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ABSTRACT 

Optical, Electrical and Thermal Properties of Plasmonic Nanojunctions 
and Carbon Nanotube Fibers 

by 

Shusen Liao 

Plasmonic	 nanowires	 and	 nanojunctions	 with	 sub-nanometer	 gaps	 can	 be	

fabricated	on	chip	in	large	scale	and	have	exhibited	potentials	in	applications	in	high	

sensitivity	spectroscopy,	single	molecule,	photoelectric	and	thermoelectric	devices,	

and	 nanoscale	 light	 source	 in	 recent	 years.	 This	 thesis	 reviews	 the	 plasmonic	

behavior	in	plasmonic	nanowires	and	nanojunctions	and	focuses	on	surface	enhanced	

Raman	 spectroscopy	 (SERS)	 by	 remote	 excitation	 and	 nanojunction	

electroluminescence	 (EL)	 in	 magnetic	 field.	 Another	 project	 about	 probing	 the	

variation	 in	 the	 Seebeck	 coefficient	 in	 carbon	 nanotube	 fibers	 (CNTFs)	 using	 the	

photothermoelectric	(PTE)	effect	is	also	discussed.	

In	Chapter	1,	I	will	introduce	some	basic	concepts	including	plasmons,	Raman	

spectroscopy,	 thermoelectric	effects	and	carbon	nanotubes	 (CNTs).	 In	Chapter	2,	 I	

will	focus	on	the	plasmonic	and	thermoelectric	behaviors	of	metallic	nanowire	and	

nanojunction	 systems,	 including	 photothermoelectric	 effect,	 plasmonic	 heating,	

SERS,	open	circuit	photovoltage	(OCPV)	and	EL.		

In	Chapter	3,	I	will	discuss	the	remote	excitation	SERS	in	plasmonic	molecular	

junctions.	 Surface	 plasmon	 polaritons	 (SPPs)	 are	 excited	 at	 nearby	 gratings,	



	
	

	

propagate	to	the	junction,	and	couple	to	the	local	nanogap	plasmon	modes.	Like	direct	

excitation,	remote	excitation	of	 the	nanogap	can	generate	both	SERS	emission	and	

OCPV.	 We	 compare	 the	 SERS	 intensity	 and	 the	 OCPV	 in	 both	 direct	 and	 remote	

illumination	 configurations.	 SERS	 spectra	obtained	by	 remote	 excitation	are	much	

more	stable	 than	 those	obtained	 through	direct	excitation	when	 the	photon	count	

rates	are	comparable.	By	statistical	analysis	of	33	devices,	the	coupling	efficiency	of	

remote	 excitation	 is	 calculated	 to	 be	 around	 10%,	 consistent	 with	 the	 simulated	

energy	flow.	

In	 Chapter	 4,	 I	 will	 discuss	 the	 large	 magnetic	 field	 dependent	

electroluminescence	 in	 nonmagnetic	 plasmonic	 nanojunctions.	We	 experimentally	

find	 that	 EL	 spectra	 of	 planar	 nonmagnetic	 plasmonic	 nanojunctions	 are	 quite	

sensitive	 to	 an	 external	 magnetic	 field,	 with	 changes	 in	 total	 emission	 at	 specific	

wavelengths	up	to	tens	of	percent	under	the	external	magnetic	field	of	a	few	Tesla,	

exceeding	simple	classical	expectations	by	more	than	two	orders	of	magnitude.	The	

linear	 and	 circular	 polarization	 analysis	 of	 the	 emitted	 spectra	 shows	 profound	

changes	that	are	asymmetric	with	external	field	direction.	The	dramatic	changes	in	

polarized	spectra	under	external	field	indicates	that	the	LSPRs	can	be	modified	by	the	

external	field.	The	inferred	plasmonic	DOS	and	effective	temperatures	of	hot	carrier	

under	 different	 external	 magnetic	 field	 are	 different,	 which	 further	 indicates	 the	

magnetic	 field	dependent	LSPRs.	A	quantum-corrected	model	 (QCM)	 simulation	 is	

performed	to	compare	with	the	experimental	results.	



	
	

	

In	 chapter	 5,	 we	 develop	 a	 method	 to	 probe	 the	 variation	 of	 the	 Seebeck	

coefficient	 along	 CNTFs	 using	 the	 PTE	 effect.	 The	 photovoltage	 is	 measured	 as	 a	

function	of	position,	and	the	laser	induced	temperature	profile	is	obtained	by	a	robust	

steady	state	thermal	model.	The	Seebeck	coefficient	as	a	function	of	position	along	

the	fiber	can	be	obtained	from	the	measured,	spatially	mapped	photovoltage	and	the	

temperature	profile.	We	observe	a	correlation	between	the	variation	of	the	Seebeck	

coefficient	and	the	shift	of	Raman	modes,	both	related	to	the	doping	level	and	Fermi	

energy.	We	find	the	Seebeck	coefficient	fluctuation	in	the	pristine	fiber	is	due	to	the	

non-uniformity	of	the	doping	level	and	the	Fermi	energy.	With	an	established	model	

to	 correlate	 the	 thermoelectric	 response	 and	 the	 Fermi	 energy,	 our	 PTE-based	

method	can	probe	the	Fermi	energy	fluctuation	along	the	fiber	with	the	resolution	

better	 than	 1	 meV,	 which	 is	 far	 beyond	 the	 capability	 of	 the	 commercial	 Raman	

spectroscopy.	This	study	shows	a	non-destructive	method	to	quantify	the	uniformity	

of	CNTFs	at	the	micrometer	scale,	key	for	fabricating	more	uniform	and	higher	quality	

CNTFs	and	generalizable	to	other	conducting	fiber	systems.	

In	 Chapter	 6,	 we	 will	 discuss	 possible	 follow-up	 research	 based	 on	 these	

projects.	The	details	of	the	optical	measurement	setups	in	Natelson	lab	are	introduced	

in	Appendices.	
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Chapter 1 

Introduction 

In	 this	 chapter,	 I	 will	 introduce	 the	 structure	 of	 the	 thesis	 and	 have	 an	

introduction	 and	 brief	 discussion	 about	 background	 and	 basic	 knowledge	 and	

concepts	 related	 to	 the	 following	 chapters	 to	 help	 the	 readers	 have	 a	 better	

understanding.	There	can	be	some	further	revision	of	this	thesis	based	on	the	

new	progress	of	the	project	discussed	in	chapter	4.	The	newest	version	of	the	

thesis	will	be	uploaded	at	https://natelson.rice.edu/team.html	

1.1. Structure	of	the	thesis	

In	chapter	1,	I	will	discuss	the	background	and	basic	knowledge	and	concepts	

related	 to	 the	 following	 chapters.	 In	 chapter	 2,	 I	 will	 introduce	 plasmonic	 and	

thermoelectric	properties	 in	metallic	nanowire	and	nanojunction	 system,	which	 is	
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helpful	to	understand	the	following	chapters.	In	chapter	3,	4	and	5,	I	will	discuss	in	

detail	 about	 three	 individual	 research	projects	 including	 experiment	 setup,	 device	

fabrication,	measured	data,	data	analysis	and	modeling.	In	chapter	6,	I	will	summarize	

the	thesis	and	discuss	the	potential	future	projects.	In	the	appendix,	I	will	describe	

more	details	for	these	projects	and	experimental	optical	setups	in	Natelson’s	lab.		

1.2. Plasmon	

Plasmons	are	the	collective	oscillations	of	free	electrons	with	respect	to	the	

positive	 ions	 in	 a	 metal.	 The	 oscillations	 can	 be	 driven	 by	 external	 time-varying	

electromagnetic	field,	such	as	light	and	electron	beams.	In	the	free	electron	model,	the	

bulk	plasmon	frequency	𝜔!	can	be	estimated	as1:		

𝜔! = M
𝑛𝑒"

𝑚𝜖#
				(1 − 1)	

where	𝑛	is	the	conduction	electron	density;	𝑒	is	the	electron	charge;	𝑚	is	the	electron	

mass;	 𝜖#	 is	 permittivity	 of	 free	 space.	 When	 the	 frequency	 of	 the	 external	 field	

matches	 the	 plasmon	 frequency,	 plasmon	 resonances	 occurs.	 At	 this	 resonance	

condition,	 plasmons	 are	 strongly	 excited,	 leading	 to	 enhanced	 absorption	 and	

scattering	 of	 electromagnetic	 energy	 by	 the	metal.	 In	 this	 thesis,	we	 focus	 on	 the	

plasmons	at	nanoscale,	especially	I	will	introduce	localized	surface	plasmons	(LSPs)	

and	 surface	 plasmon	polaritons	 (SPP)	 supported	 by	metallic	 nanostructures.	 Ref.1	

discusses	 the	 fundamental	 concepts,	 physics,	 properties,	 and	 application	 of	
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plasmonics	including	LSPs	and	SPPs	in	great	detail,	which	can	be	very	helpful	for	the	

readers	of	the	thesis.	

1.2.1. 	Localized	surface	plasmons	(LSPs)	

When	the	size	of	metal	is	comparable	to	or	smaller	than	the	wavelength	of	the	

excitation	light,	the	plasmons	are	confined	in	nanoscale.	A	Schematic	of	the	LSPs	is	

shown	in	Figure	1-1A.	Different	from	bulk	metals,	the	plasmon	resonance	frequency	

depends	on	the	size,	shape,	and	dielectric	environment	of	the	nanostructure.2,3	One	

important	effect	of	the	LSPs	is	the	giant	electric	field	enhancement	near	the	surface	

of	 the	 nanostructure	 compared	 to	 the	 field	 of	 the	 incident	 radiation,	 as	 shown	 in	

Figure	 1-1B.	 One	 important	 application	 of	 the	 enhanced	 electric	 field	 is	 surface	

enhanced	Raman	spectroscopy,	which	will	be	discussed	in	detail	latter.		

	

Figure	 1-1:	 (A)4	 LSP	 and	 (B)5	 Electric	 field	 enhancement	 around	 a	 sphere	

nanoparticle	
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Bright	modes	and	dark	modes:	 in	complicated	plasmonic	nanostructures,	

such	as	coupled	nanoparticles,	and	asymmetric	geometries,	the	LSPs	can	be	usually	

categorized	 into	 bright	 modes	 and	 dark	modes.6–10	 Bright	 modes	 are	modes	 that	

strongly	 couple	 to	 light,	 so	 they	 can	 absorb	 and	 scatter	 electromagnetic	 radiation	

efficiently.	 In	 other	words,	 they	 can	 radiate	 energy	 into	 the	 far-field.	 Usually,	 the	

dipole-like	oscillations	are	bright	modes.	Dark	modes	are	modes	that	have	weak	or	

no	direct	coupling	to	far-field	radiation.	As	a	result,	the	dark	modes	are	non-radiative	

or	weakly	 radiative.	Dark	modes	 can	be	 excited	by	 symmetry	breaking,	 near-field	

excitation	 and	 electron	 beam	excitation.1,6,10–14	 They	 are	 also	 usually	 higher-order	

multipoles,	out	of	phase	oscillations	or	hybridized	modes.1,15	An	example	of	bright	

mode	and	dark	mode	is	shown	in	Figure	1-2.	

	

Figure	1-2:14	An	example	of		bright	and	dark	plasmon	modes	in	a	dimer	

system.	
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Plasmon	hybridization:	plasmon	response	in	metallic	nanostructures	can	be	

viewed	 as	 the	 collection	 of	 plasmons	 arising	 from	 simpler	 geometries	 to	 form	 an	

interacting	 system.15	 LSPs	 in	 the	 complex	 system	 are	 determined	 by	 the	

electromagnetic	interaction	between	modes	of	the	simpler	geometries.	This	is	called	

plasmon	hybridization.15	The	result	is	a	splitting	into	a	bonding	(lower	energy)	and	

an	antibonding	(higher	energy)		plasmon	mode.	The	bonding	modes	are	often	bright	

and	 the	 antibonding	 modes	 are	 often	 dark.	 The	 idea	 of	 plasmon	 hybridization	 is	

similar	 to	 how	 atomic	 orbitals	 mix	 to	 form	 bonding	 and	 antibonding	 molecular	

orbitals.	Figure	1-3	shows	an	example	of	the	plasmon	hybridization	between	a	sphere	

and	a	cavity	to	form	a	nanoshell.		

	

Figure	1-3:15	An	example	of	plasmon	hybridization.	
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LSP	excitation	and	relaxation	and	hot	carrier	dynamics:	the	review	article	

Ref.16	 discusses	 the	 LSP	 excitation	 and	 relaxation	 dynamics	 in	 detail.	 Figure	 1-4	

illustrates	 the	 process	 of	 the	 LSP	 excitation	 and	 relaxation	 in	 a	 metallic	

nanoparticle:16	at	time	𝑡 = 0𝑠,	LSPs	are	excited	by	the	incident	light,	and	the	excited	

LSPs	redirect	the	Poynting	vector	of	the	light	towards	to	the	nanoparticle	(Figure	1-

4a).	This	produces	an	antenna	effect	resulting	in	light	collection	from	an	area	that	is	

larger	than	its	physical	size.16–18	In	the	first	1-100	fs,	LSPs	can	be	damped	radiatively	

via	emission	of		photons,	or	non-radiatively	via	Landau	damping.19	The	ratio	between	

the	two	decay	mechanism	is	determined	by	whether	the	plasmon	modes	are	bright	

or	dark.16,20	During	the	Landau	damping	process,	the	plasmons	are	transferred	into	

electron-hole	 pairs	 (Figure	 1-4b).	 The	 distribution	 of	 the	 carriers	 depends	 on	 the	

plasmon	 energy,	 the	 particle	 size,	 the	 symmetry	 of	 the	 plasmon	 modes,	 and	 the	

electronic	 structure	 and	 electronic	 density	 of	 states	 of	 the	 material.16,21	 In	 𝑡 =

100𝑓𝑠 − 1𝑝𝑠,	the	carriers	form	a	Fermi-Dirac	like	distribution	with	a	large	effective	

electron	temperature	𝑇$%%	by	electron-electron	scattering	(Figure	1-4c).16,22,23	Ref.21	

introduces	𝑁$(𝜀)	as	the	number	of	hot	electrons	generated	per	each	plasmon	excited	

in	the	system	that	have	an	energy	(measured	with	respect	to	the	Fermi	level)	larger	

than	a	certain	threshold	𝜀.	It	can	be	written	as:	

𝑁$(𝜀) = ℏ𝜔& \ Γ$(𝜀% , 𝜔&)/𝑃'!()*!
+!,+

				(1 − 2)	
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where	𝜔& 	is	 the	 plasmon	 frequency;	Γ$(𝜀% , 𝜔&) 	is	 the	 probability	 per	 unit	 time	 of	

exciting	a	hot	electron	in	state	𝑓,	which	can	be	calculated	using	the	Fermi’s	golden	

rule.	Plasmon	induced	hot	carriers	have	wide	application	in	photocatalysis24–27	and	

photovoltaic	 devices.28–32	 In	 𝑡 = 100𝑝𝑠 − 10𝑛𝑠 ,	 the	 energy	 of	 the	 hot	 carriers	 is	

transferred	to	the	lattice	and	the	surroundings	through	electron-phonon	and	phonon-

phonon	interactions	(Figure	1-4d).	The	hot	electron-hole	pairs	can	also	recombine	

and	emit	photons	with	broad	energy	range.33			

	

Figure	1-4:16	Schematic	of	plasmon	excitation	(a),	damping	(b)	and	hot	carrier	

dynamics	(b-d)	in	a	metallic	nanoparticle.	
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1.2.1. Surface	plasmon	polaritons	(SPPs)	

Unlike	 LSPs,	 surface	 plasmon	 polaritons	 (SPPs)	 are	 electromagnetic	waves	

that	 travel	 along	 a	 metal-dielectric	 interface,	 as	 shown	 in	 Figure	 1-5.	 SPPs	 have	

shorter	wavelength	than	the	light	in	vacuum	at	the	same	frequency,	so	SPPs	have	a	

larger	momentum	and	local	field	intensity.1	Hence	SPPs	have	potential	applications	

in	subwavelength	optics,34–37	and	near-field	optics.38,39	The	wave	vector	of	 the	SPP	

excitation	𝑘-..	can	be	expressed	by:1	

𝑘-.. =
𝜔
𝑐 M

𝜀/𝜀0
𝜀/ + 𝜀0

				(1 − 3)	

where	𝜔	is	 the	angular	 frequency;	𝑐	is	 the	speed	of	 light	 in	vacuum;	 	𝜀/ 	and	𝜀0 	are	

relative	permittivity	of	the	metal	and	dielectric.	

	

Figure	1-5:40	Schematic	of	SPPs	at	the	metal-dielectric	interface.	

SPPs	can	be	excited	both	electrically	and	optically.	For	electrical	 excitation,	

high	energy	electrons	are	injected	into	the	metal,	and	the	component	of	the	scattering	
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vector	parallel	to	the	surface	results	in	the	formation	of	SPPs.41,42	Optical	excitation	is	

more	 widely	 used	 in	 experiments,	 including	 prism	 coupling,37,43,44	 grating	

coupling,37,43,44	and	fiber	and	waveguide	coupling.37,45–47	Since	the	mismatch	of	 the	

momentum	of	 the	 free-space	photon	and	 the	 same	 frequency	SPPs,	 the	 free-space	

light	cannot	directly	couple	with	an	SPP.1	Prisms	and	gratings	can	be	used	to	match	

the	 wave	 vectors.	 In	 prism	 coupling,	 a	 prism	 can	 be	 place	 against	 (Kretschmann	

configuration,	Figure	1-6a)	or	very	close	(Otto	configuration,	Figure	1-6c)	the	metal.	

The	light	passes	through	the	metal	in	Kretschmann	configuration	to	excite	SPPs,	and	

in	the	Otto	configuration,	it	is	the	evanescent	field	that	tunnel	across	the	gap	to	excite	

SPPs.	 The	 parallel	 wave	 vector	 𝑘1 	can	 be	 written	 as:	

𝑘1 =
𝜔
𝑐 𝑛&*2(/ sing𝜃(&i			(1 − 4)	

where	𝑛&*2(/	is	the	refractive	index	of	the	prism,	and	𝜃(&	is	the	incidence	angle.	To	

match	the	wave	vectors,	𝑘1 = 𝑘-..	is	needed.1	SPPs	can	also	be	generated	by	grating	

coupling	(Figure	1-6e),	where	gratings	are	used	to	match	the	wave	vectors:1,43,44		

𝑘-.. = 𝑘# sing𝜃(&i + 𝑛
2𝜋
Λ 				(1 − 5)	

where	 	𝑘# 	is	 the	 free-space	wavevector;	𝑛 	is	 the	 diffraction	 order;	Λ	is	 the	 grating	

period.	 SPPs	 can	 be	 also	 excited	 using	 Kretschmann	 configuration-like	

waveguides37,45	(Figure	1-6b),	scanning	near-field	optical	microscope37,48,49	(SNOM,	

Figure	1-6d)	and	surface	features37,50	(Figure	1-6f).		
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	 SPPs	 can	 lose	 energy	 due	 to	 absorption	 and	 scattering	 during	 their	

propagation	along	the	metal	surface.	The	imaginary	part	of	the	wave	vector	𝑘133	can	be	

introduced	to	describe	the	energy	loss:51	

𝑘133 =
𝜔
𝑐 (

𝜀/3 𝜀0
𝜀/3 + 𝜀0

)4 "⁄ 𝜀/33

2𝜀/3 "
				(1 − 6)	

where	𝜀/3 	and	𝜀/33 	are	real	and	imaginary	parts	of	the	dielectric	function	of	the	metal.	

The	 intensity	 decreases	 by	 a	 factor	 of	exp	(−2𝑘133𝑥) 	when	 the	 SPP	 propagates	 the	

distance	𝑥.	The	propagation	length	𝐿(&&	which	is	defined	as	the	distance	for	the	SPP	

intensity	to	decay	by	a	factor	of	1/e	can	be	expressed	as:1	

𝐿(&& =
1
2𝑘133

				(1 − 7)	

similarly,	 the	 penetration	 depth	𝑧2 	of	 the	 SPP	 electric	 field	 into	 the	 metal	 or	 the	

dielectric	can	be	written	as:1	

𝑧2 =
𝜆
2𝜋M

|𝜀/3 | + 𝜀0
𝜀2"

				(1 − 8)	

where	𝜆	is	the	wavelength	of	the	photon	in	free-space.	𝑖	can	be	the	dielectric	or	the	

metal.	The	penetration	depth	in	the	metal	 is	usually	much	smaller	than	that	 in	the	

dielectric,	considering	the	value	of	𝜀0 	and	𝜀/.	
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Figure	 1-6:37A	 summary	 of	 optical	 excitation	 of	 SPPs:	 (a)	 Kretschmann	

configuration.	(b)	Two-layer	Kretschmann	configuration	(waveguide).	(c)	Otto	

configuration.	 (d)	 SPP	 Excitation	 with	 an	 SNOM	 probe.	 (e)	 Diffraction	 on	 a	

grating	and	(f)	Diffraction	on	surface	features.	

	



	
30	

	

	

1.3. Raman	spectroscopy	and	surface	enhanced	Raman	

spectroscopy	(SERS)	

Raman	scattering	 is	 the	 inelastic	 scattering	of	 light	by	matter	and	was	 first	

discovered	by	the	Indian	physicist	C.	V.	Raman	and	his	student	K.	S.	Krishnan.52	The	

scheme	of	Raman	scattering	is	shown	in	Figure	1-7.	In	Raman	scattering,	the	incoming	

light	 can	 interact	 with	 molecular	 motions	 (vibrations,	 rotations)	 that	 alter	 the	

polarizability	 tensor	 of	 the	molecule.	 The	 incident	 photon	 can	 either	 gain	 or	 lose	

energy	in	the	interaction.	When	the	photon	energy	decreases	in	the	interaction,	it	is	

called	Stokes	scattering;	when	the	photon	energy	increases,	it	is	called	Anti-	Stokes	

scattering;	when	the	interaction	is	elastic	scattering	and	the	photon	energy	remains	

the	 same,	 it	 is	 called	 Rayleigh	 scattering.	 	 The	 Raman	 scattering	 cross	 section	 is	

usually	small,	so	the	intensity	of	Stokes	and	Anti-Stokes	scattering	is	much	smaller	

than	Rayleigh	scattering.	According	to	the	photon	energy	shift,	Raman	scattering	can	

be	 used	 to	 determine	 the	 vibrational	modes	 of	 the	molecules,	 as	 described	 in	 the	

following	equation:	

∆𝜈 = |
1
𝜆26

−
1
𝜆(7
}				(1 − 9)	

where	∆𝜈 	is	 the	 Raman	 shift	 in	 wavenumber,	𝜆26 	is	 the	 wavelength	 of	 incoming	

excitation	light,	and	𝜆(7 	is	the	wavelength	of	the	scattering	light.	The	energy	scale	of	

Raman	 scattering	 is	 usually	 in	 meV,	 with	 the	 fact	 that	8000	𝑐𝑚89~1	𝑒𝑉 .	 Raman	

spectroscopy	provides	a	fingerprint	of	molecule	systems	and	Raman	spectroscopy	is	
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a	powerful	 tool	 for	molecule	 identification	 in	chemistry,	biology	and	other	 related	

fields.53–58	However,	the	intensity	of	Raman	spectroscopy	can	be	low,	especially	when	

the	number	of	the	molecules	is	small	due	to	the	small	scattering	cross	section.	One	

solution	to	this	problem	is	surface	enhanced	Raman	spectroscopy	(SERS).	59–62	

	

Figure	1-7:63	Scheme	of	Raman	scattering	

SERS	occurs	when	the	molecules	are	adsorbed	on	rough	metal	surfaces	and	

nanostructures.		Electromagnetic	theory	can	explain	one	major	mechanism	of	SERS	

and	 is	widely	accepted:	 in	classical	view,	Raman	scattering	can	be	considered	as	a	

molecule	 dipole	𝒑(𝜔:) 	oscillating	 at	 Raman	 frequency	𝜔: 	in	 the	 presence	 of	 an	

external	electric	field	𝑬(𝜔;)	with	the	laser	frequency		𝜔;:64–67		

𝒑(𝜔:) = 𝛼�:(𝜔: , 𝜔;)	𝑬(𝜔;)				(1 − 10)	
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where	𝛼�:(𝜔: , 𝜔;)	is	 the	Raman	polarizability	 tensor	of	 the	molecule.	The	radiated	

power	𝑃:'/'6	is:	64,65	

𝑃:'/'6 =
𝜔:<

12𝜋𝜀#𝑐<
|𝒑(𝜔:)|" ∝ |𝑬(𝜔;)|"				(1 − 11)	

where	𝜀#	is	the	permittivity	constant	in	vacuum,	and	𝑐	is	the	speed	of	light.	The	local	

intensity	enhancement	can	be	defined	as:		

𝑀;)7(𝜔;) =
|𝐸;)7(𝜔;)|"

|𝐸(𝜔;)|"
				(1 − 12)	

Besides	the	radiation	enhanced	by	the	local	field,	the	radiation	can	be	also	influenced	

by	 re-radiation.	 The	 radiated	 light	 of	 the	 molecule	 can	 be	 back-scattered	 and	

influence	the	radiation.66	Similarly,	the	re-radiation	enhancement	can	be	written	as:	

𝑀;)7(𝜔:) =
|𝐸;)7(𝜔:)|"

|𝐸(𝜔:)|"
				(1 − 13)	

Consider	both	the	local	field	and	re-radiation	enhancements,	the	SERS	power	𝑃-=:-=/ 	

based	on	electromagnetic	theory	is:65,66	

𝑃-=:-=/ = 𝑀;)7(𝜔;)𝑀;)7(𝜔:)𝑃:'/'6				(1 − 14)	

We	 can	 define 𝐺-=:-=/ = 𝑀;)7(𝜔;)𝑀;)7(𝜔:) 	as	 the	 enhancement	 factor.	 Generally	

speaking,	Raman	mode	energy	is	much	smaller	than	the	incident	photon	energy,	so	

𝜔; ≈ 𝜔: 	and	 𝑀;)7(𝜔;) ≈ 𝑀;)7(𝜔:) .	 Then	 the	 enhancement	 factor	 𝐺-=:-=/ 	is	

approximately	to	be	𝑔<	where	𝑔 = ="#$(?%)
=(?%)

	is	the	electric	field	enhancement	factor.		
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	 The	electric	field	enhancement	in	SERS	is	caused	by	LSP	resonances	(LSPRs),	

as	shown	in	Figure	1-1B.	As	discussed	previously,	the	incident	light	can	excite	local	

surface	 plasmons	 with	 metallic	 nanostructures.	 When	 the	 plasmon	 frequency	

matches	the	light	frequency,	LSPRs	can	occur.	As	a	result,	hot	spots	where	the	local	

electric	field	E	is	dramatically	enhanced	are	generated.		

Additionally,	chemical	theory	that	is	related	with	charge	transfer	and	resonant	

Raman	 scattering	 can	 also	 contribute	 to	 SERS	 enhancement.68–70	 The	 chemical	

enhancement	can	be	defined	as:64,65,71		

𝐺-=:-AB$/ =
𝜎C'0(

𝜎C
%*$$ 				(1 − 15)	

𝜎C'0( 	and	𝜎C
%*$$ 	are	 the	 Raman	 cross-sections	 of	 the	 k-th	 vibrational	 mode	 of	 the	

adsorbed	and	the	free	molecule.	Figure	1-8	summarizes	the	mechanism	of	SERS.	
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Figure	1-8:64	Summary	of	the	mechanism	of	SERS	in	terms	of	electromagnetic	

and	chemical	theory.	

The	steady	state	vibrational	population	of	a	particular	Raman	mode	in	terms	

of	the	vibrational	effective	temperature	can	be	calculated	by	the	ratio	between	Anti-

Stokes	and	Stokes	intensity:72 

𝐼D-
𝐼-
=
𝜎D- ∙ 𝜌D-(𝜔&B)
𝜎- ∙ 𝜌-(𝜔&B)

∙
g𝜔# + 𝜔&Bi

4

g𝜔# − 𝜔&Bi
4 exp �−

ℏ𝜔&B
𝑘E𝑇$%%,G2!

�				(1 − 16)	

where	 𝐼D- 	and	 𝐼- 	represent	 Anti-Stokes	 and	 Stokes	 intensity;	𝜔# 	and	𝜔&B 	are	 the	

frequencies	of	laser	and	the	Raman	mode;	𝜎D-	and	𝜎-	are	the	Anti-Stokes	and	Stokes	

scattering	cross	sections;	𝜌D-	and	𝜌-	are	 the	Raman	enhancements	due	to	LSPRs	of	
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Anti-Stokes	 and	 Stokes	 modes;	 𝑘E 	is	 Boltzmann	 constant	 and	 𝑇$%%,G2! 	is	 the	

vibrational	effective	temperature.	

SERS	 has	 been	 reported	 in	many	 plasmonically	 active	metal	 nanostructure	

environments,	 for	 example,	 nanoparticles,73	 structured	 nanofilms74	 and	 the	

nanoscale	 tip	 in	 scanned	 probe	 microscopes.75	 In	 experiments,	 the	 SERS	

enhancement	can	exceed	1010,	which	means	it	reaches	the	single	molecule	detection	

threshold.76–78	Because	of	its	high	sensitivity,	SERS	is	widely	used	for	many	chemical	

and	biological	applications,60,79,80	such	as	in-situ	monitoring	of	chemical	reactions81.	

1.4. Thermoelectric	effect	

Thermoelectric	effects	are	the	direct	conversion	of	temperature	gradients	to	

voltage	 and	 vice	 versa.	 Thermoelectricity	 arises	 due	 to	 the	 movement	 of	 charge	

carriers	within	a	material	as	a	result	of	a	thermal	gradient.	Thermoelectric	effects	can	

be	widely	used	for	active	cooling	and	energy	harvesting.82–84	Thermoelectric	effects	

includes	the	Seebeck	effect,	the	Peltier	effect,	and	the	Thomson	effect.	

1.4.1. Seebeck	effect	

The	Seebeck	effect,	discovered	by	Thomas	Johann	Seebeck	in	1821,	describes	

the	voltage	generation	caused	by	a	temperature	gradient.	Illustrated	in	Figure	1-9,	if	

there	is	a	temperature	gradient	along	a	metal	strip,	the	charge	carriers	(electrons)	in	

the	metal	will	move	from	the	hot	side	to	the	cold	side	and	form	a	diffusion	current.	In	



	
36	

	

	

the	steady	state,	 there	should	be	no	net	current	 in	 the	system,	so	 there	must	be	a	

voltage	to	counter	the	thermal	diffusion	of	the	electrons.	The	voltage	𝑉	can	be	written	

as:	

∇𝑉 = −𝑆∇𝑇				(1 − 17)	

where	𝑆	is	the	seebeck	coefficient	and	∇𝑇	is	the	temperature	gradient.	

	

Figure	1-9:	Schematic	of	the	Seebeck	effect.	

