


 
 

ABSTRACT 

Implantable Integrated Nanophotonic Probes with Light Sheet Illumination 
for Deep Imaging 

by	

Fan Ye 

Optical	imaging	techniques	that	measure	changes	in	calcium	or	voltage	provide	a	promising	

route	toward	to	 large-scale	measurement	of	neural	activity	and	high	spatial	resolution	to	

resolve	 individual	 neurons.	 However,	 acquiring	 images	 through	 significant	 depths	 of	 the	

brain	 is	 difficult	 since	 brain	 tissue	 is	 extremely	 heterogeneous,	 which	 results	 in	 strong	

scattering	 by	 the	 various	 tissue	 components	 and	 limited	 penetration	 depth	 as	 well	 as	

achievable	 imaging	 resolution.	 To	 overcome	 the	 effects	 of	 scattering,	 optical	 imaging	

measurement	techniques	have	been	proposed	ranging	 from	laser	scanning	microscopy	of	

submicron	structures	to	diffuse	optical	tomography	of	large	volumes	of	tissue.	

								Recent	 advances	 in	 imaging	 technology	 such	 as	 light-sheet	microscopy	have	 enabled	

high-speed,	 high-resolution,	 three-dimensional	 volumetric	 imaging	 of	 large	 volumes	 of	

neural	 tissue.	However,	 the	 light	 sheet	microscopy	 technique	 fails	 to	 be	 compatible	with	

opaque	or	scattering	samples	and	has	a	 limitation	of	 the	sample	size	by	the	two	compact	

orthogonal	illumination	and	detection	objectives.	In	this	work,	I	will	show	an	implantable	

integrated	light	sheet	photonic	probe	with	a	thickness	of	20	microns	that	can	produce	a	thin	

layer	 of	 illumination.	With	 this	 planar	 illumination,	 the	 probe	 can	 image	more	 than	 500	



 
 

microns	 deep	 below	 the	 surface	 of	 a	 brain	 tissue	 phantom,	 which	 is	 confirmed	

experimentally.		

First,	 I	will	make	 an	 introduction	 of	 the	 current	 optical	 imaging	 techniques,	 such	 as	 epi-

fluorescence	microscopy,	laser	scanning	confocal	microscopy,	two-photon	microscopy	and	

conventional	 light	sheet	microscopy.	Also,	 I	will	discuss	 the	 limitations	and	drawbacks	of	

each	method.	

Second,	I	will	present	the	design	and	principle	of	the	integrated	light	sheet	photonic	probe	

that	 can	 produce	 a	 thin	 layer	 of	 light	 illumination	 perpendicular	 to	 the	 device	 plane.	 In	

addition,	 I	will	 show	the	structure	of	 the	photonic	probe	and	components	of	 the	 imaging	

setup.	I	will	also	describe	the	fabrication	process	to	make	the	photonic	probe.		

Next,	I	will	numerically	and	experimentally	illustrate	the	light	sheet	illumination	from	the	

properly	designed	AlN	waveguide	gratings.	Then	I	will	show	the	imaging	result	of	inserting	

the	photonic	probe	inside	the	brain	tissue	phantom	and	compare	it	to	the	conventional	wide	

field	microscopy.			

In	addition,	I	will	discuss	various	microlens	for	integrated	device	and	show	that	the	metallic	

slit	microlens	can	be	used	for	light	sheet	illumination.	

Finally,	I	will	make	a	summary	of	my	work	and	then	talk	about	the	future	direction	of	the	

research.	
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Chapter 1 

Introduction 

The	 brain,	 the	 central	 nervous	 system	 of	 all	 vertebrate	 and	 most	 invertebrate	 animals,	

initiates	 everything	we	 do	 and	 processes	 all	 that	we	 experience.	 The	 adult	 human	 brain	

consists	of	approximately	85	billion	nerve	cells	 (neurons)	with	each	connected	to	 tens	of	

thousands	of	other	neurons	and	these	neurons	send	and	receive	messages	between	the	body	

and	the	brain	through	electro-chemical	processes	[1-3].	Understanding	how	the	brain	works	

will	be	undoubtedly	helpful	to	better	understand	neurological	diseases	such	as	Alzheimer’s	

[4]	and	Parkinson’s	[5]	and	is	critical	for	developing	effective	therapies.		

Optical	fluorescence	microscopy,	such	as	wide	field	epifluorescence	microscopy	[6],	confocal	

microscopy	 [7]	 and	multi-photon	microscopy	 [8],	 provide	 opportunities	 for	 the	 dynamic	

visualization	of	the	nervous	system	in	a	living	organism,	which	will	enable	insight	into	the	

neural	development	and	function.	

However,	the	imaging	depth	of	conventional	wide	field	microscopy	techniques	is	limited	by	

the	 tissue	 scattering	 during	 biological	 in	 vivo	 imaging	 [9].	 To	overcome	the	 effects	 of	

scattering,	light	 sheet	 fluorescence	 microscopy	(LSFM)	 with	 good	 optical	sectioning	

abilities	is	 widely	 used	 for	 3D	 living	 organisms	 imaging	 over	 space	 and	time	 [10-
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22].	Generally,	 LSFM	uses	a	 cylindrical	 lens	 to	create	a	 thin	 layer	of	 light	to	 illuminate	 the	

planes	 in	 transparent	 tissues	 or	 whole	 organisms	 which	 are	 labeled	 with	 fluorophores	

[13].	The	good	optical	sectioning	capabilities	will	reduce	the	collected	background	noise	and	

thus	 create	 images	 with	 higher	 contrast	over	the	 traditional	 wide-field	 fluorescence	

microscopy	method.	Compared	with	confocal	and	multiphoton	microscopy,	LSFM	provides	

superior	 features	 for	 imaging	 thick	 tissues	such	 as	intermediate	 resolution,	high-speed	

imaging	 acquisition	 speed,	 reduced	 photobleaching	 and	 three-dimensional	 (3D)	 optical	

sectioning	since	 the	 tissues	are	only	exposed	to	a	 thin	 layer	of	 light	sheet	 [14].	LSFM	is	a	

useful	tool	for	performing	biological	dynamic	imaging	of	living	organisms	and	the	light	sheet	

based	techniques	have	been	extended	to	the	structured	illumination	[15-28]	and	confocal	

detection	 [18,19]	 that	allow	 for	 3D	high	 spatiotemporal	 resolution	 single	molecule	

imaging	and	high	speed	volumetric	imaging	of	behaving	organisms	[20],	such	as	lattice	LSM	

[17]	 and	 swept	 confocally-aligned	 planar	 excitation	 (SCAPE)	[21].	However,	the	

conventional	LSFM	 based	 on	two	compact	 orthogonal	 illumination	 and	 detection	

objectives	limits	 the	sample	 size	 and	there	 will	 be	 lots	 of	 scattering	 while	 illuminating	

outside	the	opaque	or	dense	specimens	[22].		

1.1	Epifluorescence	Microscopy	

As	shown	in	Fig.	1,	the	conventional	wide	field	epifluorescence	microscopes	used	in	the	life	

sciences.	 The	 light	 illumination	 is	 filtered	 to	 get	 the	 excitation	 wavelength	 light	 by	 an	

excitation	 filter	 and	 then	 focused	 onto	 the	 specimen	 by	 an	objective	lens	 [24].	 Then	

the	fluorescence	emitted	by	the	specimen	is	mapped	back	through	the	same	objective	and	

onto	the	facet	of	the	detector	with	an	emission	filter	at	front	that	will	filter	the	remaining	
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excitation	 light.	 Since	 most	 of	 the	 excitation	 light	 transmit	 through	 the	 specimen,	 only	

reflected	 excitatory	 light	will	 reach	 the	objective	 together	with	 the	 emitted	 light	 and	 the	

epifluorescence	technique	therefore	gives	a	high	signal-to-noise	ratio	(SNR).		However,	the	

wide	field	microscopy	has	low	imaging	depth	and	low	resolution	due	to	significantly	out-of-

focus	light	emitting	from	the	sample	[25].	

	

Figure	1.1	Schematic	of	a	wide	field	epifluorescence	microscope	[23].		
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1.2	Multiphoton	Microscopy	

Multiphoton	 fluorescence	microscopy,	 based	 on	 nonlinear	 interactions	 between	 photons	

and	matter,	 combines	 the	 laser	 scanning	microscopy	with	 long	wavelength	multiphoton	

fluorescence	 excitation	 to	 capture	 the	 high-resolution,	 three-dimensional	 images	 of	

specimens	tagged	with	specific	fluorophores	[26-38].		

