	dielectric	constant:	2.1	and	2.4	nF	for	

unannealed	 and	 annealed	 samples,	 respectively,	 and	 0.52	 nF	 for	 the	 MIS	 test	 sample.	 The	

dielectric	constant	indicates	a	material's	ability	to	store	electrical	energy	in	an	electric	field	and	is	

calculated	using	eq.	(7-3).	

𝜀L =
𝐶#;𝑑#;
𝜀4𝐴

	 7-3	

	

where	 𝐶#;	 is	 the	 maximum	 capacitance	 in	 the	 accumulation	 region,	 𝑑#;	 is	 the	 oxide	 layer	

thickness,	𝜀4	 is	 the	permittivity	of	 free	space	 (8.854 × 10+)5 𝐹 𝑚É ),	and	A	 is	 the	capacitor	area	

(=6.625 × 10+,𝑐𝑚5).	In	a	MOS	capacitor,	𝐶#;	is	obtained	from	C-V	measurements.	This	formula	

links	the	oxide	layer's	physical	properties	and	the	MOS	structure's	dimensions	to	the	material's	

electrical	 charge	 storage	 capability,	 which	 is	 essential	 for	 semiconductor	 device	 design.	 	 The	

results	are	presented	in	Table	7-1.	

	

Table	7-1:	 The	dielectric	constant	of	control	MIS	devices	without	ZnO	nanowires.	

Sample	 𝑑#;(𝑛𝑚)	 𝐶#;	(𝑛𝐹)	
𝜀L 	�𝐹 𝑚É �	@100	kHz	

DR	 30	 2.31	 4.44	

DR	(RTA)	 30	 2.44	 4.69	

DB	 90	 0.52	 3.04	
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𝑑#;	represents	the	combined	insulator	thickness	of	SiO2	and	PMMA	insulator	layers	of	MIS	(n-

Si/SiO2/PMMA/Al).	 With	 the	 insulator	 stack	 thickness	 is	 monitored	 during	 sputtering	 and	

determined	by	ellipsometry	to	be	~30	nm,	we	calculated	that	𝜀L 	in	F/m	corresponds	to	an	effective	

relative	permittivity	of	4.44,	4,69	and	3.04	for	as-sputtered,	and	RT-annealed	SiO2	and	combined	

with	PMMA,	respectively.	It	can	be	concluded	that	applying	the	RTA	annealing	process	to	oxide	

layer	 enhances	 dielectric	 properties.	 Thus,	 the	 RTA-treated	 oxide	 sample	 results	 in	 a	 better	

interface	quality	with	Si.	

	

Figure	7-2:		Illustration	of	 the	1/C2	method	 to	 find	VFB	 for	 annealed	and	unannealed	DR	
devices	presented	in	Figure	7-1.	

	

Figure	 7-1(a)	 clearly	 shows	 that	 the	 control	 device	 displayed	 typical	 characteristics	 of	 MOS	

structures	based	on	n-type	semiconductors,	with	a	narrow	flat-band	(VFB)	shift	in	an	anticlockwise	

direction.	This	indicates	the	presence	of	a	fixed	oxide	charge	in	the	silicon	oxide,	which	will	be	

discussed	later.	Moreover,	the	flat	band	voltage	and	complete	semiconductor	depletion	(threshold	

voltage,	Vt)	differ	before	and	after	thermal	annealing.	As	shown	in	Figure	7-2,	the	VFB	is	calculated	

by	1 𝐶5É 	method	is	detailed	in	Section	3.4.2.	The	crossing	point	of	the	tangent	of	the	straight	region	

𝑉 − 𝐶b;5 𝐶5⁄ 	on	the	voltage	axis	gives	VFB+	and	VFB-	under	forward	and	reverse	bias,	respectively,	

as	listed	in	the	table	inset	in	Figure	7-2.	After	RTA	at	450°C	for	10	minutes	(Section	2.5.1.3),	VFB+	

and	VFB-	 shift	 from	-4.7	V	and	 -6.0	V	 to	 -2.8	V	and	 -3.7	V,	 respectively.	The	 full	 semiconductor	

depletion	(or	Vt)	also	changes	from	-8.5	V	to	-6.2	V	post-annealing.		

Figure	7-1(a)	reveals	a	significant	finding:	the	flat	band	voltage	of	the	MOS	base	devices	exhibits	

a	negative	flat	band	characteristic,	potentially	linked	to	positive	interface	charge	(Qit),	fixed	oxide	

charges	(Qf)	and	work	function	differences	between	the	gate	metal	and	oxide.	This	has	important	
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implications,	as	Qf	 is	independent	of	the	applied	voltage,	unlike	Qit.	A	positive	oxide	charge	can	

cause	a	parallel	shift	in	the	gate	bias	direction.	The	effect	on	the	voltage	shift	is	weighted	according	

to	the	charge's	location;	the	closer	to	the	oxide-semiconductor	interface,	the	more	significant	the	

shift.	 Positive	 charge	 is	 equivalent	 to	 an	 added	 positive	 gate	 bias	 for	 the	 semiconductor,	

necessitating	a	more	negative	gate	bias	to	achieve	the	same	original	semiconductor	band	bending.	

Notably,	the	oxide	field	is	no	longer	0	V	in	the	new	flat	band	condition.	

As	mentioned	above,	the	VFB	shift	the	MOS	in	the	C-V	characteristic	is	associated	with	the	interface	

charge	 (Qit),	 fixed	 oxide	 charge	 in	 SiO2	 layer	 (Qf)	 and	 metal-semiconductor	 work	 function	

differences	(Φij)	[130,	131,	222]	formulated	in	eq.	(7-4).	

𝑉(a = 𝛷ij −	
�𝑄QW𝑄N𝑄i�

𝐶b;
	 7-4	

	The	shift	in	the	C-V	sweep	before	and	after	RTA	in	Figure	7-1(a)	and	calculated	in	Figure	7-2	is	

the	evidence	of	the	existence	of	the	positive	charge	in	the	interface	and	oxide	due	to	a	negative	

shift	 in	 the	VFB	 [130].	 Although	RTA	 shifts	 VFB	 towards	 zero	 potential,	 the	 final	 VFB	 still	 shifts	

negatively,	indicating	residual	positive	charging	in	the	system.	This	change	might	be	due	to	the	

presence	of	Qit	from	the	majority	carrier	trapping	in	the	forbidden	bandgap.	Band	bending	under	

potential	causes	the	Fermi	level	to	overlap	the	interface	trap	states	(Dit),	resulting	in	a	positive	or	

negative	charge	depending	on	the	traps'	location	relative	to	the	Fermi	level.	

During	the	inversion	of	the	n-type	MOS	under	negative	voltage,	fermi	level	crosses	the	intrinsic	

fermi	level	of	the	Si	because	the	band	is	bending	upward	due	to	negative	potential.	Because	of	the	

electron	donation	of	the	interface	trapping	states	below	the	intrinsic	fermi	level,	the	states	are	

positively	charged.	When	the	fermi	level	of	n-doped	Si	crosses	the	intrinsic	fermi	level	of	n-Si,	the	

fermi	level	overlaps	the	trapping	states	resulting	positive	interface	charging	(𝑄QW).	The	number	of	

interface	states	(Dit)	are	proportional	to	the	interface	charge	(𝑄QW)	and	the	distance	of	the	states	

to	the	fermi	level	as	formulised	in	eq.	(7-5)	[131].	

	

Where	q	is	the	unit	charge	which	equals	to	1.6 × 10+)k𝐶	and	𝑑𝐸	is	the	energy	level	differences	

between	intrinsic	and	doped	fermi	levels.	

Therefore,	positive	interface	charge	result	VFB	shift	on	negative	side	as	also	seen	in	Figure	7-1(a).	

The	parallel	shifted	of	VFB	through	the	less	negative	side	and	narrowed	depletion	in	C-V	can	be	

associated	with	lower	positive	Qit	charge	due	to	the	depth	of	the	state’s	relative	to	the	fermi	level	

or	 electrically	 passivation	 of	 the	 interface	 by	 the	 annealing	 process.	 [130]	 [224].	 Since	 the	

𝐷QW =
1
𝑞	
𝑑𝑄QW
𝑑𝐸

	 (7-5)	
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interface	trap	at	the	interface	may	partly	be	passivated,	the	weight	of	charge	traps	may	be	further	

away	from	the	interface	or	the	number	of	charges	Dit	at	the	interface	may	be	fewer,	thanks	to	

thermal	treatment.	

𝐷QW	can	experimentally	be	calculated	by	eq.	((7-6);	

𝐷QWK
2𝐺i
𝑞𝜔

	 (7-6)	

Where	𝐺i	is	the	max	conductance	of	the	G-V	at	VFB	and	𝜔	is	the	frequency	of	the	G-V	test	in	Hz.	

Table	7-2	shows	the	list	of	fixed	oxide	charges	and	density	of	interface	states	of	n-Si.		

The	distribution	of	interface	trap	levels	across	the	energy	bandgap	is	crucial	for	high-efficiency	

devices.	 The	 density	 of	 interface	 traps	 is	 determined	 by	 this	 distribution	 as	 in	 eq.	 ((7-5)	 and	

calculated	in	eq.	((7-6).	It	is	also	noted	that	thermal	treatment	in	particular	conditions,	such	as	

oxygen-free	or	hydrogen	environments	can	passivate	the	trap	states	at	the	interface	[129,	131].	

Even	 though	 the	 thermal	 treatment	 at	 450	̊C	 in	 vacuum	 condition,	 the	 𝐷QW	 does	 not	 change	

significantly	as	calculated	in	eq.	((7-6).	As	presented	in	Table	7-2,	the	number	of	states	does	not	

change	considerably	as	a	 result	of	RTA	since	 the	𝐷QW	 value	 is	 close	 to	 the	 theoretical	value	 for	

<100>	Si	wafer.	The	 interface	charge	density	has	significantly	been	 lowered,	as	seen	 in	Figure	

7-1(a).	CV	measurement	of	 the	annealing	 increase	 the	slope	of	 the	depletion	region	as	seen	 in	

Figure	7-1(a),	which	is	sign	of	lower	interface	trap	charges	after	RTA	annealing	[131,	223].		

As	discussed	above,	the	other	finding	in	the	Figure	7-1	is	the	fixed	oxide	charge	in	the	sputtered	

oxide	layer,	and	the	fixed	oxide	charge	can	be	calculated	by	eq.	(7-7).	

𝑄N = 𝑑𝐶 × 𝑑𝑉(a	 7-7	

where	𝑑𝐶	are	the	differences	between	the	maximum	(or	oxide,	𝐶b;)	and	minimum	(or	inverse,	

𝐶Q"l)	capacitances	at	accumulation	and	inversion	respectively,	and	𝑑𝑉(a	is	the	shift	in	the	flat	band	

voltage	between	the	forward	and	reverse	voltage	sweep.			

	

Table	7-2	 Fixed	oxide	charge	in	DR	devices	with	and	without	RTA	treatment.	

Devices	 Qf	(C.cm-2)	

DR	(without	RTA)	 1.24 × 10)5	

DR	(with	RTA)	 7.52 × 10)) 

	

Oxide-trapped	charges	are	 linked	to	 imperfections	 in	the	silicon	dioxide.	These	charges	can	be	

generated	by	X-ray	radiation	or	high-energy	electron	bombardment	during	the	sputtering	of	SiO2	
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on	the	silicon	wafer	[129].	The	traps	are	distributed	throughout	the	oxide	layer.	Partial	reduction	

of	these	impurities	can	be	achieved	through	a	heat	treatment.	Table	7-2	provides	the	Qf	values	for	

both	samples.	Following	 the	RTA,	 the	 fixed	oxide	charge	 is	3/2	 times	 lower	 than	as-deposited	

MOS.	

The	 steep	 slope	 of	 the	 annealed	 MOS	 formation	 in	 the	 C-V	 plot	 signifies	 high	 charge	 carrier	

mobility,	enabling	rapid	charge	and	discharge	of	the	oxide	layer.	This	rapid	transition	reflects	the	

quick	switching	between	low	and	high	conductivity	states	in	the	devices.	Conversely,	the	gentler	

slopes	 observed	 in	 non-annealed	 samples	 indicate	 the	 presence	 of	 interface	 states	 that	

significantly	vary	with	the	applied	bias,	referred	to	as	voltage-dependent	interface	states	[129,	

130].	