The	 Seebeck	 coefficient	 depends	 on	 charge-carrier	 diffusion	 and	 phonon	

drag,85	which	can	be	tuned	by	temperature,	geometry,	impurities	and	the	electronic	

structure	 of	 the	materials.	 For	metallic	materials,	 the	 Seebeck	 coefficient	𝑆	can	 be	

estimated	using	the	Mott	formula:86	

𝑆 = −
𝜋"

3
𝑘E

"𝑇
𝑒

𝜕𝑙𝑛𝜎(𝐸)
𝜕𝐸 �

=H=&
				(1 − 18)	
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where	𝑘E 	is	 the	Boltzmann	constant;	𝑒	is	 the	electron	charge;	𝑇	is	 the	temperature;	

𝜎(𝐸)	is	the	electronic	conductivity	as	a	function	of	the	energy		𝐸	and	𝐸I 	is	the	Fermi	

energy.	 As	 the	 equation	 indicates,	 the	 Seebeck	 coefficient	 can	 be	 enhanced	when	

there’s	a	sharp	feature	in	the	DOS	𝑁(𝐸),	such	as	the	Van	Hove	singularity	(VHS).87		

1.4.2. Peltier	effect	

The	Peltier	effect,	named	after	the	physicist	Jean	Charles	Athanase	Peltier,	can	

be	understood	as	the	complement	of	the	Seebeck	effect.	When	electric	current	passes	

through	a	material,	heat	can	move	in	a	certain	direction,	which	creates	a	cool	and	a	

hot	area	at	the	two	ends	of	the	material,	as	shown	in	Figure	1-10.	The	Peltier	heat	

generated	per	unit	time	𝑄̇	can	be	calculated	as:	

𝑄̇ = Π𝐼				(1 − 19)	

where	𝐼	is	 the	electric	current	and	Π	is	 the	Peltier	coefficient	of	 the	material	and	 it	

represent	how	much	heat	is	carried	per	unit	charge.		The	relationship	between	the	

Peltier	coefficient	Π	and	the	Seebeck	coefficient	𝑆	is:		

Π = 𝑆𝑇				(1 − 20)	
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Figure	1-10:	Schematic	of	the	Peltier	effect	

1.4.3. Thomson	Effect	

The	Thomson	effect	can	be	understood	as	a	combination	of	the	Seebeck	and	

Peltier	effects.	 It	describes	 the	heat	exchange	along	a	conductor	with	 temperature	

gradient	when	electric	current	passes	through	it.	The	Thomson	effect	can	account	for	

the	situation	where	 the	Seebeck	coefficient	depends	on	 temperature	 in	 the	Peltier	

effect.	The	heat	production	rate	per	unit	volume	𝑞̇	can	be	calculated	as:	

𝑞̇ = −Κ𝐽 ∙ ∇𝑇				(1 − 21)	

where	𝐽	is	 the	current	density	and	Κ	is	 the	Thomson	coefficient,	which	depends	on	

temperature	and	the	Seebeck	coefficient	change	due	to	temperature	gradient:	

Κ = 𝑇
𝑑𝑆
𝑑𝑇				(1 − 22)	
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1.4.4. Thermoelectric	figure	of	merit	

The	 thermoelectric	 figure	 of	 merit	𝑍𝑇 	is	 a	 key	 parameter	 to	 evaluate	 the	

performance	of	a	thermoelectric	material.	It	quantifies	the	ability	to	convert	heat	into	

electrical	energy.	The	thermoelectric	figure	of	merit	is	defined	as:88	

𝑍𝑇 =
𝑆"𝜎𝑇
𝜅 				(1 − 23)	

where	 𝜎 	is	 the	 electrical	 conductivity	 and	 𝜅 	is	 the	 thermal	 conductivity.	 𝑆"𝜎 	is	

defined	as	the	power	factor	(PF).	High	PF	means	that	the	material	can	generate	large	

voltage	and	have	high	electrical	conduction.	However,	due	to	the	Wiedemann-Franz	

law,	 the	 thermal	 conductivity	𝜅	increases	with	 increasing	electrical	 conductivity	𝜎,	

which	 counters	 the	 improvement	 of	 𝑍𝑇 .	 As	 a	 result,	 optimizing	 thermoelectric	

materials	 involves	 a	 balance	 between	 the	 electrical	 and	 thermal	 transport	

properties.88	

1.5. Carbon	Nanotubes	

Carbon	nanotube	(CNT)	systems	are	complicated,	and	the	researches	of	them	

are	comprehensive.	A	very	detailed	discussion	of	CNT	systems	is	beyond	the	goal	of	

the	thesis.	I	will	briefly	introduce	the	basic	concepts	of	CNTs	and	CNT	fibers	(CNTFs),	

which	 can	 be	 helpful	 to	 understand	 the	 research	 project	 in	 Chapter	 5.	 A	 more	

comprehensive	 discussion	 of	 CNT	 can	 be	 found	 in	 our	 collaborator	 Dr.	 Natsumi	
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Komatsu’s	 thesis	 Ref.89,	 including	 structures,	 electrical,	 optical,	 thermal,	

thermoelectric	properties	of	CNTs.	

Carbon	nanotubes	(CNTs)	are	cylindrical	nanostructures	consisting	of	rolled-

up	sheets	of	graphene.	CNTs	can	be	synthesized	by	chemical	vapor	deposition	(CVD)	

using	 hydrocarbon	 gases	 with	 catalyst.90,91	 CNTs	 have	 attracted	 great	 scientific	

interest	 due	 to	 their	 outstanding	 structural,	 electrical,	 thermal,	 and	 mechanical	

properties.92–94	CNTs	 can	be	 classified	 as	 single-wall	 carbon	nanotubes	 (SWCNTs),	

double-wall	 carbon	 nanotubes	 (DWCNTs),	 and	 multi-wall	 carbon	 nanotubes	

(MWCNTs)	based	on	the	number	of	the	graphene	layers.	The	aspect	ratio	of	CNTs	is	

high,	with	a	 few	nanometers	 in	diameter	and	up	 to	 centimeters	 in	 length.95,96	The	

crystal	structure	of	the	CNTs	depends	on	how	the	graphene	sheets	are	wrapped	into	

the	cylinder,	which	is	defined	as	chirality.		

Figure	1-11	shows	the	planer	structure	of	a	graphene	sheet	with	lattice	vector	

𝒂𝟏 	and	𝒂𝟐 .	𝑹 	is	 the	 symmetry	 vector.	 For	 example,	 the	 graphene	 sheet	 can	 be	

wrapped	into	a	CNT	such	that	line	OB	and	AB’	overlap.	In	this	case,	OA	describes	the	

chiral	vector	𝑪𝒉	which	can	be	defined	as:	

𝑪𝒉 = 𝑛𝒂𝟏 +𝑚𝒂𝟐 ≡ (𝑛,𝑚)				(1 − 24)	

where	𝑛	and	𝑚	are	 integers	 and	𝑛 ≥ 𝑚 ≥ 0.	OB	describes	 the	 translation	vector	𝑻.	

Specifically,	 the	 CNTs	 with	 chirality	(𝑛, 𝑛) 	are	 called	 armchair	 nanotubes	 and	 the	

CNTs	with	chirality	(𝑛, 0)	are	called	zigzag	nanotubes.	The	chiral	angle	𝜃	is	the	angle	

between	𝑪𝒉	and	𝒂𝟏.	It	can	be	given	by:89		
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𝜃 = 𝑐𝑜𝑠89 |
𝑪𝒉 ∙ 𝒂𝟏
|𝑪𝒉||𝒂𝟏|

} = 𝑐𝑜𝑠89 |
2𝑛 +𝑚

2√𝑛" +𝑚" + 𝑛𝑚
}				(1 − 25)	

and	the	diameter	of	the	CNT	𝑑M	is	given	by		

𝑑M =
|𝑪𝒉|
𝜋 =

𝑎A8A
𝜋

¥3(𝑛" +𝑚" + 𝑛𝑚)				(1 − 26)	

where	𝑎A8A ≈ 1.44	Å	is	the	distance	between	the	nearest	carbon	atoms.	

	

Figure	1-11:97	Schematic	of	a	graphene	layer	used	to	explain	the	chirality	of	the	

CNTs.	

The	properties	of	the	SWCNTs	are	determined	by	the	chirality.		The	diameter-

dependent	band	gap	of	the	SWCNTs	can	be	calculated	based	on	the	chirality.	Hence,	

the	nanotubes	can	be	classified	to	be	metallic	or	semiconducting:89,92,94,97	when		𝜐 ≡
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(𝑛 − 𝑚)	𝑚𝑜𝑑	3 = 0,	the	nanotube	is	metallic;	when		𝜐 ≡ (𝑛 −𝑚)	𝑚𝑜𝑑	3 = 1	𝑜𝑟	2,	the	

nanotube	is	semiconducting.	Specifically,	metallic	non-armchair	tubes	(𝜐 = 0, 𝑛 ≠ 𝑚)	

have	 small	 curvature-induced	 band	 gaps	 which	 is	 proportional	 to	1/𝑑M
" .98,99	 An	

example	of	the	band	structure	and	DOS	of	the	metallic	and	semiconducting	SWCNTs	

is	shown	in	Figure	1-12.	

	

Figure	 1-12:89,100	 Band	 structure	 and	 DOS	 of	 (a)	 metallic	 SWCNTs	 and	 (b)	

semiconducting	 SWCNTs.	 Vi	 and	 Cj	 indicate	 the	 sub-bands	 in	 valence	 and	

conduction	bands.	The	blue	arrows	indicate	the	optical	transitions	for	parallel	

polarization.				

CNT	 fibers	 (CNTFs)	are	macroscopic	 fibers	 composed	of	many	CNTs	highly	

aligned	together	by	Van	de	Waals	force	and	mechanical	compression.	CNTFs	can	be	

assembled	from	individual	CNTs	by	the	spinning	method.91,101–103	CNTFs	usually	have	

the	diameter	of	micrometer	scale	and	the	length	can	reach	meters.	CNTFs	retain	many	

of	the	remarkable	properties	of	individual	CNTs	while	being	usable	at	macroscopic	
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scales.	The	applications	of	CNTFs	are	broad	because	of	their	flexibility,	light	weight,	

and	 outstanding	 thermal	 and	 electrical	 properties.102–104	 For	 example,	 they	 are	

promising	 candidates	 for	 thermoelectric	 active	 cooling	 materials	 thanks	 to	 their	

unique	 combinations	 of	 electrical	 and	 thermal	 properties.105,106	 CNTFs	 can	 be	

mechanically	exfoliate	into	CNT	bundles	whose	diameter	can	be	tens	of	nanometers.	

Figure	1-13	shows	the	images	of	individual	CNTs,	CNT	bundles	and	CNTFs.			

	

Figure	1-13:89,107	(a)	Scanning	electron	microscope	(SEM)	image	of	a	CNTF.	(b)	

SEM	image	of	CNT	bundles.	(c)	Transmission	electron	image	(TEM)	of	

individual	CNTs.	
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Chapter 2 

Plasmonic and Thermoelectric Related 
Phenomena in Metallic Nanowires and 
Nanojunctions  

In	 this	 chapter,	 I	will	 summarize	 the	 plasmonic	 and	 thermoelectric	 related	

phenomena	in	metallic	nanowires	and	nanojunctions	based	on	the	previous	works.	

They	are	helpful	to	understand	the	research	projects	in	chapter	3,	4	and	5.	

2.1. Photothermoelectric	(PTE)	effect	in	metallic	nanowires	

The	PTE	effect	originates	from	the	Seebeck	effect:	a	focused	laser	beam	can	be	

used	as	a	localized	heat	source	to	introduce	the	temperature	gradient	and	as	a	result	

the	Seebeck	voltage.	In	quasi-one-dimensional	(1D)	systems	with	large	aspect	ratio,	

a	laser	beam	is	focused	on	the	sample	at	location	𝑥#	to	induce	a	temperature	gradient 

𝛻𝑇(𝑥, 𝑥#) at	all	axial	locations 𝑥, and	an	open-circuit	voltage	is	established	as	a	result	

of	the	Seebeck	effect.	The	voltage 𝑉(𝑥#) can	be	written	as		
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𝑉(𝑥#) = −« 𝑆(𝑥)𝛻𝑇(𝑥, 𝑥#)𝑑𝑥
;

#
				(2 − 1) 

where	𝑆(𝑥)	is	the	position-dependent	Seebeck	coefficient	and	𝐿	is	the	sample	length.	

If	the	sample	is	perfectly	uniform	(i.e.	𝑆(𝑥) = 𝑆'G$ ,	a	position-independent	average),	

then	the	voltage	𝑉	is	zero	if	the	temperature	is	identical	at	𝑥 = 0	and	𝑥 = 𝐿.	Therefore,	

any	 detected	 voltage	 signal	 indicates	 non-uniformity	 of	 the	 system’s	 Seebeck	

coefficient.	 By	 scanning	 the	 laser	 over	 the	 system,	 the	 photovoltage	𝑉(𝑥#) 	as	 a	

function	of	the	laser	position	𝑥#	can	be	obtained.		

The	 PTE	 effect	 has	 been	 used	 to	 show	 the	 non-uniformity	 of	 the	 Seebeck	

coefficient	 in	metallic	 nanowires	 caused	 by	 grain	 boundaries108	 and	 impurities.109	

The	 Seebeck	 coefficient	 along	 the	 single	 crystal	 gold	 nanowire	 is	 found	 to	 be	

correlated	 with	 the	 crystallographic	 defects	 and	 strain	 associated	 with	

misorientation	 (Figure	 2-1a),	 detected	 by	 electron	 backscatter	 diffraction.108	 The	

Seebeck	coefficient	of	a	gold	nanowire	is	also	found	correlated	with	the	concentration	

of	Pt	impurities	(Figure	2-1b).109		We	can	also	fabricate	photodetectors	based	on	the	

PTE	effect	of	the	structure	where	there	are	sharp	features	in	the	Seebeck	coefficient.	

For	 example,	 photodetectors	 can	 be	 made	 with	 gold	 nanowires	 with	 asymmetric	

geometry	(Figure	2-1c),	as	a	result	of	the	Seebeck	coefficient	changes	with	geometry	

at	the	nanoscale.110		
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2.2. Plasmonic	heating	

When	light	is	shining	on	the	gold	nanowire,	the	wire	can	absorb	energy	from	

the	 light	 and	 the	 temperature	 rises.	 When	 the	 polarization	 of	 the	 light	 is	

perpendicular	 to	 the	 nanowire	 ( 𝜃 = 90° 	in	 Figure	 2-2a),	 the	 plasmon	 mode	

transverse	to	the	nanowire	can	be	excited,	resulting	in	a	larger	absorption	and	larger	

temperature	rise	(Figure	2-2b)	than	the	polarization	along	the	nanowire	(𝜃 = 0°	in	

Figure	2-2a).111	The	similar	polarization	dependent	heating	behavior	is	also	observed	

in	TiN	nanowires	(Figure	2-2c).112		
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Figure	2-1:	(a)111	A	SEM	image	of	the	gold	nanowire	on	SiO2/Si	substrate.	𝜽	is	

the	angle	between	the	nanowire	and	the	polarization	of	the	light.	(b)111	Polar	

plot	 of	 the	nanowire	 temperature	 as	 a	 function	of	𝜽	with	different	 substrate	

temperatures.	(c)112	Polar	plot	of	the	nanowire	temperature	as	a	function	of	𝜽	

in	the	TiN	nanowire	with	substrate	temperature	to	be	180K.	

2.3. SERS	in	plasmonic	nanojunctions	

Planar	 gold	 nanowires	 can	 be	 electromigrated	 to	 form	 a	 nanogap,113	 and	

molecules	can	be	deposited	inside	and	around	the	gap	to	get	a	molecular	 junction.	

The	details	about	the	fabrication	are	discussed	in	Chapter	3.	These	junctions	can	be	

designed	to	have	good	plasmonic	properties	in	near	infrared	region,	can	be	fabricated	

on	Si	substrate	in	large	scale	and	are	reported	to	support	SERS.114,115	Localized	gap	

plasmon	modes	can	be	excited	by	the	incident	light	and	the	electric	filed	inside	the	

gap	can	be	greatly	enhanced	over	the	field	of	the	incident	radiation,116	causing	SERS	

signals	 from	 these	 hot	 spots.	 An	 example	 of	 a	 SERS	 spectrum	 in	 a	 plasmonic	

nanojunction	is	shown	in	Figure	2-3.	
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Figure	2-2:115	Blue	curve	(left	scale): 	pMA	SERS	spectrum	at	hotspot	center	of	

one	nanojunction	densely	covered	by	pMA,	 integrated	 for	10	min	at	 incident	

power	 of	 700	 μW.	 Green	 curve	 (right	 scale): 	 integrated	 signal	 under	 same	

conditions	on	middle	of	Au	pad	on	the	same	nanojunction.	The	features	near	

520	and	960	cm-1	are	from	the	Si	substrate.	No	Raman	features	are	detectable	

on	either	the	Au	pads	or	their	edges	under	these	conditions.	

	

pMA modes 
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2.4. Open	circuit	photovoltage	(OCPV)	in	plasmonic	

nanojunctions	

As	 we	 discussed	 in	 Chapter	 1,	 LSPs	 can	 be	 excited	 optically	 in	 plasmonic	

systems	 including	 the	 nanojunctions.	 Due	 to	 the	 randomness	 of	 the	 shape	 of	 the	

nanogap	after	the	electromigration	process,113	the	geometry	of	the	nanojunctions	can	

be	asymmetric	across	the	gap.	As	a	result,	the	plasmon	modes	and	the	hot	carriers	

generated	from	the	decay	of	the	plasmon	modes	are	asymmetric	too.	Then	the	hot	

electrons	 can	 tunnel	 from	 one	 side	 to	 another.117	 The	 tunneling	 current	 can	 be	

expressed	using	the	Landauer	theory:118	

𝐼B7 =
2𝑒
ℎ «(𝑓;(𝐸) − 𝑓:(𝐸))𝑇(𝐸)𝑑𝐸 				(2 − 2)	

where	𝑇(𝐸)	is	the	energy	dependent	transmission	function;	𝑓;(𝐸)	and	𝑓:(𝐸)	are	the	

electron	distribution	on	the	left	and	right	electrode	of	the	nanogap,	respectively;		ℎ	is	

the	Planck	constant.		

Similar	with	 the	Seebeck	effect,	 the	net	 current	of	 the	 system	at	 the	 steady	

state	 should	 be	 0,	 so	 a	 voltage	must	 be	 generated	 to	 balance	 the	 optically	 driven	

tunneling	electron	current.	Compared	with	the	PTE	effect,	due	to	the	resistance	of	the	

nanojunction	device	is	much	larger	after	the	electromigration	than	the	nanowire,	the	

OCPV	is	much	larger	in	the	nanojunctions	than	the	PTE	voltage	in	nanowires	(Figure	

2-4a).117						
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The	 asymmetric	 plasmon	mode	 excitation	 can	 be	 artificially	 introduced	 by	

designing	 the	 metals	 across	 the	 nanogap	 to	 have	 different	 plasmonic	 properties,	

including	the	width	and	the	material.119	The	two	sides	can	be	designed	to	be	Pt	and	

Au	with	different	widths.	Au	is	more	plasmonic	active	than	Pt,	so	the	hot	electrons	are	

generated	more	on	the	Au	side.	The	electron	tunneling	direction	is	always	from	Au	to	

Pt	 (Figure	2-4b).	The	hot	carrier	generation	can	be	also	 tuned	by	 the	width	of	 the	

nanowire.119	 In	 this	way,	we	can	engineer	 the	direction	of	hot	carrier	 tunneling	 in	

plasmonic	tunneling	structures.119	

	

Figure	2-3:	(a)117	OCPV	from	the	gold	nanojunction.	The	inset	shows	the	SEM	

image	of	 the	 junction.	 (b)119	 Schematic	of	engineering	of	 the	direction	of	 the	

electron	tunneling.	The	hot	electrons	always	tunnel	from	the	Au	side	to	the	Pt	

side,	because	Au	is	more	plasmonically	active.	
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	 We	also	find	that	the	OCPV	can	be	enhanced	using	nanojunction	devices	made	

of	 single	 crystal	 (SC)	 gold	 than	 those	 made	 of	 polycrystal	 (PC)	 gold.120	 The	

enhancement	 can	 reach	 an	 order	 of	 magnitude.	 As	 illustrated	 in	 Figure	 2-5,	 this	

enhancement	is	attributed	mostly	to	the	suppression	of	electron-phonon	scattering	

and	improved	hot	carrier	tunneling	efficiency	in	single-crystal	devices:120	the	SC	gold	

with	 defect-free	 nanostructures	 can	 suppress	 electron-phonon	 scattering	 and	

increase	the	mean	free	path	of	the	hot	carriers.	The	hot	carrier	lifetime	in	SC	and	PC	

gold	nanoparticles	are	3.1	ps	and	1.6ps	respectively	based	on	previous	report.121		

2.5. 	 Electroluminescence	(EL)	

Light	 emission	 from	 electrically	 biased	 tunnel	 junctions	 was	 found	 in	 the	

1970s	by	Lambe	and	McCarthy.122	The	mechanism	is	that	the	LSPR	in	the	tunneling	

nanostructure	can	be	excited	 inelastically	by	the	tunneling	electrons,	and	the	LSPs	

can	decay	radiatively	via	far	field	photon	emission.	One	feature	of	the	light	emission	

induced	by	the	inelastic	tunneling	is	the	broad	band	spectrum	with	a	limit	that	the	
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energy	of	the	photons	must	be	smaller	than	the	energy	of	the	electrons	(i.e.,	ℏ𝜔 ≤ 𝑒𝑉,	

𝑉	is	the	bias	voltage).	This	is	known	as	below-threshold	light	emission.	Recently,	the	

above-threshold	light	emission	(which	means	the	photon	energy	can	be	higher	than	

the	electron	energy	(ℏ𝜔 ≥ 𝑒𝑉))	has	been	reported	in	scanning	tunneling	microscopy	

(STM)	 systems	 and	 nanofabricated	 tunnel	 junctions.123–128	 Several	 mechanisms,	

including	 the	 spontaneous	 blackbody	 thermal	 radiation	model,123,126	 the	 coherent	

multi-electron	interactions,124,127	and	the	finite	temperature	effects,129	are	proposed	

to	explain	the	above-threshold	light	emission.	These	mechanisms	are	discussed	and	

compared	 in	Ref.130	 and	Dr.	Yunxuan	Zhu’s	 thesis.131	All	 these	mechanisms	cannot	

explain	the	phenomena	we	see	in	our	planar	plasmonic	nanojunction	system.	Next,	

we	 will	 focus	 on	 the	 plasmonic	 hot	 carrier	 recombination	 mechanism	 which	 can	

explain	the	light	emission	in	our	system.		

The	above	threshold	light	emission	in	the	planar	plasmonic	nanojunctions	is	

reported	 in	 Ref.33.	 The	 plasmonic	 hot	 carrier	 recombination	mechanism	 gives	 the	

emission	spectrum	to	be:33	

𝑈(𝜔, 𝑉!) ≈ 𝜌(𝜔)𝐼O𝑒8ℏ?/C'R(!! 				(2 − 3)	

where	𝑈(𝜔, 𝑉!)	is	the	photon	count	rate	at	frequency	𝜔	and	at	given	voltage	bias	𝑉!;	

𝜌(𝜔)	is	the	plasmonic	DOS	as	a	function	of	𝜔;	𝑇$%%	is	the	effective	temperature	of	the	

hot	 carriers;	 	𝐼	is	 the	 tunneling	 current,	 depending	on	 the	voltage	bias	𝑉! ,	 and	 the	

value	 of	 𝛼 = 1.2 ,33	 which	 can	 be	 obtained	 from	 the	 experimental	 results.	 This	

equation	describes	the	light	emission	as	a	Boltzmann	like	thermal	emission	with	an	
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effective	 temperature	𝑇$%% 	under	 the	 modification	 of	 the	 plasmonic	 DOS	 and	 the	

tunneling	current.	The	spectra	measured	at	different	voltage	bias	are	shown	in	Figure	

2-6a.	 The	 shapes	 of	 the	 spectra	 are	 the	 same	 and	 a	 normalization	 process	 can	 be	

performed:	 each	 spectrum	 can	 be	 first	 divided	 by	 its	𝐼O 	and	 then	 divided	 by	 the	

reference	spectrum,	which	is	the	highest	one	in	Figure	2-6a.	Then	log	is	taken	for	all	

the	spectra,	as	shown	in	Figure	2-6b.		It	can	be	written	as:	

𝑙𝑜𝑔 �
𝑈2 (𝜔, 𝑉2) 𝐼O⁄

𝑈*$% g𝜔, 𝑉*$%i 𝐼O⁄
� = −

ℏ𝜔
𝑘E

�
1
𝑇2
−

1
𝑇*$%

�				(2 − 4)	

where	𝑈2(𝜔, 𝑉2)	and	𝑈*$%(𝜔, 𝑉*$%)	are	the	spectra	of	the	spectrum	𝑖	and	the	reference	

spectrum;	𝑇2 	and		𝑇*$%	are	the	effective	temperature	of	spectrum	𝑖	and	the	reference	

spectrum.	The	effective	temperature	𝑇$%%	is	found	to	be	linear	in	𝑉!:33	

𝑇$%% = 𝛽𝑉!				(2 − 5)	

By	the	linear	relationship	and	the	normalization	analysis,	the	𝑇$%%	for	the	spectrum	at	

each	bias	can	be	obtained,	as	shown	in	Figure	2-6b.	We	can	see	that	the	hot-carrier	

distributions	with	high	effective	temperatures	(above	2000	K)	are	achievable	under	

modest	electrical	bias	(∼1	V).	With	the	effective	temperature	for	each	spectrum,	the	

plasmonic	DOS	𝜌(𝜔)	can	be	obtained	(Figure	2-6c).	We	can	see	that	the	𝜌(𝜔)	of	each	

bias	voltage	overlaps	each	other,	indicating	that	the	𝜌(𝜔)	is	independent	of	the	bias	

voltage	and	is	only	determined	by	the	geometry	of	the	nanojunctions	and	hence	the	

excited	plasmon	modes.	The	mechanism	of	the	can	be	summarized	as	(Figure	2-6d):33	

the	 LSPs	 excited	 by	 inelastic	 tunneling	 electrons	 undergo	 a	 nonradiative	 decay	
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process	 in	which	a	plasmon	energy	quantum	ℏ𝜔;-. 	is	 transferred	 to	an	 individual	

conduction	hot	electron–hole	pair.	The	energy	distribution	of	 these	hot	 carriers	 is	

centered	around	the	Fermi	level	𝐸I ,	and	extends	to	𝐸I ± 𝑒𝑉.	If	the	rate	of	tunneling	

events	outpaces	carrier	relaxation,	a	steady-state	hot	carrier	distribution	is	sustained,	

with	 its	 specific	 form	depending	on	 the	 time	 interval	between	 successive	electron	

tunneling	 events	 and	 the	 hot	 carrier	 lifetimes	 (approximately	 hundreds	 of	

femtoseconds).	 The	 above-threshold	 light	 emission	 originates	 from	 the	 plasmon-

enhanced	radiative	recombination	of	hot	electrons	and	holes	with	high	energies	in	

the	 hot-carrier	 distribution.	 This	 above	 threshold	 light	 emission	 is	 material	

dependent.	 Statistically,	 for	 plasmonic-active	material	 like	 gold,	 both	 the	 emitting	

photon	counts	and	the	effective	temperature	are	larger	at	a	given	bias	voltage	than	a	

plasmonic-poor	material	like	palladium.33				
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	 The	plasmons	can	be	also	excited	optically	in	these	nanojunctions,	and	there	

is	light	emission	called	photoluminescence	(PL).	Ref.132	finds	that	the	light	emission	

from	 the	 plasmonic	 nanojunctions	 can	 be	 greatly	 enhanced	 by	 a	 combination	 of	

optical	 and	 electrical	 excitation.	 The	 light	 emission	 in	 this	 case	 is	 called	 electro-

photoluminescence	(EPL,	Figure	2-7a).	 	As	shown	in	Figure	2-7b,	the	enhancement	

ratio	 can	 reach	more	 than	1000	 and	 the	 ratio	 is	 larger	 at	 lower	 bias	 voltage.	 The	

mechanism	of	the	enhancement	is	the	higher	effective	temperature	under	optical	and	

electrical	 excitation	 compared	with	 electrical	 excitation	 only	 (Figure	 2-7c).132	 The	
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effective	 temperature	 is	 even	non-zero	 at	0	bias	 voltage	 in	EPL	due	 to	 the	optical	

excitation,	and	the	exponential	Boltzmann	term	gives	the	great	enhancement.	

	

Figure	2-4:132	(a)	Schematics	of	EL,	PL	and	EPL.	(b)	Light	emission	

enhancement	ratio	as	a	function	of	bias	voltage.	The	enhancement	can	reach	

more	than	1000.	(c)	The	effective	temperature	of	hot	carriers	in	EL	(green)	

and	EPL	(red)	cases.	

	

	 The	 region	 of	 the	 EL	 can	 be	 controlled	 by	 multi-step	 electromigration	 in	

aluminum	junctions.133	The	further	electromigrated,	the	larger	the	nanogap	is	and	the	

lower	the	conduction	is,	as	illustrated	in	Figure	2-8.	The	EL	in	different	regions	can	

be	summarized	as:133	in	the	high	conductance	region,	the	EL	is	dominated	by	the	hot	

carrier	mechanism	and	the	above	threshold	 light	emission	can	be	observed;	 in	the	

intermediate	 region,	 the	 EL	 is	 dominated	 by	 the	multi-electron	mechanism:	multi	

electrons	can	tunnel	through	the	junction	barrier	coherently	at	a	lower	probability,	
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creating	 a	 higher-energy	 LSP	 and	 decaying	 in	 the	 same	 way	 to	 generate	 above-

threshold	emission;	in	the	low	conductance	region,	the	EL	can	be	well	explained	using	

the	 one-electron	 inelastic	 tunneling	 mechanism	 and	 the	 below	 threshold	 light	

emission	can	be	observed.	

EL	is	also	reported	to	be	a	tool	to	probe	plasmon–exciton	coupling	in	hybrid	

structures	 consisting	of	 a	nanoscale	plasmonic	 tunnel	 junction	and	 few-layer	 two-

dimensional	 transition-metal	 dichalcogenide	 transferred	 onto	 the	 junction.134	 The	

resulting	hybrid	states	act	as	a	novel	dielectric	environment	that	affects	the	radiative	

recombination	 of	 hot	 carriers	 and	 the	 local	 photonic	 DOS	 in	 the	 plasmonic	

nanostructure.	The	strong	coupling	between	the	plasmon	and	the	exciton	is	observed	

with	the	Rabi	splitting	exceeding	50	meV	(Figure	2-9).134	
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Figure	 2-5:133	 Schematics	 for	 various	 light	 emission	 mechanisms	 and	 the	

electromigration	experimental	setup.	(a)	An	electron	can	inelastically	tunnel	

from	 the	 source	 to	 the	drain,	 exciting	LSPs	which	 subsequently	decay	 into	a	

radiative	photon	with	energy	limited	by	the	LSPs.	(b)	Two	electrons	can	tunnel	

through	 the	 junction	 barrier	 coherently	 at	 a	 lower	 probability,	 creating	 a	

higher-energy	LSPs	and	decaying	in	the	same	way	to	generate	above-threshold	

emission.	(c)	LSPs	decay	non-radiatively,	exciting	hot	electrons	and	hot	holes	

above	and	below	 the	Fermi	 energy,	which	 recombine	 radiatively	 to	produce	

above-threshold	photons.		
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Figure	2-6:134	(a)	Measured	EL	spectra	at	different	biases,	plotted	together	with	

the	PL	spectrum	measured	for	the	WSe2	on	top.	(b)	Extracted	plasmonic	DOS	

obtained	by	removing	the	Boltzmann-like	hot	carrier	energy	distribution	for	

different	biases.	

The	discussions	in	this	chapter	show	the	potential	of	the	plasmonic	nanowire	

and	nanojunction	systems	as	platforms	for	large	scaler	and	on-chip	optical,	electrical,	

opto-electrical,	 and	 thermoelectric	 applications,	 such	 as	 nanoscale	 thermal	 light	

source,	 high	 sensitivity	 spectroscopy	 and	 photodetectors…	 The	 plasmonic	

nanojunctions	 are	 also	 good	platforms	 to	 study	 the	 fundamental	physics	of	highly	

localized	plasmons	and	hot	carriers	and	their	interaction	with	the	environments	and	

other	systems.			
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Chapter 3 

Surface Enhanced Raman Spectroscopy 
in Molecular Junctions via Remote 
Excitation 

	In	 this	 chapter	 I	will	 discuss	 the	project	 about	 the	 remote	 excitation	 SERS	

including	the	device	 fabrication,	experimental	setup,	data	analysis,	and	simulation.	