Multiphoton	microscopy	offers	attractive	advantages	over	confocal	microscopy	for	imaging	

living	cells	and	tissues	with	three-dimensionally	resolved	fluorescence	imaging.	The	benefit	

of	 localized	excitation	 is	 that	 emission	 is	 restricted	 to	 the	narrow	 focal	 region,	providing	

sectioning	ability	without	the	use	of	a	pinhole	[39-48].	Furthermore,	the	limited	excitation	

region	reduces	phototoxicity	due	to	photodamage	largely	confined	to	the	small	focal	volume	

[49-58].	

At	the	longer	wavelengths	used	in	multi-photon	excitation,	the	scattering	coefficient	is	lower	

than	the	shorter	wavelengths	used	in	single	photon	excitation.	The	result	is	an	increase	of	

signal-to-noise	ratio	(SNR),	thus	allowing	deeper	in	vivo	imaging	[31].		

Although	multi-photon	 excitation	 offers	many	 advantages	 for	 laser	 scanning	microscopy	

applications,	 it	 also	 has	 some	 limitations	 and	 drawbacks.	 According	 to	 Abbe’s	 law,	 the	

resolution	of	a	microscope	system	is	inversely	proportional	to	the	wavelength	of	light	used	

for	 imaging	 [59-63].	 Taking	 two-photon	 microscopy	 (TPM)	 for	 example,	 as	 two-photon	

excitation	 uses	 approximately	 twice	 of	 the	 one-photon	 wavelength,	 the	 result	 will	 be	

approximately	half	the	resolution.	Another	obvious	limitation	is	the	high	cost	of	the	ultrafast	

laser	system,	which	often	costs	much	more	than	conventional	single	photon	microscope.	Also,	
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it	has	potential	for	thermal	damage	to	the	specimen	if	it	contains	chromophores	that	absorb	

the	 excitation	wavelengths.	 In	 addition,	 the	 high	 peak	 power	 intensity	 can	 result	 in	 cell	

damage	 accompanied	 by	 the	 localized	 intense	 white	 luminescence	 and	 eventual	

carbonization.	

1.3	Light	Sheet	Microscopy	

	

	

Figure	 1.2	 Schematic	 of	 LSM	 [10].	 The	 illumination	 and	 the	 fluorescence	 detection	

direction	are	orthogonal	 to	each	other.	The	 illumination	 is	 focused	by	a	cylindrical	

lens	to	create	a	thin	light	sheet	at	the	focal	plane	of	the	imaging	objective.	By	moving	

the	 sample	 along	 the	 detection	 direction,	 the	 3D	 image	 of	 the	 sample	 can	 be	

reconstructed.		



 
 

 6 

Starting	 in	1994,	 LSM	was	developed	as	orthogonal	plane	 fluorescence	optical	 sectioning	

microscopy	or	 tomography	 [33]	mainly	 for	 large	samples	and	 later	as	 the	selective-plane	

illumination	microscopy	(SPIM)	with	sub-cellular	resolution	in	2004	[10],	which	can	achieve	

single-cell	resolution	deep	inside	the	tissue.		

Light	sheet	microscopy	(LSM)	is	a	fluorescence	microscopy	technique	with	an	intermediate	

optical	resolution	with	good	optical	sectioning	capabilities	as	well	as	high	acquisition	speed.	

In	 contrast	 to	 epifluorescence,	 only	 a	 thin	 slice	 of	 the	 sample	 is	 illuminated	 that	 is	

perpendicular	 to	 the	 direction	 of	 detection.	 For	 illumination,	 an	 excitation	 laser	 beam	 is	

focused	only	in	one	direction	by	a	cylindrical	lens	to	create	a	plane	of	light	sheet.	As	only	the	

observed	section	is	illuminated,	it	reduces	the	photo	damage	and	stress	induced	on	a	living	

sample	[34].	Also	the	good	optical	sectioning	capability	reduces	the	background	signal	and	

thus	creates	images	with	higher	contrast,	comparable	to	confocal	microscopy.	In	contrast	to	

laser	 scanning	 confocal	 and	multi-photon	microscopy,	 LSM	 scans	 the	 samples	by	using	 a	

plane	 of	 light	 illumination	 instead	 of	 a	 point	 resulting	 in	 significant	 reduction	 in	 the	

acquisition	times,	which	can	acquire	images	at	speeds	of	100	to	1000	times	faster	than	those	

offered	by	point-scanning	methods	[15].	
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Chapter 2 

Integrated Light Sheet Illumination with 
Metallic Slit Microlens 

2.1	Flat	Microlens	

As	stated	above,	one	disadvantage	of	LSM	is	the	difficulty	to	create	planar	illumination	in	

living	animals.	Most	animals	are	opaque	to	visible	 light	requiring	an	implanted	device	for	

generating	planar	illumination,	but	the	large	cylindrical	lenses	typically	used	are	too	large	

for	implantation.		

Typically,	this	light	sheet	is	created	by	table-top	optics,	which	limits	the	ability	to	miniaturize	

the	 overall	 SPIM	 system.	 Replacing	 this	 table-top	 illumination	 system	 with	 miniature,	

integrated	 devices	would	 reduce	 the	 cost	 and	 footprint	 of	 SPIM	 systems.	 One	 important	

element	for	a	miniature	SPIM	system	is	a	flat,	easily	manufactured	lens	that	can	form	a	light	

sheet.	 I	 have	 investigated	 planar	 metallic	 lenses	 as	 the	 beam	 shaping	 element	 of	 an	

integrated	SPIM	illuminator.	Based	on	finite	difference	time	domain	(FDTD)	simulations,	I	

have	found	that	diffraction	from	a	single	slit	can	create	planar	illumination	with	a	higher	light	

throughput	 than	 zone	 plate	 or	 plasmonic	 lenses.	 Metallic	 slit	 microlenses	 also	 show	

broadband	operation	across	the	entire	visible	range	and	are	nearly	polarization	insensitive.	
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Furthermore,	compared	to	meta-lenses	based	on	sub-wavelength-scale	diffractive	elements,	

metallic	slit	lenses	have	micron-scale	features	compatible	with	low-cost	photolithographic	

manufacturing.	 These	 features	 allow	 us	 to	 create	 inexpensive	 integrated	 devices	 that	

generate	 light-sheet	 illumination	 comparable	 to	 tabletop	 microscopy	 systems.	 Further	

miniaturization	of	this	type	of	integrated	SPIM	illuminators	will	open	new	avenues	for	flat,	

implantable	 photonic	 devices	 for	 in	 vivo	 biological	 imaging.	 	 Here	 I	 will	 discuss	 several	

different	types	of	planar	microlenses	that	can	be	used	for	implantable	probes	for	light	sheet	

illumination.	

One	 can	 expand	 the	 experimental	 capabilities	 of	 optical	microscopes	 by	miniaturizing	

them	 to	 create	 microscope	 arrays	 that	 increase	 experimental	 throughput	 [17-20]	 or	

wearable	or	implanted	“miniscopes”	that	can	visualize	activity	in	freely	moving	animals	[19,	

20];	 however,	 researchers	 have	 yet	 to	 demonstrate	 a	 miniature	 SPIM	 microscope.	 One	

challenge	 for	miniaturizing	SPIM	systems	 is	 creating	planar	 illumination	with	a	 compact,	

light-weight	device.	Typically,	planar	illumination	is	achieved	using	cylindrical	lenses	that	

are	several	millimeters	thick.	To	miniaturize	the	illumination	system,	we	explore	flat	lenses	

that	can	be	easily	manufactured	using	photolithography.		

Recently,	 several	 types	of	 flat	 lenses	have	been	proposed	and	demonstrated	 including	

zone	plate	lenses	[21,	22],	Fresnel	lenses	[23,	24],	and	meta-lenses	based	on	sub-wavelength	

features.	The	major	drawback	of	the	zone	plate	is	that	it	absorbs	or	reflects	a	significant	part	

of	 the	 incident	 power,	 resulting	 in	 low	 light	 transmission.	 This	 low	 transmission	 is	

particularly	problematic	 for	miniature	devices	 that	operate	on	a	 limited	power	budget.	A	

Fresnel	lens	consists	of	many	concentric	segments	of	variable	height	and	typically	has	higher	

transmission	than	a	zone	plate	lens.	However,	Fresnel	lenses	are	difficult	to	fabricate	at	the	
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microscale	 due	 to	 their	 complex	 3D	 shape.	 More	 recently,	 meta-lenses	 have	 shown	

performance	similar	to	Fresnel	lenses	based	on	planar	nanofabrication	processes	[25,	26].	