As	shown	in	Figure	7-1(b),	the	double	voltage	sweeps	for	a	60	nm	PMMA	deposition	on	the	30	nm	

thick	annealed	SiO2	oxide	layer	exhibited	a	narrow	hysteresis	window.	The	fact	that	the	base	MOS	

device	has	already	shown	a	negative	flat	band	voltage	at	only	-2.7	V	indicates	some	initial	interface	

and	oxide	charge	Si/SiO2	interface	with	positive	charge	traps.	Incorporating	PMMA	on	the	Si/SiO2	

structure	(DB	MIS	device)	results	in	a	more	significant	negative	shift	in	VFB	(-6.1	V)	compared	to	

base	MOS.	This	suggests	a	higher	presence	of	positive	defects	in	the	PMMA	batch	used,	despite	

reports	indicating	minimal	charge	incorporation	within	PMMA	[71].	

This	section	focused	on	processing	the	base	MOS	device	to	ensure	the	dielectric	properties	of	the	

e-beam	 sputtered	 SiO2	 TO	 layer.	 As	 shown	 in	 Figure	 7-1(a),	 the	 RTA	 process	 significantly	

improved	the	dielectric	constant	of	the	TO	layer.	The	figure	also	illustrated	a	marked	increase	in	

the	slope	of	the	depletion	layer,	indicating	enhanced	charge	mobility	after	RTA.	Analysis	of	the	

PMMA	BO	layer	in	Figure	7-1(b)	revealed	that	the	dielectric	constant	of	the	combined	dielectric	

layer	was	 3.04	 at	 100	 kHz.	 Consequently,	 this	 section	 concludes	 that	 the	 RTA	 process	 under	

vacuum	conditions	is	crucial	and	will	be	applied	to	all	MIS	samples	intended	for	use	in	non-volatile	

device	applications.	

	

Z.#.= Non-volatile	Memory	Applications	of	ZnO	

The	previous	section	concluded	that	e-beam-sputtered	TO	exhibits	intrinsic	charge	trapping,	as	

evidenced	 by	 a	 small	 flat-band	 voltage	 (VFB)	 shift	 in	 C-V	 analysis,	 even	 after	 RTA	 treatment.	

Although	the	VFB	shift	window	disappeared	when	a	PMMA	BO	layer	was	spin-coated	onto	the	TO,	

the	fixed	oxide	charge	remains	present.	This	section	explores	the	non-volatile	memory	behaviour	

of	MIS	devices	incorporating	ZnO	nanowires	sandwiched	between	the	TO	(SiO2)	and	BO	(PMMA)	

layers.	
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ZnO	nanoparticles	have	demonstrated	significant	potential	in	non-volatile	memory	applications,	

with	prior	studies	showcasing	various	approaches	to	enhancing	memory	performance.	Ho	et	al.	

embedded	ZnO	nanoparticles	within	Si3N4	layers,	achieving	an	enhanced	VFB	shift	of	up	to	2.4	V.	

Atab	et	al.	advanced	memory	performance	 further	by	embedding	 indium	nitrate	nanoparticles	

between	two	ZnO	layers,	resulting	in	an	enhanced	VFB	shift	of	5.5	V.	Additionally,	by	integrating	

graphene	sheets	within	ZnO	layers,	they	achieved	a	notable	VFB	shift	improvement	of	up	to	6.5	V.	

Further	 research	 by	 Atab	 et	 al.	 demonstrated	 that	 ZnO	 nanowire	 islands,	 when	 employed	 as	

floating	gates	in	MOS	capacitors,	produced	a	substantial	threshold	voltage	shift	of	approximately	

8.5	 V.	 These	 findings	 underscore	 the	 versatility	 and	 efficacy	 of	 ZnO-based	 nanostructures	 in	

improving	 non-volatile	 memory	 characteristics,	 paving	 the	 way	 for	 their	 integration	 into	

advanced	memory	devices.	This	section	will	focus	on	the	specific	role	of	ZnO	nanowires	within	the	

MIS	architecture	and	their	contribution	to	enhanced	memory	performance.	

	

	

Figure	7-3:	 Energy	band	diagram	of	an	MIS	device	structure	for	Si/SiO2/ZnO/PMMA/Al.		

	

The	 energy	 band	 diagram	 of	 the	 structure	 with	 MIS	 is	 illustrated	 in	 Figure	 7-3,	 utilizing	 the	

reported	work-function,	electron	affinities,	and	bandgap	of	the	various	materials.	The	conduction	

band	offset	between	 the	Si	 substrate	and	 tunnel	oxide	 is	smaller	 than	 the	valence	band	offset,	

resulting	in	a	significantly	higher	electron	emission	probability	(1.47	eV	compared	to	4.08	eV).	

This	is	corroborated	by	the	anti-clockwise	C-V	cycle	in	the	programmed	and	erased	states	showing	

in	 the	 characteristics	 of	 the	 ZnO	 nanowire-embedded	MISs,	 indicating	 electron	 storage	 in	 the	
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charge-trapping	 layer.	 Since	 ZnO	 nanowire	 networks	 provide	 relatively	 few	 trap	 states,	most	

electrons	are	expected	to	tunnel	through	the	tunnelling	oxide	into	the	ZnO	layer.	These	electrons	

are	then	swept	by	the	electric	field	and	trapped	within	the	surface	defects	and	nanowire-nanowire	

junctions	[71,	225-227].	

Figure	7-3	depicts	the	energy	band	diagram	of	the	memory	device.	The	conduction	band	offset	

between	the	channel	and	the	TO	is	larger	than	their	valence	band	offset	(2.3	eV	vs.	3.2	eV).	This	

discrepancy	 leads	 to	 a	 higher	 probability	 of	 electron	 emission	 compared	 to	 hole	 emission.	

Additionally,	the	substantial	conduction	band	offset	between	ZnO	and	PMMA	reduces	the	chances	

of	 back	 tunnelling	 and	 electron	 leakage,	 ultimately	 ensuring	 excellent	 data	 retention	

characteristics.		

The	ZnO	network,	known	for	its	unique	properties	such	as	high	thermal	stability,	excitation	band	

energy	(60	eV),	and	tuneable	direct	bandgap,	is	a	key	component	that	makes	these	devices	suitable	

for	memory	applications	[6,	7].	The	memory	mechanism	in	random	ZnO	nanowire	network-based	

devices	is	a	fascinating	process.	It	involves	trapping	and	releasing	charges	within	the	floating	gate	

stack,	 with	 the	 ZnO	 nanowire's	 presence	 being	 crucial	 in	 inducing	 hysteresis	 and	 enhancing	

memory	 characteristics	 [21,	 69,	 226].	 The	 charge	 transfer	 principle	 for	 reading	 and	 erasing	

memory	 in	 these	devices	 is	 complex.	 It	 involves	manipulating	charges	within	 the	 floating	gate	

stack	under	positive	and	negative	bias.	The	energy	band	diagram	of	the	memory	cells,	as	shown	

in	the	figure,	is	constructed	based	on	XPS	measurements	and	reported	values	of	the	band	offsets	

and	bandgaps	of	the	varied	materials.	

The	programming	and	erasing	mechanisms	involve	injecting	or	emitting	electrons	in	the	nanowire	

network,	which	stores	charge	in	the	floating	gate.	A	negative	bias	on	the	top	electrode	achieves	

this	 by	 causing	 electrons	 to	 tunnel	 from	 the	 channel	 trap	 into	 oxygen	 vacancies	 in	 the	 ZnO	

nanowire	 lattices,	 defects,	 and	 nanowire	 surfaces.	 This	 shifts	 the	 C-V	memory	 characteristics,	

illuminating	the	mechanism.	During	reading,	a	negative	voltage	bias	on	the	top	electrode	creates	

an	electric	field	across	the	blocking	PMMA	dielectric	layer,	causing	electrons	to	emit	from	oxygen	

vacancies	 and	 junctions,	 tunnelling	 through	 the	 SiO2	 layers,	 while	 holes	 tunnel	 into	 the	 ZnO	

quantum	well.	This	shifts	the	C-V	characteristics	back	[44,	69].	

In	summary,	applying	negative	gate	voltage	during	programming	results	in	electrons	emitted	to	

the	channel	and	holes	tunnelling	through	the	oxide	to	be	trapped	in	the	deep	ZnO	quantum	well.	

This	cycle	causes	a	left	shift	in	the	C-V	characteristic.	During	erasing,	electrons	tunnel	back	into	

trap	states	while	holes	return	to	the	channel,	shifting	the	C-V	characteristic	to	the	right.	Due	to	

quantum	confinement	in	1D,	ZnO	nanowires	improve	bandgap	offset	and	reduce	electron	affinity	

[44,	45].	 As	 charge-trapping	 layers,	 ZnO	nanowires	 show	promise	 for	memory	devices	with	 a	

significant	 4V	 window	 at	 low	 operating	 voltages.	 They	 enhance	 memory	 retention	 due	 to	
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increased	defect	states	from	tensile	stress	relaxation.	These	properties	make	ZnO	nanowires	ideal	

for	future	non-volatile	charge-trapping	memory	devices.	

	

Z.#.S Memory	Performance		

Integrating	ZnO	nanowires	into	the	dielectric	layer	of	MOS	transistors	significantly	enhances	the	

memory	characteristics	of	 the	device.	This	 study	examines	 three	distinct	doping	 levels	of	ZnO	

NWs—0.25,	 0.5,	 and	 1.0	 wt.%—to	 evaluate	 their	 impact	 on	memory	 performance	 as	 DNW,0.25,	

DNW,0.5	and	DNW,1.0	devices.	The	selected	doping	ratios	are	based	on	the	percolation	behaviour	of	

ZnO	 NWs,	 as	 detailed	 in	 Chapter	 4.	 At	 0.25	 and	 0.5	 wt.%,	 the	 device	 operates	 in	 the	 lower	

percolation	regime,	where	 tunnelling	conduction	predominates,	while	1.0	wt.%	represents	 the	

percolation	 threshold,	marking	 a	 critical	 transition	 in	 conduction	 behaviour.	 Additionally,	 the	

observed	decrease	in	capacitance	for	the	30	nm	SiO2	 layer	on	n-Si	with	increasing	frequency	is	

attributed	 to	 the	 dominance	 of	 localised	 state	 polarisation	 at	 the	 n-Si/SiO2	 interface	 at	 low	

frequencies	and	serial	resistance	at	high	frequencies.	This	frequency-dependent	behaviour	leads	

to	 higher	 charge	 accumulation	 at	 lower	 frequencies.	 This	 section	 will	 present	 the	 results,	

highlighting	the	distinct	roles	of	ZnO	NWs	in	enhancing	the	memory	performance	compared	to	

the	reference	device	[228,	229].	

Figure	7-4	shows	the	initial	cycles	of	the	C-V	scan,	ranging	between	-10	V	and	10	V,	for	the	0.25	

wt.%	ZnO	nanowire	deposited	DNW,0.25	on	device.	The	outcomes	indicate	that	the	C-V	characteristic	

does	 not	 remain	 stable	 in	 identical	 hysteresis	 within	 preliminary	 cycles	 before	 presenting	

repeatable,	 stable	 cycles.	 This	 observation	 suggests	 that	 further	 cycles	 may	 be	 necessary	 to	

achieve	 consistent	 capacitive	 behaviour,	 highlighting	 the	 C-V	 characteristics'	 dynamic	 nature	

during	the	deposition	process's	initial	phase	[129,	130].	
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Figure	7-4	 	The	C-V	characteristics	of	DNW,0.25	MIS	devices	over	eight	cycles.	The	VFB	shifts	
from	initial	values	of	-0.1	V	and	-2.3	V	to	0.7	V	and	-2.5	V	after	8	cycles,	indicating	
changes	in	charge	distribution	and	interface	states	within	the	device.	

	

Figure	7-4	displays	the	C-V	characteristics	of	DNW,0.25	MIS	devices	initial	multiple	cycles,	ranging	

from	 Cycle	 1	 to	 Cycle	 8.	 Each	 curve	 represents	 a	 distinct	 cycle,	 revealing	 the	 evolution	 of	

capacitance	as	a	function	of	applied	voltage.	The	gradual	shift	in	these	C-V	curves	is	indicative	of	

changes	in	the	VFB	of	the	devices.	Initially,	the	VFB	erasing	and	programming	values	were	recorded	

at	approximately	-0.1	V	and	-2.3	V.	However,	after	undergoing	eight	cycles,	these	values	shifted	to	

0.7	V	and	-2.5	V,	respectively.	This	shift	suggests	modifications	in	the	charge	distribution	within	

the	MIS	structure,	potentially	due	to	trapping	and	de-trapping	phenomena	in	the	dielectric	layer	

or	interface	states	[129-131].	

The	observed	shift	in	VFB	across	the	cycles	is	critical	as	it	reflects	the	stability	and	reliability	of	the	

ZnO	 nanowire-embedded	 MIS	 devices	 under	 cyclic	 operation.	 The	 initial	 negative	 VFB	 values	

suggest	 the	 presence	 of	 positive	 charges	 or	 donor-like	 states	 within	 the	 insulator	 or	 at	 the	

interface.	The	shift	towards	more	positive	VFB	values	after	multiple	cycles	could	be	attributed	to	
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the	 accumulation	 of	 additional	 charges	 [44],	 alterations	 in	 the	 interface	 states,	 or	 structural	

changes	within	the	ZnO	nanowires	themselves.		