This	 chapter	 is	 based	 on	 the	 publication	 “Quantifying	 Efficiency	 of	 Remote	

Excitation	 for	 Surface-Enhanced	 Raman	 Spectroscopy	 in	 Molecular	

Junctions”.135	 The	 theoretical	 and	 simulation	 parts	 are	 done	 by	 the	 collaborators	

Qian	Ye,	Dr.	Keith	Sanders	and	Prof.	Alessandro	Alabastri.	

3.1. Motivation	

The	easiest	way	 to	optically	 excite	 the	nanogap	 system	 for	SERS	as	well	 as	

OCPV	is	to	shine	the	laser	directly	at	the	gap.	In	the	direct	excitation	configuration,	

however,	 local	heating	of	the	metal	 is	substantial,	with	the	temperature	rise	of	the	

nanowire	 reaching	 ~100	 K	 with	 220	 kW/cm2	 incident	 laser	 intensity	 when	 the	
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substrate	temperature	is	low.111	This	greatly	hampers	potential	further	manipulation	

of	 the	 molecules,	 such	 as	 electrostatic	 gating	 and	 inelastic	 electron	 tunneling	

spectroscopy.136,137	Remote	exaction	for	SERS	has	been	demonstrated	in	the	recent	

years	in	nanorods	and	tip-based	systems.138,139	A	laser	is	shone	at	the	location	which	

is	 several	 micrometers	 away	 from	 the	 SERS	 hotspot	 and	 molecules.	 SPPs	 are	

generated	 and	 propagate	 to	 the	 molecule	 position	 to	 excite	 SERS	 signals.	 The	

efficiency	 of	 this	 remote	 SERS	 approach	 has	 not	 been	 examined	 in	 detail.	 In	 the	

nanowire	system,	SPPs	are	generated	at	the	gratings	which	are	several	micrometers	

away	 from	 the	 junction	with	 laser	 polarization	 perpendicular	 to	 the	 grating	 slits.	

Remote	 excitation	 gives	 a	 temperature	 rise	 a	 factor	 of	 60	 smaller	 than	 direct	

excitation.140	 Besides,	 OCPV,	 as	 a	 probe	 of	 the	 plasmonic	 properties,	 by	 remote	

excitation	in	the	electromigrated	junctions	is	also	observed.141		

3.2. Device	fabrication	

All	the	devices	are	fabricated	on	Si	wafers	with	2	μm	thick	thermal	oxide	SiO2	

layer.	First,	50	nm	thick	large	contact	Au	pads	with	a	5	nm	Ti	adhesion	layer	are	first	

prepared	by	shadow	mask	E-beam	evaporation,	as	shown	in	Figure	3-1.	There	are	24	

(12*2)	contact	pads	at	the	two	sides	of	the	common	ground	pad.	24	Au	nanowires	will	

connect	each	pad	with	the	common	ground.				
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Figure	 3-1:	 SiO2/Si	 chip	 with	 Au	 contact	 pads	 by	 shadow	 mask	 E-beam	

evaporation.	

The	chip	is	cleaned	by	acetone,	ethanol	and	isopropyl	alcohol	(IPA)	and	then	

followed	by	oxygen	plasma	cleaning	for	5	minutes.	After	cleaning,	 two	layers	of	E-

beam	resist	polymethyl	methacrylate	(PMMA)	495	and	950	are	spin	coated.	First,	the	

PMMA	495	is	spin	coated	with	3000	rpm	for	60	seconds	and	then	the	PMMA	950	is	

spin	coated	with	4000	rpm	 for	40	seconds.	The	chip	 is	baked	at	225	Celsius	 for	2	

minutes	after	each	spin	coating.	The	width	of	Au	nanowire	is	designed	to	be	120	nm	

and	the	length	is	800	nm.	The	center	of	the	grating	is	5.9	μm	away	from	the	nanowire	

center.	The	slits	are	8	μm	long	and	250	nm	wide,	and	the	distance	between	the	slits	is	

500	nm.	The	thickness	of	Au	is	30	nm.	The	above	parameters	for	the	geometry	of	the	
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device	are	determined	based	on	the	previous	work.140	The	nanowire	and	the	gratings	

with	 geometry	 discussed	 above	 are	 written	 by	 the	 Elionix	 E-beam	 lithography	

system.		

After	E-beam	lithography,	the	device	is	developed	in	the	developer	which	is	

made	of	Methyl	isobutyl	ketone	(MIBK)	and	IPA	with	a	ratio	of	1:3	for	45	seconds.	

After	developing	and	a	following	quick	plasma	cleaning,	30	nm	thick	Au	is	evaporated	

using	E-beam	evaporator	with	rate	of	0.2-0.3	Å/𝑠	under	10-6	mbar	pressure.	Then	the	

device	is	lifted	off	by	acetone	for	about	6	hours.	The	scanning	electron	microscope	

(SEM)	images	of	the	device	are	shown	in	Figure	3-2.		

	

Figure	3-2:	SEM	images	of	the	device	before	electromigration.	(A)	Low	

magnification	SEM	image,	showing	the	gratings	and	the	nanowire.	(B)	High	

magnification	SEM	image,	focusing	at	the	nanowire.	
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After	lift-off,	the	molecules	are	deposited	to	the	device.	The	chip	is	soaked	in	

20	mL	ethanol	solution	with	1	mM	benzene-1,4-dithiol	(BDT)	for	24	hours	inside	a	

nitrogen	glovebox	with	oxygen	concentration	less	than	0.1%.	The	BDT	molecules	can	

be	self-assembled	on	the	Au	nanowire	surface	due	to	Au-S	linkage.142,143	The	devices	

are	wire	bonded	at	the	Au	contact	pads	and	chip	carrier	after	molecule	deposition.	

Then	 the	 device	 with	 the	 chip	 carrier	 is	 mounted	 into	 the	 Montana	 Instruments	

Cryostation.	

The	nanowire	is	electromigrated	at	30	K	to	form	the	junction:113	an	increasing	

voltage	bias	is	applied	by	the	source	meter	Keithley	2400	to	the	nanowire	and	the	

current	is	monitored	as	a	feedback	simultaneously.	The	bias	increases	from	0.1	V	by	

steps	of	0.001	V	until	the	current	drops,	indicating	an	increase	in	resistance,	or	the	

voltage	bias	reaches	1	V.	Then	the	bias	is	set	to	0.1	V	to	start	a	new	cycle.	The	cycles	

are	 repeated	 until	 the	 conductance	 of	 the	 device	 is	 smaller	 than	 conductance	

quantum	𝐺#	(12.9	𝑘Ω	in	resistance),	which	we	assume	the	nanogap	is	formed	(Figure	

3-3A).	The	resistance	of	the	device	after	each	cycle	is	shown	in	Figure	3-3B.	There’s	
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chance	for	the	BDT	molecules	on	the	Au	surface	to	fall	into	the	nanogap	during	the	

electromigration	process	and	form	a	molecular	junction.	

3.3. Experimental	setup	

All	measurements	are	performed	using	a	home-made	Raman	system,	as	shown	

in	Figure	3-4.	The	 sample	 is	placed	 in	Montana	 Instruments	Cryostation	 and	 then	

cooled	down	to	30	K.	We	use	785	nm	continuous	wave	(CW)	laser	to	excite	the	system.	

The	power	of	the	laser	is	controlled	by	a	half	waveplate	(HWP)	and	a	polarizer.	The	

polarization	of	the	laser	is	controlled	by	another	HWP.	The	polarization	angle	in	the	

sample	plane	is	marked	by	𝜃.	The	emission	from	the	laser	is	modulated	by	an	optical	

chopper,	 whose	 frequency	 is	 the	 reference	 for	 the	 lock-in	 amplifier.	 The	 laser	 is	

focused	at	the	sample	plane	by	a	Zeiss	Epiplan-Neofluar	50×	objective.		The	diameter	

of	 the	 laser	spot	 is	1.8	μm	measured	by	knife-edge.	We	can	shine	 the	 laser	on	 the	

Figure	3-3:	(A)	SEM	image	of	the	nanowire	after	electromigration.	(B)	The	

resistance	of	the	device	after	each	electromigration	cycle.	
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junction	with	normal	incidence	for	direct	excitation	and	shine	the	laser	at	the	grating	

with	a	small	angle	deviation	by	tilting	mirror	M1	after	normal	incidence.	The	OCPV	is	

first	 amplified	 by	 the	 voltage	 amplifier	 SRS	 560	 (not	 shown	 in	 the	 Figure)	 and	

measured	 by	 the	 lock-in	 amplifier	 SRS	 DSP	 7270.	 Both	 remote	 and	 direct	 Raman	

signals	are	collected	by	the	same	objective.	The	785	nm	signal	reflected	by	the	sample	

is	blocked	by	the	Bragg	Notch	filter	(BNF),	and	the	Raman	signals	are	focused	at	the	

Synapse	CCD	spectrometer.	Note	that	the	gratings	also	behave	as	a	SERS	substrate,	so	

it	is	important	to	block	the	SERS	signals	from	the	grating	during	SERS	measurements	

by	remote	excitation.	There’s	an	angle	difference	between	the	SERS	photons	coming	

from	 the	 junction	 and	 grating	 when	 they	 enter	 the	 spectrometer.	 By	 setting	 the	

entrance	slit	width	of	the	spectrometer	to	be	0.05	mm,	all	signals	from	the	grating	can	

be	blocked.	The	position	sample	stage	is	controlled	by	a	nano-positioner	(ANC	300	

Piezo	Controller)	in	x,	y	and	z	directions.	The	map	scans	can	be	measured	with	the	

moving	sample	stage	and	fixed	laser	spot	position.	A	CCD	camera	shows	the	optical	

image	of	the	device	and	helps	to	focus	the	laser	at	the	junction	and	gratings.	

	 The	SERS	signals	by	remote	excitation	before	and	after	electromigration	are	

measured,	as	shown	in	Figure	3-5.	After	electromigration,	there	are	several	Raman	

modes	of	the	BDT	molecule	in	the	range	of	1000	to	1600	cm-1.	Some	Raman	modes	

are	overlapping,	but	four	Raman	modes	can	still	be	assigned	according	to	previous	

reports.144–146	Before	electromigration,	there	are	no	detectable	Raman	modes	in	this	

range,	 consistent	 with	 the	 signal	 originating	 from	 the	 junction	 once	 the	 nanogap	

hotspot	is	created	by	electromigration.		
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Figure	3-4:	Scheme	of	OCPV	and	SERS	measurement	setup	
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Figure	3-5:	SERS	spectra	under	remote	excitation	before	and	after	

electromigration.	Before	electromigration,	there’s	no	Raman	mode,	

suggesting	the	Raman	signal	from	the	grating	is	blocked	and	the	Raman	

modes	in	the	spectrum	after	electromigration	come	from	the	junction	by	

remote	excitation.	
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3.4. Theoretical	and	simulated	analysis	on	SPPs	in	vacuum-Au-

SiO2	structure	

In	 our	 system,	 the	 propagating	 SPPs	 can	 be	 described	 by	 a	 simplified	 2D	

model.	The	scheme	is	shown	in	Figure	3-6.	The	Au	layer	(region	1)	is	30	nm	thick	and	

the	vacuum	(region	3)	and	SiO2	(region	2)	are	set	to	be	infinitely	thick.	Assuming	SPPs	

propagating	 in	 x	direction,	we	 can	 get	 the	 electric	 and	magnetic	 field	 in	 the	 three	

regions.1		

	

Figure	3-6:	Scheme	of	the	SPPs	mode	in	Vacuum-Au-SiO2	structure.	TM	modes	

are	considered.	SPPs	propagate	in	x	direction.	
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Considering	the	continuity	of	𝐻S	and	𝐸1 ,	the	dispersion	relation	can	be	written	

as:	

𝑒8<C)' =
𝑘9 𝜀9´ + 𝑘" 𝜀"´
𝑘9 𝜀9´ − 𝑘" 𝜀"´

∙
𝑘9 𝜀9´ + 𝑘4 𝜀4´
𝑘9 𝜀9´ − 𝑘4 𝜀4´

				(3 − 1)	

where	𝑘9,	𝑘",	𝑘4	are	the	wave	vectors	in	region	1,	2,	3	in	z	direction	respectively;	𝛽	is	

the	wave	vector	in	SPPs	propagation	direction;	𝜀9,	𝜀",	𝜀4	are	the	dielectric	function	in	

region	1,	2,	3	respectively.	2𝑎 = 30	𝑛𝑚	is	the	thickness	of	Au.	The	wave	equation	for	

TM	modes	is:	

𝜕"𝐻S
𝜕𝑧" + (𝑘#"𝜀 − 𝛽")𝐻S = 0				(3 − 2)	

we	have:	

𝑘2" = 𝛽" − 𝑘#"𝜀2 				𝑖 = 1, 2, 3				(3 − 3)	

where	𝑘#	is	the	wave	vector	of	the	input	laser.	By	solving	the	equations	above,	every	

wave	vector	in	the	system	can	be	solved:			

𝑘9 = 3.858 × 10T + 1.139 × 10U𝑖				(3 − 4)	

𝑘" = 5.25 × 10U + 3.256 × 10V𝑖				(3 − 5)	

𝑘4 = 9.94 × 10U + 1.720 × 10V𝑖				(3 − 6)	

𝛽 = 1.276 × 10T + 1.339 × 10V𝑖				(3 − 7)	
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The	wavelength	of	SPPs	is	calculated	to	be	𝑅𝑒 ·"W
X
¸ = 492	nm.	The	calculation	details	

are	shown	in	Appendix	A.	

A	 simulation	 of	 SPPs	 generation	 is	 performed	 to	 do	 a	 comparison.	 The	

simulation	is	done	in	COMSOL	Multiphysics	with	a	2D	model	containing	the	gratings	

(Figure	 3-7A).	 The	 simulated	 wavelength	 of	 the	 SPPs	 is	 489	 nm	 (Figure	 3-7B),	

consistent	with	the	theoretical	result.	The	diffraction	pattern	through	the	grating	slits	

is	clearly	seen	in	Figure	3-7C.	

To	have	 a	better	understanding	of	 the	 SPPs	 in	our	 system,	 the	 SPPs	 in	Au-

vacuum	and	Au-SiO2	interface	is	simulated.	The	results	are	shown	in	Figure	3-8.	The	

decay	length	of	the	electric	field	in	z	direction	is	about	30	nm	for	both	cases,	which	

means	 the	SPPs	 in	 the	vacuum-Au-SiO2	 structure	 is	 the	 summation	of	 SPPs	 in	Au-

vacuum	and	Au-SiO2	interface.		
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Figure	3-7:	 Simulation	of	 SPPs	generation.	 (A)	 Scheme	of	 the	2D	model	with	

Gaussian	laser	beam	input.	The	right	panel	(the	enlarged	image	of	the	orange	

box	in	the	left	panel)	shows	the	grating	geometry	and	the	surrounding	electric	

field	distribution.	Au	layer	is	30	nm	thick.	(B)	Electric	field	distribution	in	the	

area	indicated	by	the	green	box	in	(A).	The	wavelength	of	the	SPPs	is	489	nm.	

(C)	Electric	 field	amplitude	distribution.	Diffraction	pattern	 is	 formed	 in	 the	

substrate.	
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Figure	3-8:	(A)	Simulated	SPPs	at	Au-vacuum	interface,	the	decay	length	in	Au	

is	29.4	nm.	(B)	Simulated	SPPs	at	Au-SiO2	interface,	the	decay	length	in	Au	is	

30.2	nm.	The	vacuum	and	SiO2	are	set	to	be	infinitely	thick.	

3.5. Polarization	dependence	of	OCPV	and	Raman	spectrum	by	

direct	and	remote	excitation	

Maps	of	OCPV	and	SERS	signal	are	measured	by	moving	the	laser	spot	over	the	

junction	and	grating	area	with	user-defined	pixel	size.	The	OCPV	𝑉YA 	and	SERS	are	

measured	 at	 each	 pixel.	 The	 results	 are	 shown	 in	 Figure	 3-9.	 To	 quantify	 SERS	

response	for	these	maps,	all	the	Raman	photon	counts	are	summed	up	in	the	1000	to	

1600	cm-1	range.	As	the	OCPV	and	SERS	are	known	to	change	linearly	with	the	input	

optical	power	when	the	input	optical	power	is	low	(lower	than	100	μW/μm2),117,147–

149	both	the	OCPV	and	Raman	count	rate	are	normalized	by	the	incident	laser	power.		
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OCPV	 is	 an	 additional	 benchmark	 for	 judging	 the	 degree	 to	which	 incident	

optical	energy	is	concentrated	into	the	nanogap	LSPRs.		Strong	excitation	of	nanogap	

LSPRs	 is	 essential	 to	 generate	 a	 substantial	 OCPV,	 just	 as	 such	 LSPR	 excitation	 is	

needed	for	SERS	response.		There	is	not	a	simple,	direct	correlation	between	OCPV	

and	SERS	response,	however,	because	even	at	fixed	nanogap	tunneling	conductance,	

the	 magnitude	 of	 the	 OCPV	 depends	 on	 the	 asymmetry	 of	 the	 nanogap	 and	 the	

particular	LSPR	modes.		Indeed,	the	magnitude	and	even	the	sign	of	the	OCPV	under	

remote	excitation	can	vary	substantially.141			

When	the	incident	laser	is	polarized	in	the	90	degree	orientation	(transverse	

to	the	nanowire	and	parallel	to	the	grating	slits,	θ=90),	we	can	see	very	strong	OCPV	

and	SERS	by	direct	excitation	of	the	nanogap	but	there	is	almost	no	signal	when	the	

laser	 spot	 is	positioned	 for	 remote	excitation	of	 the	grating.	Conversely,	when	 the	

laser	is	polarized	in	the	0	degree	orientation	(parallel	to	the	nanowire	and	transverse	

to	 the	 grating	 slits,	 θ=0),	 we	 can	 see	 a	 much	 weaker	 OCPV	 and	 SERS	 by	 direct	

excitation	of	the	nanogap,	but	the	signal	is	strong	when	the	laser	is	positioned	on	the	

grating	for	remote	excitation.	

	These	observations	are	consistent	with	expectations:	the	90	degree	polarized	

light,	by	direct	excitation,	can	couple	to	the	transverse	dipolar	plasmon	mode	of	the	

nanowire,	which	is	hybridized	with	high	order	LSPR	modes	localized	at	the	nanogap	

due	to	the	asymmetric	geometry	of	the	 junction,10,15	as	shown	in	Figure	3-10.	As	a	

result,	a	stronger	plasmon	resonance	is	generated	for	this	incident	polarization.	This	
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has	 two	 consequences.	 Efficient	 excitation	 of	 the	 nanogap	 LSPRs	 by	 direct	

illumination	of	the	nanogap	generates	a	large	number	of	hot	electrons	via	decay	of	

the	plasmon,	leading	to	a	larger	OCPV117	(Figure	3-9A,	left	panel).	The	stronger	LSPR	

response	 also	 leads	 to	 a	 highly	 localized	 and	 dramatically	 enhanced	 electric	 field,	

which	contributes	to	the	larger	SERS	signal10	(Figure	3-9B,	left	panel).	Conversely,	for	

remote	 excitation,	 the	 90	 degree	 polarized	 light	 cannot	 couple	 efficiently	 to	 the	

grating,	so	that	very	little	energy	is	transferred	to	SPPs.	Thus,	both	the	remote	OCPV	

(Figure	3-9A,	right	panel)	and	SERS	signals	(Figure	3-9B,	right	panel)	are	small.		

When	the	laser	is	polarized	in	the	0	degree	orientation,	however,	although	the	

coupling	to	the	nanowire	transverse	plasmon	mode	is	weak,	the	high	order	plasmon	

modes	 localized	 at	 the	 gap	 can	be	 still	weakly	 excited	by	direct	 illumination.	This	

weaker	plasmon	 response	 still	 results	 in	 some	hot	 carrier	 tunneling	 and	 localized	

electric	field	enhancement,	so	we	can	still	see	the	OCPV	(Figure	3-9C,	left	panel)	and	

SERS	(Figure	3-9D,	 left	panel)	signals	by	direct	excitation.	For	remote	excitation,	0	

degree	polarized	light	can	couple	efficiently	to	the	grating	and	generate	SPPs	which	

then	propagate	to	the	junction,	couple	to	the	nanogap	LSPRs	and	create	hot	electrons	

and	enhanced	fields,	so	we	have	both	relatively	large	remote	OCPV141	(Figure	3-9C,	

right	panel)	and	SERS	(Figure	3-9D,	right	panel)	signals.		

The	 dominance	 of	 the	 nanowire	 transverse	 plasmon	 mode	 for	 direct	

illumination	as	described	above	is	quite	sensitive	to	nanowire	width	and	thickness.	

Over	the	whole	ensemble	of	devices,	by	direct	excitation,	about	70%	show	that	both	
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SERS	 and	 OCPV	 are	 larger	 with	 the	 90	 degree	 polarized	 light	 (Figure	 3-9).	 The	

remaining	30%	of	devices	under	direct	illumination	of	the	nanogap	have	maximum	

OCPV	and	SERS	responses	closer	to	the	0	degree	incident	polarization.	This	variation	

can	be	explained	by	the	several	nanometers	Au	thickness	variation	and	roughness	as	

well	as	device-to-device	variation	of	the	gap	geometry.	The	details	will	be	discussed	

in	the	next	section.	

	

Figure	3-9:	Maps	scans	of	OCPV	and	SERS	by	direct	and	remote	excitation	with	

different	input	laser	polarization.	(A)	OCPV	with	90	degree	polarized	light.	(B)	

SERS	with	90	degree	polarized	light.	(C)	OCPV	with	0	degree	polarized	light.	(D)	

SERS	 with	 0	 degree	 polarized	 light.	 (E)	 SERS	 spectra	 with	 the	 excitation	

positioned	at	the	pixels	indicated	in	(D).	
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Figure	3-10:10	electric	field	distribution	around	the	nanowire	(i),	in	the	gap	(ii)	

and	electric	charge	distribution	across	the	gap	(iii)	with	0	degree	(A)	and	90	

degree	(B)	polarized	light	excitation.	Larger	electric	 field	and	charge	density	

are	clear	in	(B).	

It	 is	 important	 to	 consider	 the	 factors	 that	 affect	 the	 efficiency	 of	 remote	

excitation	SERS	relative	 to	direct	excitation	SERS.	Qualitatively,	during	 the	 remote	

excitation	process,	there	are	some	energy	losses	when	the	light	couples	to	the	grating,	

and	 in	 the	excitation	of	 the	propagating	SPPs,	 in	 their	propagation	 to	 the	 junction	

region	and	 in	 their	coupling	 to	 the	nanogap	LSPRs.	Due	to	 these	 inefficiencies,	 the	

OCPV	and	SERS	by	remote	excitation	are	much	smaller	than	those	by	direct	excitation	

for	a	 fixed	 laser	power.	The	OCPV	and	SERS	signals	by	direct	excitation	are	highly	

localized	at	the	pixel	containing	the	gap,	no	matter	the	polarization	of	the	laser.	The	
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remote	signals	are	largest	when	the	laser	spot	is	positioned	at	the	middle	area	of	the	

grating	because	the	coupling	efficiency	between	the	grating	and	the	incoming	laser,	

and	 between	 the	 grating	 and	 the	 propagating	 SPP	 modes,	 is	 higher	 in	 that	

configuration.	The	SERS	spectra	measured	at	different	pixels	at	the	grating	by	remote	

excitation	 are	 shown	 in	 Figure	 3-9E.	 The	 Raman	 modes	 positions	 and	 relative	

strength	are	 the	same;	 the	only	difference	 is	 the	magnitude	of	Raman	 intensity,	as	

moving	 the	 laser	 away	 from	 the	 middle	 of	 the	 grating	 degrades	 the	 efficiency	 of	

coupling	energy	to	the	nanogap.	

3.6. Simulated	E	field	and	charge	distribution	for	direct	and	

remote	excitation	

Electric	field	and	charge	distribution	under	both	direct	and	remote	excitation	

are	simulated	in	COMSOL	Multiphysics	to	compare	with	the	experimental	results.	The	

details	about	the	COMSOL	model	geometry	and	settings	are	shown	in	Appendix	B.	

The	electric	charge	and	field	distribution	around	the	gap	can	be	simulated	as	

shown	 in	Figure	3-11	 and	3-12	 for	 remote	 and	direct	 excitation,	 respectively.	 For	

remote	excitation,	both	the	electric	field	and	charge	for	0	degree	polarized	light	are	

larger	 than	 90	 degree	 polarized	 light,	 which	 qualitatively	 agrees	 well	 with	 the	

experimental	results	in	Figure	3-9.	We	still	can	see	the	simulated	filed	enhancement	

factor	exceeding	20	because	of	the	contribution	of	the	diffraction	light	propagating	in	

SiO2	substrate	to	the	gap.	For	direct	excitation,	we	can	see	the	electric	field	is	greatly	
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enhanced	for	both	polarizations.	The	enhancement	factors	are	over	100,	much	larger	

than	remote	excitation.	This	is	consistent	with	the	experimental	results	in	Figure	3-9.		

For	direct	excitation,	however,	both	the	electric	field	and	charge	for	0	degree	

polarized	light	are	larger	than	for	90	degree	polarized	light,	which	is	inconsistent	with	

the	experimental	results.	By	reducing	the	thickness	of	Au	layer	in	simulation	to	20	nm,	

results	 are	 consistent	 with	 the	 experiments,	 with	 larger	 enhancement	 factor	 and	

charge	 under	 90	 degree	 direction	 polarized	 light	 excitation	 (Figure	 3-13).	 These	

simulations	 show	 that	 the	 polarization	 dependence	 of	 the	 enhanced	 field	 is	 quite	

sensitive	 to	 the	 assumed	 thickness	 of	 the	 metal.	 	 There	 are	 several	 potential	

contributors	to	this	issue.	First,	the	effective	dielectric	function	of	the	real	Au	layer	

deviates	slightly	from	the	theory	value	we	use	in	the	simulation	due	to	the	adsorbates,	

Au	surface	roughness	and	grain	boundaries,	and	other	defects	from	device	fabrication.	

Second,	the	thickness	of	the	Au	layer	may	deviate	the	designed	value	of	30	nm	by	a	

few	nm	during	 e-beam	evaporation,	 and	 the	 local	 thickness	 of	 the	metal	 near	 the	

junction	 can	 change	 during	 the	 electromigration	 process.	 Third,	 the	 polarization	

dependence	behavior	is	also	related	to	the	detailed	geometry	of	the	gap,	which	can	

evolve	through	annealing	between	when	the	measurements	are	performed	and	when	

electron	 microscopy	 is	 used	 to	 find	 a	 geometry	 to	 use	 in	 the	 simulation.	 The	

relationship	between	the	Au	thickness	in	simulation	and	field	enhancement	factor	for	

both	polarizations	under	direct	excitation	is	shown	in	Figure	3-14.	
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Figure	3-11:	Electric	field	enhancement	and	charge	distribution	under	remote	

excitation	with	30nm	thick	Au	layer.	(A)	(B)	Field	enhancement	with	different	

laser	polarizations.	(C)	(D)	Electric	charge	distribution	with	different	laser	

polarizations.	Polarization	directions	are	indicated	by	the	black	arrows.	The	

scale	bars	are	30	nm. 
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Figure	3-12:	Electric	 field	enhancement	and	charge	distribution	under	direct	

excitation	with	30nm	thick	Au	layer.	(A)	(B)	Field	enhancement	with	different	

laser	 polarizations.	 (C)	 (D)	 Electric	 charge	 distribution	 with	 different	 laser	

polarizations.	Polarization	directions	are	 indicated	by	 the	black	arrows.	The	

scales	bars	are	30	nm.	
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Figure	3-13:	Electric	field	enhancement	and	charge	distribution	under	direct	

excitation	with	20nm	thick	Au	layer.	(A)	(B)	Field	enhancement	with	different	

laser	polarizations.	(C)	(D)	Electric	charge	distribution	with	different	laser	

polarizations.	Polarization	directions	are	indicated	by	the	black	arrows.	The	

scales	bars	are	30	nm.	
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Figure	3-14:	The	maximum	of	electric	field	enhancement	with	x	(0	degree)	and	

y	(90	degree)	polarized	light	in	the	gap	under	direct	excitation	vs.	Au	thickness.	

3.7. Statistical	analysis	on	the	coupling	efficiency	of	the	remote	

excitation	SERS	

By	measuring	an	ensemble	of	33	devices,	we	are	able	to	perform	a	quantitative	

statistical	of	the	system.	SERS	by	both	direct	and	remote	excitation	are	measured	for	

each	device.	 The	 coupling	 efficiency	of	 the	 remote	 SERS	 is	 defined	 to	 be	 the	 ratio	

between	photon	count	rates	(in	unit	counts/s/mW)	by	remote	and	direct	excitation.	

As	shown	in	Figure	3-15A,	the	coupling	efficiency	averaged	across	all	the	devices	for	

each	 Raman	mode	 is	 found	 to	 be	 around	 10%.	 	 For	 most	 individual	 devices,	 the	

coupling	efficiency	averaged	across	all	the	Raman	modes	is	also	about	10%	(Figure	

3-16).	There	are	still	some	devices	that	show	low	coupling	efficiency	less	than	5%.	
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This	may	be	caused	by	the	defects	in	the	Au	layer	that	affect	the	propagation	of	SPPs,	

or	 by	 particular	 nanogap	 geometries	 that	 have	 lower	 coupling	 between	 the	

propagating	SPPs	and	the	nanogap	LSPRs.		

The	 discussion	 above	 suggests	 the	 10%	 coupling	 efficiency	 is	 the	 intrinsic	

property	of	our	device	design.	Electrodynamic	simulations	reveal	one	of	the	dominant	

mechanisms	 limiting	 the	 efficiency	 of	 remote	 excitation	 SERS.	 The	 details	 about	

COMSOL	simulations	on	the	energy	propagation	and	absorption	are	in	Appendix	B.	

The	simulated	energy	propagation	in	the	+x	direction	from	the	grating	to	the	junction	

is	shown	in	Figure	3-15B,	calculated	by	3D	finite	element	simulation	of	the	full	device	

geometry	and	plotting	at	each	x	location	the	x-directed	Poynting	flux	integrated	over	

the	 transverse	 cross-section.	The	 simulated	power	of	 the	 input	 laser	 is	𝑃# .	With	0	

degree	 polarized	 light	 (blue	 curve),	 about	 1.5%	 of	 incident	 energy	 couples	 to	 the	

grating	 and	 into	 SPPs	 and	 starts	 propagating	 in	 the	 +x	 direction	 at	 around	𝑥 =

1500	𝑛𝑚.	During	the	propagation,	most	of	that	power	dissipates,	so	that	only	0.3%	of	

the	original	incident	power	reaches	the	junction	at	𝑥 = 5900	𝑛𝑚	and	couples	to	the	

local	 gap	modes.	With	 90	 degree	 polarized	 light	 (red	 curve),	 almost	 no	 energy	 is	

coupled	 into	 SPPs,	 and	 therefore	 almost	 no	 energy	 reaches	 the	 junction.	 	 For	

comparison,	 the	energy	absorbed	by	the	nanowire	under	direct	excitation	with	90	

degree	polarization	is	calculated	to	be	2.4%	of	𝑃#,	indicated	by	the	red	dashed	line.	

Based	 on	 the	 simulation,	 therefore,	 the	 total	 coupling	 efficiency	 of	 power	 to	 the	

nanogap	just	from	plasmon	dynamics	is	0.3/2.4 = 12.5%	and	qualitatively	consistent	

with	the	10%	experimental	result.	A	number	of	additional	factors	can	contribute	to	
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the	 slightly	 smaller	 experimental	 result,	 including	 inefficiencies	 in	 the	 coupling	

between	propagating	SPPs	and	nanogap	LSPRs.	