While	these	lenses	show	great	promise	for	a	number	of	applications,	their	requirement	for	

subwavelength	 features	 that	 necessitates	 nanofabrication	 processes	 like	 electron	 beam	

lithography	can	significantly	increase	the	cost	of	the	lenses,	making	it	more	difficult	to	create	

arrays	of	low-cost	SPIM	systems.	Metallic	nano-slit	arrays	can	also	be	used	as	a	flat	lens	[27-

32].	Verslegers	et	al.	 [27]	have	demonstrated	a	nano-slit	 lens	consisting	of	optically	 thick	

gold	 film	with	 air	 slits.	The	phase	 shift	 imposed	on	 light	 as	 it	 passes	 through	each	 slit	 is	

sensitive	 to	 length,	width,	and	 the	materials	 inside	 the	slit.	By	properly	setting	 the	phase	

shifts,	light	can	be	focused	as	though	it	has	passed	through	a	conventional	lens.	Compared	to	

the	zone	plate	 lens,	 the	nano-slit	 lens	can	transmit	more	power	because	surface	plasmon	

polaritons	(SPPs)	excited	on	the	metal-slit	 interfaces	can	guide	some	of	 the	 incident	 light	

through	the	slits.	However,	the	major	limitation	of	the	nanoslit	array	microlens	is	that	the	

polarization	direction	 of	 the	 incident	 light	must	 be	 perpendicular	 to	 the	metal/dielectric	

interface	resulting	in	a	TM	mode	in	order	to	excite	SPP	waves	and	also	a	given	nano-slit	array	

microlens	only	works	properly	for	a	narrow	wavelength	range.	In	addition,	the	fabrication	

process	 of	 the	 nano-slit	 array	 micronlens	 is	 similar	 to	 the	 meta-lenses,	 requiring	 time-

consuming,	high	precision	lithography	and	etching	techniques	due	to	the	high	aspect	ratio	of	

the	slits.		

Here	I	have	compared	the	zone	plate	lenses,	and	plasmonic	nanoslit	lenses	of	diffraction	

from	a	single	metallic	slit.	I	find	that	transmission	through	a	metallic	slit	is	much	higher	than	

either	 zone	 plate	 or	 plasmonic	 lenses	 while	 producing	 similar	 light	 sheet	 illumination	

patterns.	Based	on	the	2-D	Helmholtz	equation,	we	have	also	derived	a	rigorous	solution	for	
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the	 description	 of	 the	 field	 diffracted	 by	 the	 metallic	 slit	 and	 confirm	 our	 theoretical	

description	with	experimental	measurements	of	 focusing	by	metallic	 slit	diffraction.	This	

focusing	property	can	be	explained	as	the	interference	of	the	quasi-cylindrical	waves	(QCW)	

induced	by	the	slit	edges	[65-69].	I	have	shown	excellent	agreement	between	the	theoretical	

prediction	 and	 finite-difference	 time-domain	 (FDTD)	 simulation	 for	 the	 scattering	 field	

distribution.	Experimentally,	I	demonstrate	that	the	metallic	slit	can	focus	light	to	a	sheet	at	

optical	frequencies.	The	experimental	data	matches	both	theoretical	calculation	and	FDTD	

results.	

	

Figure	2.1	FDTD	simulations	of	light	passing	through	a	zone	plate	lens	(a),	plasmonic	

lens	(b)	and	single	slit	metallic	lens	(c)	with	each	designed	for	an	8	μm	focal	length.	

Scale	bar	is	2μm.		

In	Fig.	2.1,	I	have	shown	FDTD	simulations	of	light	transmitting	through	a	zone	plate	lens,	

plasmonic	nano-slit	lens,	and	a	single	metallic	slit	lens	with	each	designed	for	an	8	μm	focal	

1 1 1

0 0 0
a b c

Transmission: ~10% ~30% ~100%
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length.	When	these	optical	fields	are	normalized	to	the	incident	power,	I	have	found	that	the	

diffraction	from	a	single	metallic	slit	passes	nearly	three	times	as	much	light	as	a	zone	plate	

lens	 and	 a	plasmonic	nanoslit	 lens	while	 creating	 comparable	planar	 illumination,	which	

means	the	metallic	slit	microlens	is	more	efficient	in	focusing.	It	should	be	noted	that	because	

our	simulations	and	experiments	use	metals	to	create	the	slit	lens,	some	of	the	transmission	

losses	 are	 due	 to	 absorption,	 which	 could	 lead	 to	 undesired	 device	 heating.	 To	 reduce	

absorption	 losses	 one	 could	 adjust	 the	 radiation	 pattern	 of	 the	 source	 to	 better	 fill	 the	

aperture,	or	exploit	more	advanced	fabrication	techniques	to	produce	metasurfaces	based	

on	high-aspect-ratio	and	low	absorption	loss	titanium	dioxide	[25].	Also,	the	fabricated	silver	

nano-slit	array	microlens	are	shown	in	Fig.	2.2.	The	thickness	of	the	microlens	is	around	100	

nm	and	the	minimum	width	of	the	grating	element	is	about	30	nm,	which	can	be	fabricated	

by	using	electron	beam	lithography,	deposition	and	lift-off	method.	However,	this	fabrication	

process	is	time-consuming	and	the	yield	is	not	as	high	as	expected,	which	will	increase	the	

total	cost	of	the	devices.		
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Figure	 2.2.	 Fabricated	 silver	 nanoslit	 microlens	 array	 through	 electron	 beam	

lithography,	 deposition	 and	 lift-off	 process.	 The	 minimum	 width	 of	 the	 nanoslit	

element	is	around	30	nm.	

Also,	 I	 have	 demonstrated	 an	 easily	 manufactured	 beam	 shaping	 element	 for	 a	

miniature	 SPIM	 system	 by	 combining	 an	 LED	 with	 a	 flat	 metallic	 slit	 lens	 (Fig.	 2.3c).	

10 µm 

1 µm 

200 nm 
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Specifically,	a	metallic	slit	microlens	bonded	to	an	LED	using	UV	curable	transparent	epoxy	

can	operate	as	a	tiny,	low-cost	replacement	for	the	illumination	arm	of	a	SPIM	system.		

	

Figure	2.3.	Integrated	SPIM	illumination	using	a	metallic	slit	microlens.	(a)	Illustration	

of	the	light	sheet	produced	by	a	metallic	slit	microlens.	Photographs	of	(b)	metallic	slit	
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microlens	and	(c)	microlens	integrated	onto	a	blue	LED	above	a	US	penny.	Scale	bar	in	

(b)	 is	3	mm.	 (d)	Schematic	 showing	 the	optical	 setup	 for	 the	 integrated	 light	 sheet	

illumination	system.				

2.2	Physical	Model	

	

Figure	2.4.	Radiation	pattern	of	the	metallic	slit	microlens	is	well	described	by	QCW	

theory.	FDTD	calculations	showing	the	real	part	of	the	magnetic	field	at	a	wavelength	

of	488	nm	for	(a)	a	single	QCW,	as	expected	 for	diffraction	 from	a	sub-wavelength-

scale	(0.1	μm	wide)	metallic	slit	and	(b)	interference	between	QCWs	spaced	by	0.32	

μm.	This	interfering	QCW	radiation	pattern	is	expected	for	a	metallic	slit	microlens	
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with	a	width	of	1	μm.	(c)	Calculated	intensity	distribution	of	light	diffracting	through	

a	 metallic	 slit	 with	 6	 μm	 slit	 width	 based	 on	 our	 analytical	 model.	 (d)	 FDTD	

simulations	of	light	intensity	for	the	same	metallic	slit	show	close	agreement	to	the	

analytical	 results.	 (e)	Cross	 section	of	 the	 intensity	 at	 the	 focal	plane	and	 (f)	 cross	

section	 along	 the	 propagation	 direction,	 show	 good	 agreement	 between	 FDTD	

simulations	 (red	 line)	and	analytical	model	 (black	 line).	The	positions	of	 the	 cross	

sections	are	marked	as	dashed	lines	in	(c)	and	(d).	Scale	bar	in	(c)	is	5	μm.	

By	approximating	light	diffracting	through	the	metallic	slit	as	interfering	quasi-cylindrical	

waves	 (QCW),	 we	 can	 create	 an	 analytical	 model	 to	 calculate	 the	 metallic	 microlens	

performance	[76-84].	In	this	two-dimensional	approximation,	we	define	the	slit	width	as	d	

and	assume	that	the	slit	is	infinitely	long	along	the	y-axis.	We	then	model	a	silver	film	with	

dielectric	 constant	 εm	 and	 beside	 the	 metal	 surface	 consider	 a	 semi-infinite	 dielectric	

medium	with	a	relative	permittivity	of	εd	[Fig.	2.4(d)].	Note	that	although	silver	films	support	

SPPs,	it	has	been	shown	that	these	fields	decrease	exponentially	in	the	propagation	direction	

away	from	the	metal/dielectric	interface	[85-88]	and	thus	they	can	be	neglected	in	the	far	

field.		