	

Table	7-3:	 Memory	window	parameters	of	DNW,0.25,	and	DNW,0.5	MIS	devices	before	and	after	
stabilisation.	The	table	lists	the	memory	window	(ΔVFB),	capacitance	change	(ΔC),	
and	charge	density	(Qf)	for	the	first	and	last	cycles	of	Figure	7-4	and	Figure	7-5.		

Cycles	 Memory	
Window		
Δ𝑉(a(𝑉)	

Δ𝐶	(𝑛𝐹)	 Charge	Density	
Qf	(1011	cm-2)	

1st	(Figure	7-4)	 2.40	 0.129	 1.17	

8th	(Figure	7-4)	 3.20	 0.124	 1.45	

1st	(Figure	7-5)	 5.75	 0.125	 2.58	

10th	(Figure	7-5)	 6.15	 0.128	 2.57	

	

Table	 7-3	 displays	 the	 memory	 window	 parameters	 of	 the	 DNW,0.25	 and	 DNW,0.5	 MIS	 devices,	

explicitly	 focusing	on	 the	 stored	 charge	by	 the	 oxide	before	 and	 after	 stabilisation,	 as	 seen	 in	

Figure	7-5.	For	the	first	cycle	(Figure	7-4),	the	memory	window	(ΔVFB)	is	2.40	V	with	a	capacitance	

change	 (ΔC)	 of	 0.129	 nF	 and	 a	 charge	 density	 (Qf)	 of	 1.17×1011cm−2.	 By	 the	 eighth	 cycle,	 the	

memory	window	expands	to	3.20	V	with	a	ΔC	of	0.124	nF	and	Qf	of	1.45×1011	cm−2,	 indicating	

increased	charge	storage	capacity	and	a	more	significant	shift	in	flat-band	voltage.	

Compared	 to	 the	 base	MOS	devices	 shown	 in	 Figure	 7-1,	 the	 shift	 in	VFB	 is	 significantly	more	

pronounced.	The	data	clearly	show	that	the	incorporation	of	0.25	wt.%	ZnO	nanowires	between	

the	TO	and	BO	layers	greatly	enhance	charge-trapping,	3.2	V,	as	summarised	in	Table	7-3.	This	

suggests	 that	ZnO	nanowires	are	crucial	 in	charge-trapping,	even	under	a	physical	percolation	

regime.	Similar	findings	have	been	reported,	indicating	that	0D	ZnO	nanowire	islands	deposited	

via	the	ALD	technique	exhibit	a	4	Vt	shift	[69],	and	6	V	and	8.2	V	when	5	nm	ZnO	particles	have	
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spin	 and	 deep-coated,	 respectively	 [45].	 The	 charge-storing	 behaviour	 of	 1D	 nanostructures,	

including	oxygen	vacancies	in	ZnO	nanostructures,	is	also	illustrated.	

	

Figure	7-5:	 C-V	characteristics	of	DNW,0.5	MIS	devices	after	several	 initial	cycles,	recorded	
over	ten	cycles.	The	VFB	shows	a	minor	shift	from	2.15	V	and	-3.6	V	to	2.15	V	and	
-4.0	V,	 suggesting	 that	 the	device	has	achieved	a	more	 stable	and	consistent	
operational	state.	

	

Figure	7-5	presents	 the	C-V	characteristics	of	 the	same	DNW,0.5	MIS	devices	after	 several	 initial	

cycles,	capturing	a	period	during	which	the	devices	exhibit	more	stable	and	repeatable	behaviour.	

In	 this	 case,	 VFB	 demonstrates	 a	 significantly	 reduced	 shift	 compared	 to	 the	 initial	 cycling,	 as	

presented	in	Figure	7-4.	The	VFB	values	start	at	approximately	2.15	V	and	-3.6	V	and	experience	a	

minor	shift	to	2.15	V	and	-4.0	V	after	ten	cycles.	This	minor	shift	indicates	a	stabilisation	in	the	

charge	distribution	and	interface	states	within	the	MIS	structure.	The	reduced	variability	in	VFB	

suggests	that	the	trapping	and	de-trapping	processes	or	other	mechanisms	[44,	130]	affecting	the	

device's	electrical	characteristics	have	reached	a	more	equilibrium	state.		
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Figure	7-6:		C-V	characteristics	of	DNW,0.5	MIS	devices	under	various	voltage	sweep	ranges	of	
±10	 V,	 ±20	 V,	 and	 ±40	 V.	 The	 C-V	 curves,	 normalised	 to	 the	 maximum	
capacitance	(C/Cmax),	demonstrate	the	effect	of	increasing	voltage	sweep	range	
on	the	memory	window	and	charge	storage	properties	of	the	devices.	

	

The	 observations	 combined	 with	 the	 initial	 data	 illustrate	 the	 dynamic	 changes	 in	 the	

performance	of	MIS	devices.	In	the	beginning,	the	devices	show	notable	shifts	in	VFB,	indicating	

significant	alterations	in	charge	dynamics	and	interface	states.	Over	continued	cycling,	however,	

the	 devices	 reach	 a	more	 stable	 operating	 condition	with	minimal	 VFB	 shifts.	 This	 stability	 is	

essential	for	the	practical	use	of	ZnO	nanowire-embedded	MIS	devices,	as	it	ensures	consistent	

performance	over	extended	use.	The	gradual	 stabilisation	highlights	 the	necessity	of	 an	 initial	

conditioning	phase	to	achieve	optimal	and	reliable	device	characteristics.	
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Table	7-4:		 Memory	 window	 parameters	 for	 ZnO	 nanowire	 embedded	 MIS	 devices	 under	
different	 voltage	 sweep	 ranges.	The	 table	 lists	 the	ΔVFB,	 ΔC,	 and	 stored	 charge	
density	(Qf)	for	±10	V,	±20	V,	and	±40	V	sweeps.	The	charge	density	is	calculated	
by	eq.	7-7.	

C-V	Sweep	Range	 Memory	Window		
Δ𝑉(a(𝑉)	

Δ𝐶	(𝑛𝐹)	 Charge	Density	Qf	
(1011	cm-2)	

±10	𝑉	 6.20	 0.128	 2.58	

±20	𝑉	 7.50	 0.141	 3.69	

±40	𝑉	 6.15	 0.123	 2.64	

	

Figure	7-6	and	the	accompanying	Table	7-4	provide	an	analysis	of	the	C-V	characteristics	of	the	

same	MIS	 device,	which	 is	 0.5	wt.%	 ZnO	 nanowire	 embedded,	 under	 different	 voltage	 sweep	

ranges	of	±10	V,	±20	V,	and	±40	V.	The	primary	objective	of	this	study	is	to	evaluate	how	varying	

voltage	ranges	influence	the	memory	window	and	charge	density	of	the	devices.	The	C-V	curves,	

normalised	 to	 the	 maximum	 capacitance	 (C/Cmax),	 illustrate	 the	 device	 response	 under	 the	

different	voltage	sweep	conditions.	As	the	sweep	range	increases	from	±10	V	to	±40	V,	distinct	

shifts	 in	 the	C-V	curves	are	observed,	reflecting	changes	 in	 the	ΔVFB	and	the	associated	charge	

storage	properties.	

Table	7-4	summarises	the	memory	window	parameters	derived	from	these	C-V	sweeps	in	Figure	

7-6.	For	the	±10	V	sweep	range,	the	memory	window	is	6.20	V,	with	a	ΔC	of	0.128	nF	and	a	charge	

density	(Qf)	of	2.58 × 10))	𝑐𝑚+5,	calculated	using	eq.	(7-7).	When	the	sweep	range	is	increased	to	

±20	 V,	 the	 memory	 window	 expands	 to	 7.50	 V,	 ΔC	 rises	 to	 0.141	 nF,	 and	 Qf	 increases	 to	

3.69 × 10))	𝑐𝑚+5,	indicating	a	higher	charge	storage	capacity.	Interestingly,	at	the	highest	sweep	

range	of	±40	V,	the	memory	window	reverts	to	6.15	V,	with	ΔC	slightly	decreasing	to	0.123	nF	and	

Qf	stabilising	at	2.64 × 10))	𝑐𝑚+5.	The	results	show	that	the	memory	window	increases	initially	

with	the	applied	voltage	sweep,	reaching	a	peak	at	±20	V,	and	then	decreases	back	towards	the	

initial	value	at	the	higher	voltage	sweep	of	±40	V.	This	suggests	that	while	a	moderate	increase	in	

the	voltage	sweep	enhances	charge	trapping	and	storage	capacity.	Further	increase	may	lead	to	

charge	leakage	over	the	thin	PMMA	layer	or	variation	of	the	thickness	of	PMMA	stack	thickness	

over	the	device	[227].		

The	 positive	 shift	 in	 the	 𝑉(a	 for	 the	 voltage	 sweep	 from	 40	 V	 to	 -40	 V	 is	 attributed	 to	 the	

breakdown	in	the	PMMA	dielectric	strength,	resulting	in	a	leakage	current	and	electrons	transfer	

through	the	PMMA	film	to	the	floating	gate.	Typical	values	for	PMMA	dielectric	strengths	are	4.4	

MV/cm	and	thickness	dependent.	Hence,	for	a	60	nm	thick	PMMA	layer,	the	breakdown	voltage	is	

very	close	to	26	V	[230].	However,	it	has	also	been	noted	that	the	dielectric	strength	of	the	PMMA	
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is	 examined	 as	 3.2	MV/cm	 on	MIS	 devices	 due	 to	 the	 influence	 of	 the	 impurities	 and	 surface	

charges	or	the	interface	states	in	the	Si	substrate	[231].	

The	PMMA	 insulator	 layer	plays	a	 crucial	 role	 in	maintaining	 the	 stability	of	memory	devices.	

Revised	C-V	analysis,	conducted	on	a	device	with	an	increased	nanowire	concentration	of	1.00	

wt.%,	shows	significant	findings.	Despite	the	higher	concentration,	the	first	ten	cycles	matched	

earlier	tests	at	0.50	wt.%,	displaying	a	gradual	increase	in	the	memory	window	and	a	decrease	in	

peak	 capacitance	 with	 each	 cycle.	 Interestingly,	 the	 last	 two	 cycles	 demonstrated	 notable	

stabilisation,	maintaining	consistent	performance.	This	observed	trend	highlights	the	important	

relationship	between	nanowire	concentration	and	capacitance	behaviour,	offering	a	pathway	for	

optimising	charge	storage	in	these	devices.		

	

Figure	7-7:	 The	 initial	 10	 cycles	 of	 C-V	 characteristics	 of	 the	DNW,1.0	MIS	device	 showing	
unstable	memory	window	behaviour	due	to	unreliable	PMMA	layer	formation.		

	

Figure	7-7	depicts	 the	C-V	characteristics	of	 the	DNW,1.0	MIS	device,	which	exhibits	an	unstable	

memory	window	due	to	unreliable	PMMA	layer	 formation,	 leading	 to	 leakage	current	and	soft	

breakdown.	Table	7-5	summarises	the	changes	in	ΔVFB,	ΔC,	and	stored	charge	density	(ρ)	across	

the	initial	ten	cycles.	Initially,	the	memory	window	(ΔVFB)	increases	from	4.35	V	in	the	first	cycle	

to	7.4	V	by	the	tenth	cycle,	suggesting	a	growing	instability	 in	the	device,	as	seen	in	Table	7-5.	

Simultaneously,	 the	 peak	 capacitance	 (ΔC)	 decreases	 from	 0.242	 nF	 to	 0.149	 nF,	 indicating	 a	

reduction	 in	 the	 effective	 capacitance	 of	 the	 device.	 This	 reduction	 can	 be	 attributed	 to	 the	

formation	of	 leakage	paths	within	the	PMMA	layer,	which	compromises	 the	device's	 insulating	
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properties	and	results	in	unreliable	memory	behaviour	[130,	222].	This	leakage	may	result	from	

a	poor	encapsulation	of	ZnO	nanowires	in	the	devices	produced,	as	reported	elsewhere[71].	The	

charge	 density	 (ρ)	 also	 shows	 variations,	 i.e.,	 initially	 increasing	 from	 3.68 × 10))𝑐𝑚+5	 to	

4.61 × 10))𝑐𝑚+5,	before	stabilising	around	3.85 × 10))𝑐𝑚+5 	in	the	later	cycles.		