	

Figure	3-15:	(A)	Remote	SERS	coupling	efficiency	averaged	across	all	devices	

for	each	Raman	mode.	The	coupling	efficiency	is	about	10%	for	all	Raman	

modes.	The	error	bars	are	the	standard	deviation.	(B)	Simulated	energy	

propagation	from	the	grating	to	the	junction	the	90	(y	polarization)	and	0	(x	

polarization)	degree	polarizations.	The	origin	is	at	the	middle	of	the	two	slits.	

The	junction	is	at	about	5900	nm	indicated	by	the	black	dashed	line.	The	red	

dashed	line	represents	the	absorption	of	the	nanowire	by	direct	excitation.	
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Figure	3-16:	Remote	SERS	coupling	efficiency	averaged	across	all	Raman	

modes	for	each	device.	

Given	 the	propagation	 losses,	 the	robustness	of	 the	10%	efficiency	across	

many	devices	implies	that	the	coupling	of	propagating	SPP	modes	and	the	nanogap	

LSPRs	 is	 routinely	 quite	 efficient,	 despite	microscopic	 configurational	 variations	

from	device	to	device.		From	the	hybridization	picture	of	plasmons15,	this	is	to	be	

expected.		This	is	in	analogy	to	the	idea	that	a	1D	delta	function	has	spectral	content	

from	 the	 entire	 continuum	 of	 delocalized	 harmonic	 waves	 in	 1D;	 there	 should	

always	be	overlap	and	hence	coupling	between	the	delocalized	SPPs	and	the	highly	

localized	LSPRs	at	the	nanogap.	
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3.8. Stability	of	SERS	by	direct	and	remote	excitation	

After	the	map	scans,	the	laser	spot	can	be	moved	to	the	pixel	where	the	SERS	

signal	is	the	largest,	and	then	time	dependent	spectra	are	measured	by	both	remote	

and	direct	excitation	for	the	same	device	to	check	the	relative	stability	of	remote	SERS,	

as	shown	in	Figure	3-17.	The	input	laser	intensities	are	adjusted	to	make	the	SERS	

photon	counts	comparable.	The	results	shown	 in	Figure	3-17	are	 typical	and	have	

been	 seen	 in	 multiple	 devices.	 For	 direct	 excitation,	 the	 spectra	 show	 apparent	

temporal	intensity	fluctuations	(blinking)	and	spectral	diffusion	in	the	time	range	of	

200	seconds,	which	are	commonly	seen	in	few	or	single-molecule	SERS.115,150	Initially,	

several	Raman	modes	in	the	range	of	1200	to	1400	cm-1	are	strong	and	overlap	each	

other.	 Some	 modes	 fade	 away	 in	 60	 seconds	 and	 we	 can	 only	 see	 three	 modes	

between	60	to	100	seconds.	At	110	seconds,	a	new	mode	appears	and	lasts	for	about	

70	seconds.	After	180	seconds,	there’s	no	detectable	Raman	modes,	indicating	that	

the	nanogap	molecular	junction	has	degraded.	Previous	studies	report	that	the	origin	

of	 the	 SERS	 fluctuation	 are	 thermal	 induced	 molecular	 reorientation	 and	 sub-

nanometer	configuration	changes	of	the	junction.115,151,152	In	our	nanowire	device,	the	

thermal	 heating	 by	 direct	 laser	 illumination	 and	 the	 localized	 strong	 electric	 field	

enhancement	 can	 contributes	 to	 the	 reconfiguration	 of	 the	molecules	 and	 the	 Au	

atoms	of	the	junction,	and	the	fluctuations	in	spectra	are	usually	accompanied	by	the	

changes	in	device	resistance.114,153		
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Conversely,	 the	 SERS	 signals	 are	more	 stable	 in	 a	much	 longer	 time	 range	

under	remote	excitation	even	when	the	photon	count	rate	is	approximately	the	same	

as	the	direct	excitation	case.	The	strongest	Raman	modes	in	1200	to	1400	cm-1	remain	

stable	for	more	than	2500	seconds	both	for	 intensity	and	peak	position.	There	are	

some	fluctuations	for	other	weaker	modes	but	the	magnitude	of	these	fluctuations	

are	 smaller	 than	 the	 direct	 excitation	 configuration.	 This	 is	 consistent	 with	 less	

thermal	 heating	 and	more	 stable	 junction	 configurations	 in	 the	 remote	 excitation	

configuration,	 implying	 that	 remote	 excitation	 methods	 may	 be	 better	 suited	 for	

delicate	chemical	and	biological	sensing	applications.	
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Figure	3-17:	Time	dependent	spectra	for	the	same	device	by	direct	and	remote	

excitation.	 (A)	Direct	excitation	SERS	 for	200	seconds.	 (B)	Remote	excitation	

SERS	for	2500	seconds.	The	photon	count	rates	are	adjusted	to	be	comparable	

by	changing	the	laser	power.	Remote	excitation	SERS	is	much	more	stable.	

3.9. Summary	

The	 experimental	 results	 show	 the	polarization	dependent	OCPV	and	SERS	

under	both	direct	and	remote	excitation:	for	direct	excitation,	90	degree	polarization	

gives	larger	OCPV	and	SERS	signals	because	of	the	coupling	between	transverse	mode	

and	 localized	 gap	modes.	 For	 remote	 excitation,	 only	 0	 degree	 polarization	 gives	

detectable	 signal	 because	 of	 the	 generation	 and	 propagation	 of	 the	 SPPs.	 The	

polarization	 dependence	 agrees	 well	 with	 the	 COMSOL	 simulation	 results.	 A	

statistical	analysis	is	performed	and	the	coupling	efficiency	of	the	devices	is	around	

10%,	which	 is	 supported	by	 the	energy	 flow	simulation.	The	 rest	of	energy	 is	 lost	
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during	 the	 SPPs	 generation,	 propagation	 and	 coupling	 the	 gap	modes.	 For	 a	 same	

device,	 SERS	 by	 remote	 excitation	 is	 much	 more	 stable	 than	 direct	 excitation,	

suggesting	 less	 laser	 heating.	 Remote	 excitation	 and	 its	 resulting	 greater	 junction	

stability	 improve	 the	 prospects	 for	 both	 sensitive	 SERS	 detection	 of	 analytes	 in	

delicate	 environments	 and	 for	 combining	 SERS	 with	 challenging	 electronic	

spectroscopy	techniques	such	as	field-effect	gating	and	inelastic	electron	tunneling	

spectroscopy.	
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Chapter 4 

Large Magnetic Field Dependent 
Electroluminescence in Diamagnetic 
Plasmonic Nanojunctions 

This	 chapter	 focuses	 on	 the	 EL	 behavior	 of	 diamagnetic	 plasmonic	

nanojunctions	 in	 magnetic	 field.	 It	 is	 based	 on	 our	 paper	 in	 preparation	 “Large	

Magnetic	 Field	 Dependent	 Electroluminescence	 in	 Diamagnetic	 Plasmonic	

Nanojunctions”.	 The	 theory,	modeling	 and	 simulation	 parts	 are	 performed	 by	 our	

collaborators	Jaime	Abad-Arredondo,	Dr.	Antonio	I.	Fernandez-Dominguez,	and	Dr.	

Francisco	J	Garcia-Vidal.	

4.1. Motivation	

	The	effects	of	external	magnetic	field	on	LSPRs	have	been	studied	extensively	

when	examining	individual	metallic,	non-magnetic	nanoparticles.154–156	The	classical	

Hall	 physics,	 producing	off-diagonal	 components	 of	 the	permittivity,	 leads	 to	Kerr	

rotation156	and	circular	dichroism	effects	in	scattering	and	absorption.157	Considering	
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that	the	off-diagonal	components	of	the	permittivity	are	orders	of	magnitude	smaller	

than	 the	 diagonal	 terms	 in	 diamagnetic	materials	 like	 gold,154,158,159	 the	magnetic	

effects	 on	 the	 optical	 response	 of	 the	 diamagnetic	 nanostructures	 are	 generally	

correspondingly	small,	which	agrees	with	the	small	classical	Hall	angle	in	diamagnetic	

materials.	Here	we	demonstrate	that	experimental	EL	spectra	of	planar	nonmagnetic	

plasmonic	nanojunctions	are	quite	sensitive	to	an	external	static	magnetic	field,	with	

changes	in	total	emission	(all	polarizations	included)	at	specific	wavelengths	up	to	

tens	 of	 percent	 under	 an	 external	magnetic	 field	 of	 a	 few	Tesla.	 This	 exceeds	 the	

impact	of	incorporating	the	Hall	effect	into	electromagnetic	calculations	by	more	than	

two	 orders	 of	magnitude.	 Polarization	 analysis	 of	 the	 EL	 spectra	 shows	 profound	

changes	that	are	asymmetric	with	external	field	direction.	The	dramatic	tuning	of	the	

EL	spectra	indicates	that	the	near-field	radiative	density	of	plasmonic	states	at	the	

nanogap	 is	modified	by	 the	external	B-field.	 In	addition,	a	 single-particle	quantum	

model	suggests	that	the	external	magnetic	field	introduces	significant	ellipticity	to	the	

electronic	transition	dipoles	in	the	nanogap,	and	these	chiral	electromagnetic	sources	

can	 result	 in	 B-dependent	 changes	 in	 emission	 comparable	 to	 the	 experimental	

results.	

4.2. Device	fabrication	and	experiment	setup	

The	device	fabrication	is	similar	to	the	process	mentioned	in	Chapter	3	for	the	

remote	excitation	Raman	devices,	including	standard	fabrication	of	nanowires,	wire	

bonding	 and	 electromigration.	 The	 difference	 is	 that	 for	 EL	 measurements,	 we	
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prepare	the	devices	on	Si	chip	with	300	nm	SiO2	layer	on	top,	instead	of	2	μm	thick	

SiO2.	The	reason	 is	 that	clear	 interference	pattern	can	be	seen	 from	light	emission	

devices	with	2	μm	thick	SiO2.112	The	interference	originates	from	the	direct	upward	

light	emission	and	light	reflection	from	the	SiO2/Si	interface,	and	make	it	difficult	to	

extract	the	plasmonic	DOS	and	effective	temperature.		A	typical	zero-bias	resistance	

of	 the	 nanojunctions	 following	 electromigration	 is	 tens	 of	 kiloOhms	 (smaller	 than	

SERS	devices),	consistent	with	a	sub-nm	interelectrode	tunneling	distance.	An	SEM	

image	of	the	device	is	shown	in	Figure	4-1.	

	

Figure	4-1:	An	SEM	image	of	the	nanojunction	device	in	EL	measurements.	
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Figure	4-2:	Schematic	of	the	EL	measurement	setup	under	magnetic	field.	

The	measurement	setup	is	based	on	a	home-build	Raman	spectroscopy	system.	

The	sketch	of	the	optical	setup	is	shown	in	Figure	4-2.	EL	photons	are	collected	by	an	

Olympus	50×	long	working	distance	objective	with	0.35	NA.	Spectra	are	measured	

using	Horiba	IHR320	gratings	and	Synapse	Si	CCD	system.	The	direct	current	(DC)	

bias	 voltage	 is	 applied	by	 a	Keithley	2400	 source	meter	which	 also	measured	 the	

tunneling	current.	The	sample	is	placed	in	a	Quantum	Design	Opticool	system	with	

both	optical	and	electrical	accessibility	with	DC	magnetic	field	up	to	±7	T.	During	the	
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electromigration	 and	 measurements,	 the	 temperature	 of	 the	 chamber	 and	 the	

substrate	 is	 fixed	at	10	K	help	 stabilize	 the	devices.	The	external	magnetic	 field	 is	

along	 the	 z	 direction	 and	 perpendicular	 to	 the	 device	 plane.	 During	 the	 EL	

measurements,	 the	bias	voltage	 is	off	when	 sweeping	 the	magnetic	 field	 from	one	

value	to	another	one	to	prevent	device	degradation	due	to	further	electromigration	

during	the	long-time	bias.	The	EL	measurements	are	performed	when	the	tunneling	

current	fluctuations	are	stable	to	within	5	%	to	minimize	the	geometric	instability	of	

the	devices.			

4.3. Magnetic	field	dependent	EL	spectra	

We	 have	 found	 similar	magnetic	 field	 response	 in	many	 junctions,	 and	we	

highlight	data	 from	a	particular	 individual	device	 for	 clarity.	We	 first	measure	 the	

spectra	under	different	magnetic	field	from	-6	T	to	6	T	at	1.1	V	bias	voltage	as	shown	

in	Figure	4-3.	Both	the	amplitude	and	shape	of	the	spectra	change	dramatically	with	

the	magnetic	field:	the	peak	near	585	nm	has	a	trend	of	increasing	when	the	magnetic	

field	increase	from	-6	T	to	6	T.	The	intensity	increases	by	a	factor	of	2	from	-6	T	to	6	

T.	For	the	peak	around	660	nm,	a	decreasing	trend	can	be	seen	when	the	magnetic	

field	increase	from	-6	T	to	6	T.	From	-6	T	to	-2	T,	the	intensity	decreases	slightly,	and	

from	-2	T	 to	6	T,	 the	 intensity	drops	 from	about	3500	counts/s	 to	1800	counts/s,	

nearly	a	factor	of	2.	The	change	of	the	peak	around	720	nm	is	more	complicated.	From	

-6	T	to	2	T,	the	trend	is	decreasing,	and	from	2	T	to	6T,	the	peak	intensity	increases.	

Comparing	the	ratio	between	the	peaks	around	660	nm	and	720	nm,	from	0	T	to	6	T,	
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we	can	see	that	the	ratio	is	getting	smaller,	and	under	6	T,	the	720	nm	peak	is	even	

higher	than	the	660	nm	peak.	The	changes	in	EL	spectra	are	asymmetric	for	positive	

and	negative	magnetic	field	in	terms	of	both	amplitude	and	shape.		

A	 control	 experiment	 of	 Joule	 thermal	 emission	 from	 unmigrated	 TiN	

nanowires	under	different	magnetic	field	is	performed,	as	shown	in	Figure	4-4.	The	

voltage	is	fixed	at	3.5	V	which	is	much	larger	than	the	EL	measurements	to	make	the	

TiN	nanowires	hot	enough	to	glow.	The	light	emission	from	the	hot	TiN	nanowires	is	

purely	 thermal	and	 is	expected	 to	be	magnetic	 field	 independent112.	 In	Figure	4-4,	

each	 spectrum	 is	 an	 average	 of	 3	 individual	 spectra	 measured	 under	 the	 same	

condition.	The	average	eliminates	the	spectrum	fluctuation	due	to	the	instability	of	

the	devices	at	high	temperature.	The	thermal	spectra	under	different	magnetic	field	

almost	 overlap	 each	 other,	 suggesting	 the	 thermal	 emission	 from	 our	 setup	 is	

magnetic	 field	 independent	 statistically.	 The	 control	 experiment	 confirms	 that	 the	

magnetic	 field	dependent	EL	 from	the	nanojunctions	originates	 from	the	 junctions	

themselves,	not	some	unlikely	artifact	of	the	measurement	setup.	
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Figure	4-3:	The	total	EL	spectra	(all	polarization	 included)	of	a	nanojunction	

device	under	the	external	magnetic	field	of	-6	T	to	6	T.	The	bias	voltage	is	set	to	

be	1.1	V.	Both	amplitude	and	shape	of	the	spectra	change	dramatically	with	the	

magnetic	field.	
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Figure	4-4:	Control	experiment	of	thermal	emission	spectra	of	a	TiN	nanowire	

device	under	the	external	magnetic	field	of	±6	T	and	0	T.	The	bias	voltage	is	set	

to	be	3.5	V.	Spectra	under	different	magnetic	field	almost	overlap	each	other,	

suggesting	the	thermal	emission	from	our	setup	is	magnetic	field	independent	

statistically.	

To	understand	the	magnetic	field	dependent	EL,	we	first	check	the	tunneling	

current	as	a	function	of	the	magnetic	field	using	the	same	device	measured	in	Figure	

4-3,	 as	 shown	 in	Figure	4-5.	The	bias	voltage	 is	 set	 to	be	1.1	V	and	 the	 current	 is	

measured.	Under	different	magnetic	field,	the	current	fluctuates	from	121	μA	to	118	

μA,	with	a	fluctuation	less	than	3	%.	Considering	the	cyclotron	radius	of	electrons	in	

gold	 is	 on	 the	 order	 of	 micrometers	 under	 a	 few	 Tesla	 magnetic	 field,	 orders	 of	
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magnitude	larger	than	the	nanogap	size,	the	small	fluctuation	might	originate	from	

the	slight	instability	of	the	device.	Such	small	changes	in	tunneling	current	magnitude	

cannot	explain	the	change	of	a	factor	of	2	in	the	EL	spectra.		

	

Figure	 4-5:	 The	 tunneling	 current	 of	 the	 same	 device	 as	 Figure	 4-3	 under	

different	magnetic	field.	The	bias	voltage	is	fixed	at	1.1	V.	The	fluctuation	of	the	

current	 is	 smaller	 than	 3	 %,	 indicating	 that	 the	 current	 fluctuation	 and	

geometric	instability	are	not	the	reasons	for	the	magnetic	field	dependent	EL.	
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In	 addition,	 we	 also	 rule	 out	 purely	 classical	 Hall	 physics.	 The	 anisotropic	

properties	of	the	classical	Hall	effect	can	be	captured	by	a	complex	permittivity	tensor	

with	non-zero	off-diagonal	elements	which	are	known	as	the	magneto-optical	(MO)	

function	𝜀/):158,160		

𝜀/) = 𝑖
𝜔7(𝜔!𝜏)"

𝜔[(1 − 𝜔𝜏)" + (𝜔7𝜏)"]"
				(4 − 1)	

where	 𝜏 	is	 the	 electron	 relaxation	 time;	 𝜔! 	is	 the	 bulk	 plasmon	 frequency	 as	

described	in	Eq.	(1-1);		𝜔7 = 𝑒𝐵/𝑚	is	the	cyclotron	frequency	and	𝐵	is	the	magnetic	

vield.	The	MO	function	𝜀/)	depends	on	material	properties	and	the	external	magnetic	

field.	Suppose	the	magnetic	field	is	along	the	z	direction,	the	permittivity	tensor	𝜺	can	

be	written	as:	

𝜺 = ¾
𝜀 𝜀/) 0
−𝜀/) 𝜀 0
0 0 𝜀

¿				(4 − 2)	

For	noble	metals	like	gold,	𝜀/)	is	much	smaller	than	the	diagonal	elements	of	

the	permittivity	tensor	when	the	magnetic	field	is	a	few	Tesla.161	Figure	4-6	shows	

the	complex	𝜀/)	of	gold	as	a	function	of	wavelength	under	6	T	magnetic	field	using	

the	Drude	model.	 Both	 the	 real	 and	 imaginary	 parts	 are	 2-3	 orders	 of	magnitude	

smaller	than	the	diagonal	elements	in	the	wavelength	range	of	visible	to	near-infrared.	

Similarly,	such	small		𝜀/)	alone	cannot	explain	the	change	in	the	EL	spectra.	This	is	

confirmed	by	the	finite	element	simulations	of	absorption	spectra	of	gold	plasmonic	
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nanojunctions	with	optical	excitation	under	different	magnetic	field	(Figure	4-7).	The	

difference	of	the	absorption	between	0	T	and	6	T	is	very	small.		

	

	

Figure	4-6:	Real	(𝜺𝒎𝒐3 )	and	imaginary	(𝜺𝒎𝒐33 )	parts	of	the	off-diagonal	elements	of	

the	permittivity	tensor	of	gold	as	a	function	of	wavelength	under	6	T.	The	MO	

constant	𝜺𝒎𝒐	is	too	small	to	explain	the	magnetic	field	dependent	EL.		
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Figure	4-7:	The	simulated	optical	absorption	spectra	of	the	plasmonic	

nanojunction	under	0	T	and	6	T	magnetic	field.	The	polarization	of	the	

excitation	light	is	along	the	x	direction	(parallel	to	the	nanowire).	The	two	

spectra	overlap	each	other,	implying	that	the	plasmon	modes	are	effectively	

unaffacted,	and	therefore	the	MO	effect	cannot	explain	the	magnetic	field	

dependent	EL.	

Besides,	 the	Zeeman	physics	cannot	account	 for	 the	change	 in	EL,	since	 the	

Zeeman	 splitting	 in	 gold	 nanostructures	 are	 reported	 to	 be	 on	 the	 order	 of	 a	 few	

meV,162	 much	 smaller	 than	 the	 energy	 scale	 of	 the	 EL	 photons	 and	𝑘E𝑇$%% ,	 the	

corresponding	effective	temperature	of	the	hot	carriers.		
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4.4. EL	at	different	bias	voltage	and	extraction	of	the	plasmonic	

DOS	and	effective	temperature	

To	better	understand	 the	magnetic	 field	dependent	EL,	we	measure	 the	EL	

spectra	at	different	bias	voltage	under	±6	T	and	0	T	magnetic	field,	as	shown	in	Figure	

4-8.	Under	each	magnetic	field,	the	voltage	dependent	spectra	have	the	same	shape,	

and	the	intensity	is	higher	with	larger	bias	voltage,	consistent	with	previous	reports.33	

	

Figure	4-8:	The	EL	spectra	(unpolarized	detection)	with	different	bias	voltage	

under	-6	T	(a),	0	T	(b)	and	6	T	(c)	magnetic	field	using	the	same	device	in	Figure	

4-3	 and	4-5.	 At	 each	magnetic	 field,	 the	 voltage	 dependent	 spectra	 have	 the	

same	shape.	

	 For	the	spectra	under	each	magnetic	field,	the	normalization	analysis	can	be	

performed	 to	 extract	 the	plasmonic	DOS	𝜌(𝜔)	and	effective	 temperature	𝑇$%% ,33	 as	

described	in	Chapter	2:	the	spectra	at	each	magnetic	field	in	Figure	4-8	are	divided	by	

the	spectrum	with	1.2	V	bias	voltage	and	by	their	current	value	to	the	power	of	1.2,	
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We	then	take	log	of	each	normalized	spectra,	and	they	can	be	written	as	a	function	of	

photon	energy	instead	of	wavelength:		

𝑙𝑜𝑔 �
𝑈2 (𝜔, 𝑉2) 𝐼O⁄

𝑈*$% g𝜔, 𝑉*$%i 𝐼O⁄
� = −

ℏ𝜔
𝑘E

�
1
𝑇2
−

1
𝑇*$%

�				(4 − 3)	

Eq.	(4-3)	describes	the	log	normalized	spectra	are	proportional	to	the	photon	energy,	

so	we	can	fit	them	by	a	linear	function	𝑦 = 𝑘𝑥.	The	log	normalized	spectra	and	the	fits	

under	±6	T	and	0	T	magnetic	field	are	shown	in	Figure	4-9.		

	

Figure	4-9:	The	 log	normalized	spectra	and	the	 linear	 fits	with	different	bias	

voltage	under	-6	T	(a),	0	T	(b)	and	6	T	(c)	magnetic	field.	

For	each	magnetic	field,	we	have	5	spectra	with	the	5	different	bias	voltage	(1	

V	–	1.2V),	and	at	each	bias	voltage,	we	have	a	corresponding	effective	temperature.	

However,	we	only	have	4	fitted	curve	and	slope.	To	solve	each	effective	temperature,	

we	use	the	assumption	that	𝑇$%%	is	proportional	to	the	bias	voltage:33		

𝑇$%% = 𝛽𝑉!				(4 − 4)	
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From	each	fitting,	we	can	get	one	𝛽	value,	and	all	these	𝛽	values	are	roughly	the	same.	

For	example,	 the	extracted	𝛽	values	 in	Figure	4-9c	are	2427.4,	2467.1,	2470.3	and	

2389.2.	The	standard	deviation	is	about	1.53%.	The	final	𝛽	is	set	to	be	mean	value	of	

these	extracted	𝛽.	Then	the	effective	temperature	𝑇$%%	can	be	obtained	at	each	bias	

voltage	using	Eq.	 (4-4).	The	effective	 temperature	𝑇$%% 	as	a	 function	of	 the	voltage	

under	different	magnetic	field	is	shown	in	Figure	4-10.	The	effective	temperature	can	

reach	more	than	2000	K	with	relatively	low	bias	voltage	(1	V),	suggesting	the	high	

efficiency	hot	carrier	generation	in	the	nanojunctions.	Once	the	effective	temperature	

𝑇$%%	is	obtained,	the	plasmonic	DOS	𝜌(𝜔)	can	be	extracted	at	each	bias	voltage	using	

Eq.	(4-5),	as	described	in	Chapter	2.	

𝑈(𝜔, 𝑉!) ≈ 𝜌(𝜔)𝐼O𝑒
8 ℏ?
C'R(!! 				(4 − 5)	

We	 can	 get	 the	 plasmonic	 DOS	𝜌(𝜔) 	for	 each	𝑉! ,	 as	 shown	 in	 Figure	 4-11.	

Under	 each	magnetic	 field,	 the	 plasmonic	 DOS	𝜌(𝜔) 	at	 each	 bias	 voltage	 overlap,	

suggesting	that	𝜌(𝜔)	is	voltage	independent	and	only	dependents	on	the	material	and	

geometry	 of	 the	 nanojunctions.33	 The	 final	𝜌(𝜔) 	is	 the	 average	 of	𝜌(𝜔) 	among	 all	

voltage	value,	as	shown	in	Figure	4-12.	
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Figure	 4-10:	 The	 effective	 temperature	𝑻𝒆𝒇𝒇 	inferred	 from	 the	normalization	

analysis	 as	 a	 function	 of	 voltage	 a	 under	±6	 T	 and	 0	 T	magnetic	 field.	 The	

effective	temperature	is	linear	in	voltage,	consistent	with	prior	hot	carrier	EL	

studies.33	The	dashed	lines	show	the	linear	relationship.	The	error	bars	show	

the	95	%	confidence	interval.		

	

Figure	4-11:	The	extracted	plasmonic	DOS	𝝆(𝝎)	at	each	voltage	𝑽𝒃	under	-6	T	

(a),	0	T	(b)	and	6	T	(c)	magnetic	field.	Under	each	magnetic	field,	the	extracted	

plasmonic	 DOS	𝝆(𝝎) 	overlap,	 which	 agrees	 with	 the	 result	 that	𝝆(𝝎) 	is	 bias	

voltage	independent.33	
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Figure	4-12:	The	plasmonic	DOS	𝝆(𝝎)	obtained	by	the	normalization	analysis	

of	the	EL	spectra	in	Figure	4-8	under	±6	T	and	0	T	magnetic	field.	

The	normalization	analysis	is	internally	consistent	at	each	external	magnetic	

field	 value,	 suggesting	 that	 the	magnetic	 field	 has	 no	 significant	 effect	 on	 the	 hot	

carrier	 generation	 and	 radiative	 recombination	 mechanisms	 in	 our	 plasmonic	

nanojunctions.	Figure	4-12	shows	that	𝜌(𝜔)	varies	markedly	with	magnetic	field.	In	

Figure	4-12,	the	peak	near	585	nm	increases	with	increasing	magnetic	field;	the	peak	

around	660	nm	is	the	highest	under	0	T	magnetic	field,	followed	by	-6	T	and	then	6T;	

the	intensity	of	the	feature	near	720	nm	slightly	increases	from	-6	T	to	6	T;	we	can	

also	see	 the	appearance	of	 the	 tiny	peak	near	615	nm	under	6	T.	For	 the	effective	

temperature,	under	 -6	T,	𝑇$%%	is	 the	highest	and	 it	 reaches	more	than	2500	K	with	

550 600 650 700 750 800 850
Wavelength (nm)

0

1

2

3

4

5

Pl
as

m
on

ic
 D

O
S 

(a
.u

.)

B = 0T
B = 6T
B = -6T

2.36 2.13 1.93 1.77 1.64 1.52 1.42
Photon Energy (eV)



	
108	

	

	

moderate	bias	voltage.	The	effective	temperatures	under	0	T	and	6	T	are	roughly	the	

same	and	 slightly	 lower	 than	 that	 under	 -6	T.	The	magnetic	 field	dependent	𝜌(𝜔)	

indicates	that	the	specific	LSPR	modes	excited	in	the	nanojunction	change	with	the	

magnetic	field,	and	as	a	result,	the	effective	temperature	describing	the	hot	carriers	

decaying	from	these	plasmons	can	be	slightly	different.	

4.5. EL	spectra	with	different	polarization	under	magnetic	field	

To	better	understand	how	plasmon	modes	change	with	magnetic	field,	spectra	

with	different	detected	polarization	are	measured,	as	shown	in	Figure	4-13	and	4-14.	

The	bias	voltage	is	fixed	at	1.1	V	and	the	same	device	in	the	previous	measurements	

is	used.	Spectra	as	a	function	of	detected	linear	polarization	are	shown	in	Figure	4-13.	

Figure	4-13a-c	shows	the	polar	plots	with	different	magnetic	field	and	Figure	4-13d-

e	 shows	 line	 cuts	 of	 the	 corresponding	 spectra.	 The	 linear	 polarization	 angle	 is	

defined	with	 0	 degrees	 parallel	 to	 the	 nanowire	 (𝑦 	direction,	 Figure	 4-2)	 and	 90	

degree	 is	 perpendicular	 to	 the	 nanowire	 ( 𝑥 	direction,	 Figure	 4-2).	 Under	 each	

magnetic	 field,	 the	 spectra	 change	 dramatically	 as	 a	 function	 of	 the	 detected	

polarization	 angle.	 At	 0	 degrees,	 the	 spectra	 are	 dominated	 by	 the	 low	 energy	

nanogap	modes,	 and	at	90	degrees,	 the	 spectra	are	dominated	by	 the	high	energy	

transverse	dipolar	mode.	For	 the	polarization	angle	between	0	and	90	degree,	 the	

spectra	 are	 complicated	 due	 to	 the	 hybridization	 of	 the	 nanogap	 modes	 and	

transverse	dipolar	mode,10,15	and	the	spectra	are	sensitive	to	the	particular	sets	of	

LSPRs	 excited	 in	 the	 system	by	 the	 tunneling	 electrons.	 Comparing	 the	 spectra	 at	
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different	 magnetic	 field,	 we	 can	 see	 that	 the	 spectra	 differ	 a	 lot	 at	 the	 same	

polarization	angle,	which	supports	the	hypothesis	that	plasmon	modes	change	with	

magnetic	field.		

The	left-hand	and	right-hand	circular	polarized	component	of	the	spectra	are	

also	measured	in	Figure	4-14.	No	matter	the	magnetic	field,	large	differences	in	left-

hand	 and	 right-hand	 detected	 spectra	 can	 be	 observed.	 The	 dissymmetry	 factor	

defined	as	𝑔_`/ = 2(𝐼_$%M − 𝐼*2aBM)
(𝐼_$%M + 𝐼*2aBM)Á 	under	each	magnetic	field	is	shown	

in	 Figure	 4-15.	 The	 dissymmetry	 factor	 can	 be	 close	 to	± 2	 for	 some	 specific	

wavelength.	 The	 Circular	 dichroism	 is	 widely	 studied	 in	 plasmonic	

nanostructures.163–166	 In	 our	 nanojunctions,	 due	 to	 the	 randomness	 of	 the	

electromigration	process,	the	nanojunctions	can	be	highly	asymmetric	and	chiral	in	

geometry	(see	SEM	images	Figure	4-1	as	an	example).	The	nanogap	plasmon	modes	

themselves	and	the	mode	hybridization	can	be	chiral,	leading	to	circular	dichroism	in	

emission	spectra.	Under	different	magnetic	field,	the	circular	dichroism	is	different.	