In	Fig.	2.4(a)	we	calculate	the	real	part	of	the	magnetic	intensity	at	the	wavelength	of	488	

nm	diffracted	by	a	silver	slit	with	width	of	0.1	μm	using	the	FDTD	method.	The	resulting	

radiation	pattern	represents	a	single	QCW.	In	Fig.	2.4(b),	we	increase	slit	width	increases	to	

1	 μm	 and	 the	 diffraction	 pattern	 can	 be	 considered	 as	 the	 interference	 of	 three	 QCWs	

scattered	from	the	slit	edges,	which	will	lead	to	the	focusing	of	light	to	a	sheet	similar	to	zone	

plate	and	nano-slit	plasmonic	lenses.	
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To	explain	the	focusing	properties	of	the	metallic	slit	microlens	analytically,	we	can	write	

the	single	slit	diffraction	pattern	according	to	Helmholtz	equations	and	QCWs	as	originally	

outlined	in	[89].		

We	start	with	the	time	varying	harmonic	field	described	by	exp(-iwt),	and	solve	the	2-D	

Helmholtz	equation	as	follows:	

	 2 2[ ] ( , ) 0k A x z∇ + = 																																																																	(1)	

Where	 2 2 2 2 2/ /x z∇ = ∂ ∂ + ∂ ∂ ,	 2 /k π λ= 	and	A(x,	z)	is	the	amplitude	of	the	wave	propagating	

in	x-z	space.	Assuming	the	exit	of	the	slit	is	at	x	=	0,	the	diffracted	wave	will	propagate	into	

the	space	defined	by	x	>	0.	Based	on	the	angular	spectrum	method	[89,	90],	we	can	derive	

the	field	A(x,	z)	to	be:	

2 2 1/21
( , ) ( )exp( )exp[ ( ) ]z z z zA x z A k ik z ix k k dk

k
∞

−∞
= −∫ 																																(2)	

Where	kz	is	the	wave	vector	along	z	direction.	The	spectral	amplitude	function	 ( )zA k 	is	the	

Fourier	transform	of	the	field	at	x	=	0:	

( ) (0, )exp( )
2z z
kA k A z ik z dz
π

∞

−∞
= −∫ 																																													(3)	

By	substituting	(3)	into	(2),	we	can	get		

' ' '( , ) ( , ) (0, )A x z E x z z A z dz
∞

−∞
= −∫ 																																														(4)	

Where		

2 2 1/21
( , ) exp( )exp[ ( ) ]

2 z z zE x z ik z ix k k dk
π

∞

−∞
= −∫ 																															(5)	

We	can	then	rewrite	this	expression	in	terms	of	a	Hankel	function	[91]	as		

(1) 2 2 1/2
12 2 1/2( , ) [ ( ) ]

2( )
ikxE x z H k x z

x z
= +

+
																																					(6)	
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Where	 (1)
1H 	is	the	Hankel	function	of	first	kind	and	first	order,	which	represents	a	cylindrical	

wave	of	first	order	[91].	

According	to	Eqs.	(4)	and	(6),	the	diffraction	field	A(x,	z)	can	be	expressed	as		

{ }1/2(1) 2 ' 2 ' '
11/22 ' 2

( , ) ( ) (0, )
2 ( )

ikxA x z H k x z z A z dz
x z z

∞

−∞
⎡ ⎤= + −⎣ ⎦

⎡ ⎤+ −⎣ ⎦
∫ 											(7)	

Equation	(7)	shows	clearly	that	the	diffracted	field	consists	of	the	summation	of	cylindrical	

harmonic	waves	with	origins	within	slit.		

In	the	case	of	a	normally	incident	plane	wave,	A(x’,0)	is	a	(A0).	The	diffracted	field	from	an	

incident	plane	wave	can	then	be	written	as	

{ }/2 1/2(1) 2 ' 2 '
0 11/2/2 2 ' 2

( , ) ( )
2 ( )

d

d

ikxA x z A H k x z z dz
x z z−

⎡ ⎤= + −⎣ ⎦
⎡ ⎤+ −⎣ ⎦

∫ 														(8)	

Where	d	is	the	width	of	the	slit.	With	Eq.	(8)	we	can	calculate	the	intensity	distribution	of	the	

diffraction	field	from	a	single	slit.		

In	Figs.	2.4(c-f),	we	compare	FDTD	simulation	of	single	slit	diffraction	with	our	theoretical	

model	in	Eq.	(8)	for	a	plane	wave	with	wavelength	of	488	nm	normally	incident	on	a	silver	

slit	with	a	width	of	6	μm.	The	agreement	between	both	FDTD	simulations	and	our	theoretical	

model	in	Eq.	(8)	verifies	the	accuracy	of	the	QCW	approximation.	What’s	more,	the	intensity	

distribution	shows	beam	focusing	behavior	with	focal	length	of	34	μm	[Fig.	2.4(e)]	and	a	light	

sheet	 thickness	 (full	width	at	half	maximum)	of	2.2	μm	at	 the	 focal	point	 [Fig.	2.4(f)].	By	

tuning	the	width	of	the	slit	we	can	adjust	the	effective	focal	length	of	the	slit	as	is	shown	in	

Fig.	2.1	and	the	predicted	focal	length	is	found	to	be	in	consistent	with	FDTD	simulations.	

Figure	2.1(c)	shows	 the	normalized	cross-sectional	 intensity	distributions	of	 the	beam	

after	passing	through	the	metallic	planar	microlens	where	the	beam	propagates	along	the	x	
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axis.	The	diffraction	field	can	be	considered	as	a	light	sheet	illumination.	The	minimum	width	

of	 the	beam	in	z	direction	represents	 the	minimum	light	sheet	 thickness	which	would	be	

used	for	imaging.	The	field	of	view	increases	with	the	length	of	the	slit	in	y	direction.	

By	tuning	the	width	of	the	slit	one	can	also	adjust	the	effective	focal	length	of	the	slit	as	is	

shown	in	Fig.	2.5.	The	focal	length	will	increase	as	we	increase	the	slit	width.	The	predicted	

focal	length	is	found	to	be	in	consistent	with	FDTD	simulations.	

	

Figure	2.5	Focal	length	versus	the	slit	width.	The	black	line	representing	calculations	

according	to	the	QCW	model	in	Eq.	8	matches	FDTD	simulations	(red	squares).	

2.3	Focusing	Properties	
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Figure	2.6.	Focal	length	and	depth	of	focus	can	be	tuned	by	changing	the	slit	width.	(a)	

The	radiation	pattern	of	the	metallic	slit	microlens	with	6	μm	slit	width	as	calculated	

by	an	FDTD	simulation.	Scale	bar	is	10	μm.	(b)	Intensity	distribution	at	the	center	of	

the	metallic	slit	as	a	function	of	distance	from	the	slit	(x),	which	represents	the	white	

dash	line	in	(a).	The	FWHM	of	the	axial	intensity	distribution	is	defined	as	the	depth	

of	 focus.	 (c)	 Calculated	 focal	 length	 (blue	 squares)	 and	 numerical	 aperture	 (red	

circles)	versus	slit	width.	(d)	Light	sheet	thickness	(blue	squares)	and	depth	of	focus	

(pink	circles)	versus	slit	width.		

To	analyze	the	light	sheet	thickness	and	depth	of	focus/field	of	view	created	by	microlenses	

of	different	slit	widths,	we	calculate	the	focal	length,	light	sheet	thickness	and	depth	of	focus	

using	FDTD	simulations	(Fig.	2.6).	We	quantify	the	light	sheet	thickness	as	the	beam	waist	

diameter,	which	is	the	full	width	at	half	maximum	(FWHM)	of	the	focal	spot.	The	focal	length	

is	the	distance	between	the	incident	plane	and	the	focal	plane.	The	depth	of	focus	is	defined	

as	the	FWHM	of	the	axial	intensity	distribution	shown	in	Fig.	2.6(b)	[1].	As	expected,	the	focal	

length,	light	sheet	thickness,	and	depth	of	focus	are	found	to	increase	with	the	slit	width	of	

the	microlens.	However,	the	numerical	aperture	drops	with	the	increase	of	the	slit	width,	

which	 can	be	derived	 from	 the	 ratio	 of	 half	 the	 illumination	width	over	 the	 focal	 length.	