This	instability	highlights	the	critical	need	to	optimize	the	formation	of	the	PMMA	layer	to	prevent	

leakage	currents	and	ensure	consistent	memory	performance.	The	observed	data	underscore	the	

delicate	 balance	 required	 in	 the	 device's	 design	 to	 maintain	 stable	 capacitive	 properties	 and	

reliable	memory	behaviour	over	multiple	cycles.	This	issue	may	stem	from	fabrication	errors	or	

potential	damage	to	the	PMMA	layer	by	the	load	cell	during	C-V	testing.	To	address	this,	another	

device	 was	 produced	 to	 facilitate	 a	 better	 comparison	 and	 observe	 the	 effect	 of	 nanowire	

concentration	on	charge	storage,	which	will	be	presented	in	the	following	section.	

Table	7-5:		 Summary	of	changes	 in	 flat-band	voltage	(ΔVFB),	capacitance	(ΔC),	and	charge	
density	(ρ)	across	ten	cycles	for	DNW,1.0	MIS	device.	

Cycle	 Memory	Window		
Δ𝑉(a(𝑉)	

∆𝐶	(nF)	 𝜌	(× 10))𝑐𝑚+5)	

1	 4.35	 0.242	 3.68	

2	 5.8	 0.222	 4.50	

3	 6.5	 0.203	 4.61	

4	 6.7	 0.185	 4.33	

5	 6.8	 0.176	 4.18	

6	 7.1	 0.17	 4.22	

7	 7.25	 0.163	 4.13	

8	 7.4	 0.157	 4.06	

9	 7.4	 0.149	 3.85	

10	 7.4	 0.149	 3.85	

	

This	evaluation	highlights	the	relationship	between	memory	window	expansion	and	the	reduction	

of	differential	capacitance	and	how	these	factors	together	affect	the	charge	storage	efficiency	of	

the	device	over	multiple	C-V	cycles.	The	results	show	a	complex	balance	between	increasing	the	

memory	window	size	and	managing	capacitance	changes	to	optimise	charge	storage	capabilities.	

Figure	7-8	illustrates	the	relationship	by	comparing	the	memory	window	of	the	base	MOS	device	

with	ZnO-embedded	MIS	devices	at	varying	nanowire	concentrations.	This	comparison	highlights	

the	significant	influence	of	nanowire	concentration	on	device	performance,	emphasizing	its	role	

in	 optimizing	 charge	 storage	 efficiency.	 The	 results	 demonstrate	 how	 adjusting	 nanowire	

concentration	 can	 improve	 the	 device's	 memory	 capabilities,	 leading	 to	 enhanced	 overall	

performance.	
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Figure	7-8:	 C-V	characteristics	normalized	 to	maximum	capacitance	 (C/Cmax)	 for	various	
devices:	MOS,	MIS	with	PMMA,	and	MIS	with	different	concentrations	of	ZnO	
nanowires	(DNW,0.25,	DNW,0.5	and	DNW,1.0).	

	

Figure	7-8	illustrates	the	C-V	characteristics	normalised	to	maximum	capacitance	(C/Cmax)	for	all	

the	devices	presented	in	this	section.	The	base	MOS	device	shows	a	distinct	C-V	curve	compared	

to	the	MIS	devices,	highlighting	the	impact	of	the	PMMA	insulator	and	ZnO	nanowire	embedding.	

As	 the	concentration	of	ZnO	nanowires	 increases,	 the	C-V	curves	display	 increased	hysteresis,	

indicating	 a	 broader	 memory	 window.	 Specifically,	 the	 MIS	 devices	 with	 higher	 ZnO	

concentrations	exhibit	more	pronounced	hysteresis	loops,	signifying	enhanced	charge	trapping	

and	storage	capabilities.	This	increased	hysteresis	with	higher	nanowire	intake	underscores	the	

influence	of	nanowire	density	on	the	capacitive	performance	and	memory	window	stability	of	the	

MIS	devices,	demonstrating	the	complex	interplay	between	nanowire	concentration	and	device	

reliability.	

	

DR
DB
DNW,0.25
DRNW0.5
DRNW,1.0
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Table	7-6:	 Performance	overview	of	non-volatile	memory	devices	used	in	this	Chapter.	

Samples	 Memory	Window		
Δ𝑉(a(𝑉)	

∆𝐶	(nF)	 𝜌	(× 10))𝑐𝑚+5)	

DR	 0.90	 2.393	 4,23	

DB	 0.45	 0.222	 0.52	

DNW,0.25	 1.90	 0.712	 4.73	

DNW,0.5	 6.15	 0.128	 2.57	

DNW,1.0	 7.80	 0.188	 5.12	

	

For	the	reference	MOS	device,	the	memory	window	is	0.90	V	with	a	high	capacitance	change	of	

2.393	nF	and	a	charge	density	of	4.23× 10))𝑐𝑚+5.	 Introducing	PMMA	without	ZnO	results	in	a	

reduced	memory	 window	 of	 0.45	 V,	 indicating	 a	 decrease	 in	 charge	 trapping	 capabilities,	 as	

evidenced	by	the	lower	capacitance	change	of	0.222	nF	and	charge	density	of	0.52× 10))𝑐𝑚+5 	[45,	

71].	

When	ZnO	nanowires	are	embedded	between	TO	and	BO	layers,	the	memory	window	and	charge	

density	notably	 increase.	This	 improvement	 is	 due	 to	 the	unique	 electronic	properties	of	 ZnO	

nanowires,	 which	 contribute	 to	 enhanced	 charge	 storage	 and	 retention	 capabilities	 [43].	

Specifically,	 for	 the	 MIS	 device	 incorporating	 0.25	 wt.%	 ZnO,	 the	 memory	 window	 expands	

significantly	to	3.20	V,	accompanied	by	a	capacitance	change	of	0.712	nF.	This	suggests	that	even	

a	minor	addition	of	ZnO	can	substantially	enhance	the	device's	performance.	Moreover,	as	 the	

concentration	of	ZnO	nanowires	is	doubled	to	0.50	wt.%,	the	memory	window	further	escalates	

to	6.15	V.	However,	this	increase	in	the	memory	window	is	coupled	with	a	notable	reduction	in	

capacitance	change,	dropping	to	0.128	nF.	This	inverse	relationship	between	the	memory	window	

and	 capacitance	 change	 highlights	 the	 complex	 interplay	 of	 factors	 in	 optimising	 the	 device's	

performance.	The	findings	indicate	that	while	higher	ZnO	content	boosts	the	memory	window,	it	

simultaneously	challenges	maintaining	capacitance	stability,	necessitating	a	balanced	approach	

in	design	and	material	composition	for	optimal	device	functionality.	

	

L.9 Summary	

In	summary,	the	ZnO	nanowire	networks	drop-casted	between	TO	and	BO	layers	demonstrate	a	

significantly	 larger	 memory	 window	 than	 the	 spin-coated	 and	 dip-coated	 ZnO	 nanoparticles	

between	Al2O3	high	dielectric	constant	TO	and	BO	layers.	Additionally,	the	devices	exhibit	similar	
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performance	to	ZnO	nano-islands	deposited	by	the	ALD	layer,	which	is	the	most	sophisticated	and	

expensive	technique.	The	calculation	of	their	memory	window	is	based	on	monitoring	Vt	values	at	

the	midpoint	of	the	forward	and	reverse	voltage	sweeps.	Utilising	this	method,	our	values	exceed	

those	previously	reported.	Our	 findings	confidently	 indicate	 that	 the	ZnO	nanowire-based	MIS	

devices	have	a	substantially	higher	memory	window	than	those	documented	in	earlier	studies.	

Furthermore,	these	ZnO-based	MIS	devices	show	a	sharper	accumulation	regime,	indicating	faster	

charge	mobility	when	they	are	heat	treated.	Consequently,	it	is	concluded	that	ZnO	nanowires-

based	MIS	devices	present	superior	non-volatile	MIS	performance.	
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Chapter	= 	

	

MULTI	FUNCTIONALITY	OF	THE	MIS	DEVICES	UNDER	

PRESSURE	

	

Y." 	General	Overview	

In	this	chapter,	we	explore	the	multifunctionality	of	the	ZnO	nanowire-embedded	MIS	device	by	

first	demonstrating	its	performance	as	a	capacitive	pressure	sensor,	and	then	evaluating	its	other	

functionalities—UV	 photodetection	 and	 non-volatile	 memory—under	 applied	 pressure.	 In	

Sections	6.5	and	7.2,	we	have	already	demonstrated	that	the	ZnO-NW-based	MIS	device,	where	

the	ZnO	nanowire	network	is	embedded	between	SiO2	and	PMMA	layers	on	a	silicon	substrate,	

can	operate	as	both	a	UV	photodetector	and	a	non-volatile	memory	device.	 In	this	chapter,	we	

expand	 on	 those	 results	 by	 applying	 semi-automated	 pressure	 loading	 to	 the	 same	 device	

configuration.	The	objective	is	to	confirm	that	the	device	can	also	function	effectively	as	a	pressure	

sensor,	proposing	its	potential	as	a	truly	multifunctional	system.	The	ability	to	perform	multiple	

tasks—pressure	sensing,	UV	detection,	and	non-volatile	memory	storage—within	a	single	device	

platform	 represents	 a	 significant	 advancement	 in	 the	 field	 of	 multifunctional	 electronics	 and	

paves	the	way	for	versatile,	scalable,	and	low-cost	device	applications.	

	

Y.. Capacitor	Pressure	Sensors	

MIS	pressure	 sensors	have	a	wide	 range	of	applications	across	 the	human-computer	 interface	

(HCI)	[52],	electronic	skins	[81,	232-234],	and	aerospace	industries,	particularly	for	their	ability	

to	detect	touch.	These	applications	often	require	high	sensitivity	 in	 low-pressure	ranges,	up	to	

about	1	MPa		[234].	Two-dimensional	pressure	profiling	is	useful	in	determining	contact	area	and	

inferring	stress	concentrations	at	the	contact	interface.	Table	8-1	lists	common	applications	for	

flexible	pressure	sensing	arrays	and	their	corresponding	pressure	ranges.	
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Table	8-1:	 Pressure	range	of	capacitive	pressure	sensor	usage	(taken	from	[53]).	

Application	 Pressure	

Vascular	pulse	(75-150	mmHg)	 10-20	kPa	

Human	 fingertip	 texture,	 shape	
sensing	 10-40	kPa	

Hand	grip		 0-100	kPa	

Fingerprint	sensor	 1-2	kPa	

In-shoe	pressures		 1-2	kPa	

Tactile	robotics	 10-100	kPa	+	

	

Earlier	reports	have	used	various	types	of	pressure	sensors,	such	as	piezoelectric,	resistive,	and	

capacitive.	Among	these,	capacitive	pressure	sensors	are	favoured	due	to	their	straightforward	

fabrication,	cost-effectiveness,	high	sensitivity,	and	exceptional	environmental	stability	[81,	232].	

With	advantages	like	long-term	drift	stability	and	low	power	consumption,	capacitive	pressure	

sensors	find	numerous	applications	[235].	Typically,	a	capacitive	pressure	sensor	consists	of	two	

parallel	plate	electrodes	separated	by	a	dielectric	interlayer.	The	sensor's	capacitance,	C,	depends	

on	the	dielectric	permittivity,	εr,	of	the	interlayer	material,	the	effective	electrode	area,	A,	and	the	

distance	between	the	two	electrodes,	d,	with	ε0	representing	the	vacuum	permittivity.	

 
[.#.! Principle	of	Capacitor	Pressure	Sensor	

If	 the	 area	 (A)	 of	 the	Al	 gate	 electrode	 is	much	 larger	 than	 the	 thickness	 of	 the	 insulator,	 the	

capacitance	 of	 a	 parallel	 plate	 capacitor	 can	 be	 calculated	 using	 eq.	 (7-3).	When	 the	material	

experiences	strain	perpendicular	to	the	capacitive	plates,	the	change	in	the	distance	between	the	

plates	 leads	 to	 a	 change	 in	 capacitance.	 This	 strain	 can	 be	 estimated	 by	 differentiating	 the	

capacitance	 using	 eq.(8-1)	 and	 solving	 for	 the	 strain	 using	 eq.	 (8-2).	 A	 positive	 change	 in	

capacitance,	 indicating	 that	 the	 plates	 move	 closer	 together,	 corresponds	 to	 a	 negative	

(compressive)	strain	[53].	

𝑑𝐶
𝑑𝑑b;

=
𝜀4𝜀L𝐴
𝑑b;5

	 (8-1)	

𝑠𝑡𝑟𝑎𝑖𝑛 ≈ −
∆𝐶𝑑b;
𝜀4𝜀L𝐴

	 (8-2)	

	

Because	all	the	factors	in	eq.	(8-2)	is	a	constant	and	material	and	structure-dependent;	the	change	

in	the	capacitance	is	directly	proportional	to	the	applied	strains	to	the	MIS	devices.	Therefore,	the	
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change	 in	 the	capacitors	 is	directly	related	to	 the	pressure	on	the	parallel	plate	capacitor.	The	

sensitivity	(S)	of	the	devices	is	calculated	using	eq.	(8-3)	[236].	