This	further	suggests	different	plasmon	modes	are	excited	under	different	magnetic	

field.	The	plasmonic	DOS	for	the	 left-hand	and	right-hand	polarization	light	can	be	

obtained	using	Eq.	(4-5)	and	the	effective	temperature	in	Figure	4-10,	as	shown	in	

Figure	4-16.	
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Figure	4-13:	The	EL	spectra	with	different	detected	 linear	polarization	using	

the	same	device	as	Figure	4-3.	a-c,	Polar	plots	of	the	EL	spectra	as	a	function	of	

linear	polarization	under	-6	T	(a),	0	T	(b)	and	6	T	(c).	0	degree	is	defined	to	be	

parallel	 to	 the	nanowire	 (𝒚	direction)	and	90	degree	 is	perpendicular	 to	 the	

nanowire	(𝒙	direction).	d-e,	The	EL	spectra	at	selected	linear	polarizations	with	

applied	field	-6	T	(d),	0	T	(e)	and	6	T	(f).	At	each	magnetic	field,	the	spectra	are	

distinct	 and	 change	 dramatically	 with	 the	 detected	 polarization	 angle,	

emphasizing	the	complicated	character	of	the	LSPRs.	
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Figure	4-14:	The	EL	spectra	with	detected	circular	polarization	with	applied	

field	-6	T	(a),	0	T	(b)	and	6	T	(c).	Clear	circular	dichroism	can	be	observed	at	

each	magnetic	 field.	 Under	 different	magnetic	 fields,	 the	 circular	 dichroism	

varies.	 The	 EL	 spectra	with	 different	 emitted	 polarizations	 again	 imply	 that	

different	 sets	 of	 LSPR	 modes	 are	 excited	 under	 different	 magnetic	 field	

conditions.	

	

Figure	4-15:	The	dissymmerty	factor	of	the	circular	polarized	spectra	with	

applied	magnetic	field		-6	T	(a),	0	T	(b)	and	6	T	(c).	
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Figure	4-16:	The	extracted	plasmonic	DOS	for	far-field	emission	for	the	left-

hand	and	right-hand	polarization	with	applied	field	-6	T	(a),	0	T	(b)	and	6	T	

(c).	

4.6. EM	model	

As	 previously	 discussed,	 the	 MO	 response	 of	 bulk	 gold	 is	 far	 too	 weak	 to	

account	 for	 the	 pronounced	magnetic	 field	 dependence	 observed	 in	 our	 EL.	 This	

discrepancy	suggests	that	additional	physical	mechanisms	beyond	bulk	metallic	MO	

effects	 must	 be	 at	 play.	 We	 hypothesize	 that	 the	 large	 chiral	 effects	 observed	

experimentally	arise	from	a	combination	of	quantum	tunneling	and	structural	factors.	

On	the	one	hand,	the	magnetic	field	modifies	the	electronic	eigenstates	in	the	metallic	

electrodes,	 𝜓2(𝒓), 𝜓b(𝒓) ,	 thereby	 altering	 the	 transition	 dipole	 moments,	 𝝁2b ∝

∫𝒅𝒓𝜓2(𝒓)𝛁	𝜓b(𝒓) ,	 involved	 in	 the	 EL	 process.	 These	 modified	 transition	 dipole	

moments	 can	 acquire	 significant	 ellipticity,	 far	 exceeding	 bulk	 magneto-optic	

expectations.	 On	 the	 other	 hand,	 and	 crucially,	 their	 radiative	 characteristics	 are	
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strongly	influenced	by	the	plasmonic	DOS	at	the	nanogap.	Asymmetric	geometrical	

features	at	the	junction	sustaining	highly	confined	and	structurally	chiral	plasmonic	

modes	are	expected	to	amplify	the	influence	of	the	applied	magnetic	field	on	the	EL	

emission.	

To	test	this	hypothesis,	we	first	numerically	compute	single-particle	electronic	

eigenstates	of	 the	quantum	wells	modelling	 the	electrode	geometry	under	varying	

static	fields.	The	potential	landscape	is	given	by	square	wells	of	depth	given	by	the	

sum	of	the	work	function,	Φ,		and	Fermi	energy,	𝐸I 	of	gold.	The	effect	of	the	magnetic	

field	is	accounted	for	by	introducing	the	vector	potential	and	employing	the	complete	

canonical	 momentum	 Hamiltonian,	 𝐻È = c82ℏ∇8eD⃗g
*

"/
.	 The	 eigenfunctions	 are	

determined	within	 a	 rectangular	 region	 of	 approximately	250	nm2	 containing	 the	

nanogap.	Since	the	system	is	biased	under	voltage	𝑉,	we	look	for	eigenstates	around	

energies	𝐸I ± 𝑒𝑉/2 ,	 on	 the	 left	 and	 right	 electrode	 respectively.	 From	 these,	 we	

extract	the	transition	dipole	moments	for	jumps	between	the	left	and	right	electrodes	

and	express	them	in	terms	of	their	principal	axes	as:	

𝝁2b = 𝜇2b
𝑢� + 𝑖𝜖(𝑢�h	
¥1 + 𝜖("

,				(4 − 6)	

where	𝜖( 	is	 the	signed	ellipticity	parameter.	Here,	𝜖( = 0	(𝜖( = ±1)	 corresponds	 to	

linearly-polarized	 (left/right	 circularly	 polarized)	 dipole	 momenta,	 while	

intermediate	values	yield	elliptically-polarized	𝝁.	More	details	of	the	transition	dipole	

calculations	and	extra	theoretical	discussion	can	be	found	in	Appendix	G.	
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Figure	 4-17a	 presents	𝜖( 	for	 dipole	 transitions	 between	 the	 30	 eigenstates	

nearest	to	the	Fermi	level	of	each	electrode	of	the	junction	under	different	magnetic	

fields.	At	zero	field	(middle	panel),	𝜖( = 0	for	all	transitions	and	𝝁	is	always	linearly	

polarized.	 However,	 under	 ±6 	T	 fields	 (top	 and	 bottom	 panels),	 we	 observe	

substantial	 ellipticities.	 Notably,	 the	 sign	 of	 𝜖( 	reverses	 with	 the	 magnetic	 field	

polarity,	consistent	with	the	expected	behavior	for	the	ellipticity	of	a	classical	point	

dipole.	

To	 quantify	 these	 trends,	 we	 construct	 histograms	 𝐶i(𝐵) 	reflecting	 the	

distribution	of	 transition	dipole	moments	 in	magnitude	and	ellipticity.	 In	order	 to	

better	highlight	the	overall	structure	and	influence	of	the	magnetic	field,	in	Figure	4-

17b	we	display	𝑆,	the	averaged	distributions	for	±6	T	(𝑆 ≡ Ì𝐶i(6T) + 𝐶i(−6	T)Î/2),	

while	 Figure	 4-17c	 highlights	 their	 difference	 ( 𝐷 ≡ Ì𝐶i(6T) − 𝐶i(−6	T)Î/2 ),	

normalized	to	the	overall	counts.	The	asymmetry	in	these	distributions	reveals	that	

positive	magnetic	field	favors	positive	ellipticity,	and	vice	versa,	demonstrating	the	

role	of	𝐵	in	shaping	the	excitation	landscape.	

To	assess	the	impact	of	the	transition	dipole	ellipticity	in	far-field	emission,	we	

perform	 full-wave	 EM	 simulations	 by	 placing	 electric	 point-dipole	 sources	 with	

varying	 𝜖( 	at	 the	 center	 of	 the	 junction	 geometry	 mimicking	 the	 experimental	

samples.	The	details	of	the	simulation	implementation	can	be	found	in	Appendix	H.	

The	results	shown	in	Figure	4-17d	correspond	to	an	asymmetric	nanogap	geometry.	

This	configuration	supports	highly	confined	chiral	modes,	which	are	sensitive	to	the	
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dipole	 ellipticity	 and	 thus,	 the	 applied	 magnetic	 field,	 reproducing	 the	

phenomenology	observed	 in	 the	experiments.	Note	how	even	 for	moderate	source	

ellipticity	of	𝜖( = 0.3,	 the	chiral	density	of	states	at	the	gap	is	enough	to	result	 in	a	

large	modification	of	the	radiated	power	spectra.	For	comparison,	we	also	performed	

identical	 simulations	 using	 a	 symmetric	 nanogap	 in	 Figure	 4-18,	 which	 exhibited	

negligible	dependence	on	source	ellipticity,	highlighting	the	crucial	role	of	structural	

asymmetry	 in	 the	 tunnelling	 junction	 enabling	 magnetically	 tunable	 EL.	 In	 our	

simulations,	the	spin-orbit	coupling	and	electronic	structure	of	gold	are	not	involved,	

which	suggests	the	large	magnetic	field	dependent	EL	should	be	observed	in	other	

diamagnetic	metallic	plasmonic	junctions.	This	agrees	with	the	fact	that	the	similar	

magnetic	 field	 dependent	 EL	 is	 observed	 in	 aluminum	plasmonic	 junction	 as	well	

(Figure	4-19).		

Finally,	although	the	average	ellipticity	across	all	dipolar	transitions	remains	

small,	 complying	 with	 the	 correspondence	 principle,	 our	 results	 reveal	 the	

importance	of	the	local	density	of	chiral	optical	states	in	confined	nanogap	systems,	

which	can	selectively	amplify	specific	chiral	transitions.	Our	simulations	confirm	that	

asymmetric	 nanojunctions	 can	 indeed	 support	 relevant	 chiral	 density	 of	 states,	

leading	to	pronounced	differences	in	radiated	power	depending	on	dipole	helicity.		

	



	
116	

	

	

	

Figure	4-17:	(a)	Ellipticity	of	the	transition	dipole	moments	for	jumps	between	

eigenstate	𝒊	of	the	left	electrode	and	eigenstate	𝒋	of	the	right	electrode	obtained	

for	an	applied	magnetic	field	of	-6	T	(top),	0	T	(middle)	and	6	T	(bottom).	We	

show	 the	 values	 for	 the	 30	 eigenstates	 closest	 to	 the	 Fermi	 level	 of	 each	

electrode,	 spanning	 an	 energy	 range	 of	 approximately	 80	 meV.	 (b),	 (c)	

Statistical	analysis	of	the	transition	dipole	moments	based	on	the	histograms	

𝑪𝝁(𝑩),	which	count	the	number	of	transitions	found	with	a	certain	ellipticity,	

and	 transition	 dipole	 module	 for	 a	 given	 magnetic	 field.	 In	 b	 we	 show	𝑺 ≡

(𝑪𝝁(𝟔	𝐓) + 𝑪𝝁(−𝟔	𝐓))/𝟐 ,	 while	 in	 c	 we	 display	𝑫 ≡ (𝑪𝝁(𝟔	𝐓) − 𝑪𝝁(−𝟔	𝐓))/𝟐	 ,	

normalized	 to	𝑺,	 highlighting	 the	 fluctuations	due	 to	 the	 change	of	magnetic	

field.	(d)	Radiative	density	of	states	for	a	linear	(black),	and	circularly	polarized	

point	 dipoles	 ( 𝝐𝒔 = ±𝟏 ).	 Colored	 curves	 represent	 the	 spectra	 for	 source	

ellipticities	of	𝝐𝒔 = ±𝟎. 𝟑.	

a b c d
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Figure	4-18:	Radiation	power	of	an	elliptically	polarized	source	in	presence	of	

a	symmetric	junction.	The	spectrum	is	virtually	unmodified	for	all	different	

dipole	ellipticities.	

	

Figure	 4-19:	 The	 EL	 spectra	 at	± 	6	 and	 0	 T	magnetic	 field	 of	 the	 aluminum	

device.	The	bias	voltage	is	1.8	V	and	the	tunneling	current	is	about	380	nA.	The	

similar	asymmetric	change	in	both	the	amplitude	and	shape	of	the	spectra	can	

be	 observed.	 This	 supports	 that	 the	 magnetic	 tuning	 of	 EL	 is	 general	 for	

diamagnetic	plasmonic	junctions,	not	only	for	gold	devices.		
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4.7. Summary	

In	 summary,	 we	 experimentally	 show	 that	 the	 EL	 spectra	 of	 plasmonic	

nanojunctions	can	be	dramatically	modulated	by	an	external	magnetic	field	of	a	few	

Teslas.	The	plasmonic	DOS	and	hot	 carrier	effective	 temperature	extracted	 from	a	

normalization	analysis	shows	that	the	far-field	radiation	by	the	LSPRs	excited	by	the	

tunneling	 current	 is	magnetic-field	 dependent,	 which	 is	 further	 supported	 by	 the	

polarized	EL	spectra.	Gold	MO		models	fail	to	explain	the	observed	results,	implying	

the	quantum-tunneling	origin	of	 the	 large	magnetic	 sensitivity.	The	ability	 to	 tune	

LSPR-based	electroluminescence	with	external	magnetic	fields	opens	the	possibility	

of	 novel	 optoelectronic	 devices.	 Single-nm	 scale	 control	 over	 nanogap	 geometry	

would	enable	the	engineering	of	on-chip	light	sources	and	the	polarization	of	their	

emission,	while	providing	foundational	insights	into	the	relationship	between	light	

emission,	geometric	chirality	and	magnetism.			
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Chapter 5 

Understanding the Local Seebeck 
Coefficient of Carbon Nanotube Fibers 
Using the Photothermoelectric Effect 

In	this	chapter,	I	will	discuss	the	project	of	probing	the	variation	of	the	Seebeck	

coefficient	of	CNTFs	using	 the	PTE	effect.	This	chapter	 is	based	on	 the	publication	

Ref.167	“Understanding	the	Local	Seebeck	Coefficient	of	Carbon	Nanotube	Fibers	Using	

the	Photothermoelectric	Effect”.	The	CNTFs	are	grown	by	Dr.	Lauren	W.	Taylor,	Dr.	

Oliver	S.	Dewey	and	Dr.	Matteo	Pasquali.	The	devices	are	fabricated	under	the	help	of	

Shengjie	 Yu	 and	 Dr.	 Junichiro	 Kono.	 The	 thermal	 model	 and	 thermal	 property	

measurements	are	done	by	Dr.	Yingru	Song	and	Dr.	Geoff	Wehmeyer.	

5.1. Motivation	

	CNTFs	are	promising	candidates	for	thermoelectric	active	cooling	materials	

thanks	to	their	unique	combinations	of	electrical	and	thermal	properties.105,106	As	the	

synthesis	and	fabrication	of	CNTFs	have	improved,	CNTFs	are	reported	to	have	a	giant	



	
120	

	

	

thermoelectric	power	 factor	as	 large	as	14 ± 5 mW m−1 K−2	at	room	temperature,168	

which	 is	 the	highest	value	 for	 any	CNT	system	and	approaches	 the	highest	values	

reported	 for	 2D	 materials.169,170	 The	 outstanding	 electrical	 properties	 and	

thermoelectric	response	are	typically	discussed	and	investigated	at	the	scale	of	the	

macroscopic	 fiber	 (~centimeter	 scale	 lengths	 or	 longer).	 However,	 due	 to	 the	

inherent	microstructure,	defects	and	 imperfections	of	 the	 fibers	 introduced	during	

fabrication,	the	local	properties	at	different	positions	can	deviate	from	the	average	

values.	At	present	there	is	a	relative	lack	of	data	on	the	variation	of	local	properties	

along	 the	 fibers,	 though	 there	 have	 been	 some	 examinations	 of	 chemical	

heterogeneity171	and	mechanical	properties172	by	nanoscale	imaging.		

Several	 reports	 have	 previously	 probed	 the	 variation	 of	 the	 Seebeck	

coefficient	of	CNT	films173	and	bundles,174	and	photodetectors	can	be	made	of	CNTs	

based	on	the	PTE	effect.175–177	In	this	project,	we	apply	this	approach	to	high	quality	

CNTFs,	providing	mechanistic	insight	on	the	Seebeck	coefficient	variation	along	the	

fiber,	with	spatial	 resolution	of	micrometers.	 	This	 local	assessment	 is	essential	 to	

understanding	and	optimizing	CNTF	properties	and	their	origins.	

	

5.2. Device	fabrication	

The	CNTFs	in	this	study	are	very	similar	to	the	CNTFs	reported	in	reference,168	

comprising	double-wall	CNTs,	with	average	outer-wall	and	inner-wall	diameters	of	
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1.8 ± 0.2	nm	and	0.9 ± 0.1	nm	respectively.	The	CNT	length	to	diameter	aspect	ratio	is	

3600 ± 80,	measured	via	extensional	viscosity.178	Continuous	fibers	are	fabricated	by	

a	solution	spinning	method.107,179,180	A	SEM	micrograph	of	the	fiber	is	shown	in	Figure	

5-1A.	The	CNTs	within	the	fiber	are	densely	packed	and	highly	aligned,	comparable	

to	the	CNTFs	in	reference.179	The	average	diameter	of	the	fiber	is	measured	to	be	17.5	

μm	from	a	cross-section	view.	The	Raman	spectra	of	the	fiber	are	also	measured,	as	

shown	in	Figure	5-2.	The	Raman	G-to-D	ratio	is	50	at	532	nm	laser	excitation	for	the	

common	G	and	D	modes	observed	in	CNTFs107,168,	implying	a	low	defect	density,	and	

the	low	frequency	radial	breathing	modes	(RBM)	position	is	consistent	with	the	CNT	

diameters.181	As-made,	these	fibers	are	highly	electrically	conductive	(~8	MS/m	at	

room	temperature)	and	are	known	to	be	strongly	p-type	doped	by	the	remnant	acid	

in	the	fiber.168,179	

A	1-2	mm	piece	of	the	fabricated	CNTFs	is	cut	to	make	a	device.	A	photograph	

of	a	typical	device	is	shown	in	Figure	5-1B.	All	the	devices	are	fabricated	on	Si	wafers	

with	a	2	μm	thick	SiO2	layer.	Gold	contact	pads	with	Ti	adhesion	layer	are	evaporated,	

and	the	fiber	is	connected	to	the	Au	pads	by	silver	paste.	The	device	is	wire	bonded	at	

the	Au	pads	for	electrical	measurements.	
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Figure	5-1:	(A)	SEM	micrograph	of	the	solution-spun	CNTF.	The	CNTs	in	the	

fiber	are	densely	packed	and	highly	aligned.	The	average	diameter	of	the	fiber	

is	17.5	μm.	(B)	Optical	micrograph	of	the	device.	The	fiber	is	supported	on	a	

SiO2/Si	substrate.	The	fiber	is	connected	electrically	to	gold	pads	by	silver	

paste.	

	

Figure	5-2:	Raman	spectra	of	the	CNTFs.	(A)	Raman	D	and	G	band	of	the	fiber.	

The	 G-to-D	 ratio	 is	 about	 50,	 suggesting	 low	 density	 of	 defects.	 The	 Raman	

spectrum	is	acquired	with	785	nm	excitation	laser.	(B)	The	low	frequency	RBM	

of	the	fiber.	The	spectra	are	acquired	with	532,	633	and	785	nm	excitation	laser.	
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The	diameter	of	the	CNTs	estimated	from	the	RBM	is	consistent	with	the	real	

values.168	

5.3. CNTF	PTE	measurement	setup	

The	experiment	setup	for	the	PTE	measurements	is	shown	in	Figure	5-3.	We	

use	 a	1060	nm	diode	 laser	 as	 the	 excitation	 source.	The	 laser	 is	modulated	by	 an	

optical	chopper	and	focused	at	the	fiber	by	a	Zeiss	100×	objective	with	2.5	μm	laser	

spot	(1/e2	radius).	The	intensity	of	the	laser	is	controlled	by	a	half	wave	plate	(HWP)	

and	a	polarizer.	Another	HWP	controls	the	polarization	angle,	θ,	the	angle	between	

laser	polarization	and	x	direction.	The	photovoltage	 is	 first	 amplified	by	a	SR	560	

voltage	preamplifier	and	then	measured	by	an	Ametek	7270	lock-in	amplifier	synced	

to	the	chopper.	The	device	can	be	moved	in	the	x	and	y	directions	with	two	Thorlabs	

DRV001	stepper	motors,	so	the	map	of	photovoltage	can	be	obtained	by	scanning	the	

excitation	laser	over	the	x-y	plane	with	user-defined	pixel	size.	The	spatial	resolution	

of	the	measurement	is	limited	by	the	laser	spot	size	and	the	step	size	of	the	motors.	

All	measurements	are	taken	under	ambient	conditions	at	room	temperature.			
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Figure	5-3:	Schematic	of	the	photovoltage	measurement	setup.	The	polarization	

angle	of	the	incident	1060	nm	light	is	θ	relative	to	the	x	direction.	

5.4. PTE	origin	of	the	photovoltage	

First,	the	laser	spot	position	is	fixed	at	the	center	of	fiber	and	the	photovoltage	

is	 measured	 with	 different	 excitation	 laser	 power,	 as	 shown	 in	 Figure	 5-4A.	 The	

photovoltage	 is	 linearly	proportional	 to	 the	 input	power,	 consistent	with	previous	

PTE	 investigations.176,182	 Therefore,	 the	 photovoltage	 is	 normalized	 by	 the	 laser	

power	is	the	following	discussion.		To	confirm	the	thermal	origin	of	the	photovoltage,	
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we	measure	the	photovoltage	as	a	function	of	the	chopper	time	period,	as	shown	in	

Figure	5-4B.	When	the	chopper	period	is	short,	the	thermal	quasi-steady	state	is	not	

yet	established,	and	the	temperature	rise	does	not	reach	its	maximum	value	before	

the	laser	is	blocked.	As	a	result,	the	photovoltage	is	small.	When	the	chopper	period	

increases,	the	system	has	more	time	to	respond	and	the	temperature	rise	is	larger,	so	

the	 photovoltage	 increases.	 At	 sufficiently	 long	 periods,	 thermal	 steady-state	 is	

reached	during	the	 illumination	and	the	temperature	rise	 is	maximized,	 leading	to	

saturation	 of	 the	 photovoltage.	 The	 exponential	 fitting	 of	 the	 photovoltage	 as	 a	

function	 of	 the	 chopper	 period	 (dashed	 line	 in	 Figure	 5-4B)	 gives	 a	 thermal	 time	

constant	 on	 the	 order	 of	 milliseconds,	 consistent	 with	 the	 previous	 PTE	

results.174,176,182	This	confirms	that	the	photovoltage	is	due	to	the	PTE	effect	rather	

than	a	photovoltaic	effect,	as	such	a	purely	electronic	mechanism	has	time	scales	that	

are	 on	 the	 order	 of	 picoseconds.183	 The	 photovoltage	 also	 shows	 a	 slight	 laser	

polarization	 dependence,	 as	 shown	 in	 Figure	 5-4C.	 The	 photovoltage	 is	 slightly	

smaller	when	the	laser	polarization	is	perpendicular	to	the	fiber	axial	direction	(𝜃 =

90°)	than	the	laser	polarization	is	parallel	to	the	fiber	(𝜃 = 0°)	with	the	ratio	to	be	

0.85.	 This	 angle	 dependence	 is	 consistent	with	 the	 high	 alignment	 of	 single	 CNTs	

along	the	fiber.175,177,184					
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Figure	5-4:	(A)	The	PTE	voltage	(points)	scales	linearly	with	the	laser	power.	

The	blue	dashed	line	is	the	linear	fit.	(B)	The	normalized	PTE	voltage	measured	

as	a	function	of	chopper	time	period.	The	blue	dashed	curve	is	the	exponential	

decay	fit,	which	gives	the	time	constant	to	be	3.7	ms.	The	millisecond	time	scale	

confirms	that	the	voltage	is	from	the	PTE	effect	rather	than	a	photovoltaic	effect.	

(C)	Laser	polarization	dependence	of	the	PTE	voltage.	The	voltage	is	the	largest	

when	the	polarization	is	parallel	to	the	axial	direction	(θ=0°),	and	the	voltage	is	

the	 smallest	 when	 the	 polarization	 is	 perpendicular	 to	 the	 axial	 direction	

(θ=90°).	Line	is	interpolation.	

5.5. Numerical	extraction	of	the	Seebeck	coefficient	

As	discussed	in	Chapter	2,	the	photovoltage	𝑉(𝑥#)	when	the	laser	is	at	position	

𝑥#	on	the	fiber	can	be	written	as:	

𝑉(𝑥#) = −« 𝑆(𝑥)𝛻𝑇(𝑥, 𝑥#)𝑑𝑥
;

#
				(5 − 1) 	
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The	Seebeck	coefficient	of	the	fiber	𝑆(𝑥)	is	a	function	of	position	along	the	fiber,	and	

the	temperature	gradient	𝛻𝑇(𝑥, 𝑥#)	is	a	function	of	both	laser	position	and	position	

along	the	fiber.	In	the	map	measurements,	the	fiber	is	discretized	into	different	pixels.	

Within	each	single	pixel,	the	properties	of	the	fiber	are	considered	to	be	uniform.	The	

photovoltage	𝑉g𝑥bi	when	the	laser	is	at	pixel	𝑗	on	the	fiber	can	be	written	as:	

𝑉g𝑥bi = −\𝑆2 ∙ 𝛻𝑇2g𝑥bi ∙
l

2H9

𝐿
𝑁				(5 − 2)

	

where	𝑁	is	the	total	pixel	number,	𝐿	is	the	length	of	the	fiber,	𝑆2 	and	𝛻𝑇2(𝑥b)	are	the	

Seebeck	coefficient	and	the	temperature	gradient	at	pixel	𝑖	respectively	when	laser	is	

shining	 on	 pixel	𝑗 .	𝑉g𝑥bi 	is	 measured	 in	 the	 PTE	map.	 The	𝛻𝑇2(𝑥b) 	matrix	 can	 be	

obtained	from	the	thermal	model.	More	details	about	the	thermal	model	can	be	seen	

in	the	next	section	and	Appendix	C.		

We	can	re-write	the	equation	above	in	the	matrix	form	as:	

Ò
𝛻𝑇9(𝑥9) ⋯ 𝛻𝑇l(𝑥9)

⋮ ⋱ ⋮
𝛻𝑇9(𝑥l) … 𝛻𝑇l(𝑥l)

× ∙ Ò
𝑆9
⋮
𝑆l
× = −

𝑁
𝐿 ∙ Ò

𝑉(𝑥9)
⋮

𝑉(𝑥l)
×				(5 − 3) 	

The	𝛻𝑇	matrix	has	a	rank	of	N-1	(details	in	the	next	section),	so	the	general	solution	

of	 the	 equations	𝑆2 = 𝑆2,mno + 𝑆pqn .	𝑆pqn 	is	 the	 solution	 of	 the	 homogeneous	 linear	

equations	𝛻𝑇 ∙ 𝑆 = 0.	𝑆mno	is	a	particular	solution	of	the	above	inhomogeneous	linear	

equations.		
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Consider	the	symmetric	boundary	condition	of	the	temperature,	for	a	perfectly	

uniform	 fiber	 ( 𝑆(𝑥) 	is	 an	 position-independent	 constant),	 we	 have:	 𝑉(𝑥#) =

−∫ 𝑆(𝑥)𝛻𝑇(𝑥, 𝑥#)𝑑𝑥
;
# = −𝑆 ∫ 𝛻𝑇(𝑥, 𝑥#)𝑑𝑥 = 𝑆g𝑇(𝑥 = 0) − 𝑇(𝑥 = 𝐿)i = 0;

# .	 As	 a	

result,	𝑆pqn = 𝐶(1,1, … ,1)R ,	where	𝐶	is	a	constant.	𝑆mno	can	be	numerically	solved	by	

𝑆mno = − l
;
∙ 𝛻𝑇89𝑉 ,	where	𝛻𝑇89 	is	 the	Moore-Penrose	pseudoinverse	 of	 the	matrix	

𝛻𝑇.	The	constant	𝐶	can	be	obtained	by	setting	the	average	of	the	Seebeck	coefficient	

𝑆2 	to	 be	 the	 experimentally	measured	 average	 Seebeck	 coefficient	 of	 the	 fiber,	 as	

described	in	the	next	section	and	Appendix	C.	In	this	case,	the	Seebeck	coefficient	as	

a	function	of	position	𝑆2 	is	the	summation	of	the	average	Seebeck	coefficient	𝑆pqn	of	

the	whole	fiber	and	the	position-dependent	relative	Seebeck	coefficient		𝑆2,mno,	which	

has	 0	 mean	 value.	 The	 total	 Seebeck	 coefficient	 describes	 a	 position-dependent	

fluctuation	around	the	average	value.	

Filtering	the	photovoltage	data	is	useful	in	reducing	the	noise	in	the	extracted	

Seebeck	coefficient.	Because	the	𝛻𝑇89	matrix	has	very	large	eigenvalues	numerically,	

the	noise	in	𝑉	will	be	amplified	by	𝛻𝑇89𝑉.	In	extracting	the	Seebeck	coefficients	used	

throughout	this	work,	we	use	the	smoothed	data	 instead	of	 the	raw	data	of	𝑉.	The	

robustness	 of	 the	 extraction	 of	 the	 Seebeck	 coefficient	 are	 discussed	 in	 detail	 in	

Appendix	D.	
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5.6. Thermal	model	and	CNTF	thermal	property	measurements	

A	thermal	model	is	needed	to	solve	the	temperature	profile	in	PTE	

measurements	and	extract	the	Seebeck	coefficient.	

5.6.1. Derivation	of	PTE	temperature	profile	

	We	consider	one-dimensional	(1D)	steady-state	heat	conduction	in	the	axial	

𝑥	direction	of	the	CNTF	due	to	point	source	heating	from	a	laser	beam.	Because	this	

heating	 period	 is	 substantially	 larger	 than	 thermal	 time	 constant	 (Figure	 5-4B),	

transient	 heat	 conduction	 effects	 are	 negligible,	 and	 the	 steady-state	 model	 is	

appropriate	to	describe	the	amplitude	of	the	temperature	rise.	A	sketch	of	the	thermal	

model	 is	 shown	 in	 Figure	 5-5A.	 The	 1D	 governing	 energy	 equation	 including	

radiation,	convection	and	thermal	contact	resistance	that	is	used	to	find	the	steady-

state	temperature	profile	𝑇(𝑥)	is:	

d"𝑇
d𝑥" = 𝑚"(𝑇 − 𝑇#)				(5 − 4)	

where	𝑚" ≡ 9
CD
·𝜋𝐷ℎ + 9

:+,-./+.
¸	describes	the	effect	of	the	losses	to	the	surroundings,	

𝑘	is	the	fiber	axial	thermal	conductivity;	𝐴	is	the	fiber	cross-sectional	area;	𝐷	is	the	

fiber	diameter;	ℎ	is	 the	heat	 transfer	coefficient	describing	 the	combined	effects	of	

convection	to	the	nearby	air	and	radiation	to	the	surroundings;	𝑅rstupru	is	the	thermal	

contact	resistance	for	a	unit	length	between	the	CNTF	and	the	silicon	substrate	(units	

of	 K.m/W );	 and	 𝑇# 	is	 the	 ambient	 temperature.	 To	 simplify	 the	 mathematical	
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expressions,	the	origin	of	the	coordinate	is	set	at	the	center	of	the	fiber	in	the	thermal	

model	(Figure	5-5A)	and	boundaries	are	at	±	𝐿/2	.	The	fiber	can	be	divided	into	the	

left	regime	defined	over	a	range	from	[− ;
"
, 𝑥#)	and	the	right	regime	defined	over	a	

range	from	(𝑥#,
;
"
]. The	analytical	solution	of	the	governing	equation	is:	

∆𝑇_$%M(𝑥) = 𝐶9 𝑒𝑥𝑝(𝑚𝑥) + 𝐶" 𝑒𝑥𝑝(−𝑚𝑥)				(5 − 5)  

∆𝑇*2aBM(𝑥) = 𝐶4𝑒𝑥𝑝	(𝑚𝑥) + 𝐶<𝑒𝑥𝑝	(−𝑚𝑥)				(5 − 6)  

where 𝐶9 , 𝐶" , 𝐶4 , 𝐶<   are constants.	 More	 details	 of	 the	 derivation	 are	 discussed	 in	

Appendix	C.	With	the	temperature	profile	Eq.	(5-5)	and	(5-6),	we	can	analytically	find	

the	temperature	gradient	profile	as:	

𝛻𝑇onvu(𝑥) = 𝐶9𝑚𝑒𝑥𝑝(𝑚(𝑥 − 𝐿/2)) − 𝐶"𝑚𝑒𝑥 𝑝 �−𝑚|𝑥 −
𝐿
2}�				(5 − 7)  

𝛻𝑇mwxyu(𝑥) = 𝐶4𝑚𝑒𝑥𝑝(𝑚(𝑥 − 𝐿/2)) − 𝐶<𝑚𝑒𝑥 𝑝 �−𝑚|𝑥 −
𝐿
2}�				(5 − 8)  

Eq.	(5-7)	and	(5-8)	calculate	the	temperature	gradient	on	the	left	and	right	side	of	the	

laser	 spot	 𝑥# .	 The	 temperature	 gradient	 at	 𝑥 = 𝑥# 	is	 set	 to	 0	 considering	 the	

temperature	profile	is	highly	symmetric	near	𝑥 = 𝑥#	(see	Figure	G-1	in	Appendix	G),	

so	the	PTE	voltage	originates	from	the	left	and	right	region	near	𝑥 = 𝑥#	cancels	out.	