Choosing	a	narrow	slit	that	acts	as	a	high	NA	lens	maximizes	the	optical	sectioning	ability	by	

minimizing	the	sheet	thickness,	but	significantly	reduces	the	uniformity	of	illuminated	area,	

which	can	limit	the	optical	field	of	view	[Fig.	2.6(c)].	Choosing	a	low	NA	lens	by	increasing	

the	slit	width	extends	the	focal	depth	of	the	sheet,	but	increases	the	sheet	thickness	resulting	

in	reduced	optical	sectioning	capabilities	[Fig.	2.6(d)].	Thus	by	tuning	the	effective	NA	of	the	

metalic	slit	lens,	we	can	easily	adjust	the	lens	properties	for	a	specific	application.		
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2.3.1	Broadband	focusing	and	polarization	independence		

Metallic	 slit	 microlenses	 are	 significantly	 less	 sensitive	 to	 polarization	 and	 wavelength	

compared	to	the	nano-slit	grating	arrays.	For	example,	an	example	metallic	slit	microlens	

can	focus	single	wavelengths	of	light	across	the	entire	visible	spectrum	[Figs.	2.7(a-d)]	and	

the	shift	of	the	focal	length	was	much	smaller	than	the	depth	of	focus	over	all	wavelengths	

[Fig.	2.7(f)],	which	suggests	that	the	metallic	slits	can	be	used	as	a	broadband	microlens	with	

a	common	focusing	region	throughout	the	entire	visible	range.	This	broadband	operation	

implies	 that	 the	 focusing	 properties	 of	 the	 lens	 will	 be	 maintained	 for	 white	 light	

illumination.		

	

	

Figure	2.7.	The	metallic	slit	microlens	can	focus	over	the	visible	spectrum.	(a-d)	The	

calculated	 focal	 distribution	 for	 a	 5	 μm	 wide	 metallic	 slit	 microlens	 operating	 at	



 
 

 21 

wavelengths	of	400,	500,	600,	and	700	nm.	Dashed	lines	denote	the	focal	plane.	Scale	

bar	is	5	μm.	(e)	Over	the	visible	spectrum	the	change	of	the	focal	length	is	smaller	than	

the	depth	of	the	focus.	Green	shaded	region	shows	the	depth	of	focus	range	for	each	

wavelength	throughout	the	visible	spectrum.	(f)	FDTD	simulations	along	the	center	

axis	at	different	wavelengths	show	the	shift	if	focal	length	is	smaller	than	the	depth	of	

field.	

						One	 reason	why	 the	metallic	 slit	microlens	 performance	 is	 relatively	 insensitive	 to	

polarization	and	wavelength	 is	 the	 fact	 that	 it	 does	not	 rely	on	SPPs,	which	are	 typically	

highly	dispersive	and	polarization	dependent	[83].	To	compare	the	influence	of	polarization	

sensitivity	of	the	metallic	slit	microlens	and	a	nano-slit	plasmonic	lens,	we	have	simulated	

the	 focusing	 field	 of	 TM	 and	 TE	 incident	 field	 after	 passing	 through	 a	 17	 slits	 nano-slit	

plasmonic	lens	and	a	metallic	microlens	with	4	μm	slit	width.	As	shown	in	Figs.	2.8(a)	and	

2.8(c),	 both	 nano-slit	 plasmonic	 lens	 and	 metallic	 slit	 microlens	 have	 similar	 focusing	

properties	for	TM	polarized	illumination	light.	However,	the	nano-slit	plasmonic	lens	fails	to	

focus	 the	 TE	 polarized	 incident	 light	 while	 the	 metallic	 slit	 lens	 maintains	 the	 focusing	

properties	as	shown	in	Figs.	2.8(b)	and	2.8(d),	respectively.	Therefore,	the	focusing	property	

of	the	nano-slit	plasmonic	lens	is	sensitive	to	the	incident	polarization,	which	only	works	for	

TM	polarization.	While	for	the	metallic	slit	microlens,	both	TM	and	TE	incident	light	show	

nearly	identical	radiation	patterns,	which	implies	that	the	focusing	ability	of	the	metallic	slit	

microlens	is	polarization	insensitive.		
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Figure	2.8.	Metallic	slit	microlens	performance	is	robust	to	changes	in	polarization.	(a,	

b)	Intensity	distributions	produced	by	a	nano-slit	plasmonic	lens	when	illuminated	by	

TM	and	TE	polarized	light,	respectively.	(c,	d)	Intensity	distributions	produced	by	4	

μm	 wide	 metallic	 slit	 microlens	 when	 illuminated	 by	 TM	 and	 TE	 polarized	 light,	

respectively.	All	the	intensities	are	normalized	to	the	incident	intensity.	Scale	bar	in	

(a)	is	2	μm.		

2.3.2	Light	sheet	illumination	in	agarose	samples			

To	confirm	that	metallic	slit	diffraction	can	indeed	form	sheet	illumination	we	fabricated	and	

tested	single	slit	microlenses	with	slit	widths	of	10	μm,	12	μm	and	14	μm	and	compared	our	

experimentally	measured	diffraction	patterns	to	the	simulation	results.	Based	on	Eq.	(8),	we	

calculated	the	diffraction	intensity	distribution	for	each	slit,	which	is	shown	in	Figs.	2.9(b)-

2.9(d).	We	 also	 collected	 the	 experimental	measurements	 of	 the	 field	diffracted	by	 three	

different	slits	[Figs.	2.9(e)-2.9(g)]	using	the	experimental	setup	depicted	in	Fig.	2.9(a).	We	

found	excellent	agreement	between	the	experimental	data	and	our	calculations	based	on	the	

QCW	 model.	 We	 also	 found	 good	 agreement	 between	 theory	 and	 experiment	 when	

comparing	the	 intensity	distribution	 in	the	 focal	cross	section	along	the	x	and	z	direction	

[Figs.	2.9(h)-2.9(k)].		
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						To	compare	the	focal	length	of	our	fabricated	lenses	to	theory	we	plotted	the	intensity	

distribution	averaged	over	the	three	columns	of	pixels	in	the	center	of	the	beam	as	a	function	

of	x,	where	the	resolution	of	each	pixel	is	0.75	by	0.75	μm.	The	intensity	distribution	along	

the	 propagation	 direction	 for	 our	 theoretical	 model	 [Fig.	 2.9(h)]	 closely	 matches	 the	

distribution	we	measured	from	the	single	slit	diffraction	[Fig.	2.9(i)].		

	

Figure	 2.9.	 Experimental	 measurements	 of	 metallic	 microlens	 performance	match	

theory.	(a)	Experimental	setup	for	testing	the	microlens	and	measuring	the	diffraction	

pattern.	 Agar	 sample	 and	 the	 microscope	 with	 detector	 2	 are	 on	 separate	 x-y-z	

translation	 stages.	 Calculated	 radiation	 patterns	 normalized	 to	 unit	 power	 for	 slit	

widths	 of	 (b)	 10	 μm,	 (c)	 12	 μm	 and	 (d)	 14	 μm	 (incident	 wavelength	 488	 nm).	

Experimentally	measured	radiation	patterns	for	slit	widths	of	(e)	10	μm,	(f)	12	μm,	

and	(g)	14	μm.	(h)	Calculated	and	(i)	measured	intensity	distributions,	as	measured	

along	 the	propagation	direction	 in	 the	 focal	 cross	 section	along	 the	 x	direction.	 (j)	

Calculated	and	(k)	measured	intensity	distributions	measured	along	the	z	direction	at	
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the	 focal	 point	 show	 the	 minimum	 thickness	 of	 the	 light	 sheet.	 Intensities	 are	

normalized	to	the	peak	values.	Scale	bar	is	100	μm.		

2.4	Integrated	SPIM	illumination	for	fluorescence	imaging	

2.4.1	Integrated	photonic	device	for	light	sheet	illumination	

To	create	a	fully	integrated	SPIM	illumination	module,	we	integrated	the	microlens	onto	a	

flat	blue	LED	by	using	UV	curable	epoxy	(NOA	85,	Norland).	Before	curing,	we	need	to	align	

the	microlens	to	the	LED	center	by	using	a	three	axis	micromanipulator.	Figure	2.3(c)	shows	

the	microlens	and	the	integrated	photonic	device.	Without	a	microlens,	the	LED	illumination	

diffuses	 over	 large	 volume	 of	 the	 sample	 as	 shown	 in	 Fig.	 2.10(b).	 After	 integrating	 the	

metallic	slit	microlens,	we	can	see	in	Fig.	2.10(c)	clearly	the	light	sheet	illumination	into	the	

fluorescein	dye	solution,	with	a	minimum	light	sheet	thickness	around	10	μm	and	the	depth	

of	 focus	 around	 400	 μm,	 which	 indicates	 such	 an	 integrated	 photonic	 device	 can	 be	

effectively	used	for	light	sheet	illumination	[90].		
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Figure	2.10.	Integrated	SPIM	illumination	for	fluorescence	imaging.	(a)	Schematic	of	

setup	for	integrated	SPIM	imaging	in	phantom	sample.	(b)	shows	LED	illumination	in	

x-z	cross	section	in	the	fluorescein	dye	solution	without	microlens.	(c)	illustrates	the	

light	sheet	illumination	through	the	integrated	photonic	device	at	the	x-z	plane.	Scale	

bars	in	(b)	and	(c)	are	200	μm.	The	left	column	in	(d)	represents	maximum	intensity	

projections	of	1	μm	fluorescent	beads	in	agarose	gel	based	brain	phantom	cross	(i)	x-

y,	(ii)	x-z	and	(iii)	y-z	planes	in	(a),	respectively.	1	μm	fluorescent	microsphere	in	the	

center	of	the	FOV	selected	for	PSF	analysis	are	indicated	by	yellow-squared	box.	The	



 
 

 26 

right	column	in	(d)	show	the	zoomed-in	images	of	the	cross	sections	of	the	selected	1	

μm	fluorescent	bead	in	x-y,	x-z,	and	y-z	plane.		