𝑆	 ≈
∆𝐶
𝐶Q
× 100	 (8-3)	

	

The	sensor	detects	the	strain	perpendicular	to	its	surface	but	is	also	affected	by	the	Poisson	ratios	

of	materials.	To	minimise	the	impact	of	shear	and	in-plane	stresses,	one	plate	is	made	larger	than	

the	other.	This	design	makes	the	sensor	selectively	sensitive	to	loading	and	allows	it	to	be	placed	

close	 to	 a	 contact	 surface.	 The	 sensor	 is	 "solid	 state"	 and	 has	 no	moving	 parts.	 The	 choice	 of	

dielectric	medium	controls	pressure	ranges	and	output	capacitance.	Stiffer	dielectrics	allow	for	

higher	 pressure	 operating	 ranges,	 while	 softer	 dielectrics	 offer	 a	 better	 resolution	 for	 lower	

pressure	ranges.	The	dielectric	constant	of	the	material	determines	the	nominal	capacitance	and	

influences	the	change	in	capacitance	under	a	given	load,	making	materials	with	higher	dielectric	

constants	more	desirable	[53].	

	

[.#.# Testing	of	Pressure	Sensitivity	

Figure	8-1(a-c)	shows	the	change	in	capacitance	Ñ∆𝐶 𝐶4É Ò × 100	(S	in	%	eq.	(8-3)	versus	applied	

15	sec	periodic	8	kPa	pressure	on	the	various	ZnO	nanowire	ratio	MIS	devices,	where	C0	 is	the	

capacitance	without	applied	pressure	and	∆C	is	the	change	in	the	capacitance	with	applied	gradual	

pressure.	Each	step	of	applied	pressure	 is	approximately	8	Pa	 for	each	0.5	sec	reading	step	as	

described	in	Section	2.2.	The	test-rig	is	highly	precise	and	applicable	to	the	minimum	detectable	

pressures	used	in	complicated	designs:	5	Pa	[237]	and	9	Pa	[237].	Thus,	the	tests	were	conducted	

using	a	capacitance	reading	under	5	V	at	a	frequency	of	500	kHz,	with	readings	taken	every	0.25	

seconds.	Each	pressure	cycle	 involved	applying	pressure	 for	15	seconds,	releasing	 it,	and	then	

waiting	15	seconds	before	starting	the	next	cycle.	The	detailed	cycle	of	pressure	application	 is	

presented	in	Section	2.2.	
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Figure	8-1:	 Capacitive	9.6	kPa	pressure	sensing	results	for	MIS	devices	with	varying	ZnO	
nanowire	concentrations	in	the	insulator	layer:	(a)	DNW,0.25,	(b)	DNW,0.5,	and	(c)	
DNW,1.0.	Tests	were	conducted	using	a	C-V	500	kHz,	with	readings	taken	every	
0.5	seconds.	Each	pressure	cycle	consisted	of	applying	pressure	for	15	seconds,	
releasing	it,	and	waiting	15	seconds	before	the	next	cycle.	

 
Figure	8-1	reveals	diverse	pressure	sensitivities	for	different	concentrations	of	ZnO	nanowires.	

The	capacitance	changes	for	the	0.25	wt.%	sample	are	modest	but	display	a	periodic	response	to	

the	applied	pressure	cycles,	with	some	drift	over	the	initial	cycles.	The	0.50	wt.%	sample	has	more	

noticeable	capacitance	changes,	indicating	greater	sensitivity	to	pressure.	This	sample	also	shows	

a	more	consistent	periodic	pattern,	suggesting	better	stability	under	cyclic	loading.	The	1.00	wt.%	

sample	demonstrates	the	most	significant	capacitance	changes,	reflecting	the	highest	sensitivity	

among	the	three	concentrations.	

 
Table	8-2:		 Pressure	Sensitivity	(S)	(by	eq.	(8-3)	for	MIS	devices	with	different	concentrations	

of	 ZnO	 nanowires	 during	 the	 initial,	 mid,	 and	 last	 cycles	 of	 9.6	 kPa	 pressure	
loading.	

Samples	 Initial	Cycles	 Mid-Cycles	 Last	Cycles	

DNW.0.25	 6.18	 9.61	 9.260.093	

DNW.0.5	 4.93	 8.06	 9.24±0.096	

DNW.1.0	 16.15	 16.02	 16.02±0.023	
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Table	8-2	presents	the	pressure	sensitivity	for	various	ZnO	nanowire	concentrations,	as	shown	in	

Figure	8-1,	during	the	initial,	mid,	and	final	cycles	of	pressure	sensing.	For	the	DNW,0.25	sample,	the	

sensitivity	 starts	 at	 6.18	 in	 the	 initial	 cycle,	 increases	 to	 9.61	 in	 the	 mid-cycle,	 and	 slightly	

decreases	to	9.26	in	the	final	cycle.	This	suggests	an	overall	improvement	in	sensitivity	over	time,	

with	some	stabilisation	during	the	later	cycles.	For	the	DNW,0.5	sample,	the	sensitivity	is	4.93	in	the	

initial	cycle	and	increases	consistently	to	8.06	in	the	mid-cycle	and	9.24	in	the	final	cycle.	This	

indicates	 a	 consistent	 enhancement	 in	 sensitivity	 and	 stability	 as	 the	 device	 undergoes	more	

pressure	cycles.	

The	DNW.1.0	sample	starts	at	a	sensitivity	value	of	16.15	in	the	initial	cycle,	which	changes	slightly	

to	16.02	 in	both	 the	mid	and	 final	 cycles.	This	 indicates	 that	 the	highest	concentration	of	ZnO	

nanowires	 provides	 the	 most	 significant	 and	 stable	 strain	 response	 to	 pressure.	 These	

observations	 suggest	 that	 increasing	 the	 ZnO	 nanowire	 concentration	 enhances	 the	 pressure	

sensitivity	of	MIS	devices.	However,	the	device	adjusts	to	the	applied	pressure	cycles	during	an	

initial	stabilisation.	Higher	concentrations	of	ZnO	nanowires	improve	charge	trapping	and	release	

mechanisms,	 leading	 to	 greater	 sensitivity	 and	 a	 more	 pronounced	 capacitive	 response	 to	

pressure	changes.	This	enhanced	sensitivity	can	be	attributed	to	the	increased	number	of	charge-

trapping	sites	provided	by	the	greater	density	of	ZnO	nanowires	within	the	insulator	layer.	

Research	has	demonstrated,	 through	both	numerical	 simulations	 [238]	 and	experiments	 [233,	

238-240],	 that	 the	 integration	 of	 randomly	 oriented	 ZnO	 nanowires	 significantly	 improves	

capacitive	 pressure	 sensing.	 This	 effect	 is	 particularly	 pronounced	 when	 the	 nanowires	 are	

positioned	 near	 the	 gate	 electrode,	 attributable	 to	 their	 piezoelectric	 characteristics.	 Upon	

exerting	pressure,	the	ZnO	nanowires	undergo	longitudinal	stress,	resulting	in	the	polarisation	of	

the	internal	ions	and	the	creation	of	a	piezoelectric	potential.	This	potential	is	generated	by	the	

relative	displacement	of	Zn²⁺	and	O²⁻	 ions	within	the	crystal	 lattice	of	ZnO.	The	 induced	polar	

charges	persist	until	the	removal	of	the	applied	stress.	Numerical	analyses	have	indicated	that	the	

capacitive	 sensing	 efficiency	 of	 horizontally	 aligned	 ZnO	 nanowires	 is	 double	 that	 of	 their	

vertically	aligned	counterparts	[238].	

The	previous	report	on	a	ZnO	nanowire/PMMA	composite	between	two	parallel	plate	electrodes	

showed	approximately	0.975	cm2/Pa	and	0.258	cm2/Pa		between	the	0	to	300	Pa	range	[240].	The	

findings	 demonstrate	 that	 the	 device	 exhibits	 greater	 sensitivity	within	 a	 low-pressure	 range	

(<300	Pa).	The	MIS	capacitor	containing	1.00	wt.%	ZnO	nanowires	achieve	a	sensitivity	of	0.198	

cm²/Pa	across	the	400	Pa	to	8	kPa	range.	Although	this	value	is	slightly	lower	than	previously	

reported[240],	it	remains	comparable	due	to	the	broad	pressure	scale	considered.	
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Figure	 8-2:	 Capacitive	 response	 of	 DNW.0.5	 MIS	 devices	 under	 three	 different	 applied	
pressures:	 2.4	 kPa,	 4.8	 kPa,	 and	 7.2	 kPa.	 The	 tests	were	 conducted	with	 a	
Capacitive	 test	 frequency	 of	 500	 kHz,	 and	 readings	were	 taken	 every	 0.25	
seconds.	

	

Figure	8-2	illustrates	the	capacitive	response	of	DNW,0.5	ZnO	embedded	MIS	devices	under	three	

different	applied	pressures:	2.4	kPa,	4.8	kPa,	and	7.2	kPa.	The	tests	were	conducted	under	the	

same	conditions	as	previous	experiments,	with	a	C-V	test	frequency	of	500	kHz	and	readings	taken	

every	0.5	seconds.	Each	pressure	cycle	involved	applying	pressure	for	15	seconds,	releasing	it,	

and	then	waiting	15	seconds	before	the	next	cycle.	

The	results	indicate	that	the	device	exhibits	sensitivity	across	different	pressure	ranges,	showing	

unique	 capacitive	 responses	 at	 each	 level.	 Specifically,	 at	 2.4	 kPa,	 the	 capacitance	 variation	

(ΔC/Cox)	is	minimal	yet	displays	a	noticeable	periodic	response	to	the	pressure	cycles.	At	4.8	kPa,	

the	device	demonstrates	a	greater	capacitance	shift,	suggesting	enhanced	sensitivity	and	a	more	

significant	 reaction	 to	 the	applied	pressure.	The	highest	capacitance	changes	occur	at	7.2	kPa,	

presenting	a	consistent	periodic	pattern,	thereby	proving	the	device's	effectiveness	in	responding	

to	 elevated	 pressure	 levels.	 This	 evidence	 suggests	 that	 the	 MIS	 device	 offers	 substantial	

sensitivity	over	a	broad	pressure	 spectrum	(dynamic	 range),	with	an	explicit	 and	quantifiable	

response	that	amplifies	with	increasing	pressure.	Such	characteristics	render	the	device	ideal	for	

applications	necessitating	the	detection	of	variable	pressures,	highlighting	its	potential	for	high-

resolution	pressure	sensing	[52,	238].			
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Y.9 Multifunctional	Device	Testing	

In	 an	 innovative	 approach	 to	 the	multifunctional	 device	 concept,	multiple	 functions	 are	 being	

executed	 simultaneously.	 While	 numerous	 studies	 have	 proven	 various	 applications	 of	 ZnO	

nanowires	and	their	diverse	applications,	these	functionalities	have	typically	been	examined	in	

isolation	rather	than	concurrently.		

Previously,	we	highlighted	the	remarkable	sensitivity	of	MIS	devices	to	UV	light,	emphasising	their	

potential	 in	 UV	 photodetection.	 Building	 on	 that,	 this	 chapter	 further	 establishes	 that	 these	

devices	exhibit	non-volatile	memory	capabilities	and	responsive	pressure	sensing	across	various	

loads.	These	functionalities	highlight	the	versatility	of	MIS	devices,	positioning	them	as	potential	

all-in-one	solutions.	In	this	section,	we	will	explore	the	individual	capability	while	concurrently	

exposing	the	devices	to	multiple	stimuli	to	assess	their	true	multifunctional	potential.	

	 	

Figure	8-3:	 (a)	The	MIS	capacitor	formation	of	DNW,025,	DNW,0.5,	and	DNW,1.0,	(b)	cross-section	
of	ZnO	nanowire	embedded	the	MIS	capacitors.	