In	other	words,	the	diagonal	elements	of	the	𝛻𝑇2(𝑥b)	matrix	in	Eq.	(5-3)	is	set	to	0,	and	

the	off-diagonal	elements	are	determined	by	Eq.	(5-7)	and	(5-8).	
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5.6.2. Characterization	of	fin	parameter	𝒎𝑳	in	the	PTE	experiment	

The	 PTE	 measurements	 are	 performed	 in	 an	 open	 environment	 at	 room	

temperature.	In	this	case,	the	convection,	radiation	and	heat	conduction	across	the	

fiber-substrate	 interface	 are	 not	 negligible	 and	 are	 required	 accurate	

characterization,	 as	 shown	 in	 Figure	 5-5B.	 We	 have	 utilized	 a	 steady-state	 Joule	

heating	 and	 resistance	 thermometry	method	 to	 find	 the	 fin	 variable	𝑚.	 The	CNTF	

samples	are	laid	on	the	identical	SiO2/Si	substrate	as	used	in	the	PTE	measurements	

to	make	 sure	 the	 contact	 resistance	 is	 consistent,	 and	measurements	 on	multiple	

samples	yield	consistent	values.	The	detailed	analytical	derivation	of	the	steady-state	

Joule	 heating	 method,	 and	 the	 measured	 fin	 variable	𝑚 	values	 can	 be	 found	 in	

Appendix	C.	

5.6.3. Thermal	conductivity	measurements		

The	thermal	conductivity	of	the	CNTF	samples	are	the	input	parameters	to	the	

PTE	 measurements	 and	 characterization	 of	 the	 fin	 variable	 𝑚 .	 Prior	 to	 any	

measurement,	we	use	Joule	heating	(steady	state	and	three-omega)	measurements	to	

evaluate	the	thermal	conductivity	of	the	CNTF.	In	this	experiment,	the	CNTF	sample	

is	suspended	over	the	inner	two	silver	paste	electrodes	and	the	measurements	are	

performed	in	the	vacuum	chamber	to	prevent	convection	and	conduction	through	the	

substrate,	 as	 shown	 in	 Figure	 5-5C.	 The	detailed	 descriptions	 of	 the	 experimental	

setup	and	measured	thermal	conductivity	can	be	found	in	Appendix	C.		
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Figure	5-5:	Illustrations	of	CNTF	thermal	experiments.	(A)	PTE	measurement	

for	supported	CNTF	in	air	with	local	laser	heating	at	location	𝒙 = 𝒙𝟎	and	open-

circuit	voltage	measurement.	 (B)	Fin	parameter	measurement	 for	supported	

CNTF	in	air.	This	fin	parameter	measurement	uses	position-independent	Joule	

heating	and	resistance	thermometry	to	find	the	fin	parameter	𝒎𝑳	used	in	the	

analysis	 of	 the	 PTE	 measurements	 shown	 in	 (A).	 (C)	 Thermal	 conductivity	

measurement	 for	 suspended	 CNTF	 in	 vacuum	 using	 Joule	 heating	 and	

resistance	thermometry.	
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5.6.4. Average	Seebeck	coefficient	measurements	

To	 obtain	 the	 average	 Seebeck	 coefficient	 𝑆pqn ,	 we	 have	 performed	 the	

standard	steady-state	measurements	on	both	as-spun	and	annealed	CNTFs.	The	CNTF	

samples	 are	 suspended	 over	 two	 heat-sunk	 Peltier	 modules	 which	 controls	 the	

temperature	difference	between	both	ends	of	the	CNTF,	as	shown	in	Figure	5-6.	The	

measured	 average	 Seebeck	 coefficients	 are	17.2 ± 0.9	µV/K	for	 as-spun	 CNTF	 and	

21.0 ± 0.3 	 µV/K 	for	 423	K 	annealed	 CNTF.	 Details	 of	 the	 steady-state	 average	

Seebeck	measurement	and	the	data	analysis	are	discussed	in	Appendix	C.		

	

Figure	5-6:		Schematic	of	standard	steady-state	average	Seebeck	measurements.	
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Some	thermal	parameters	of	the	as-spun	and	423	K	(150	℃)	annealed	CNTFs	

are	shown	in	Table	5-1.	With	the	values	of	these	thermal	parameters,	the	temperature	

and	temperature	gradient	profiles	can	be	obtained.	Figure	5-7A	shows	an	example	of	

the	temperature	profile	of	the	CNTF	with	3	mW	laser	power	at	different	𝑥#	position.	

Here,	we	set	the	origin	of	the	coordinate	to	be	the	left	end	of	the	fiber	to	be	consistent	

with	the	experiment.	The	ambient	temperature	𝑇#	is	293	K.	Figure	5-7B	shows	the	

temperature	gradient	of	the	CNTF	at	different	𝑥#	position	based	on	Figure	5-7A.	

	

	

Table	5-1.	Measured	quantities	extracted	from	CNTF	thermal	experiments. 
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Figure	5-7:	(A)	The	temperature	profile	along	the	CNTF	with	different	laser	spot	

position	𝒙𝟎 	obtained	 from	 the	 thermal	model.	 (B)	The	 temperature	 gradient	

based	on	(A)	along	the	fiber.		The	laser	power	is	3	mW.		

5.7. PTE	and	Raman	spectrum	data	on	a	locally	annealed	CNTF	

We	 demonstrate	 the	 Seebeck	 coefficient	 extraction	 methodology	 with	

different	 types	 of	 fiber	 samples.	 	 The	 PTE	 map	 measurements	 and	 the	 Seebeck	

coefficient	 calculation	 are	 first	 performed	on	 a	 fiber	with	 a	 distinct	 feature	 in	 the	

Seebeck	coefficient	distribution	deliberately	introduced	by	localized	laser	annealing.		

It	is	known	that	thermal	annealing	of	CNTF	can	de-dope	the	material	by	evaporating	

the	remnant	acid	and/or	other	adsorbed	dopants	such	as	water	vapor,	and	that	this	

de-doping	reduces	their	electrical	conductivity	and	increases	their	average	Seebeck	

response.168,185	A	high	power	(50	mW)	785nm	laser	 is	 focused	at	the	center	of	the	

fiber	 for	 10	s,	 as	 shown	 in	 Figure	 5-8A.	 Induced	 by	 the	 laser,	 the	 temperature	 is	
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increased	 to	 about	 516	 K	 (243	℃)	 at	 the	 center	 based	 on	 our	 thermal	 model	

(Appendix	 E);	 this	 temperature	 rise	 is	 much	 larger	 than	 the	 temperature	 rises	

induced	by	the	low-power	(<3	mW)	laser	used	in	the	PTE	measurements.	We	expect	

the	fiber	to	undergo	modest	dedoping	by	the	brief	exposure	to	elevated	temperatures,	

resulting	in	an	increase	in	the	Seebeck	coefficient	near	the	center	of	the	fiber	within	

the	heat-affected	zone.		

The	 PTE	 voltage	 maps	 of	 the	 device	 before	 and	 after	 laser	 annealing	 are	

measured,	as	shown	in	Figure	5-8B.	Figure	5-8C	shows	the	PTE	voltage	as	a	function	

of	𝑥# 	position	 obtained	 by	 finding	 the	maximum	 of	 the	 absolute	 value	 in	 each	𝑦-

column	in	the	PTE	voltage	maps	in	Figure	5-8B.	Before	annealing,	the	PTE	voltage	is	

small	but	non-zero,	 implying	a	non-uniform	distribution	of	 the	Seebeck	coefficient	

along	the	unannealed	fiber.	After	laser	annealing,	we	observe	a	large	difference	in	the	

magnitude	of	the	PTE	voltage	over	the	whole	fiber.	The	Seebeck	coefficient	of	the	fiber	

both	 before	 and	 after	 annealing	 is	 calculated,	 as	 shown	 in	 Figure	 5-8D.	 Before	

annealing,	 the	 Seebeck	 coefficient	 fluctuates	 around	 the	 17.2	 μV/K	 average	 value.	

After	annealing,	we	observe	an	overall	increase	in	the	Seebeck	coefficient	from	𝑥 =

350	~	850	µm .	 At	 the	 center	 location	 of	 𝑥 ≈ 620	µm 	near	 the	 laser	 absorption	

location	during	annealing,	the	Seebeck	coefficient	increase	by	~30%,	to	about	22.4	

μV/K.	The	steady	state	temperature	profile	during	laser	annealing	is	also	simulated	

(Appendix	E)	in	Figure	5-8D	to	help	explain	the	increase	in	the	Seebeck	coefficient:	

near	the	edge	of	the	fiber	(𝑥 < 350	µm	and	𝑥 > 850	µm),	the	temperature	rise	is	low	

and	 it	 is	 insufficient	 to	 dedope	 the	 fiber	 or	 cause	 the	 increase	 in	 the	 Seebeck	
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coefficient.	In	the	range	of	𝑥 = 350	~	850	µm,	the	temperature	rise	is	larger	and	leads	

to	the	measurable	increase	in	the	Seebeck	coefficient.	At	the	center,	the	temperature	

increases	steeply	to	516	K,	which	results	 in	the	 increase	of	 the	Seebeck	coefficient	

from	about	19.5	μV/K	to	22.4	μV/K	in	a	short	range	of	𝑥 = 590	~	650	µm.		

We	 measure	 the	 Raman	 spectra	 of	 the	 fiber	 at	𝑥 ≈ 620	µm 	using	 532	 nm	

excitation	before	and	after	the	laser	annealing,	as	shown	in	Figure	5-8E.	The	spectra	

show	a	large	red	shift	(17	cm-1)	of	the	2D	band	and	a	qualitative	change	of	the	line	

shape	of	the	G	band	after	annealing.	A	broad	G-	band	at	about	1520	cm-1	appears	after	

annealing,	and	there	is	a	3	cm-1	red	shift	in	the	G+	band.		

Here,	we	give	a	brief	explanation	of	the	Raman	spectra	in	CNTs:		the	Raman	G	

and	2D	bands	are	present	in	all	sp2	carbon	structures.	The	G	band	is	the	in-plane	bond	

stretching	mode	of	the	C-C	bonds	in	the	hexagonal	lattice.	The	2D	band	is	related	to	

the	vibrational	mode	of	the	breathing	of	the	six-carbon	ring	in	the	hexagonal	lattice.	

The	C13	isotope	and	strain	information	can	be	obtained	from	the	shifts	and	linewidth	

of	the	G	and	2D	bands.186–189	They	can	also	be	used	to	probe	the	position	of	the	Fermi	

energy	and	the	doping	level	because	of	the	electron-phonon	coupling	of	the	metallic	

sp2	structures.185,190–194			

In	pristine	graphene,	the	G	band	is	a	single	Lorentzian	peak.	In	CNTs,	due	to	

the	curvature	of	the	tubes,	the	G	band	split	into	G-	and	G+	bands.	Before	annealing,	the	

G-	and	G+	bands	of	the	fiber	(consisting	of	both	metallic	and	semiconducting	CNTs)	

are	very	close	to	each	other,	so	the	G	band	looks	like	a	single	Lorentzian	peak.	After	
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annealing,	the	Fermi	energy	of	the	metallic	CNTs	shifts	towards	closer	to	the	band	

edge.	An	intermediate	electron-hole	pair	is	formed	near	the	Fermi	energy	with	the	

assistance	of	the	phonon	due	to	the	electron-phonon	coupling,	and	the	perturbation	

of	the	phonon	by	electron-phonon	interaction	makes	the	phonon	energy	lower	and	

the	lifetime	shorter.191,192,194	As	a	result,	the	broadening	and	red	shift	of	the	G-	band	in	

metallic	CNTs	can	be	seen	after	annealing.	Before	annealing,	the	Fermi	energy	of	the	

metallic	CNTs	is	high	and	the	electron-hole	excitation	is	blocked	by	Pauli	principle,	so	

the	 red	 shift	 and	broadening	of	 the	G-	 band	do	not	occur.192,194	 In	 semiconducting	

CNTs,	the	energy	gap	between	the	valence	and	conduction	band	is	much	larger	than	

the	 phonon	 energy,	 so	 the	 electron-phonon	 coupling	 doesn’t	 happen.	 There’s	 also	

report	that	the	red	shift	and	broadening	of	the	G-	band	only	occur	in	metallic	but	non-

armchair	CNTs.195	The	Raman	spectrum	of	the	laser	annealed	sample	in	Figure	5-8E	

shows	a	substantial	shift	of	the	2D	band.	The	2D	band	is	reported	to	red	shift	when	

the	doping	level	decreases	because	of	the	electron-phonon	coupling,	similarly	with	

the	G	band.193	

The	Raman	spectra	are	also	measured	at	each	pixel	along	the	fiber	after	laser	

annealing.	The	2D	band	position	and	G-/G+	ratio	as	a	function	of	x	position	are	shown	

in	Figure	5-8F	and	G.	The	red	shift	of	the	2D	band	and	the	increase	in	G-/	G+	ratio	can	

be	seen	at	the	center	of	the	fiber.	Comparing	Figure	5-8E,	F	and	G,	we	can	see	the	2D	

band	red	shift	and	the	increase	of	G-/	G+	are	more	localized	than	the	increase	of	the	

Seebeck	 coefficient.	 From	 	 𝑥 = 350	~	590	µm 	and	 𝑥 = 650~	850	µm ,	 the	 Raman	

spectra	 remain	 the	 same	 while	 the	 Seebeck	 coefficient	 increases.	 Combining	 the	
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temperature	profile	during	the	laser	annealing	in	Figure	5-8D,	we	can	estimate	the	

required	temperature	to	see	the	Raman	spectrum	changes	is	about	460	K	(287	℃).		

	

Figure	5-8:	(A)	Diagram	of	the	laser	annealing	configuration.	A	785	nm	50	mW	

laser	irradiates	the	center	of	the	fiber	for	10	s	to	induce	de-doping	and	modify	

𝑺(𝒙) .	 (B)	 The	 PTE	 map	 measurements	 of	 the	 device	 before	 (top)	 and	 after	

(bottom)	the	laser	annealing.	(C)	The	PTE	voltage	as	a	function	of	𝒙𝟎		position	

along	the	 fiber	before	(blue)	and	after	(yellow)	the	 laser	annealing.	The	PTE	

voltage	is	obtained	from	the	map	in	(B).	The	dashed	lines	are	the	smooth	curves	

fit	to	the	PTE	voltage	and	used	to	extract	𝑺.	The	magnitude	of	the	PTE	voltage	is	

much	 larger	after	 the	 local	 laser	 induced	annealing.	 (D)	Left	 axis:	 calculated	

Seebeck	coefficient	as	a	function	of	𝒙	position	before	and	after	annealing.	Right	

axis:	simulated	steady	state	temperature	during	the	laser	annealing.	(E)	Raman	

spectra	of	the	fiber	at	𝒙 ≈ 𝟔𝟐𝟎	𝛍𝐦	before	and	after	the	laser	annealing	show	a	

red	shift	in	the	2D	band	position	and	modified	line	shape	of	the	G	band.	Inset:	

the	spectra	from	1300-1700	cm-1	including	the	G	band.	(F)	The	Raman	2D	band	

peak	position	as	a	 function	of	𝒙	position	of	 the	 laser	annealed	 fiber.	The	red	

shift	can	be	clearly	seen	at	𝒙 ≈ 𝟔𝟐𝟎	𝛍𝐦.	(G)	The	Raman	intensity	ratio	between	
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the	G-	and	G+	bands	as	a	function	of	𝒙	position	of	the	laser	annealed	fiber.	The	

broad	G-	band	appears	at	𝒙 ≈ 𝟔𝟐𝟎	𝛍𝐦.	The	red	dashed	curves	in	(F)	and	(G)	are	

lines	 to	 guide	 the	 eyes.	 Comparing	 the	 Raman	 spectra	 and	 the	 Seebeck	

coefficient,	we	confirm	the	increase	in	the	Seebeck	coefficient	is	caused	by	the	

shift	of	the	doping	level	by	the	laser	annealing.		

5.8. Effect	of	global	thermal	annealing	on	CNTFs	

We	also	measure	the	PTE	map	to	investigate	the	Seebeck	coefficient	variation	

along	a	piece	of	the	same	fiber	before	and	after	a	global	thermal	annealing.	Focusing	

first	on	the	pristine	fiber,	the	PTE	voltage	is	shown	in	Figure	5-9A	(blue	curve),	and	

the	extracted	Seebeck	coefficient	profile	 is	shown	in	Figure	5-9B	(blue	curve).	The	

Seebeck	coefficient	fluctuates	around	the	17.2	μV/K	average	value	and	the	standard	

deviation	and	range	are	0.30	and	1.25	μV/K,	 respectively.	To	gain	 insight	 into	 the	

origins	of	the	spatial	variation,	the	whole	fiber	is	annealed	in	a	furnace	with	pressure	

below	100	mTorr	for	4	hours	at	423	K	(150	℃)	(a	thermal	cycle	determined	not	to	

harm	the	silver	paste	contacts).	The	PTE	map	measurement	is	performed	again	on	

the	fiber,	and	then	the	Seebeck	coefficient	is	calculated,	as	shown	by	the	orange	curves	

in	Figure	5-9A	and	B	respectively.	After	annealing,	the	average	Seebeck	coefficient	is	

measured	via	global	thermopower	to	be	21.0	μV/K.	Our	finding	in	Figure	5-9B	shows	

the	spatial	fluctuations	are	much	smaller	after	annealing,	with	the	standard	deviation	

and	range	to	be	0.13	and	0.72	μV/K.		
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Raman	measurements	are	consistent	with	these	PTE	observations	as	well.		The	

average	Seebeck	coefficient	becomes	larger	after	annealing	because	of	the	overall	de-

doping	of	the	CNTF.	The	Raman	spectra	measured	before	and	after	annealing	at	423	

K	for	4	hours,	as	shown	in	Figure	5-9C,	show	that	the	G	band	red	shifts	about	3	cm-1,	

consistent	with	de-doping	of	the	fiber.	However,	unlike	the	laser	annealing	sample,	

the	423	K	annealed	sample	shows	no	detectible	shift	in	the	2D	band.	This	finding	is	

consistent	with	the	result	from	Figure	5-8F	and	shows	that	an	annealing	temperature	

of	423	K	is	not	large	enough	to	result	in	a	2D	band	shift.		

Given	that	the	modest	423	K	annealing	temperature	is	unlikely	to	introduce	

changes	in	structural	arrangement	or	the	strain	of	the	fiber,	the	smaller	fluctuation	of	

the	 Seebeck	 coefficient	 after	 annealing	 suggests	 that	 the	 spatial	 variation	 in	𝑆(𝑥)	

likely	 originates	 from	 nonuniformities	 in	 the	 dopant	 concentration.	We	 therefore	

attribute	 the	 lower	 spatial	 variation	 in	𝑆(𝑥)	to	 a	more	 uniform	distribution	 of	 the	

doping	level	along	the	fiber	for	remaining	dopant	in	the	fiber.	Modeling	the	Seebeck	

coefficient	fluctuation	as	caused	the	by	non-uniform	doping	level,	we	can	estimate	the	

Fermi	energy	𝐸I 		as	a	function	of	position,	as	shown	in	Figure	5-9B	right	axis.	This	

model	 uses	 the	 same	 correlation	 between	 the	 Seebeck	 coefficient	 and	 the	 Fermi	

energy	described	in	a	previous	report168	on	these	fibers.	The	Fermi	energy	of	the	fiber	

before	and	after	annealing	estimated	from	this	model	is	-0.465	eV	and	-0.459	eV,	and	

we	can	see	fluctuations	at	the	scale	of	1	meV.	Considering	the	3	cm-1	shift	in	the	G	band	

of	 the	 Raman	 spectra	 (Figure	 5-9C),	we	 can	 estimate	 that	 at	 least	 a	 resolution	 of	

3	cm89/	0.006	(eV) 	= 	0.5	cm89is	needed	for	the	Raman	spectroscopy	to	probe	the	
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Fermi	energy	fluctuation	in	1	meV.	However,	the	0.5	cm-1	spectral	resolution	is	not	

available	 for	most	commercial	Raman	spectroscopy	systems.	Our	PTE	effect-based	

method	 can	 therefore	detect	 finer	 variation	of	 	𝑆	and	𝐸{ 	along	 the	 fiber	 compared	

with	the	Raman	spectroscopy.	

	

Figure	 5-9:	 (A)	 The	 PTE	 voltage	 as	 a	 function	 of	𝒙𝟎 	position	 along	 the	 fiber	

before	and	after	annealing	at	423	K	for	4	hours	in	the	furnace.	The	red	and	gray	

dashed	 lines	 are	 the	 smooth	 curves	 for	 the	 PTE	 voltage.	 (B)	 The	 calculated	

Seebeck	coefficient	and	Fermi	energy	along	the	fiber	before	and	after	annealing.	

The	Fermi	energy	is	estimated	based	on	the	Seebeck	coefficient	via	the	model	

of	Ref.168.	(C)	The	Raman	spectra	of	the	fiber	before	and	after	annealing.	Inset:	

The	Raman	spectra	from	1500	–	1650	cm-1	including	the	G	band.	There	is	almost	

no	shift	in	the	2D	band	and	the	G	band	red	shifts	about	3	cm-1.	

5.9. Summary	

We	demonstrate	that	mapping	of	the	PTE	is	a	non-destructive	method	to	probe	

the	 variation	 of	 the	 Seebeck	 coefficient	 along	 doped	 CNTFs.	 The	 inferred	 Seebeck	

coefficient	as	a	function	of	position	along	the	fiber	is	consistent	with	expectations	for	

a	deliberately	modified	doping	level	distribution	for	the	laser	annealing	sample.	We	
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see	a	clear	correlation	between	the	Seebeck	coefficient	distribution	and	the	Raman	

spectra	 as	 a	 function	 of	 position	 along	 the	 CNTF.	 This	 establishes	 that	 Seebeck	

response	is	dominated	by	the	local	doping	level.		The	data	in	this	work	shows	that	the	

PTE	based	survey	is	more	sensitive	to	small	changes	of	doping	level	and	the	Fermi	

energy	than	typical	Raman	spectroscopy.	Comparing	the	PTE	measurements	and	the	

Seebeck	coefficient	results	before	and	after	a	mild	isothermal	annealing,	we	see	an	

increase	of	 the	 average	Seebeck	 coefficient	of	 the	 fiber	due	 to	 the	decrease	 in	 the	

doping	level.	The	spatial	variation	of	the	Seebeck	coefficient	is	smaller	after	annealing,	

likely	 because	 of	 redistribution	 of	 dopants	 to	 a	more	 uniform	 spatial	 distribution	

during	the	annealing	process.	From	the	Seebeck	coefficient	distribution,	we	can	use	a	

prior	model	connecting	thermoelectric	response	and	doping	to	calculate	the	Fermi	

energy	 along	 the	 fiber.	 This	 approach	 can	 be	 applied	 to	 other	 thermally	 one-

dimensional	systems,	given	reliable	thermal	models	for	the	temperature	distribution	

𝑇(𝑥, 𝑥#) .	 Such	 measurements	 provide	 information	 about	 the	 uniformity	 of	 the	

system’s	thermodynamic	and	electronic	properties,	which	is	helpful	for	synthesizing	

higher	quality	and	more	uniform	materials.	
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Chapter 6 

Future projects 

There	are	some	possible	follow-up	works	based	on	my	projects:	

1.	 Based	 on	 the	 previous	 reports,	 the	 frequency	 of	 the	 N≡ C	 stretching	

vibration	 of	 phenyl	 isocyanide	 (PIC)	 molecule	 shows	 a	 strong	 dependence	 on	

temperature.	196,197	When	the	temperature	is	increasing,	the	angle	between	the	N≡C	

bond	and	the	Au	surface	decreases	(Figure	6-1A),	which	makes	the	Raman	mode	shift	

to	the	lower	wavenumber.	The	temperature	and	laser	power	dependent	SERS	can	be	

measured,	as	shown	 in	Figure	6-1B,	C.	The	PIC	based	 temperature	sensor	 in	SERS	

shows	 the	 sensitivity	 of	 0.232	 cm-1K-1	 (Figure	 6-1D).	 The	 PIC	 molecule-based	

temperature	sensing	can	be	also	applied	to	the	nanowire	junction	system.	SERS	by	

direct	 excitation	 can	 be	 measured	 as	 a	 function	 of	 temperature	 and	 laser	 power	

respectively	 for	 calibration	 and	 reference.	 SERS	 by	 remote	 excitation	 can	 be	 also	

measured	to	compare	the	temperature	rise	with	the	direct	excitation.	This	method	

can	help	quantify	the	laser	heating	in	the	system.	
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Figure	6-1:196	(A)	Schematic	of	temperature-dependent	SERS	measurement	and	

temperature-induced	orientation	change	of	PIC	molecules.	 (B)	Temperature-	

and	(C)	laser	power-dependent	SERS	spectra	of	PIC	in	the	spectral	range	of	the	

N≡C	 stretching	 vibration.	 (D)	Raman	 shift	 and	 FWHM	of	 the	N≡C	peak	 as	 a	

function	of	temperature.	(E)	Raman	shift	of	the	N≡C	peak	as	a	function	of	laser	

power.	

	 2.	In	our	current	magnetic	field	EL	setup,	the	sample	is	in	x-y	plane	and	the	

external	magnetic	field	is	fixed	along	z	direction	as	shown	in	Figure	4-1.	However,	by	

design	a	new	sample	pod	for	the	Opticool	system,	we	can	have	the	chip	to	be	in	x-z	

and	y-z	plane	to	control	the	relative	directions	of	the	sample	plane,	tunneling	cuurent	

and	 the	magnetic	 field.	 To	 do	 this,	we	 need	 to	 put	 a	 small	mirror	 in	 the	Opticool	

chamber,	as	illustrated	in	Figure	6-2.	The	EL	spectra	can	be	measrued	under	different	

magnetic	field	and	with	different	device	orientations.	Theses	measurements	may	be	

helpful	for	us	to	better	understand	the	role	of	magnetic	field	in	EL	and	LSPRs.					
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Figure	6-2:	Sketch	of	the	Opticool	setup	with	a	different	chip	orientation.	

	 3.	As	discussed	in	Chapter	2-4,	due	to	the	randomness	of	the	electromigration	

process,	the	nanojunctions	can	be	highly	asymmetric,	which	may	result	in	asymmetric	

in	I-V	curve	in	these	nanojunctions.	The	LSPRs	can	be	different	under	positive	and	

negative	voltage	bias	as	well.	As	a	result,	difference	in	EL	spectra	may	be	observed	

under	voltage	bias	with	different	polarity.	As	discussed	in	Chapter	5,	CD	is	observed	

in	EL	spectra.	We	may	expect	that	other	plasmonic	behaviors	like	OCPV	to	be	circular	

polarization	dependent.	OCPV	can	be	measured	under	left-handed	and	right-handed	

laser	excitation.	The	correlation	between	the	CD	in	OCPV	and	EL	can	be	statistically	

analyzed	by	measuring	an	ensemble	of	devices.	The	OCPV	can	be	measured	under	

different	magnetic	field	too.			

	 4.	 The	 PTE-based	 Seebeck	 coefficient	 extraction	 discussed	 in	 Chapter	 5	 is	

performed	 in	steady	state	with	 laser	 illumination	 frequency	small	enough.	At	high	

chopper	frequency,	the	phase	shift	of	the	average	temperature	as	a	function	of	laser	
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position	 is	 large	 and	 position-dependent	 (Figure	 6-3),	 and	 this	 phase	 shift	 could	

possibly	 be	 useful	 in	 analysis	 of	 the	 PTE	measurement	 because	 the	 phase	 shift	 is	

independent	 of	 the	 absorbed	 power.	 The	 similar	 PTE	map	measurements	 can	 be	

performed	with	different	 chopper	 frequency	and	 the	 time-dependent	 temperature	

profile	of	the	PTE	measurements	is	needed.		

	

Figure	 6-3:	 Amplitude	 (left)	 and	 phase	 angle	 shift	 (right)	 of	 the	 spatially	

averaged	 temperature	𝜽ã 	as	 a	 function	 of	 laser	 position	𝒙𝟎 	for	 three	 chopper	

periods.	This	figure	is	provided	by	Dr.	Geoff	Wehmeyer.	
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Appendix A 

Calculation	about	SPPs	in	Vacuum-Au-SiO2	system	

The	electric	and	magnetic	field	in	the	three	regions	(mentioned	in	the	main	

text	Chapter	3)	can	be	calculated:1	

Region	3:	

𝐻S = 𝐴𝑒2X1𝑒8C0| 

𝐸1 = 𝑖𝐴
1

𝜔𝜀#𝜀4
𝑘4𝑒2X1𝑒8C0| 

𝐸| = −𝐴
𝛽

𝜔𝜀#𝜀4
𝑒2X1𝑒8C0| 

Region	1:	

𝐻S = 𝐶𝑒2X1𝑒C)| + 𝐷𝑒2X1𝑒8C)| 

𝐸1 = −𝑖𝐶
1

𝜔𝜀#𝜀9
𝑘9𝑒2X1𝑒C)| + 𝑖𝐷

1
𝜔𝜀#𝜀9

𝑘9𝑒2X1𝑒8C)| 

𝐸| = 𝐶
𝛽

𝜔𝜀#𝜀9
𝑒2X1𝑒C)| + 𝐷

𝛽
𝜔𝜀#𝜀9

𝑒2X1𝑒8C)| 

Region	2:	

𝐻S = 𝐵𝑒2X1𝑒C*| 
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𝐸1 = −𝑖𝐵
1

𝜔𝜀#𝜀"
𝑘"𝑒2X1𝑒C*| 

𝐸| = −𝐵
𝛽

𝜔𝜀#𝜀"
𝑒2X1𝑒C*| 

where 𝑘9,	𝑘",	𝑘4	are	the	wave	vectors	in	region	1,	2,	3	in	z	direction	respectively.	𝛽	is	

the	wave	vector	in	SPPs	propagation	direction.	𝜀9,	𝜀",	𝜀4	are	the	dielectric	function	in	

region	1,	2,	3	respectively.	𝜔	is	the	frequency	of	the	input	light.	