2.4.2	Imaging	in	fluorescent	brain	phantom	

Using	an	agar	based	fluorescent	brain	phantom	to	estimate	the	scattering	properties	of	the	

tissue,	we	found	that	our	light-sheet	illuminator	enabled	imaging	up	to	400	μm	deep	into	the	

tissue	 phantom	 [16].	 We	 experimentally	 characterized	 the	 fluorescence	 point	 spread	

function	 (PSF)	 by	 doing	 z-stack	 imaging	 of	 the	 brain	 phantom	 that	 has	 the	 approximate	

scattering	properties	of	the	brain,	which	is	made	of	a	1%	agar	solution	with	a	suspension	of	

1	μm	diameter	fluorescent	and	nonfluorescent	polystyrene	microspheres.	As	shown	in	Fig.	

2.10(a),	we	 can	 collect	 individual	 images	of	 fluorescent	microspheres	 at	 different	depths	

within	the	brain	phantom	sample	by	moving	the	sample	along	z	direction,	which	is	driven	by	

the	 picomotor	 assembled	 micromanipulator	 stage.	 Figure	 2.10(d)	 shows	 an	 x-y-z	 3D	

projection	of	the	brain	phantom	using	a	metallic	slit	microlens	with	12	μm	slit	width	and	500	

μm	slit	length,	which	would	have	a	focal	length	of	136	μm.	The	field	of	view	(FOV)	is	about	

400	μm	by	400	μm	by	400	μm	in	x-y-z	directions,	which	can	be	improved	by	using	longer	slit.	

Cross	sections	through	the	PSF	in	the	center	of	the	FOV	in	each	dimension	are	shown	in	the	

right	 column	 of	 Fig.	 2.10(d).	 The	 resolutions	 can	 be	 characterized	 by	 the	 full	width	 half	

maxima	(FWHM)	of	the	fluorescence	intensity	cross	the	center	of	the	microsphere,	which	are	

measured	to	be	4.5	μm,	4.5	μm	and	10.0	μm	in	x’,	y’,	z’	directions,	respectively.			

2.4.3	Experiments	and	methods	

2.4.3.1	Fabrication	and	measurement	
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The	metallic	slit	microlens	was	fabricated	through	a	lithography,	deposition,	liftoff	process.	

Before	fabrication,	the	3	inch	fused	silica	wafers	were	sonicated	in	acetone	for	20	min	and	

then	rinsed	by	isopropyl	alcohol	(IPA)	for	5	min	and	deionized	(DI)	water	for	2	min	to	wash	

away	the	solvent	residue.	Washing	was	 followed	by	a	N2	blow	dry	process	 for	2	min,	 the	

wafers	were	placed	on	a	hotplate	at	150	oC	for	5	min	to	bake	off	any	water	residue.	Next,	5	

minutes	of	oxygen	plasma	cleaning	was	applied	to	remove	impurities	and	contaminations	

from	the	surfaces.	The	microlens	pattern	with	height	of	2	μm	was	created	on	the	substrate	

by	using	3D	direct	 laser	 lithography	 system	 (Nanoscribe,	 Germany)	with	high	 resolution	

negative	photosensitive	resist	(IP-L).	Next,	5	nm	chromium	film	and	100	nm	silver	film	were	

sputtered	onto	the	substrate	surface.	The	liftoff	process	would	be	finished	by	sonicating	the	

samples	in	acetone	for	30	min	to	remove	the	photoresist	underneath.	A	dicing	saw	(Disco	

DAD-321)	was	 used	 to	 divide	 up	 the	 processed	wafers	 into	 individual	microlens	 pieces,	

which	is	shown	in	Fig.	2.3(b).		

Similarly,	the	nanosclit	array	microlens	was	also	fabricated	using	electron	beam	lithography,	

deposition	 and	 liftoff	 process.	 Before	 fabrication,	 the	 3	 inch	 fused	 silica	 wafers	 were	

sonicated	in	acetone	for	20	min	and	then	rinsed	by	isopropyl	alcohol	(IPA)	for	5	min	and	

deionized	(DI)	water	for	2	min	to	wash	away	the	solvent	residue.	Washing	was	followed	by	

a	N2	blow	dry	process	for	2	min,	the	wafers	were	placed	on	a	hotplate	at	150	oC	for	5	min	to	

bake	off	any	water	residue.	Next,	5	minutes	of	oxygen	plasma	cleaning	was	applied	to	remove	

impurities	and	contaminations	from	the	surfaces.	The	microlens	pattern	with	height	of	200	

nm	was	created	on	the	substrate	by	using	electron	beam	lithography	system	(JBX-5500	E-

beam	 Writer,	 Japan)	 with	 high	 resolution	 positive	 resist	 PMMA	 (para-

Methoxymethamphetamine).	 After	 electron	 beam	 resist	 development,	 an	 oxygen	 descum	
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step	using	RIE	80	Plus	is	needed	to	remove	the	residue	within	the	nanoslit	gaps,	which	will	

increase	 the	 adhesion	 of	 the	 chromium	 and	 silver	 to	 the	 glass	 substrate.	 Next,	 5	 nm	

chromium	film	and	100	nm	silver	film	were	deposited	onto	the	substrate	surface	by	using	

electron	beam	evaporator.	The	liftoff	process	would	be	finished	by	sonicating	the	samples	in	

acetone	for	30	min	to	remove	the	PMMA	resist	underneath.	

2.4.3.2	System	setup	

To	measure	the	diffraction	patterns	and	focusing	properties	of	the	microlenses,	we	used	a	

Coherent	Genesis	MX	488-1000	STM	laser	with	a	wavelength	of	488	nm	coupled	to	a	single-

mode	optical	fiber.	We	then	illuminated	the	sample	by	collimating	the	output	of	the	single	

mode	fiber	and	aligning	this	collimated	beam	onto	the	metallic	slit	through	the	backside	of	

the	fused	silica	substrate.	The	diffracted	light	then	propagated	through	a	suspension	of	agar	

in	 water	 (1%	 bacterial	 agar	 powder	 w/v	 in	 milli-Q	 water).	 The	 agar	 hydrogel	 weakly	

scattered	 the	 diffracted	 light	 allowing	 us	 to	 measure	 the	 diffraction	 pattern	 without	

significantly	attenuating	the	light.	To	position	the	collimated	beam	onto	a	lens,	we	positioned	

a	 detector	 (Imagingsource	 DFK	 72BUC02)	 above	 the	 sample	 and	 used	 a	 Nikon	 10X	

(NA=0.30)	objective	and	tube	 lens	to	visualize	the	sample	surface	[Fig.	2.8(a)].	To	ensure	

plane	wave	illumination,	we	confirmed	that	the	output	was	collimated	and	the	spot	size	was	

much	 larger	 than	any	particular	 lens.	We	 then	aligned	 the	 laser	 spot	 to	 the	center	of	 the	

microlens	using	a	three-axis	translation	stage.	To	image	the	diffraction	pattern	we	used	a	

Point	Grey	(GS3-U3-23S6M-C)	detector	combined	with	a	Mitutoyo	20X	(NA=0.42)	objective	

and	tube	lens	focused	on	the	side	of	the	agar	hydrogel	using	another	three-axis	translation	

stage	[Fig.	2.8(a)].		
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2.4.3.3	Brain	phantom	preparation						

The	 brain	 phantom	 samples	 were	 created	 by	 suspending	 blue/green	 fluorescent	

(TransFluoSpheres	 Carboxylate-Modified	 Microspheres,	 1	 μm	 diameter,	 blue-green	

fluorescent	 (488/560),	Polysciences	 Inc.,	FluoSpheres	Sulfate	Microspheres,	yellow-green	

fluorescent	(505/515),	3.6×1010	beads/ml)	and	nonfluorescent	polystyrene	microspheres	

(1	μm	diameter,	4.55×1010	beads/ml,	Polysciences	Inc.)	in	agar/milli-Q	water	solution	(1%	

bacterial	 agar	 powder	wt/v	 in	 18.2	Mohm·cm	water).	 50	mg	 1%	wt/v	 bacterial	 agarose	

powder	was	weighted	and	added	into	the	4.4	ml	milli-Q	water	in	10	ml	tubes.	The	milli-Q	

water	was	heated	to	boiling	to	activate	the	agar	by	putting	into	a	microwave	for	1	min.	Then	

the	agar/milli-Q	solution	was	vortexed	to	ensure	that	the	agar	was	evenly	distributed.	After	

the	solution	cooling	down	at	room	temperature	for	15	min,	we	added	10	μl	fluorescent	beads	

and	0.6	ml	nonfluorescent	scattering	beads	into	the	solution	since	the	beads	could	not	be	

heated	above	97	oC	without	deformation.		