	

The	UV	PD	and	memory	functionalities	of	the	MIS	capacitors	(DNW,025,	DNW,0.5,	and	DNW,1.0)	will	be	

tested	under	certain	amount	of	force	applied	on	the	one	of	the	tops	Al	electrodes	illustrated	in	

Figure	8-3(a).	Varied	ratios	of	ZnO	nanowires	(DNW,0.25,	DNW,0.5	and	DNW,1.0)	are	embedded	between	

two	insulating	layers,	as	illustrated	in	Figure	8-3(b).	These	varying	nanowire	concentrations	aim	

to	 demonstrate	 how	 each	 functionality	 responds	 under	 applied	 pressure.	 In	 the	 following	

sections,	 the	non-volatile	memory	performance	 of	 the	MIS	 capacitors	will	 be	 evaluated	under	

three	different	pressure	ranges.	Afterward,	we	will	test	the	pressure	sensitivity	of	the	capacitors	

under	UV	on/off	conditions,	followed	by	an	examination	of	UV	PD	performance	during	pressure	

loading	and	unloading	cycles.	This	will	demonstrate	how	each	capacitor	is	individually	sensitive	

to	memory	and	UV	detection	under	different	conditions.	
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[.D.! Non-volatile	Memory	Under	Loading	

This	 section	 aims	 to	 demonstrate	 that	 the	 memory	 functionality	 of	 the	 MIS	 devices	 remains	

reliable	even	when	subjected	to	various	applied	pressures	in	parallel.	To	illustrate	the	versatility	

of	 our	 device	 prototype,	 we	 have	 chosen	 a	 composition	 of	 DNW,1.0	 for	 this	 section,	 as	 it	

demonstrated	superior	performance.	By	evaluating	the	devices'	memory	window	stability	under	

mechanical	stress,	we	can	confirm	their	potential	for	multifunctional	applications,	where	they	can	

serve	as	both	tactile	pressure	sensors	and	memory	devices	within	electronic	circuits.	

The	 test	 conditions	 involved	 applying	 specific	 amounts	 of	 pressure	 to	 the	 gate	 electrode	 and	

conducting	 ten	double-sweep	C-V	measurements	at	100	kHz	 to	ensure	device	stabilisation	 for	

each	specific	pressure	loading	by	the	test	rig.	The	final	figure	presents	data	from	the	last	cycle	of	

these	 ten	 cycles.	 The	 VFB	 was	 determined	 using	 the	 1/C²	 method.	 All	 testing	 setups	 and	

measurement	techniques	are	detailed	in	Chapter	3,	providing	a	comprehensive	overview	of	the	

experimental	procedures.	

	

Figure	8-4:	C-V	characteristics	normalised	to	maximum	capacitance	(C/Cox)	for	DNW.1.0	MIS	
devices	under	different	applied	pressures:	0.4	kPa	(Base),	2.4	kPa,	4.8	kPa,	7.2	
kPa,	9.6	kPa,	and	0.4	kPa	(Unload).	

	

Figure	8-4	shows	the	normalised	C-V	curves	for	the	MIS	devices	under	different	pressures:	400	

Pa	 (Base),	 2.4	 kPa,	 4.8	 kPa,	 7.2	 kPa,	 9.6	 kPa,	 and	 400	 Pa	 (Unload).	 As	 the	 applied	 pressure	

increases,	the	C-V	curves	shift,	reflecting	changes	in	the	memory	window.	Despite	these	shifts,	the	
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device	 consistently	 exhibits	 a	 distinct	 and	 measurable	 memory	 window,	 underscoring	 its	

reliability	 in	 memory	 storage	 even	 under	 mechanical	 stress.	 The	 Δ𝑉(a	 is	 enlarging	 with	 the	

magnitude	of	the	pressure	applied.	However,	the	increment	in	the	Δ𝑉(a	may	not	only	be	linked	

with	the	magnitude	of	the	pressure.	

Table	 8-3	 quantifies	 these	 observations,	 detailing	 the	 memory	 window	 (ΔVFB),	 differential	

capacitance	(ΔC),	and	charge	density	(ρ)	for	each	pressure	condition.	At	a	base	pressure	of	100	

Pa,	the	device	has	a	memory	window	of	9.75	V,	a	capacitance	changes	of	31.57	pF,	and	a	charge	

density	of		1.09 × 10))𝑐𝑚+5.	As	pressure	increases	to	9.6	kPa,	the	memory	window	expands	to	

16.55	V,	with	corresponding	increases	in	capacitance	change	and	charge	density.	Notably,	when	

the	pressure	is	reduced	to	400	Pa	(Unload),	the	memory	window	remains	substantial	at	13.35	V,	

demonstrating	the	device's	resilience	and	stable	performance.	

Figure	8-4	and	accompanying	Table	8-3	present	the	memory	window	characteristics	of	1.00	wt.%	

ZnO	nanowire	embedded	MIS	devices	subjected	to	various	pressures.	The	primary	objective	is	to	

demonstrate	that	the	device	retains	a	stable	and	reliable	memory	window	even	when	pressure	is	

applied,	thereby	confirming	its	dual	functionality	as	both	a	tactile	pressure	sensor	and	a	memory	

device.	

	

Table	8-3:		 Summary	of	the	memory	window	(ΔVFB),	differential	capacitance	(ΔC),	and	charge	
density	(ρ)	for	DNW.1.0	MIS	devices	under	different	applied	pressures.	

Loading	 Memory	Window		
Δ𝑉(a(𝑉)	

∆𝐶	(pF)	 𝜌	(× 10))𝑐𝑚+5)	

400	Pa	(Base)	 9.75	 31.57	 1.09	

2.4	kPa	 11.90	 46.03	 1.91	

4.8	kPa	 15.30	 47.95	 2.57	

7.2	kPa	 16.25	 50.05	 2.84	

9.6	kPa	 16.55	 51.03	 2.95	

400	Pa	(Unload)	 13.35	 43.71	 2.05	

	

Each	cycle	of	the	run	can	also	attribute	the	larger	window,	as	discussed	in	Chapter	7,	because	the	

repeated	C-V	test	cycles	have	run	under	each	step	of	gradually	increased	pressure	loading	listed	

in	 Table	 8-3,.	 Therefore,	 the	 increment	 in	 the	 Δ𝑉(a	 from	 9.75	 V	 to	 16.55	 V	 because	 of	 the	

consequence	of	repeated	C-V	tests	and	pressure	may	be	the	result	of	both	repeated	C-V	tests	and	

applied	pressure	altogether.	Because	the	sharp	decrease	in	the	Δ𝑉(a	from	16.55	V	to	13.35	V	after	
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unloading	from	9.6	kPa	to	400	Pa	of	the	MIS	device	is	clear	evidence	that	the	unloading	pressure	

direct	link	for	a	sharp	decrease	in	Δ𝑉(a	shifts.	

These	 results	 highlight	 the	 robustness	 of	 the	 ZnO	 nanowire-embedded	 MIS	 devices,	 which	

maintain	functional	integrity	as	memory	devices	while	also	acting	as	sensitive	pressure	sensors.	

This	dual	functionality	makes	them	highly	suitable	for	applications	in	advanced	electronic	circuits	

where	 both	memory	 storage	 and	 pressure	 sensing	 are	 required.	 The	 consistent	 performance	

under	varying	pressures	confirms	the	potential	of	these	devices	for	multifunctional	use,	offering	

a	reliable	solution	for	integrating	tactile	sensing	and	memory	capabilities	in	a	single	electronic	

node.	

	

[.D.# Pressure/Tactile	Testing	Under	UV	On/Off	

The	objective	of	 this	section	 is	 to	demonstrate	 the	detection	of	pressure	sensitivity	 in	 the	MIS	

devices	when	exposed	to	periodic	UV	light.	In	order	to	enhance	the	multifunctional	capability	of	

the	MIS	devices	to	detect	both	pressure	and	UV	exposure,	the	pressure	sensitivity	of	the	devices	

will	be	tested	under	periodic	UV	exposure.	Thus,	the	goal	is	to	differentiate	pressure	signals	under	

UV	exposure.	

Figure	8-5	 (a-c)	demonstrates	 the	behaviour	of	MIS	 capacitors,	 each	embedded	with	different	

concentrations	of	ZnO	nanowires	(DNW,0.25,	DNW,0.5	and	DNW,1.0)	when	subjected	to	9.6	kPa	pressure	

and	alternating	600-second	cycles	of	UV	light	and	darkness.	The	experimental	setup	consistently	

applied	 9.6	 kPa	 pressure	with	 a	 15-second	 load-unload	 cycle	 frequency	 and	 alternating	 600-

second	periods	of	UV	exposure	and	darkness.	Capacitance	was	continuously	recorded	to	analyze	

the	devices'	dynamic	response	to	the	combined	stimuli,	thereby	evaluating	their	multifunctional	

capabilities.	
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Figure	8-5:	 Capacitance	 response	 of	 MIS	 capacitors	 embedded	 with	 different	
concentrations	 of	 ZnO	 nanowires	 under	 combined	 9.6	 kPa	 pressure	 and	
alternating	 UV	 light	 exposure.	 (a)	 DNW.0.25,	 (b)	 DNW.0.5,	 and	 (c)	 DNW.1.0.	 The	
devices	were	subjected	to	600-second	UV	on/off	cycles	of,	with	30-second	~8	
kPa	loading/	unloading	intervals.	

	

In	Figure	8-5(a)	for	the	DNW,0.25	MIS	capacitor,	the	capacitance	fluctuates	between	approximately	

0.041	 nF	 and	 0.045	 nF	 as	 a	 result	 of	 applied	 combination	 of	 UV-exposure	 and	 pressure.	 A	

noticeable	pattern	of	capacitance	change	corresponds	to	the	UV	light	and	dark	cycles,	indicating	

the	 device's	 sensitivity	 to	 light	 exposure.	 The	 pressure	 response	 is	 evident	 from	 the	 periodic	

variations	 within	 each	 light/dark	 cycle,	 although	 the	 changes	 are	 relatively	 moderate.	 This	

suggests	 that	 while	 the	 device	 is	 responsive	 to	 UV	 light	 and	 pressure,	 the	 sensitivity	 at	 this	

concentration	is	somewhat	limited.	

For	 the	DNW,0.5	MIS	capacitor,	 the	capacitance	 ranges	 from	about	0.048	nF	 to	0.062	nF	 (Figure	

8-5(b)).	The	device	shows	an	apparent	step-wise	increase	in	capacitance	during	UV	exposure	and	

a	 corresponding	 decrease	 during	 darkness.	 Pressure	 sensitivity	 is	 obvious,	 with	 sharp	

fluctuations	 superimposed	 on	 the	 UV	 response	 pattern,	 demonstrating	 higher	 sensitivity	

compared	to	the	DNW,0.25	sample	in	the	case	of	UV	photosensitivity.	This	indicates	that	increasing	
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the	nanowire	concentration	enhances	the	device's	responsiveness	to	both	stimuli,	making	it	more	

suitable	for	applications	requiring	higher	sensitivity.	

Figure	8-5(c)	for	the	DNW,1.0	ZnO	nanowire	MIS	capacitor	shows	capacitance	variations	between	

approximately	0.418	nF	and	0.432	nF.	This	device	exhibits	a	pronounced	increase	in	capacitance	

during	UV	exposure	and	a	decrease	during	dark	periods.	The	response	to	pressure	is	significant,	

with	large	oscillations	indicative	of	the	highest	sensitivity	among	the	three	samples.	This	level	of	

sensitivity	suggests	 that	 the	device	can	effectively	 function	as	both	a	highly	sensitive	pressure	

sensor	and	a	UV	light	detector,	making	it	ideal	for	multifunctional	applications.	

The	study	shows	that	MIS	capacitors	respond	to	pressure	under	UV	light	stimuli,	with	sensitivity	

varying	based	on	the	concentration	of	ZnO	nanowires.	The	DNW,0.25	sample	is	moderately	sensitive,	

while	the	DNW,0.5	sample	is	more	sensitive,	exhibiting	apparent	changes	in	capacitance.	The	DNW,1.0	

sample	 is	 the	most	 sensitive,	 showing	 substantial	 changes	 in	 response	 to	 both	 stimuli.	 These	

findings	indicate	that	higher	concentrations	of	ZnO	nanowires	enhance	sensitivity,	making	these	

capacitors	suitable	for	multifunctionally	detecting	environmental	changes	in	optoelectronics	and	

pressure	sensing.	The	devices'	consistent	response	under	alternating	conditions	highlights	their	

robustness	and	versatility.	In	summary,	ZnO	nanowire-embedded	MIS	capacitors	are	promising	

multifunctional	devices	due	to	their	adjustable	sensitivity	and	reliable	performance	under	dual	

stimuli.	

	

[.D.D UV	Photodetection	Under	Loading/Unloading	Pressure	

In	the	previous	section,	we	tested	how	sensitive	MIS	devices	are	to	pressure	when	exposed	to	UV	

light.	Now,	we	aim	to	evaluate	the	UV	detection	capability	of	these	MIS	devices	when	subjected	to	

a	periodic	pressure	of	9.6	kPa.	Specifically,	we	will	investigate	the	devices'	response	to	alternating	

short	bursts	of	UV	light	and	sustained	periods	of	high	pressure.	This	contrasts	with	the	previous	

tests,	where	we	used	prolonged	UV	exposure.	