Consider	the	continuity	of	𝐻S	and	𝐸1 ,	we	have:	

𝐴𝑒8C0' = 𝐶𝑒C)' + 𝐷𝑒8C)' 

𝐴
𝜀4
𝑘4𝑒8C0' = −

𝐶
𝜀9
𝑘9𝑒C)' +

𝐷
𝜀9
𝑘9𝑒8C)' 

𝐵𝑒8C*' = 𝐶𝑒8C)' + 𝐷𝑒C)' 

−
𝐵
𝜀"
𝑘"𝑒8C*' = −

𝐶
𝜀9
𝑘9𝑒8C)' +

𝐷
𝜀9
𝑘9𝑒C)' 

2𝑎 = 30	𝑛𝑚	is	the	thickness	of	Au.	Then	we	get	the	dispersion	relation:	

𝑒8<C)' =
𝑘9 𝜀9´ + 𝑘" 𝜀"´
𝑘9 𝜀9´ − 𝑘" 𝜀"´

∙
𝑘9 𝜀9´ + 𝑘4 𝜀4´
𝑘9 𝜀9´ − 𝑘4 𝜀4´

				(𝐴 − 1) 

The	wave	equation	for	TM	modes	is:	

𝜕"𝐻S
𝜕𝑧" + (𝑘#"𝜀 − 𝛽")𝐻S = 0 
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We	have:	

𝑘2" = 𝛽" − 𝑘#"𝜀2 				𝑖 = 1, 2, 3				(𝐴 − 2) 

𝑘#	is	the	wave	vector	of	the	input	laser.	The	value	of	dielectric	functions	are	

determined	by	the	material:	𝜀9 = −20.669 + 1.4246𝑖,	𝜀" = 2.113,	𝜀4 = 1.	By	solving	

equations	(1)	and	(2),	we	get	every	wave	vector	in	this	system:	

𝑘9 = 3.858 × 10T + 1.139 × 10U𝑖 

𝑘" = 5.25 × 10U + 3.256 × 10V𝑖 

𝑘4 = 9.94 × 10U + 1.720 × 10V𝑖 

𝛽 = 1.276 × 10T + 1.339 × 10V𝑖 
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Appendix B 

COMSOL	model	for	direct	and	remote	excitation	

Finite	elements	method	(FEM)	simulation	is	done	using	COMSOL	Multiphysics	

6.1.	The	geometry	of	the	model	(Figure	A1)	is	defined	as	the	description	in	the	main	

text	of	the	article.	To	simplify	the	model,	we	only	consider	the	grating	at	one	side.	The	

model	is	surrounded	by	perfect	match	layers	(PML).	The	simulation	is	performed	in	

wave	optics	module	electromagnetic	wave	frequency	domain	(ewfd)	section	with	two	

steps:	the	first	step	defines	the	background	Gaussian	beam	input	laser,	and	the	second	

step	calculates	the	scattering	electric	field.	

	

Figure	A1:	(A)	Geometry	of	the	whole	model.	The	Au	layer	is	colored	in	

blue.	(B)	The	geometry	of	the	junction	gap.	Scale	bar	is	15	nm.	
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Simulated	energy	flow	

The	energy	flow	from	the	grating	to	the	junction	(Figure	A2)	is	calculated	by	

integrating	the	Poynting	vector	along	x	(propagation)	direction	over	an	area	in	the	y-

z	plane,	as	shown	in	Figure	A2.	The	rectangular	area	contains	the	whole	Au	wire	in	y	

direction.	In	the	z	direction,	the	height	is	set	to	be	130	nm	to	include	the	30	nm	Au	

and	50	nm	in	both	vacuum	and	SiO2.	The	50	nm	is	chosen	to	include	most	part	of	the	

SPPs	as	well	as	exclude	light	reflected	by	the	gold	layer.	The	absorption	under	direct	

excitation	is	calculated	by	integrating	the	Joule	heat	(ewfd2.Qh)	over	the	nanowire.		

	

Figure	A2:	Scheme	of	energy	flow	calculation.	The	x	component	of	the	

Poynting	vector	is	integrated	over	the	area	indicated	by	the	yellow	

rectangular	in	y-z	plane.	
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Appendix C 

Details	of	Derivation	of	PTE	temperature	profile	

As	 described	 in	 the	main	 text	 Chapter	 5,	we	 consider	 1D	 steady-state	 heat	

conduction	 in	 the	axial	𝑥	direction	of	 the	CNTF	due	to	point	source	heating	 from	a	

laser	beam.	To	justify	the	steady-state	approximation,	we	refer	to	Figure	5-4B	in	the	

main	 text,	 which	 shows	 that	 the	 measured	 PTE	 voltage	 approaches	 a	 chopper-

frequency	independent	value	for	chopper	time	periods	>	20	ms.	Because	this	heating	

period	is	substantially	larger	than	thermal	time	constant,	transient	heat	conduction	

effects	 are	 negligible,	 and	 the	 steady-state	 model	 is	 appropriate	 to	 describe	 the	

amplitude	of	the	temperature	rise	in	response	to	the	square	wave	heating;	to	use	the	

model	in	describing	the	experiment,	we	further	account	for	the	fact	that	the	lock-in	

signal	selects	out	the	rms	component	of	the	voltage	at	the	fundamental	harmonic.	The	

dwell	 time	 at	 a	 given	 beam	 location	 is	 also	 substantially	 longer	 than	 the	 heating	

period	 in	all	 cases,	 as	 required	 for	 lock-in	detection.	The	1D	model	 is	 appropriate	

because	the	fiber	diameter	(17.5	µm)	is	small	compared	to	the	length	of	the	fiber	(>

	1	mm)	and	small	compared	to	the	lengthscale	of	the	axial	temperature	gradient	in	

the	fiber	as	discussed	below.	

Figure	 5-5A	 illustrates	 the	 experimental	 setup	 for	 the	 PTE	measurements,	

which	are	performed	in	ambient	air	for	a	fiber	supported	on	a	silicon	substrate	with	

2	µm	thick	SiO2.	The	1D	governing	energy	equation	including	radiation,	convection	
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and	 thermal	 contact	 resistance	 that	 is	 used	 to	 find	 the	 steady-state	 temperature	

profile	𝑇(𝑥)	is		

d"𝑇
d𝑥"

= 𝑚"(𝑇 − 𝑇#)				(𝐶 − 1) 	

where	 𝑚" ≡ 9
CD
·𝜋𝐷ℎ + 9

:+,-./+.
¸ 	describes	 the	 effects	 of	 the	 losses	 to	 the	

surroundings,	𝑘	is	the	fiber	axial	thermal	conductivity,	𝐴	is	the	fiber	cross-sectional	

area,	 𝐷 	is	 the	 fiber	 diameter,	 ℎ 	is	 the	 heat	 transfer	 coefficient	 describing	 the	

combined	effects	of	convection	to	the	nearby	air	and	radiation	to	the	surroundings,	

𝑅rstupru	is	the	thermal	contact	resistance	for	a	unit	length	between	the	CNTF	and	the	

silicon	substrate	(units	of	K.m/W),	and	𝑇#	is	the	ambient	temperature	(i.e.,	far-field	

temperature	of	the	silicon	substrate,	air	near	the	fiber,	and	the	surroundings).	For	a	

fiber	 of	 length	 𝐿, 	the	 non-dimensional	 fin	 parameter	𝑚𝐿 	describes	 the	 relative	

importance	 of	 radiative,	 convective	 and	 contact	 losses	 as	 compared	 to	 axial	

conduction;	the	temperature	profile	is	spatially	extended	over	the	length	of	the	fiber	

if	𝑚𝐿 ≪ 1,	and	the	temperature	profile	is	localized	near	the	heat	source	if	𝑚𝐿 ≫ 1	.	

We	 directly	 measure	 𝑚 	in	 a	 separate	 Joule	 heating/resistance	 thermometry	

experiment	described	in	the	next	part.	

The	laser	beam	impinges	on	the	sample	at	a	location	𝑥 = 𝑥#	with	an	absorbed	

laser	power	𝑃	(Figure	5-5A).	We	determine	the	incident	 laser	power	at	the	sample	

location	using	a	power	meter,	and	assume	that	the	CNTF	fully	absorbs	the	incident	

power.	To	simplify	the	equations,	different	from	the	main	text,	we	suppose	the	origin	
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is	at	the	center	of	the	CNTF.	We	divide	the	solution	of	the	equation	into	a	left	regime	

𝑇onvu(𝑥)	defined	over	a	range	from	[−
;
"
, 𝑥#)	and	a	right	regime	𝑇mwxyu(𝑥)	defined	over	

a	range	from	(𝑥#,
;
"
].	The	regions	of	the	CNTF	at	𝑥 = − ;

"
	and	𝑥 = ;

"
	are	connected	the	

large	 silver	 paste	 electrodes	 and	 are	 assumed	 to	 be	 isothermal	 at	 the	 ambient	

temperature	𝑇#.	The	boundary	conditions	are	

𝑇onvu |𝑥 = −
𝐿
2} = 𝑇# 	

𝑇mwxyu |𝑥 =
𝐿
2} = 𝑇# 	

𝑇onvu(𝑥 = 𝑥#) = 𝑇mwxyu(𝑥 = 𝑥#) 	

−𝑘𝐴 0R123.
01

æ
1H14

+ 𝑘𝐴 0R5678.
01

æ
1H14

= 𝑃

The	 last	 two	boundary	conditions	represent	 temperature	continuity	and	heat	 flow	

conservation,	 respectively,	 at	 the	 laser	 heating	 location.	 Solving	 Eq.	 (C-Error!	

Reference	 source	not	 found.	 by	 applying	 the	 boundary	 conditions,	 the	 position-

dependent	temperature	rise	∆𝑇(𝑥) ≡ 𝑇(𝑥) − 𝑇#		is	

∆𝑇onvu(𝑥) = 𝐶9exp	(𝑚𝑥) + 𝐶" exp(−𝑚𝑥)				(𝐶 − 2) 	

∆𝑇mwxyu(𝑥) = 𝐶4exp	(𝑚𝑥) + 𝐶<exp	(−𝑚𝑥)				(𝐶 − 3) 	

where	the	constants	are:		

𝐶9 =
𝑃(exp(𝑚𝐿 −𝑚𝑥#) − exp(𝑚𝑥#))

4𝑘𝐴𝑚sinh	(𝑚𝐿) 	
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𝐶" =
−𝑃(−exp(−𝑚𝐿 +𝑚𝑥#) + exp(−𝑚𝑥#))

4𝑘𝐴𝑚sinh	(𝑚𝐿) 	

𝐶4 =
−𝑃
2𝑘𝐴𝑚 exp	(−𝑚𝑥#) +𝐶9	

𝐶< = −𝐶4	exp	(𝑚𝐿)	

	

Characterization	of	fin	parameter	𝒎𝑳	in	the	PTE	experiment	

As	discussed	in	Chapter	5	and	the	last	part,	the	temperature	profile	along	the	

CNTF	 in	 the	 PTE	 experiment	 depends	 on	 the	 fin	 parameter	𝑚 .	 This	 parameter	

captures	the	effects	of	radiation,	convection,	axial	heat	conduction	along	the	fiber,	and	

heat	conduction	across	the	fiber-substrate	contact.	We	measure	this	 fin	parameter	

using	the	four-probe	electrothermal	experiment	shown	in	Figure	5-5B.		

We	apply	a	DC	current	(Keithley	2400	SourceMeter)	 through	the	outer	 two	

electrodes	(𝐼}and	𝐼8in	Figure	5-5B)	to	volumetrically	 Joule	heat	 the	CNTF,	and	we	

measure	 the	 voltage	 drop	 at	 the	 inner	 two	 electrodes	 (𝑉}and	𝑉8 )	 to	 extract	 the	

averaged	temperature	rise	using	resistance	thermometry.	We	use	a	similar	as-spun	

CNTF	 mounted	 on	 a	 silicon	 wafer	 as	 in	 the	 PTE	 experiment	 and	 perform	 the	

measurement	 in	 air	 to	 ensure	ℎ 	and	𝑅rstupru 	are	 similar	 between	 this	 calibration	

measurement	and	the	PTE	experiment.	This	section	derives	the	relation	between	the	

measured	spatially	averaged	temperature	rise	and	the	fin	parameter.	

The	1D	steady-state	governing	energy	equation	in	this	scenario	is:		
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d"𝑇(𝑥)
d𝑥"

+
𝑞̇
𝑘
= 𝑚"(𝑇(𝑥) − 𝑇#)				(𝐶 − 4) 	

where	𝑞̇ ≡ ~�
D;
	is	the	position-independent	volumetric	energy	generation	rate	due	to	

local	 Joule	 heating.	 The	 regions	 at	 the	 inner	 two	 electrodes	 ( 𝑉} and	 𝑉8 )	 are	

considered	to	be	isothermal	at	the	ambient	temperature	𝑇#,	because	the	large	silver	

paste	electrodes	act	as	heat	sinks.	Due	to	the	symmetry	of	the	temperature	profile,	

the	boundary	conditions	are:	

𝑇 |𝑥 =
𝐿
2} = 𝑇# 	

𝑑𝑇
𝑑𝑥

(𝑥 = 0) = 0 	

Using	the	boundary	conditions	along	with	the	general	solution	for	Eq.	(C-4),	we	can	

obtain	the	position-dependent	temperature	rise	∆𝑇(𝑥) ≡ 𝑇(𝑥) − 𝑇#		as		

∆𝑇(𝑥) =
𝑞̇

𝑘𝑚"¾1 −
cosh(𝑚𝑥)

cosh ·𝑚𝐿2 ¸
¿				(𝐶 − 5) 	

The	resistance	thermometry	method	measures	the	spatially	averaged	temperature	

rise	along	CNTF,	and	the	mean	temperature	rise	∆𝑇éééé	is	obtained	as:	

∆𝑇éééé =
1
𝐿
« ∆𝑇(𝑥)
;
"

8;"

𝑑𝑥 =
𝑞̇

𝑘𝑚" |1 −
2
𝑚𝐿

tanh |
𝑚𝐿
2
}}				(𝐶 − 6) 	

The	electrical	resistance	of	CNTFs	is	linearly	related	to	the	mean	temperature	rise	∆𝑇éééé	

as:		
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∆𝑅
𝑅#

= 𝛽∆𝑇éééé				(𝐶 − 7) 	

where	 ∆𝑅 	is	 the	 resistance	 increase,	 𝑅# 	is	 the	 resistance	 of	 CNTF	 at	 ambient	

temperature	𝑇#,	and	𝛽	is	the	temperature	coefficient	of	resistance.	The	temperature	

coefficient	𝛽 	is	 calibrated	by	using	 the	 temperature	 controller	 (LakeShore	340)	 to	

isothermally	heat	the	silicon	substrate	by	<5	K	while	recording	the	CNTF	resistance	

and	 substrate	 temperature.	 We	 use	 small	 temperature	 rises	 in	 the	 calibration	 to	

ensure	that	no	additional	annealing/de-doping	occurs.	The	measured	data	of	during	

heating	 and	 cooling	 process	 are	 consistent,	 which	 validates	 the	 quasi-steady	

assumption	that	the	CNTFs	and	the	substrate	are	at	the	same	temperature.	The	value	

of	𝛽	for	the	CNTF	used	in	this	calibration	is	2300	parts	per	million	(ppm)/K.	

Combining	Eq.	(C-6)	and	Eq.	(C-7),	the	relative	electrical	resistance	is	related	

to	the	input	Joule	heating	power	𝐼𝑉	as	

∆𝑅
𝑅#

=
𝛽𝐼𝑉

𝐴𝐿𝑘𝑚" |1 −
2
𝑚𝐿

tanh |
𝑚𝐿
2
}}				(𝐶 − 8) 	

We	use	Eq.	(C-8)	to	quantify	the	fin	parameter	𝑚	once	the	temperature	coefficient	𝛽	

and	the	thermal	conductivity	are	known	(see	the	next	part	below).	We	apply	a	small	

range	of	bias	current	(-3	to	+3	mA)	and	determine	the	zero-current	resistance	𝑅#	via	

the	linear	fit	of	the	𝐼 − 𝑉	curve.	Then,	we	apply	a	larger	current	range	from	-90	to	+90	

mA	to	the	sample	while	recording	the	voltage	drop.	The	larger	current	range	causes	

a	 non-negligible	 temperature	 rise	∆𝑇éééé 	and	 resulting	 resistance	 increase	 ∆:
:4
≡ (�

~
−

𝑅#)/𝑅#,	which	is	linear	in	the	Joule	heating	power.	
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Figure	C-1	shows	the	fit	of	Eq.	(C-8)	to	the	experimental	data,	resulting	in	a	

slope	of	1.99	 9
�
.	According	to	Eq.	(C-8),	the	slope	between	Joule-heating	power	𝑃 =

𝐼𝑉	and	resistance	increase	∆:
:4
	is:		

Slope =
𝛽

𝐴𝐿𝑘𝑚" |1 −
2
𝑚𝐿 tanh |

𝑚𝐿
2 }}				(𝐶 − 9)

	

Using	the	known	𝐴, 𝐿, 𝑘	and	𝛽	of	the	CNTF	sample,	we	obtained	the	final	value	of	𝑚,	

which	 we	 use	 in	 our	 modeling	 to	 determine	 the	 combined	 effects	 of	 convection,	

radiation,	and	substrate	conduction	losses	in	the	PTE	measurements.	We	find	that	the	

measured	𝑚	of	the	as-spun	(before	annealing)	and	423	K	(150	℃)	annealed	CNTFs	

are		2.5 ± 0.2 × 104	m89	and		3.0 ± 0.2 × 104	m89	respectively,	as	indicated	in	Table	

5-1.		
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Figure	C-1:	Fin	parameter	measurement	for	CNTF	on	substrate	in	air	showing	

the	resistance	increase	∆𝑹
𝑹𝟎
	as	a	function	of	the	Joule	heating	power	𝑷 = 𝑰𝑽.	The	

slope	in	Eq.	(E-9)	is	obtained	by	fitting	Eq.	(E-8)	the	data,	here	resulting	in	slope	

=	1.99	 𝟏
𝐖
.		

	

	 Thermal	conductivity	measurements	

Figure	5-5C	shows	the	four-probe	setup	for	the	steady-state	Joule	heating	and	

the	3𝜔	measurements	to	characterize	the	thermal	conductivity	of	CNTF	samples.	In	

these	thermal	conductivity	measurements,	the	sample	is	suspended	over	the	inner	

two	 electrodes,	 and	 the	measurements	 are	 performed	 in	 the	 vacuum	 chamber	 to	

eliminate	 losses	 from	 the	 sample	 (i.e.,	 ensuring	 𝑚𝐿 ≪ 1 	due	 to	 the	 vacuum	

condition)198.	 We	 performed	 a	 validation	 measurement	 on	 a	 platinum	 wire	 (Alfa	
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Aesar)	 of	 diameter	𝐷 = 25	µm 	using	 both	 the	 steady-state	 Joule	 heating	 and	3𝜔	

methods	which	are	extensively	described	by	other	researchers199,200.	The	validation	

measurement	 thermal	 conductivity	 𝑘�u = 75 ± 8 �
�.�

	(steady-state	 method),	 𝑘�u =

80 ± 12 �
�.�

	(3𝜔 	method)	 and	 thermal	 diffusivity	𝛼�u = 26 ± 4	mm"/s 	are	 in	 good	

agreement	 with	 the	 handbook	 values	 of	 platinum,	 which	 are	 71	 W/m.K	 and	 24	

mm2/s.201	 We	 used	 the	 focused	 ion	 beam	 scanning	 electron	 microscope	 (Helios	

DualBeam	FIB	SEM)	to	obtain	the	cross-sectional	area	𝐴	of	the	CNTF	samples.	We	find	

that	the	measured	thermal	conductivity	of	the	as-spun	(before	annealing)	and	423	K	

(150	 ℃)	 annealed	 CNTFs	 are	 	 240 ± 20	 �
�.�

	and	 	 290 ± 30 �
�.�

	respectively,	 as	

indicated	in	Table	5-1.		

With	the	thermal	conductivity,	the	fin	parameter	𝑚	can	be	calculated.	Then	the	

temperature	profile	can	be	obtained,	as	shown	in	Figure	5-7A.	With	the	temperature	

profile,	 the	 temperature	gradient	profile	 can	be	obtained	analytically,	 as	 shown	 in	

Figure	5-7B.	

	

Average	Seebeck	coefficient	measurement	

Figure	 5-6	 illustrates	 the	 setup	 used	 to	 measure	 the	 average	 Seebeck	

coefficient	𝑆pqn	of	the	CNTF.	The	CNTF	is	suspended	between	two	copper	electrodes	

mounted	 on	 heat-sunk	 Peltier	 modules	 (TEC1-12706,	 Geebat)	 for	 temperature	

control.	 Thermal	 paste	 (ARCTIC-MX4,	 Arctic)	 is	 applied	 to	 all	 interfaces.	 K-type	
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thermocouples	 are	 placed	 on	 the	 upper	 surfaces	 of	 the	 electrodes,	 and	 the	

thermocouples	are	covered	by	a	thin	copper	tape	to	prevent	convection	losses.	Silver	

paste	electrodes	connect	the	two	ends	of	CNTF	to	each	copper	bar,	and	we	measure	

the	open	circuit	voltage	drop	arising	from	the	imposed	temperature	difference	at	the	

two	ends	of	CNTF	using	a	digital	multimeter	(Keithley	DMM6500).	At	the	beginning	

of	 the	 measurements	 under	 isothermal	 conditions,	 the	 two	 thermocouples	 are	

calibrated	by	waiting	until	 the	 readings	 are	 stable	 and	 consistent	with	 each	other	

within	the	error	of	0.1	℃	(preventing	unintentional	offset	errors).	One	of	the	Peltier	

module	is	then	heated	to	a	high	temperature	𝑇B	by	applying	a	DC	current	(Keithley	

2200	 SourceMeter),	 and	 the	 other	 one	 is	 left	 at	 ambient	 temperature	𝑇7 .	 In	 our	

experiment,	 the	 current	 ranges	 from	 0.2	 to	 0.8	 A	 which	 leads	 to	 a	 temperature	

difference	 from	 0	 to	 35	 K.	 The	 voltage	 drop	 is	 recorded	 after	 the	 thermocouple	

reading	becomes	stable.	

Figure	 C-2	 shows	 that	 the	magnitude	 of	 the	measured	 open-circuit	 voltage	

𝑉s�nt	scales	linearly	with	the	temperature	difference	∆𝑇 ≡ 𝑇B − 𝑇7 	for	as-spun	(blue	

diamonds)	and	423	K	annealed	(yellow	squares)	CNTFs.	Both	samples	are	p-type.	We	

used	a	linear	fit	to	the	experimental	data	to	obtain	the	average	Seebeck	coefficient,	

which	 is	 the	 slope	 in	 Figure	 S5B.	 The	 offset	 voltage	 at	 isothermal	 conditions	 is	 a	

relatively	 small	 value	 of	 order	 of	 magnitude	108" 	mV,	 as	 desired.	 The	 measured	

average	 Seebeck	 coefficients	 are	17.2 ± 0.9	µV/K	for	 as-spun	 CNTF	 and	21.0 ± 0.3	

µV/K	for	423	K	annealed	CNTF;	these	reported	values	have	been	properly	corrected	

by	subtracting	the	Seebeck	coefficients	of	the	copper	wire	lead	electrode,	which	is	1.5	
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µV/K	at	room	temperature.202	The	measured	Seebeck	values	of	 the	as-spun	CNTFs	

have	a	good	agreement	with	previous	measurements	on	similar	CNTFs168	that	found	

21.5 ± 0.2	µV/K.		The	thermal	model	parameters	and	the	average	Seebeck	coefficient	

for	both	the	as-spun	and	annealed	CNTFs	are	shown	in	Table	5-1.	

	

Figure	 C-2:	 The	 measured	 open	 circuit	 voltage	 scales	 linearly	 with	 the	

temperature	difference.	The	average	Seebeck	coefficient	is	𝟏𝟕. 𝟐 ± 𝟎. 𝟗	𝛍𝐕/𝐊	for	

as-spun	CNTF	and	𝟐𝟏. 𝟎 ± 𝟎. 𝟑	𝛍𝐕/𝐊	for	𝟒𝟐𝟑	𝐊	annealed	CNTF.		
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Appendix D 

The	robustness	of	the	extraction	of	the	Seebeck	coefficient	

As	 discussed	 in	 Chapter	 5,	 in	 extracting	 the	 Seebeck	 coefficients	 used	

throughout	this	work,	we	use	the	smoothed	data	 instead	of	 the	raw	data	of	𝑉.	The	

smoothing	is	performed	by	the	Matlab	function	smooth()	with	‘rloess’	method	using	

8%	of	the	total	data	to	preserve	the	features	of	the	PTE	voltage.		

We	 repeat	 the	 same	 photovoltage	 map	 measurement	 on	 the	 same	 sample	

three	 times	 consecutively,	 and	 the	 Seebeck	 coefficient	 retrieved	 from	 the	 three	

measurements	is	almost	the	same,	as	shown	in	Figure	D-1.	In	the	three	measurements,	

the	PTE	voltage	as	a	function	of	position	is	not	exactly	the	same	(Figure	D-1A,	C,	and	

E)	because	of	the	hysteresis	of	the	step	motors	used	in	the	map	measurements	and	

because	the	laser	spot	positions	can	shift	between	different	measurements.	However,	

the	 overall	 shapes	 and	 the	 smooth	 curves	 are	 almost	 identical.	 As	 a	 result,	 the	

calculated	Seebeck	coefficient	from	these	measurements	(Figure	D-1B,	D,	and	F)	has	

the	 same	 fluctuation	 features	 and	 trends.	 This	 proves	 our	 calculated	 Seebeck	

coefficient	is	robust	upon	repeated	measurements	of	the	same	sample.		
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Figure	 D-1:	 The	 PTE	 voltage	 and	 the	 extracted	 Seebeck	 coefficient	 of	 same	

sample	 in	 different	 measurements.	 (A),	 (C)	 and	 (E)	 The	 PTE	 voltage	 as	 a	

function	of	 position	of	 the	 fiber	 in	 three	different	measurements	performed	

sequentially.	The	PTE	voltage	 is	not	exactly	the	same,	but	the	smooth	curves	

(dashed	 lines)	have	 the	same	 trend.	 (B),	 (D)	and	 (F)	The	Seebeck	coefficient	

obtained	 from	 the	 PTE	 voltage	 in	 (A),	 (C)	 and	 (E).	 The	 calculated	 Seebeck	

coefficient	from	the	three	measurements	has	the	same	fluctuation	features	and	

trends.	

	

We	 also	 investigate	 the	 robustness	 of	 the	 calculated	 Seebeck	 coefficient	

against	 uncertainties	 in	 the	 thermal	 model.	 As	 described	 in	 Appendix	 C,	 the	 fin	

parameter	𝑚 = 2.5 ± 0.2 × 104	m89,	and	we	want	to	observe	how	uncertainties	in	𝑚	
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propagate	through	the	thermal	model	to	influence	the	measured	Seebeck	coefficients.	

We	 can	 calculate	 the	 Seebeck	 coefficient	 based	 on	 one	 single	 PTE	 voltage	

measurement	but	use	different	𝑚	values	of	2.5 × 104 ,	2.3 × 104 	and	2.7 × 104 	m89 ,	

as	shown	in	Figure	D-2.	The	temperature	rise	is	slightly	larger	for	smaller	𝑚	(Figure	

D-2A).	For	the	PTE	measurement	shown	in	Figure	D-2A,	we	can	solve	the	Seebeck	

coefficient	using	different	𝑚	values,	as	shown	in	Figure	D-2B.	The	Seebeck	coefficient	

solved	 from	different	𝑚	in	Figure	D-2B	almost	overlaps	each	other,	 indicating	 that	

typical	levels	of	uncertainties	in	the	thermal	model	do	not	lead	to	major	uncertainties	

in	the	extracted	Seebeck	coefficient.		

	

Figure	D-2.	The	robustness	of	the	calculated	Seebeck	coefficient	against	typical	

uncertainties	in	the	thermal	model.	(A)	Temperature	profile	when	a	1	mW	laser	

is	 shone	 at	 the	 center	 of	 the	 fiber	 with	 different	 fin	 parameter	𝒎 .	 (B)	 The	

calculated	Seebeck	coefficient	with	different	𝒎	based	on	the	temperature	in	(A)	

shows	that	similar	values	of	𝑺	are	found	for	all	cases.	
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We	also	show	the	robustness	of	the	calculated	Seebeck	coefficient	against	the	

possible	 non-uniformity	 of	 the	 other	 parameters	 in	 the	 thermal	 model.	 Here,	 we	

consider	the	thermal	conductivity	𝑘	as	an	example.		We	note	that	the	CNTF	thermal	

conductivity	is	dominated	by	phonons	in	this	temperature	range,	and	significant	local	

variations	in	𝑘	are	not	expected.	We	consider	the	CNTF	with	uniform	𝑘=240	W/(m∙K)	

and	random	𝑘	ranging	from	240	±	20	W/(m∙K)	along	the	fiber.	The	values	are	taken	

based	on	Table	5-1.	The	temperature	profiles	are	obtained	using	the	finite	element	

method	 simulation	 in	 COMSOL	 Multiphysics.	 Figure	 D-3	 shows	 the	 temperature	

profiles	of	CNTF	with	uniform	and	random	𝑘	excited	by	1	mW	laser	at	the	center.	The	

temperature	profiles	are	almost	 the	same.	Considering	 the	Eq.	 (5-1)	and	(5-2)	are	

independent	from	𝑘	explicitly,	with	identical	photovoltage	𝑉,	the	same	temperature	

profile	should	result	in	the	same	obtained	Seebeck	coefficient.	The	non-uniformity	of	

the	 other	 parameters	 (such	 as	 the	 diameter	 of	 the	 CNTF)	 along	 the	 fiber	 can	 be	

written	 as	 mathematically	 equivalent	 to	 the	 case	 of	 a	 nonuniform	 thermal	

conductivity.	 Therefore,	 our	 inferred	 Seebeck	 coefficient	 is	 robust	 against	 non-

uniformity	of	the	other	parameters	in	the	thermal	model.	
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Figure	D-3:	 The	 robustness	 of	 the	 calculated	 Seebeck	 coefficient	 against	 the	

non-uniformity	of	the	thermal	conductivity	𝒌.	The	temperature	profiles	of	CNTF	

with	 uniform	𝒌 	(blue	 solid	 curve)	 and	 random	𝒌 	from	 240	± 	20	 W/(m ∙K)	

(orange	 dashed	 curve)	 are	 simulated.	 The	 two	 curves	 are	 almost	 identical,	

which	means	the	temperature	profile	is	robust	against	the	non-uniformity	of	

the	thermal	conductivity	𝒌.	

	

From	the	Seebeck	coefficient	as	a	function	of	position	𝑥,	we	can	numerically	

obtain	the	derivative	of	𝑆,	𝑑𝑆 𝑑𝑥⁄ .	On	the	other	hand,	the	photovoltage	can	be	written	

as:		

𝑉(𝑥#) = −« 𝑆(𝑥)𝛻𝑇(𝑥, 𝑥#)𝑑𝑥
;

#
= 𝑆(0)𝑇(0) − 𝑆(𝐿)𝑇(𝐿) + «

𝑑𝑆
𝑑𝑥 𝑇

(𝑥, 𝑥#)𝑑𝑥
;

#

= «
𝑑𝑆
𝑑𝑥 𝑇

(𝑥, 𝑥#)𝑑𝑥
;

#
				(𝐷 − 1)	
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Similarly,	we	can	solve	𝑑𝑆 𝑑𝑥⁄ 	from	the	measured	𝑉	and	𝑇	obtained	from	the	thermal	

model.	𝑑𝑆 𝑑𝑥⁄ 	calculated	by	the	above	two	methods	for	the	laser	annealed	sample	is	

shown	 in	 Figure	 D-4.	 The	 high	 degree	 of	 consistency	 between	 the	 two	 methods	

further	proves	the	methodology	of	our	Seebeck	coefficient	calculation.	