The	sample	was	vortexed	again	to	ensure	that	the	beads	were	distributed	uniformly	into	the	

sample	suspension	before	transferred	into	the	cuvettes	by	syringes.	Then	the	samples	in	the	

cuvettes	 were	 kept	 in	 refrigerator	 for	 30	 min	 to	 coagulate	 the	 sample.	 For	 the	 brain	

phantoms,	the	concentration	of	the	nonfluorescent	scattering	microspheres	were	5.46×109	

beads	per	ml,	which	yielded	the	reduced	scattering	coefficient	of	around	1	mm-1	at	488	nm.	

These	values	were	chosen	to	simulate	the	range	of	reported	scattering	coefficients	in	mouse	

brain	tissue	[5].		

2.4.3.4	Fluorescein	solution	preparation	
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First	we	added	5	ml	milli-Q	water	into	the	test	tube	and	heated	the	tube	for	30	seconds	in	a	

microwave.	Then	50	mg	agrose	powder	was	added	into	the	milli-Q	and	heated	for	60	seconds	

in	 the	microwave	 until	 the	 solution	was	 transparent	 and	 uniform.	 This	was	 followed	 by	

dissolving	1	mg	fluorescein	sodium	salt	(Sigma	Aldrich)	into	the	solution,	which	was	then	

vortexed	until	evenly	mixed.						

2.4.3.5	Measurement	synchronization			

We	 used	 a	 Picomotor	 piezo	 linear	 actuator	 (Picomotor	 Actuator	 8742,	 Newport	 Cor.)	 to	

precisely	control	and	move	samples	at	the	constant	speed	of	1	step/sec	by	connecting	to	a	

three-axis	micromanipulator.	The	fluorescence	images	were	taken	between	picomotor	steps.	

Each	step	was	750	nm	and	the	step	variation	was	30	nm.			

2.5	Summary	

In	conclusion,	a	single	metallic	slit	can	serve	as	a	simple	and	inexpensive	focusing	element	

for	miniature	integrated	light-sheet	illumination	modules.	The	focusing	properties	of	these	

lenses	can	be	explained	by	plane	wave	diffraction	through	an	opaque	slit	as	described	by	the	

2-D	Helmholtz	equation	and	interference	of	QCWs	induced	by	the	slit	edges,	which	shows	

excellent	 agreement	with	 the	 FDTD	 calculations.	 Furthermore,	we	 can	 tune	 the	 focusing	

properties	by	adjusting	 the	slit	geometry,	and	 the	predicted	 lens	performance	match	our	

experimental	measurements.		

												These	microlenses	perform	well	across	entire	visible	range	and	the	focal	fields	have	

high	tolerance	to	the	polarization	state.	These	properties	allow	us	to	create	integrated	SPIM	

illumination	modules	by	combining	metallic	 slit	microlenses	with	LEDs.	 In	particular,	we	

have	 shown	 that	 the	 compact	 and	 inexpensive	 SPIM	 illumination	 enabled	 by	 integrated	
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module	enables	optical	sectioning	and	3D	fluorescent	imaging	in	brain	tissue	phantoms.	The	

features	of	high	optical	throughput,	broadband	focusing	capability,	polarization	insensitivity,	

miniaturized	 size,	 and	 low-cost	 fabrication	 suggest	 that	 the	metallic	 slit	microlenses	 can	

enable	low-cost	miniature	SPIM	systems	for	biological	imaging.	
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Chapter 3 

Integrated Light Sheet Illumination for 
Deep Imaging in Scattering Media 

3.1	Introduction		

Recently,	many	researches	on	developing	medical	treatments	for	brain	diseases,	analyzing	

brain	 functions,	 and	 realizing	 a	 brain-machine	 interface	 has	 been	 investigated	 [].	 Among	

such	kind	of	 research,	 various	neural	probes	were	proposed	and	developed	 for	neuronal	

action	 potential	 stimulation	 and	 recording.	 Silicon	 based	 neural	 probes,	 due	 to	 their	

capability	 to	detect	neural	 signals	 from	 individual	neurons	 simultaneously,	have	 recently	

been	proposed	as	promising	platforms	to	monitor	neural	activity	modulated	by	light	[35-37].	

Recently,	several	implantable	neural	probes	used	for	light	stimulation	have	been	proposed.	

These	probes	incorporate	light	delivery	systems	on	a	single	shank	through	various	methods	

such	as	attaching	a	bulky	optical	 fiber	to	the	probe	shank	[78],	monolithically	 integrating	

optical	waveguides	[79,80],	and	integrating	light	emitting	diodes	at	the	tip	of	a	neural	probe	

[81,82].		

There	are	some	limitations	of	the	conventional	imaging	techniques.	For	example,	the	imaging	

depth	 is	 largely	 limited	 due	 to	 the	 tissue	 scattering.	 As	mentioned	 above,	 LSM	 is	 a	 good	
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approach	 to	 reduce	 the	 effect	 of	 tissue	 scattering	 for	 deep	 imaging	 inside	 the	 brain.	 The	

major	 shortcoming	 for	 conventional	 light	 sheet	 microscopy	 is	 that	 the	 setup	 is	 not	

compatible	 for	 imaging	 large	 size	 animals	 since	 the	 space	 between	 the	 illumination	

cylindrical	objective	and	the	detection	objective	is	limited	by	the	focal	length.	Inspired	by	the	

silicon	 based	 neural	 probes,	 I	 proposed	 to	 develop	 two	 different	 kind	 of	 implantable	

integrated	silicon	nanophotonic	probes	with	light	sheet	illumination	for	deep	brain	imaging.	

With	this	kind	of	implantable	probes,	we	can	create	the	light	sheet	illumination	within	the	

animals	and	will	not	be	limited	by	the	its	size	since	the	probe	is	small	enough	to	save	a	lot	of	

spaces.	In	the	next	section,	I	will	discuss	both	of	them	in	details	and	analyze	their	advantages	

and	shortcomings.		

3.2	Integrated	Silicon	Nanophotonic	Probe	with	Light	Sheet	Illumination	

Figure	3.1	Schematic	of	the	setup	for	integrated	silicon	nanophotonic	probe	with	light	

sheet	illumination	consisting	of	optical	waveguide	and	gratings,	optical	ring	resonant	

drop	 filters	 and	 metallic	 slit	 microlens.	 Layer	 i:	 photography	 of	 the	 optical	 ring	
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resonant	drop	filter,	ii:	SEM	images	of	the	waveguide	sidewall	gratings,	iii:	metallic	slit	

microlens.	

As	shown	in	Fig.	3.1,	the	integrated	silicon	nanophotonic	probe	consists	of	three	different	

layers.	The	bottom	layer	is	a	100	μm	silicon	substrate	with	1	μm	thermal	oxide	layer	on	the	

surface.	 Then	 100	 nm	 AlN	 film	 was	 deposited	 onto	 the	 substrate	 for	 the	 fabrication	 of	

waveguide	and	waveguide	gratings	that	works	for	488	nm	excitation	light.	The	reason	to	use	

AlN	 film	 is	 that	 the	 refractive	 index	 is	 high	 enough	 (even	 better	 than	 silicon	 nitride)	 to	

achieve	good	light	confinement	in	order	to	reduce	the	propagation	loss	and	the	absorption	

at	visible	range	is	negligible.		

 

Figure	3.2	AFM	image	of	AlN	film	recorded	in	tapping	mode	using	Bruker	Multimode	

8	Nanoscope	AFM	system.	 
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Also,	the	AlN	film	is	easy	to	deposit	by	using	DC	reactive	magnetron	sputtering	system,	which	

also	allows	a	low-cost	process.	The	surface	roughness	(root	mean	square)	of	the	100	nm	AlN	

film	 is	~	1.03	nm	as	shown	 in	Fig.	3.2,	which	 is	good	enough	 for	 fabricating	 the	 low	 loss	

waveguide.	Then	the	waveguide	and	waveguide	grating	patterns	were	created	inside	the	AlN	

film	by	using	high	precision	electron	beam	lithography	and	reactive	ion	etching	process.		