In	this	experiment,	the	devices	experienced	a	pressure	of	9.6	kPa	applied	in	cycles	of	600	seconds,	

where	the	pressure	was	loaded	and	then	unloaded.	During	this	time,	UV	light	was	switched	on	and	

off	every	30	seconds.	Capacitance	readings	were	taken	continuously	to	monitor	the	devices'	real-

time	reaction	to	these	dual	stimuli,	as	detailed	in	3.4.3.	This	testing	setup	helped	us	evaluate	how	

sensitive	the	devices	are	rapid	changes	in	UV	exposure	while	under	constant	pressure.	
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Figure	8-6:		 Capacitance	 response	 of	 MIS	 capacitors	 embedded	 with	 different	
concentrations	 of	 ZnO	 nanowires	 under	 combined	 ~8	 kPa	 pressure	 and	
alternating	 UV	 light	 exposure.	 (a)	 DNW,0.25,	 (b)	 DNW,0.5,	 and	 (c)	 DNW,1.0.	 The	
devices	 were	 subjected	 to	 600-second	 loading	 and	 unloading	 cycles	 of	
pressure,	with	30-second	on/off	UV	light	intervals.	

	

In	Figure	8-6(a),	the	capacitance	of	DNW,0.25	MIS	Capacitor	fluctuates	between	approximately	0.041	

nF	 and	 0.045	 nF,	 which	 was	 similar	 as	 presented	 in	 Figure	 8-5.	 The	 response	 to	 UV	 light	 is	

relatively	subdued,	with	minor	variations	in	capacitance	during	the	30-second	on/off	cycles.	The	

pressure	sensitivity	is	evident,	as	shown	by	the	periodic	variations	in	capacitance	corresponding	

to	 the	 600-second	 loading	 and	 unloading	 cycles.	 Overall,	 the	 device	 demonstrates	 lower	 UV	

sensitivity	while	maintaining	clear	pressure	responsiveness.	This	result	is	consistent	with	Figure	

8-5(a).	

Figure	8-6(b)	shows	the	C-t	result	of	the	DNW,0.5	MIS	Capacitor.	The	capacitance	ranges	from	about	

0.048	nF	to	0.062	nF.	The	device	exhibits	a	noticeable	stepwise	increase	in	capacitance	during	UV	

exposure	and	a	decrease	when	the	UV	light	is	turned	off.	Pressure	sensitivity	is	marked	by	sharp	

fluctuations	superimposed	on	the	UV	response	pattern.	This	sample	shows	a	higher	UV	sensitivity	
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than	 the	 DNW,0.25	 sample,	 indicating	 that	 increasing	 the	 nanowire	 concentration	 enhances	

responsiveness	to	UV	light. 

Figure	 8-6(c)	 shows	 C-t	 result	 of	 the	 DNW,1.0	 MIS	 Capacitor.	 The	 capacitance	 varies	 between	

approximately	 0.418	 nF	 and	 0.432	 nF.	 The	 device	 demonstrates	 a	 pronounced	 increase	 in	

capacitance	during	UV	exposure	and	a	decrease	during	dark	periods.	The	response	to	pressure	is	

significant,	 with	 large	 oscillations	 indicating	 high	 sensitivity.	 This	 sample	 shows	 the	 highest	

sensitivity	 to	 both	 UV	 light	 and	 pressure	 among	 the	 three	 samples,	 consistent	 with	 previous	

findings.	

The	results	confirm	that	all	MIS	capacitors	are	sensitive	to	UV	light	under	pressure,	indicating	that	

the	external	load	does	not	affect	the	UV	detection	ability	of	the	MIS	devices.	Due	to	low	percolation	

regime	of	ZnO	nanowires,	the	sample	with	DNW,0.25	device	show	lower	UV	light	sensitivity	but	still	

respond	clearly	to	pressure.	As	the	concentration	of	ZnO	nanowires	increases	to	DNW,0.5	and	DNW,1.0,	

the	devices	become	more	 sensitive	 to	UV	 light.	The	DNW,1.0	 sample	exhibits	 the	highest	overall	

sensitivity.	These	 findings	are	consistent	with	previous	results,	 supporting	 the	conclusion	 that	

higher	 concentrations	 of	 ZnO	 nanowires	 enhance	 the	 multifunctional	 capabilities	 of	 MIS	

capacitors.	These	results	clearly	show	that	the	prototype	can	perform	UV	detection	and	pressure	

sensing	in	parallel,	making	it	a	promising	multifunctional	device	prototype.	

The	multifunctional	capabilities	of	ZnO	nanowire-embedded	MIS	capacitors,	demonstrated	here	

for	UV	photodetection	and	pressure	sensing,	are	highly	promising	for	the	simultaneous	use	of	the	

device	 for	 both	 functionalities.	While	 ZnO	nanowires	 have	 been	 explored	 in	 the	 literature	 for	

individual	applications,	such	as	UV	detection	[10,	47,	176,	241]	and	pressure	sensing	[242],	this	

work	uniquely	combines	both	functionalities	within	a	single	MIS	device.	Furthermore,	the	ability	

to	 tune	 the	 sensitivity	 through	 nanowire	 concentration	 provides	 a	 significant	 advantage	 over	

existing	technologies.	The	DNW,1.0	exhibited	the	highest	sensitivity,	aligning	with	previous	studies	

suggesting	that	higher	nanowire	densities	improve	device	performance	[9,	243].	This	work	also	

expands	on	the	scalability	and	low-cost	fabrication	techniques	(drop-casting),	which	are	rarely	

discussed	in	the	context	of	multifunctional	devices	in	the	literature	[179,	243].	

	

Y.B The	Multifunctional	Device	Prototype	

The	 comprehensive	 evaluation	 of	MIS	 devices	 embedded	with	 varying	 concentrations	 of	 ZnO	

nanowires	 has	 demonstrated	 their	 remarkable	 and	 unique	multifunctional	 capabilities.	 These	

devices	 have	 shown	 high	 responsiveness	 to	 UV	 light,	 highlighting	 their	 potential	 for	

optoelectronic	applications,	which	aligns	with	previous	studies	that	have	explored	ZnO	nanowires	

for	similar	purposes	[9,	10,	23,	24,	47,	211,	244].	In	addition,	MIS	devices	with	0.50	wt.%	and	1.00	
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wt.%	 ZnO	 nanowire	 concentrations	 exhibit	 non-volatile	 memory	 behaviour,	 while	 all	 devices	

effectively	 perform	 capacitive	 pressure	 sensing.	 Notably,	 there	 is	 no	 existing	 example	 in	 the	

literature	of	MIS	devices	capable	of	simultaneously	achieving	UV	detection,	pressure	sensing,	and	

memory	functionality	in	a	single	configuration,	making	this	work	a	significant	contribution	to	the	

field.	

The	 interaction	 between	 these	 functionalities	 was	 also	 analysed,	 revealing	 that	 memory	

behaviour	 improves	 under	 applied	 pressure,	 without	 affecting	 the	 devices'	 performance	 as	

memory	devices.	This	simultaneous	functionality	of	memory	and	pressure	sensing	has	rarely	been	

reported	 in	ZnO-based	MIS	devices,	 further	emphasising	the	novelty	of	 this	study.	The	devices	

responded	 reliably	 to	 both	 UV	 light	 and	 pressure	 stimuli,	 with	 pressure-sensing	 capability	

remaining	stable	even	during	alternating	UV	exposure,	and	UV	detection	unaffected	by	applied	

pressure.	

These	 findings	 emphasise	 the	 novelty,	 robustness,	 and	 multifunctionality	 of	 ZnO	 nanowire-

embedded	 MIS	 devices,	 capable	 of	 operating	 as	 memory	 devices,	 pressure	 sensors,	 and	 UV	

detectors	concurrently—a	remarkable	achievement.	Their	consistent	performance	under	diverse	

conditions,	 a	 feature	 not	 extensively	 documented	 in	 prior	 studies,	 positions	 them	 as	 strong	

candidates	 for	 integrated	 circuit	 applications.	 These	 multifunctional	 devices	 can	 respond	 to	

multiple	environmental	stimuli	without	compromising	any	individual	functionality,	offering	new	

possibilities	for	integrated	sensing	and	memory	applications.	

	



	

	 171	

Chapter	? 	

	

CONCLUSION	AND	FUTURE	WORKS	

	

Z." Conclusion	

The	main	goal	of	this	thesis	was	to	address	a	fundamental	gap	in	the	literature:	understanding	

charge	 transport	mechanisms	 in	 random	semiconductor	nanowire	networks	 to	develop	 large-

area,	 commercially	 applicable,	 and	multifunctional	 devices.	 ZnO	 nanowires,	with	 their	 unique	

properties	 and	 potential	 for	 scalability,	 were	 identified	 as	 ideal	 candidates	 for	 this	 purpose.	

However,	 challenges	 related	 to	 the	 random	nature	of	 nanowire	networks	 and	 the	difficulty	 in	

achieving	consistent	performance	across	 large	areas	have	hindered	 their	 commercial	viability.	

This	 research	 sought	 to	 overcome	 these	 challenges	 by	 investigating	 the	 behaviour	 of	 ZnO	

nanowire	networks,	focusing	on	their	application	in	UV-PDs,	pressure	sensors,	and	non-volatile	

memory	devices.	

The	thesis	is	structured	around	four	core	result	chapters,	each	addressing	different	aspects	of	the	

problem.	Through	the	integration	of	percolation	theory,	Monte	Carlo	simulations,	experimental	

analysis,	 and	 device	 fabrication,	 this	 research	 provides	 a	 comprehensive	 approach	 to	

understanding	and	optimizing	the	performance	of	random	ZnO	nanowire	networks	for	practical	

device	applications.	

	

].!.! Application	of	Percolation	Theory	to	Random	Nanowire	Networks	

In	 Chapter	 4,	 percolation	 theory	 was	 applied	 to	 investigate	 the	 behaviour	 of	 random	 ZnO	

nanowire	networks	in	finite	system	size	analysis	by	Monte	Carlo	simulations.	The	shortest-path	

algorithm	 was	 chosen	 for	 its	 computational	 efficiency	 over	 traditional	 methods,	 such	 as	 the	

weighted	Union-Find	algorithm.	The	results	demonstrated	that	this	approach	was	not	only	faster	

but	 also	 more	 reliable	 in	 predicting	 the	 percolation	 threshold	 in	 parallel	 with	 the	 current	

literature,	 which	 is	 a	 critical	 factor	 in	 understanding	 the	 connectivity	 and	 charge	 transport	

mechanisms	 in	random	networks.	The	percolation	threshold	obtained	was	consistent	with	 the	

values	reported	in	existing	literature,	validating	the	model's	applicability.	

This	chapter	established	the	foundation	for	later	analyses	by	confirming	that	the	shortest-path	

algorithm	is	suitable	for	percolation	studies	of	random	nanowire	networks.	It	also	set	the	stage	

for	the	charge	transport	analysis	 in	the	subsequent	chapter	by	demonstrating	that	the	method	
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could	be	applied	to	model	real-world	devices.	This	work	contributes	to	addressing	a	significant	

gap	in	the	literature:	the	need	for	efficient	and	reliable	models	to	study	the	large-scale	behaviour	

of	random	nanowire	networks,	a	necessary	step	toward	making	such	devices	commercially	viable.	

	

].!.# 	Conductivity	Analysis	and	Correlation	with	Simulations	

Building	 on	 the	 findings	 from	 Chapter	 4,	 Chapter	 5	 focused	 on	 the	 conductivity	 behaviour	 of	

random	 ZnO	 nanowire	 networks	 in	 different	 intake	 and	 scale	 with	 respect	 to	 electrode	 size.	

Simulations	 using	 LTspice	were	 conducted	 to	model	 the	 charge	 transport	mechanisms	within	

these	 networks,	 and	 the	 results	 were	 compared	 with	 experimental	 data	 obtained	 from	 ZnO	

nanowires	 drop-cast	 on	 variable	 gap	 microelectrode	 arrays.	 The	 correlation	 between	 the	

simulations	and	the	experimental	results	was	strong,	indicating	that	the	shortest-path	algorithm	

used	 for	 percolation	 studies	 in	 the	 previous	 chapter	 was	 also	 effective	 for	 modelling	 charge	

transport	in	these	networks.	

A	key	finding	in	this	chapter	was	the	discovery	of	a	two-step,	stair-like	conductivity	pattern	at	10	

V.	While	percolation	theory	provided	a	good	baseline	for	understanding	the	overall	connectivity	

in	 the	 network,	 it	 became	 clear	 that	 percolation	 alone	 could	 not	 fully	 explain	 the	 observed	

conductivity	 behaviour,	 particularly	 below	 the	 effective	 percolation	 threshold.	 Tunnelling	

conduction	mechanism	emerged	as	a	dominant	factor,	where	charge	transport	occurred	through	

a	single	critical	path	in	the	network.	This	insight	is	critical	for	the	design	of	efficient,	large-area	

devices,	 as	 it	 highlights	 the	 importance	 of	 considering	 tunnelling	 effects	when	modelling	 and	

optimizing	random	nanowire	networks.	