	

Figure	D-4.	𝒅𝑺 𝒅𝒙⁄ 	calculated	by	taking	the	derivative	of	𝑺(𝒙)	(blue	curve)	and	

𝒅𝑺 𝒅𝒙⁄ 	calculated	from	PTE	voltage	and	thermal	model	(orange	curve)	for	the	

laser	 annealed	 sample.	 The	 two	 curves	 overlap	 each	 other,	 validating	 our	

methodology.	
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Appendix E 

Simulated	temperature	profile	during	the	laser	annealing	

For	 the	 laser	 annealing,	 the	 temperature	profile	 cannot	 be	 obtained	by	 the	

thermal	model	 described	 in	 Chapter	 5	 and	 Appendix	 C,	 because	 the	 temperature	

profile	largely	depends	on	the	laser	spot	size,	which	is	not	considered	in	our	thermal	

model,	when	the	 laser	power	is	high.	The	temperature	profile	 is	obtained	by	finite	

element	method	simulation	in	COMSOL	Multiphysics	6.1.	The	Si	wafer	and	the	silver	

paste	 are	 included	 and	 the	 convection	 and	 contact	 resistance	 are	 considered.	 The	

simulated	 temperature	 is	 shown	 in	 Figure	 5-8D.	 We	 can	 see	 an	 additional	

temperature	increase	near	the	position	of	laser	spot	(𝑥 = 620	𝜇𝑚)	due	to	the	finite	

laser	spot	size,	as	shown	in	Figure	E-1.	We	want	to	emphasize	that	when	the	laser	

power	is	small	(in	the	PTE	measurement),	the	temperature	obtained	by	the	thermal	

model	in	Chapter	5	and	Appendix	C	is	appropriate	since	the	additional	peak	is	small.	
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Figure	E-1.	 Simulated	 temperature	profile	near	 the	center	of	 the	 fiber	 (laser	

spot)	 during	 laser	 annealing.	 An	 additional	 localized	 temperature	 increase	

near	the	heating	position	arises	due	to	the	finite	laser	spot	size.	
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Appendix F 

This	Appendix	describe	the	optical	setups	in	Natelson	lab	for	a	reference	

for	future	users.	

785	nm	setup:	

The	785	nm	setup	is	located	at	the	optics	room	in	B11.	It	shares	the	optical	

table	with	the	1060	nm	setup.	It	is	based	on	a	home-build	Raman	system.	The	sample	

is	placed	in	a	Montana	instrument	cryostat	with	low	temperature	ability	and	optical	

and	electrical	accessibility.	A	top	view	sketch	of	the	785	nm	optical	setup	is	shown	in	

Figure	F-1.		

	

Figure	F-1:	Top	view	sketch	of	the	785	nm	optical	setup.	It	shows	the	relative	

position	of	the	optical	elements.	
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	 In	Figure	F-1,	M	means	mirror;	BP	means	band	pass	filter;	HWP	means	half	

wave	plate;	BNF	means	Bragg	Notch	filter;	BS	means	beam	splitter;	L	means	lens;	PD	

means	photon	detector.	The	red	lines	are	laser	beam;	the	blue	lines	are	white	light;	

the	green	 lines	are	 the	outcoming	 light	 from	the	sample.	The	dashed	 lines	are	 the	

beams	not	used	when	they	are	split	by	BSs.		

The	laser	comes	out	from	a	Toptica	785	nm	diode	laser	with	output	power	to	

be	120	mW.	The	beam	is	reflected	by	M1	and	M2,	and	then	goes	through	the	isolator	

which	prevent	the	back-propagation	light	entering	the	laser.	The	laser	is	then	filtered	

by	BP1	and	BP2.	For	a	reference,	 the	 laser	power	after	BP2	 is	about	90	mW	if	 the	

angles	 of	 the	 BPs	 are	 correct.	 More	 details	 about	 the	 BPs	 can	 be	 found	 at:	

https://optigrate.com/braggrate-bandpass-filter/.	Then	laser	power	is	controlled	in	

the	 modulation	 part,	 which	 includes	 ND	 filters,	 optical	 chopper,	 HWP	 and	 linear	

polarizer.	 The	 polarization	 of	 the	 laser	 after	 the	 modulation	 is	 fixed	 to	 be	

perpendicular	to	the	optics	table.	The	laser	is	expanded	by	the	beam	expander	and	

then	it	can	be	approximated	to	be	a	parallel	(collimated)	beam.	The	polarization	of	

the	laser	is	controlled	by	the	following	HWP1.	The	laser	is	reflected	by	M6	and	M7	

and	impinge	on	the	BNF	or	BS1,	depending	on	the	needs	of	the	experiments.	The	laser	

then	goes	through	L1	and	L2.	L1	is	placed	on	a	2-axis	piezo	stage	which	controls	the	

movement	of	L1	in	the	plane	perpendicular	to	the	wave	vector.		The	combination	of	

L1	and	L2	controls	the	laser	spot	position	on	the	sample	in	the	map	measurements.	If	

map	function	is	not	needed	in	the	measurements	(like	EL),	L1	and	L2	can	be	removed.	

A	white	light	LED	is	collimated	by	L4	and	can	overlap	the	laser	by	adjusting	BS2	and	
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BS3.	 The	 laser	 and	 the	 white	 light	 enter	 the	 cage	 system	 and	 are	 focused	 by	 an	

objective	to	the	sample.	The	white	light	 illuminates	the	sample	can	help	adjust	the	

focus.	 	The	outcoming	 light	 is	 split	 into	 two	parts.	One	part	 is	 focused	 to	 the	CCD	

camera,	 so	 we	 can	 see	 the	 image	 of	 the	 sample	 in	 real	 time.	 Another	 part	 back	

propagates	to	BNF	or	BS1.	For	Raman	measurements,	we	use	BNF	to	block	the	red	

laser	beam	and	the	rest	of	the	outcoming	photons	can	pass,	and	there	are	a	set	of	3	

BNFs	in	front	of	the	spectrometer	to	further	remove	the	laser	line.	More	details	of	the	

BNF	 can	 be	 found	 at:	 https://optigrate.com/braggrate-notch-filter/.	 In	 other	

measurements	where	laser	is	needed,	we	can	use	either	of	them.	In	EL	measurements,	

we	use	BS1	to	make	sure	the	spectra	we	take	is	full.	In	EL	measurements,	we	can	even	

remove	 BS1	 once	 the	 alignment	 is	 completed	 and	 the	 laser	 spot	 position	 on	 the	

sample	is	known.	The	outcoming	photons	then	are	focused	to	the	spectrometer	by	L5	

for	spectrum	measurements.	We	can	also	measure	photon	statistics	of	the	light	source	

by	placing	M8	in	the	path.	Then	the	photons	are	split	by	BS4	and	focused	to	PDs	for	

photon	counting	measurements.				

In	sum,	EL,	PL,	Raman	(direct	and	remote),	OCPV,	plasmonic	heating,	photon	

counting	 measurements	 can	 be	 done	 using	 the	 785	 nm	 setup.	 The	 fundamental	

electrical	measurement,	including	electromigration,	R	vs.	T	and	I-V	curve,	can	be	done	

as	 well	 considering	 the	 electric	 accessibility	 of	 the	 cryostat	 and	 the	 electrical	

measurement	instruments.	

	



	
213	

	

	

	

	

	 1060	nm	setup:	

	 The	 1060	 nm	 setup	 is	 much	 simpler	 and	 is	 almost	 used	 for	 the	 PTE	

measurements.	It	can	be	understood	as	a	simplified	version	of	the	785	setup	without	

spectrum	acquisition	ability.	The	sample	chamber	is	in	ambient	condition	with	optical	

and	electrical	accessibility.		The	optical	setup	is	shown	in	Figure	F-2.		

	

Figure	F-2:	Top	view	sketch	of	the	1060	nm	optical	setup.	It	shows	the	relative	

position	of	the	optical	elements.	
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	 The	light	source	is	a	Newport	1060	nm	diode	laser	with	an	output	power	of	

100	 mW.	 As	 described	 in	 Chapter	 5.	 The	 power	 and	 polarization	 of	 the	 laser	 is	

controlled	by	a	HWP	and	a	polarizer.	The	laser	is	then	modulated	by	a	chopper.	The	

alignment	of	the	beam	is	controlled	by	M1	and	M2.	L1	and	L2	expand	the	beam	and	

control	the	collimation.	 	Similar	to	the	785	nm	setup,	we	have	white	LED	and	CCD	

camera	 to	 illuminate	 the	 sample	 and	 obtain	 the	 real-time	 image	 of	 the	 sample	 to	

focusing.	The	white	light	and	the	laser	are	focused	to	the	sample	by	an	objective.	The	

sample	chamber	can	move	in	the	x,	y,	and	z	directions	using	3	stepper	motors	(Figure	

5-3).		

	 633	nm	setup:	

	 In	terms	of	optical	functions,	633	nm	setup	is	a	duplicate	of	the	785	nm	setup.	

The	only	difference	is	the	excitation	wave	length,	and	the	633	nm	setup	has	no	photon	

counting	ability.	A	sketch	of	the	setup	is	shown	in	Figure	F-3.	The	modulation	part,	

like	the	785	nm	setup,	includes	ND	filters,	chopper,	HWPs	and	polarizers	for	power	

and	polarization	control.	Similarly,	L1	and	L2	are	used	for	map	scans.	L1	is	placed	on	

a	home-build	3-axis	stage	with	stepper	motors.	BNFs	in	front	of	the	spectrometer	is	

needed	for	Raman	measurements,	and	can	be	removed	for	other	measurements.	
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Figure	F-3:	Top	view	sketch	of	the	633	nm	optical	setup.	It	shows	the	relative	

position	of	the	optical	elements.	
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Appendix G 

Transition	dipole	calculations	and	extra	theoretical	discussion	

In	 this	 section	 we	 provide	 some	 theory	 backing	 the	 calculation	 of	 the	

transition	dipole	moments	in	the	main	text	and	give	details	about	the	implementation	

of	the	quantum	calculations	used	to	obtain	the	transition	dipole	moments	for	electron	

tunneling	between	electrodes.	In	what	follows,	we	employ	the	transfer	Hamiltonian	

formalism	 applied	 to	 the	 calculation	 of	 inelastic	 tunneling	 processes203	 (tunneling	

through	 photon	 emission),	 together	 with	 an	 extension	 of	 Macroscopic	 Quantum	

Electrodynamics	 (MQED)	 developed	 to	 describe	 interactions	 between	 arbitrary	

electronic	eigenstates204,205.	Consider	the	system	under	study,	in	which	we	have	two	

distinct	metallic	electrodes.	In	the	transfer	Hamiltonian	formalism,	one	considers	the	

separately	the	electronic	eigenstates	of	each	electrode.	The	transition	rate	between	

an	 eigenstate	𝜙2(𝒓) 	on	 the	 left	 electrode	 and	 the	 eigenstate	𝜙b(𝒓) 	of	 the	 right	

electrode	through	emission	of	a	photon	of	energy	ℏ𝜔	is	given	by	Fermi’s	Golden	rule	

as	

𝛾2→b =
"W
ℏ
|⟨𝑗, 1?|𝐻È~|𝑖, 0⟩ú

"𝛿	g𝜔 − 𝜔2 + 𝜔bi,						(𝐺1)

where	from	the	MQED	formalism,	the	light-matter	interaction	Hamiltonian	describing	

the	interaction	between	some	continuum	light	mode	and	an	electronic	transition	is	

given	by		
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𝐻È~ = ℏ∑ ∫ 𝑑𝜔	𝑔bC(𝜔)[𝑎�(𝜔) + 𝑎��(𝜔)]𝜎�bCbC ,						(𝐺2)

where	𝜎�bC = 𝑐̂b
�𝑐̂C 	represents	an	electronic	jump	operator	between	states	𝑘 → 𝑗,	and	

𝑔bC 	is	the	light-matter	interaction	strength	between	the	electronic	transition	and	the	

light-mode,	which	can	be	written	as	

𝑔b2(𝜔) =
𝑒
𝑚
Mℏ𝜇#
𝜋
Mÿ𝑑𝒓	𝑑𝒓3𝒅b2(𝒓) ⋅ 𝐼𝑚{𝑮(𝒓, 𝒓3, 𝜔)} ⋅ 𝒅b2∗ (𝒓3),							(𝐺3𝑎) 	

𝑑b2(𝑟) = 𝜙b∗(𝑟)∇𝜙2(𝑟),							(𝐺3𝑏) 	

which	depends	on	the	Green’s	Function	Dyadic	(GF)	(containing	the	optical	LDOS)	

and	the	transition	dipole	density,	𝑑b2(𝑟),	which	describes	how	the	electronic	

transition	couples	to	the	optical	fields.	For	transitions	localized	in	scales	much	

smaller	than	that	the	variation	scale	of	the	fields,	the	GF	can	be	approximated	as	

constant	over	the	extent	of	the	electronic	wavefunctions,	and		thus	the	couplings	

may	be	simplified	to	

𝑔b2(𝜔) =
$
/
&ℏi4

W &𝒅b2 ⋅ 𝐼𝑚{𝑮(𝑟#, 𝑟#, 𝜔)} ⋅ 𝒅b2∗ ,						(𝐺4𝑎) 	

𝒅b2 = ∫𝑑𝒓	𝜙b∗(𝒓)∇𝜙2(𝒓),						(𝐺4𝑏)

which	is	now	very	similar	to	the	usual	light-matter	coupling	strength	between	a	point	

dipole	and	an	optical	mode.	With	this,	the	rate	of	inelastic	tunneling	between	states	

𝑖 → 𝑗	reads	

𝛾2→b =
2𝑒"ℏ"𝜇#
𝑚" «𝑑𝜔	ú𝒅b2 ⋅ 𝐼𝑚{𝑮(𝑟#, 𝑟#, 𝜔)} ⋅ 𝒅b2∗ ú𝛿	g𝜔 − 𝜔2 + 𝜔bi.							(𝐺5) 	
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This	can	be	cast	as	the	inelastic	rate	per	unit	energy	as	

1
ℏ
𝑑𝛾2→b
𝑑𝜔 =

2𝑒"ℏ	𝜇#
𝑚" ú𝒅b2 ⋅ 𝐼𝑚{𝑮(𝑟#, 𝑟#, 𝜔)} ⋅ 𝒅b2∗ ú𝛿	g𝜔 − 𝜔2 + 𝜔bi.		

Finally,	 to	 obtain	 the	 total	 inelastic	 rate	 per	 unit	 energy,	 we	 sum	 over	 all	

possible	initial	and	final	states	by	considering	their	occupation:		

1
ℏ
𝑑Γ
𝑑𝜔 =

𝜋𝜔
3𝜖#ℏ"

\ú𝑑b2ú
"𝜌𝒅:;(𝑟#, 𝜔)	𝑓(𝐸2) ·1 − 𝑓g𝐸bi¸ 𝛿	g𝜔 − 𝜔2 + 𝜔bi,

2b

						(𝐺6) 	

where	we	have	introduced	the	Fermi	factors	for	the	initial	and	final	electrodes,	and	

more	importantly,	we	have	defined	the	partial	LDOS	in	analogy	with	the	case	of	an	

ideal	point	dipole.	In	our	case,	this	partial	LDOS	reads:		

𝜌𝒅:;(𝑟#, 𝜔) ≡
6𝑒"ℏ4

𝜋𝜔	𝑐"𝑚" '
𝒅b2
ú𝑑b2ú

⋅ 𝐼𝑚{𝑮(𝑟#, 𝑟#, 𝜔)} ⋅
𝒅b2∗

ú𝑑b2ú
' .						(𝐺7) 	

Note	 that	 in	 the	 case	 of	 only	 considering	 a	 single	 transition	 in	 an	 isolated	

quantum	 emitter,	 it	 can	 be	 shown	 that	 the	 usual	 transition	 dipole	moment,	𝝁b2 ≡

−𝑒	⟨𝑗|𝑟̂|𝑖⟩,	 can	be	connected	with	𝒅b2 	as205:	𝝁b2 = − $ℏ
/?4

𝒅b2 ,	and	then	Eq.	G6	returns	

the	 typical	 expression	 for	 the	 total	 decay	 rate	 of	 a	 quantum	 emitter	 of	 natural	

frequency	𝜔#		in	presence	of	some	arbitrary	LDOS206.		

Eq.	 G6	 represents	 the	 main	 theoretical	 result	 of	 this	 section.	 From	 this	

expression	and	relatively	simple	arguments,	one	can	get	an	 intuition	of	where	 the	

experimentally	 observed	 phenomenology	 originates.	 Eq.	 G6	 has	 three	 main	
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components:	 the	Fermi	 factors,	describing	 the	electron	population	of	 the	different	

eigenstates,	the	transition	dipole	amplitudes,	and	the	partial	LDOS.	On	the	one	hand,	

the	normalization	analysis	shows	that	the	extracted	effective	temperature	is	mostly	

independent	of	the	applied	magnetic	field,	which	rules	out	the	occupation	of	states	

and	hot	electron	generation	processes	as	the	driving	mechanism	behind	the	magnetic	

field	 dependence	 of	 the	 EL.	 On	 the	 other	 hand,	 as	 stated	 in	 the	 main	 text,	 bulk	

magneto-optical	effects	in	Au	are	too	small	to	significantly	alter	the	present	optical	

modes	 (and	 the	 macroscopic	 Green’s	 function),	 though	 nanoscale	 and	 quantum	

contributions	 cannot	 be	 fully	 excluded.	 Since	 similar	 effects	 can	 be	 measured	 in	

aluminum	 junctions,	we	 can	 assume	 that	 the	 physics	 studied	 here	 should	 be	well	

represented	 within	 the	 free	 electron	 gas	 metallic	 description.	 To	 the	 best	 of	 our	

knowledge,	non-local	descriptions207–209	of	 the	optical	response	of	metals	have	not	

reported	any	enhancement	of	magneto-optic	response,	and	therefore	we	believe	that	

a	 better	 description	 (within	 a	 TDDFT	 formalism,	 for	 instance),	 wouldn’t	 provide	

qualitatively	different	conclusion	than	our	simple	classical	local	modelling.		

This	 points	 to	 the	 role	 of	 the	 transition	dipoles	 as	 the	main	mechanism	by	

which	the	magnetic	field	may	affect	the	EL	signal	coming	from	the	system.	This	can	

happen	 in	 two	 distinct	 ways:	 either	 by	 simply	 modifying	 the	 amplitude	 of	 the	

transition	 dipole	 moments,	 or	 by	 modifying	 their	 direction	 (or	 linear/circular	

character),	and	thus	the	projection	of	the	LDOS	in	the	partial	LDOS.		
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In	order	to	explore	this,	we	implement	2d	eigenfunction	calculations	using	the	

Schrödinger	 equation	 module	 included	 in	 COMSOL	 Multiphysics	 to	 simulate	

transition	dipole	moments	in	a	toy-system	modeled	after	the	experimental	geometry.	

In	Figure	G1a	we	show	examples	of	different	geometries	used	in	these	calculations.	

We	generate	different	tunneling	spots	with	gaps	of	the	order	of	1	nm	and	different	

degrees	of	symmetry.	The	areas	used	to	obtain	the	eigenstates	were	chosen	to	strike	

a	balance	between	computational	time	and	having	enough	bound	states	to	describe	

the	 tunneling	 processes.	 For	 each	 geometry,	 we	 perform	 two	 isolated	 eigenstate	

calculations.	 First,	 we	 assign	 a	 zero	 potential	 to	 the	 left	 electrode,	 and	 assign	 a	

potential	given	by	the	sum	of	Fermi	Energy	(𝐸I)	and	work	function	(Φ)	to	the	rest	of	

the	simulation	domain,	which	in	the	case	of	gold	we	approximate	by	10	eVs.	Since	the	

system	is	biased	with	a	voltage	𝑉,	we	proceed	to	look	for	eigenstates,	𝜙(_)(𝒓),	that	are	

found	around	energies	of		𝐸I + 𝑒𝑉/2.	In	the	next	step,	we	assign	a	zero	potential	to	

the	right	electrode	and	assign	the	potential	of	 	𝐸I +Φ	to	the	rest	of	the	domain.	In	

this	case,	we	look	for	eigenstates,	𝜙(*)(𝒓),	around	energies	of	𝐸I − 𝑒𝑉/2.	In	both	cases,	

to	introduce	the	out	of	plane	magnetic	field	we	include	a	vector	potential	that	enters	

the	Hamiltonian	through	the	canonical	momentum	term	𝐻È = g−𝑖ℏ∇ − 𝑞𝐴i
"
/2𝑚.	 In	

these	 two	simulations,	we	obtain	500	eigenfunctions	 for	each	electrode,	which	we	

then	use	to	calculate	2.5 ⋅ 10V	distinct	transition	dipoles	by	following	Eq.	G4b	as	𝒅b2 =

∫𝑑𝒓	 ·𝜙b
(*)(𝒓)¸

∗
∇𝜙2

(_)(𝒓).	Once	the	transition	dipoles	are	obtained	and	by	expressing	

them	 as	 introduced	 in	 the	 main	 text	 𝒅𝒊𝒋 = ú𝑑2bú(𝑢�0 + 𝑖𝜖(	𝑢�h)/¥1 + 𝜖(" ,	 we	 can	
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characterize	them	in	terms	of	only	two	parameters:	their	transition	amplitude,	and	

the	ellipticity.	Each	of	these	parameters	will	point	at	either	one	of	the	mechanisms	

introduced	before	to	explain	the	magnetic-field	dependent	EL,	i.e.	the	modification	of	

the	transition	dipole	amplitude,	or	a	modification	of	the	partial	LDOS.				

In	 Figure	G1b	we	 show	 the	histogram	measuring	 the	distribution	of	 dipole	

moment	amplitude	in	presence	and	absence	of	externally	applied	magnetic	field.	For	

all	 simulated	 structures,	 the	 histograms	 are	 identical	 for	 positive	 and	 negative	

magnetic	field	and	thus	are	presented	as	their	average.	Interestingly,	one	can	see	how	

for	highly	symmetric	structures,	there	are	a	large	number	of	dark	transitions	(with	

very	 small	 dipole	moment)	 which	 can	 be	 understood	 as	 coming	 from	 symmetry-

derived	 selection	 rules.	 As	 the	 magnetic	 field	 is	 introduced,	 it	 breaks	 these	

symmetries	and	the	transitions	become	bright.	As	the	system	is	made	more	locally-

asymmetric,	this	effect	is	relaxed,	and	while	one	can	observe	a	large	shift	of	the	dipole	

moment	statistics	in	the	high	symmetry	case	of	Figure	G1b1,	the	distribution	barely	

changes	 in	 Figure	 G1b3.	 This	 indicates	 that	 in	 the	 experimental	 devices,	 where	

metallic	boundaries	are	formed	stochastically,	there	will	be	few	symmetries	that	the	

magnetic	field	can	break,	and	thus	the	dipole	moment	statistics	are	not	expected	to	

be	greatly	modified.	Furthermore,	as	stated	above,	the	distributions	for	positive	and	

negative	magnetic	 fields	are	nearly	 identical,	and	thus	the	overall	change	in	dipole	

moment	amplitudes	wouldn’t	explain	the	difference	in	measured	EL	for	positive	and	

negative	applied	magnetic	field.		
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This	suggests	that	the	most	 likely	mechanism	to	explain	the	modification	of	

the	measured	EL	is	a	modification	of	the	partial	LDOS.	To	explore	this	possibility,	we	

construct	the	histograms	introduced	in	the	main	text,	𝐶i(𝐵),	which	count	the	number	

of	transition	dipoles	with	a	certain	dipole	moment	and	ellipticity.	In	Figure	G1c	we	

show	 𝑆 = (𝐶i(6	T) + 𝐶i(−6	T))/2 ,	 which	 provides	 a	 general	 view	 of	 the	 dipole	

moment	distribution	in	presence	of	a	magnetic	field.	We	note	that	although	not	shown,	

all	 transition	dipoles	 calculated	 in	absence	of	magnetic	 field	are	 linearly	polarized	

(𝜖( = 0).	This	already	indicates	that	while	the	dipole	moment	distribution	may	not	be	

changing	 dramatically	 due	 to	 the	 presence	 of	 the	 magnetic	 field,	 the	 transitions	

involved	are	acquiring	ellipticity,	and	therefore	the	projection	that	is	being	selected	

in	the	partial	LDOS	is	also	being	modified.	Furthermore,	in	Figure	G1d	we	show	𝐷 =

(𝐶i(6	T) − 𝐶i(−6	T))/2 ,	 normalized	 to	 𝑆 ,	 which	 shows	 that	 the	 ellipticity	

distribution	of	the	transition	dipoles	is	not	symmetric,	and	that	it	is	influenced	by	the	

external	magnetic	field.	In	particular,	one	may	see	that	for	all	the	different	structures,	

a	positive	magnetic	field	leads	to	more	transitions	having	positive	ellipticity,	while	a	

negative	magnetic	field	leads	to	generally	more	negative	ellipticity	in	the	transitions.		

These	observations,	together	with	the	expected	presence	of	a	relevant	chiral	

density	of	optical	states	in	the	experimental	asymmetric	junctions,	indicate	that	(as	

introduced	in	the	Chapter	4)	the	role	of	the	magnetic	field	is	to	modify	the	way	that	

the	tunneling	currents	excite	the	optical	modes	present	in	the	system	by	introducing	

a	degree	of	chirality	in	the	excitation.	This	effect	is	then	subsequently	amplified	by	
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the	chiral	density	of	optical	states	in	the	asymmetric	nanogaps,	as	shown	in	Figure	4-

17d.	

Figure	 G1:	 Statistical	 analysis	 of	 transition	 dipole	 moments	 obtained	 from	

single	 particle	 eigenfunctions.	 Subindex	 numbers	 indicate	 the	 particular	

structure	for	which	quantities	are	calculated,	which	we	label	as	fully	symmetric	

(1),	 fully	asymmetric	 (2)	and	symmetry	broken	(3).	a	Geometries	mimicking	

different	 tunneling	 spots	 in	 the	 experimental	 devices	 used	 to	 calculate	 the	

relevant	 eigenfunctions.	 Yellow	 areas	 indicate	 the	 gold	 sections	 and	 white	

indicate	 vacuum.	b	Histogram	of	 the	 transition	dipole	moment	 amplitude	 in	

presence	and	absence	of	magnetic	field.	The	histograms	for	magnetic	fields	of	

+6	 T	 and	 -6	 T	 are	 virtually	 identical	 and	 are	 presented	 as	 their	 average.	 c	



	
224	

	

	

Average	of	histograms	of	the	number	of	dipole	moments	with	certain	ellipticity	

and	dipole	moment	for	an	externally	applied	magnetic	field	of	+6	T	and	-6	T.	d	

Difference	 of	 histograms	 of	 the	 number	 of	 dipole	 moments	 with	 certain	

ellipticity	and	dipole	moment	for	an	externally	applied	magnetic	field	of	+6	T	

and	-6	T,	normalized	to	their	average,	S.	
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Appendix H 

Full-wave	simulation	implementation.	

In	 this	 section	 we	 give	 more	 details	 about	 the	 implementation	 of	 the	

simulations	employed	to	obtain	Figure	4-17d	and	Figure	4-18.	In	particular,	we	use	

the	 wave	 optics	 module	 included	 with	 COMSOL	 Multiphysics	 based	 on	 a	 finite	

element	method	 frequency	 domain	 solver.	 The	 geometry	 under	 study	 follows	 the	

nominal	dimensions	of	the	experimental	devices.	In	Figure	H1a	we	show	a	3d	view	of	

the	geometry	employed:	a	30	nm	thick	gold	layer	(described	in	our	simulations	using	

experimental	permittivity	measurements210)	 that	 is	 lithographically	defined	 into	 a	

120	nm	wide	and	650	nm	long	strip	that	then	fans	out	(at	45º	in	our	simulations)	into	

larger	gold	contacts.	Mimicking	 the	experimental	 samples,	we	 introduce	 the	break	

junction	at	a	lateral	offset	of	190	nm	from	the	strip	center,	breaking	the	symmetry	of	

the	system.	The	whole	simulation	domain	is	then	defined	as	a	700	nm	radius	sphere	

centered	at	the	middle	spot	of	the	nanogap,	which	is	set	up	with	a	scattering	boundary	

condition.	All	space	surrounding	the	junction	is	modelled	as	vacuum.	To	simulate	the	

EL	process,	we	introduce	irregularities	in	the	junction	that	mimic	the	tunneling	spots,	

leaving	a	minimum	distance	between	the	gold	surfaces	of	14	nm,	in	accordance	with	

the	 observed	 features	 of	 the	 SEM	 images	 of	 the	 experimental	 junctions	 shown	 in	

Figure	4-1.	The	nanogap	geometries	employed	can	be	observed	in	Figure	H1a,	panels	

b	 and	 c,	 where	 we	 show	 a	 top-view	 of	 the	 asymmetric	 and	 symmetric	 junctions	

respectively.	Simulating	the	tunneling	current,	we	introduce	point	dipoles	between	
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these	protrusions	in	the	gap.	Instead	of	exploring	every	possible	dipole	orientation	

and	polarization,	we	exploit	the	linearity	of	the	fields	to	determine	the	power	radiated	

by	an	arbitrary	dipole.	To	do	so,	for	each	geometry,	we	simulate	the	fields	radiated	by	

a	unit	 linear	dipole	 oscillating	 in	 the	𝑥� 	direction	 (along	 the	 strip),	 and	 along	 the	𝑦�	

direction.	From	these	fields,	𝐸(1), 𝐻(1), 𝐸(S)	and	𝐻(S)(where	the	superscript	denotes	

the	dipole	orientation	in	the	simulations)	one	may	then	construct	the	fields	radiated	

by	arbitrary	point	dipoles	as		

𝑬 = 𝜇1𝑬(1) + 𝜇S𝑬(S), (𝐻1𝑎)	

𝑯 = 𝜇1𝑯(1) + 𝜇S𝑯(S), (𝐻2𝑏)	

where	𝜇1	and	𝜇S	are	the	components	of	the	dipole	of	interest.	From	this,	the	radiated	

powerflow	becomes	

𝑺 =
1
2𝑅𝑒

[𝑬 ×𝑯∗] = 𝑅𝑒 )|𝜇1|"𝑺11 + ú𝜇Sú
"𝑺SS + 𝜇1𝜇S∗𝑺1S + 𝜇S𝜇1∗𝑺S1	* , (𝐻3)	

where	 we	 have	 introduced	 the	 cross-term	 power	 flow	 𝑺2b ≡
9
"
Ì𝑬(𝒊) ×𝑯(𝒋)∗Î .	 By	

integrating	these	quantities	over	some	measurement	surface	(in	our	simulations,	a	

spherical	 cap	 that	 covers	 up	 to	 40	 degrees	 from	 the	 vertical	 direction),	 from	 two	

spectra,	one	may	obtain	the	radiated	power	for	arbitrary	in-plane	dipoles.	In	our	case,	

we	parametrize	these	dipoles	as	introduced	in	the	main	text:		
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𝝁 = |𝜇| c�̀<}2�=	 �̀>g
�9}�=*

, (𝐻1𝑎)

where	in	this	expression,	𝑢�i ≡ cos(𝜃) 𝑥� + sin(𝜃) 𝑦�	gives	the	dipole	orientation	in	the	

linear	limit	(𝜖( = 0),	and	𝑢�h ≡ −sin(𝜃) 𝑥� + cos(𝜃) 𝑦�	introduces	the	ellipticity	in	the	

local	orthogonal	axis.	

 

Figure	 H1.	 Rendering	 of	 the	 geometry	 employed	 in	 the	 full-wave	 numerical	

simulations.	a,	3d	view	of	the	simulation	domain	including	the	gold	junction	and	

the	 air	 substrate.	 The	 top	 air	 half-space	 has	 been	 removed	 for	 visualization	

purposes.	b,	close-up	of	the	asymmetric	junction	used	to	obtain	Figure	4-17d	in	

the	main	 text.	 c,	 close-up	 of	 the	 symmetric	 junction	 employed	 to	 obtain	 the	

results	in	Figure	4-18.	

	