Chapter	 5	 addressed	 the	 research	 question	 by	 providing	 a	 deeper	 understanding	 of	 charge	

transport	mechanisms	in	random	ZnO	nanowire	networks,	which	is	essential	for	creating	scalable,	

reliable	 devices.	 The	 findings	 demonstrated	 that	 the	 integration	 of	 percolation	 theory	 and	

tunnelling	 conduction	models	 could	 lead	 to	more	 accurate	predictions	of	 device	performance,	

paving	the	way	for	practical	applications.	

	

].!.D UV	Photodetection	in	MSM	and	MIS	Devices	

The	first	part	of	Chapter	6	focused	on	the	performance	of	ZnO	nanowire	networks	in	UV-PDs	on	

variable	gap	microelectrode	arrays.	The	results	showed	that	MSM	devices	exhibited	the	highest	

performance	when	the	ZnO	nanowire	concentration	was	just	below	the	percolation	threshold.	In	

this	regime,	tunnelling	conductivity	dominated	before	full	percolation	was	reached,	allowing	for	

efficient	charge	transport	and	high	UV	sensitivity.	The	4.00	wt.%	ZnO	nanowire	sample,	with	a	50	

µm	electrode	separation,	demonstrated	the	best	performance,	achieving	a	sensitivity	of	4.17	×	10⁵	
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and	a	response	time	as	fast	as	0.25	seconds	under	UV	exposure.	This	result	highlights	the	critical	

role	of	nanowire	concentration	and	electrode	separation	in	optimizing	device	performance.	The	

ability	 to	 achieve	 such	 fast	 response	 times	 and	 high	 sensitivity	 in	 a	 scalable,	 low-cost	 device	

configuration	addresses	the	main	research	question	by	demonstrating	the	practical	potential	of	

ZnO	nanowire	networks	for	UV-PDs.	

In	contrast,	 the	MIS	devices	exhibited	a	different	behaviour,	with	the	1.00	wt.%	ZnO	nanowire	

sample	 showing	 the	 fastest	 response	 and	 decay	 times	 (1.25	 sec	 and	 0.5	 sec,	 respectively).	

However,	 as	 the	 concentration	 of	 nanowires	 increased	 beyond	 1.00	 wt.%,	 signal	 instability	

occurred	 due	 to	 charge	 leakage.	 This	 finding	 suggests	 that	 while	 higher	 concentrations	 may	

enhance	sensitivity,	they	also	increase	the	risk	of	signal	degradation,	underscoring	the	need	for	

careful	optimization	of	nanowire	density	in	MIS	devices.	

The	results	from	this	chapter	provide	a	clear	answer	to	the	research	question,	demonstrating	that	

both	MSM	 and	MIS	 devices	 can	 achieve	 high	 performance	when	 nanowire	 concentration	 and	

electrode	 separation	 are	 optimized.	 The	 findings	 also	 offer	 new	 insights	 into	 the	 trade-offs	

between	sensitivity	and	stability	in	these	devices,	which	are	critical	for	large-area,	commercially	

viable	applications.	

	

].!.= Multifunctionality	in	ZnO	Nanowire-Embedded	MIS	Devices	

In	Chapter	6,	the	UV	photodetection	capabilities	of	ZnO	nanowire-embedded	MIS	devices	were	

thoroughly	explored.	Building	on	these	results,	Chapter	7	focused	on	the	multifunctionality	of	the	

same	MIS	 device	 configuration,	 particularly	 investigating	 non-volatile	memory	 behaviour	 and	

capacitive	 pressure	 sensing.	 Furthermore,	 this	 chapter	 examined	 the	 combined	 effects	 of	 UV	

exposure	 and	 applied	 pressure	 in	 sequence,	 to	 demonstrate	 the	 versatility	 of	 these	

multifunctional	devices.	

In	 Chapter	 7,	 the	 study	 found	 that	 MIS	 devices	 with	 DNW,0.5	 and	 DNW,01.0	 ZnO	 nanowire	

concentrations	 exhibited	 reliable	 non-volatile	 memory	 performance.	 These	 results	 were	

consistent	with	other	published	work	on	ZnO	nanostructured	devices,	indicating	that	the	random	

ZnO	 nanowire	 networks	 investigated	 in	 this	 study	 provide	 comparable	 memory	 windows.	

Additionally,	the	memory	performance	remained	stable	even	under	applied	pressure,	highlighting	

the	robustness	of	the	devices	in	handling	multiple	environmental	stimuli	without	compromising	

their	memory	functionality.	

When	sequences	of	UV	exposure	and	pressure	were	applied	to	the	devices,	the	results	revealed	

different	 sensitivities	 based	 on	 nanowire	 concentration.	 Devices	 with	 lower	 nanowire	 intake	

demonstrated	higher	sensitivity	to	pressure	but	reduced	sensitivity	to	UV	exposure,	whereas	the	
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DNW,1.0	 was	 more	 responsive	 to	 UV	 light	 while	 being	 less	 sensitive	 to	 pressure.	 This	 finding	

underscores	 the	 flexibility	 of	 ZnO	 nanowire-embedded	 MIS	 devices,	 where	 adjustments	 in	

nanowire	 concentration	 can	 optimize	 performance	 depending	 on	 the	 specific	 application,	

whether	for	pressure	sensing	or	UV	detection.	

Furthermore,	 the	 devices	 successfully	 performed	 memory	 storage	 and	 pressure	 sensing	

simultaneously	without	any	degradation	 in	performance.	 In	 fact,	memory	behaviour	 improved	

under	applied	pressure,	revealing	the	synergistic	relationship	between	these	functionalities.	This	

multifaceted	 performance	 demonstrates	 the	 robustness	 and	 adaptability	 of	 ZnO	 nanowire-

embedded	MIS	devices	for	multifunctional	applications.	

Overall,	 the	results	of	Chapter	8	demonstrate	the	versatility	of	these	devices	 in	performing	UV	

detection,	 pressure	 sensing,	 and	 non-volatile	 memory	 storage	 in	 a	 single	 configuration.	 No	

previous	example	of	devices	capable	of	integrating	these	functions	exists	in	the	literature,	marking	

this	work	as	a	significant	contribution	to	the	field.	These	findings	present	new	opportunities	for	

the	 development	 of	 integrated	 electronic	 systems,	 particularly	 in	 areas	 such	 as	 wearable	

electronics,	environmental	monitoring,	and	smart	sensor	networks,	where	multifunctionality	and	

device	stability	are	critical.	

	

Z.. Contextualisation	and	Contribution	to	the	Knowledge	

This	 thesis	 significantly	 contributes	 to	 the	 understanding	 of	 charge	 transport	 in	 random	 ZnO	

nanowire	networks,	addressing	the	control	of	randomness	in	semiconductor	nanowire	networks	

and	 their	 potential	 application	 in	 nanoelectronics.	 Integrating	 percolation	 theory,	 tunnelling	

conduction	models,	and	experimental	validation	has	resulted	in	a	comprehensive	framework	for	

designing	 and	 optimizing	 large-area,	 multifunctional	 devices.	 The	 findings	 have	 important	

implications	for	the	development	of	low-cost,	high-performance	devices	capable	of	UV	detection,	

pressure	sensing,	and	memory	storage.	

Demonstrating	that	ZnO	nanowire-based	devices	can	be	scaled	for	large-area	applications	while	

maintaining	 high	 sensitivity	 and	 multifunctionality	 promises	 the	 way	 for	 the	 commercial	

deployment	of	these	technologies.	The	novelty	gained	from	this	research	offers	new	opportunities	

for	 the	 development	 of	 integrated	 electronic	 systems	 that	 can	 perform	 multiple	 tasks	

simultaneously,	 addressing	 the	 growing	 demand	 for	 versatile,	 high-performance	 devices	 as	

Moore’s	Law	reaches	its	limits.	The	main	contributions	are	listed	below.	

• The	 Shortest-Path	 algorithm	 has	 been	 demonstrated	 to	 provide	 the	 same	 universality	

function	as	the	extensively	studied	Union-Find	algorithm	in	the	literature.	This	establishes	
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the	 algorithm	 as	 a	 faster	 and	 more	 computationally	 efficient	 method	 for	 analysing	

percolation	in	anisotropic	systems	of	random	sticks.	

• A	robust	and	comprehensive	example	of	conductivity	analysis	in	random	semiconductor	

networks,	derived	from	a	universalized	random	stick	model	based	on	Percolation	Theory,	

has	been	presented.	This	approach	offers	a	clear	and	systematic	framework	for	achieving	

more	detailed	and	reliable	comparative	results.	

• The	UV-PD	mechanism	in	random	ZnO	nanowire	networks	has	been	directly	correlated	

with	 Percolation	 Theory.	 This	 work	 bridges	 the	 theoretical	 and	 experimental	 gaps,	

establishing	a	coherent	link	between	the	two	and	advancing	the	understanding	of	charge	

transport	in	random	nanostructured	networks.	

• While	various	studies	explore	the	multifunctionality	of	devices,	no	clear	evidence	exists	in	

the	literature	of	a	single	device	simultaneously	performing	multiple	functions.	This	thesis	

introduces	a	novel	 and	 challenging	example	of	 a	multifunctional	device	prototype	 that	

successfully	 integrates	 non-volatile	memory,	 UV	 photodetection,	 and	 pressure	 sensing	

within	 a	 single	 platform.	 This	 achievement	 highlights	 the	 potential	 for	 advancing	

integrated	and	multifunctional	device	technologies.	

	

Z.9 Future	Works	

While	 the	 aim	 of	 this	 thesis	was	 to	 develop	 a	 device	 prototype	 using	 silicon-based	 electronic	

technology,	the	findings	have	revealed	a	significant	potential	for	applying	the	percolation	theory	

of	semiconductor	nanowires	in	flexible	MOS	transistor	applications.	This	opens	new	avenues	for	

further	research,	particularly	in	the	field	of	flexible	electronics,	where	the	integration	of	random	

semiconductor	nanowire	networks	could	address	some	of	the	limitations	of	current	technologies.	

First,	organic	electronics,	 a	popular	option	 for	 flexible	devices,	often	suffer	 from	 lower	charge	

carrier	mobility,	leading	to	reduced	efficiency	compared	to	traditional	inorganic	MOS	transistors.	

However,	incorporating	random	semiconductor	nanowire	networks	into	MOS	transistors	offers	

the	 promise	 of	 higher	 charge	 transport	 and	 improved	 efficiency	 in	 flexible	 electronics.	 The	

multifunctional	nature	of	semiconductor	nanowires—stemming	from	their	electronic,	optical,	and	

mechanical	properties—makes	them	particularly	suited	for	developing	flexible,	multifunctional	

MOS	transistors.	

Second,	blending	 inorganic	nanomaterials	with	polymers	 in	 these	devices	 could	enhance	 their	

performance	by	providing	a	high	dielectric	constant,	a	feature	that	is	particularly	beneficial	for	

device	miniaturization	and	stabilization.	This	approach	could	overcome	many	of	the	limitations	

in	flexible	electronics,	enabling	more	efficient	and	compact	devices.	
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Third,	this	prototype	has	demonstrated	its	potential	for	scalability	and	adaptability	for	large-area	

production	using	printing	techniques.	The	findings	provide	a	strong	basis	for	developing	large-

area	applications	directly	onto	chips	through	printing	technology.	This	methodology	allows	for	

seamless	 integration	 into	 the	 Internet	 of	 Things	 (IoT)	 platforms,	 particularly	 for	 health	

monitoring	systems.	Such	integration	could	enable	real-time	data	collection	and	analysis,	offering	

a	pathway	for	advanced	wearable	electronics	and	smart	health	monitoring	devices.	

Finally,	 the	 large-area	 producibility	 of	 these	 nanowire-based	 prototypes	 makes	 them	 highly	

commercially	 applicable	 to	various	 fields,	 including	wearable	electronics,	 flexible	 sensors,	 and	

other	 next-generation	 technologies.	 The	 scalability	 and	 versatility	 of	 this	 approach	 provide	 a	

promising	platform	for	future	device	development.	

Given	the	potential	of	this	research	direction,	it	represents	an	exciting	opportunity	with	a	high	

likelihood	of	attracting	funding.	After	graduation,	I	plan	to	focus	on	exploring	these	applications	

further,	aiming	to	push	the	boundaries	of	 flexible	MOS	transistor	technology	by	 leveraging	the	

advantages	of	random	semiconductor	nanowire	networks	and	their	integration	into	IoT-enabled	

systems	for	health	and	environmental	monitoring.	
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