The	middle	 layer	 of	 the	 probe	 is	 made	 from	 100	 μm	 glass	 spacer,	 which	 will	 allow	 the	

excitation	light	from	the	waveguide	gratings	to	radiate	and	expand	with	low	loss.	The	top	

layer	of	the	probe	is	metallic	slit	microlens.	As	discussed	before,	the	metallic	slit	microlens	

will	 focus	 the	 incoming	 light	 and	 create	 the	 light	 sheet	 illumination	 which	 will	 be	

perpendicular	 to	 the	 probe	 surface.	 In	 this	 case,	we	 can	 either	 use	 gold	 or	 silver	 film	 to	

fabricate	the	microlens	and	both	of	them	will	work	well.		

The	schematic	of	the	whole	setup	is	shown	in	Fig.	3.1,	the	integrated	probe	is	combined	with	

the	objective	by	using	a	3D	printed	connecting	rod,	which	enable	the	probe	moving	freely	

along	the	detection	direction.	By	scanning	the	probe	and	the	objective	simultaneously	along	

the	detection	direction,	we	can	reconstruct	the	3D	images	of	the	sample.	The	blue	excitation	

laser	 light	was	 coupled	 from	 an	 optical	 fiber	 into	 the	AlN	waveguide	with	 high	 coupling	

efficiency.	 To	 achieve	 the	 best	 coupling	 efficiency,	 we	 were	 using	 the	 tapered	 fiber	 and	

tapered	waveguide	 through	 adiabatic	 transferring	 process,	which	 is	 the	 same	method	 as	

used	 in	 reference.	 As	 shown	 in	 Fig.	 3.3a,	 a	 fiber	 is	 tapered	down	 to	 a	 conical	 tip	 and	 an	

inversely	 tapered	 AlN	 waveguide	 is	 attached	 to	 the	 fiber.	 In	 the	 case	 of	 a	 rectangular	

waveguide,	we	can	model	the	waveguide	by	decomposing	the	fundamental	fiber	mode	in	the	

basis	 of	 supermodes	 of	 the	 combined	 structure.	 As	we	 can	 see	 from	 Fig.	 3.3b,	 the	 fiber-
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waveguide	 coupling	 efficiency	 can	 be	 adjusted	 and	 optimized	 by	 properly	 designing	 the	

cross	section	of	the	tapered	waveguide	and	the	optical	fiber	taper.	In	our	experiment,	the	

coupling	loss	was	measured	to	be	-1.5	dB.		

	

	

Figure	3.3	Adiabatic	transfer	between	fiber	and	waveguide	modes	[Optica,	2(2),	70-75	

(2014)].	 (a)	 Schematic	 of	 fiber-waveguide	 coupling.	 The	 optical	 fiber	 has	 a	 conical	

shape	and	is	attached	to	a	tapered	AlN	rectangular	waveguide	(left).	(b)Fraction	of	the	

power	in	the	fundamental	supermode	of	the	combined	structure	as	a	function	of	the	

waveguide	width	dx,	obtained	from	a	mode	decomposition	(solid	line).		

3.3	Wavelength	Division	Multiplexing	using	Optical	Ring	Resonators	

a 

b 
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One	alternative	 approach	 for	delivering	 and	addressing	multiple	 illumination	plane	deep	

into	the	brain	can	be	based	on	the	technique	of	wavelength	division	multiplexing	(WDM).	

The	 photonic	 ring	 resonator	 is	 widely	 used	 in	 wavelength	 division	 multiplexing.	 By	

implementing	 three	 gratings	 with	 resonant	 ring	 filters	 tuned	 to	 unique	 resonant	

wavelengths	within	the	absorption	band	of	GCaMP	calcium	indicator,	the	photonic	probe	can	

illuminate	 individual	 planes	 at	 specific	 depths	within	 the	 tissue	 by	 tuning	 the	 excitation	

wavelength.	 The	 extinction	 ratio	 can	 be	 increased	 by	 adding	more	 ring	 resonators.	 The	

transmission	spectrum	of	the	three	different	ring	resonant	filters	is	shown	in	Fig.	3.4.			

The	 optical	 ring	 resonators	work	 on	 the	 principles	 behind	 constructive	 interference	 and	

optical	coupling	[95].	When	light	of	the	resonant	wavelength	is	passed	through	the	loop	from	

the	input	waveguide,	it	builds	up	in	intensity	over	multiple	round-trips	due	to	constructive	

interferences	 and	 is	 output	 to	 the	 output	 bus	 waveguide	 which	 serves	 as	 a	 detector	

waveguide.	Because	only	a	select	few	wavelengths	will	be	at	resonance	within	the	loop,	the	

optical	 ring	resonator	 functions	as	a	 filter.	As	a	 result,	 the	waveguide	ring	resonant	drop	

filters	will	 select	 individual	wavelengths	 at	 different	 depth	 that	 are	 used	 for	multi-plane	

illumination	at	specified	depths.	

As	 shown	 in	 Fig.	 3.4,	 the	 ring	 resonators	 have	 different	 radius,	 which	 determines	 the	

resonant	wavelength.	And	 the	more	number	of	 the	 ring	 resonators,	 the	higher	extinction	

ratio	will	be	achieved.	In	our	case,	the	ring	radius	of	4.1	μm,	5.0	μm,	5.9	μm	will	resonant	at	

the	wavelength	of	490	nm,	491	nm	and	492	nm.	The	resonant	peak	and	quality	factor	can	be	

tuned	by	changing	the	radius	and	the	total	number	of	the	rings.		
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With	 the	usage	of	 the	 ring	 resonator	drop	 filter	and	super	continuum	 laser	 system	(NKT	

photonics,	SuperK	EXTREME),	 the	 implantable	 integrated	silicon	nanophotonic	probe	can	

create	light	sheet	illumination	at	different	depth	within	the	sample	without	moving	any	parts	

of	the	probe,	which	will	reduce	the	damage	to	the	tissue.		

The	radiation	pattern	from	the	waveguide	gratings	will	pass	through	a	100	μm	glass	spacer	

and	 then	 be	 focused	 by	 the	 single	 slit	 metallic	 microlens	 to	 form	 a	 layer	 of	 light	 sheet	

illumination	with	tailored	focal	depth	and	beam	waist	as	we	discussed	in	previous	chapter.	

In	addition,	the	focal	length	and	light	sheet	thickness	can	be	changed	by	adjusting	the	slit	

width	of	the	each	microlens.		

Figure	3.4	Photography	of	the	ring	resonant	filters	with	different	radius	at	individual	

resonant	wavelengths	of	490	nm,	491	nm,	492	nm,	respectively.	Spectrum	of	the	three	

ring	resonant	filters.	
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3.4	Imaging	in	the	Brain	Tissue	Phantom	

	

Figure	 3.5	 Imaging	 in	 brain	 tissue	 phantom	using	 epifluorescence	microscopy	 and	

integrated	silicon	nanophotonic	light	sheet	probe	using	microlens.	  
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High	resolution	waveguide	ring	resonator	filters	for	multiplexing	working	in	the	IR	has	been	

developed	for	almost	two	decades,	but	nevertheless,	the	ring	resonator	have	only	rarely	been	

implemented	in	the	visible	range,	and	have	never	been	implemented	in	the	blue.	AlN	is	an	

excellent	dielectric	material	that	has	negligible	absorption	in	visible	regime	and	afford	high	

refractive	index	and	compatible	with	Complementary	Metal	Oxide	Semiconductor	(CMOS)	

fabrication	process.	 In	 addition,	 it	 is	 considered	 relatively	highly	biocompatible,	which	 is	

important	when	targeting	implantable	applications.		

By	using	the	same	testing	setup	and	method,	I	have	also	shown	the	imaging	results	with	the	

photonic	probes	inside	the	brain	tissue	phantom	using	both	epifluorescence	microscopy	and	

nanophotonic	light	sheet	probe	microscopy	with	microlens	on	top.	Apparently	from	Fig.	3.5,	

with	microlens	on	the	photonic	probe,	we	can	image	8.7	MFP	(Mean	Free	Path)	inside	the	

brain	 tissue	phantom,	which	 is	more	 than	 twice	of	 the	depth	 as	 epifluorescence	does.	 In	

addition,	the	integrated	photonic	probe	can	image	at	several	specific	depths	within	the	brain	

tissue	phantoms	without	moving	any	parts	by	using	the	ring	resonator	drop	filters,	which	

will	also	reduce	any	damages	to	the	tissue	sample.		

3.5	Summary	

In	 conclusion,	 we	 have	 designed	 and	 fabricated	 an	 implantable	 integrated	 silicon	

nanophotonic	probe	with	light	sheet	illumination.	The	photonic	probe	consists	of	waveguide,	

waveguide	gratings,	optical	ring	resonator	drop	filters	and	metallic	slit	microlens.	The	planar	

illumination	pattern	is	produced	by	using	aluminum	nitride	waveguide	grating	and	metallic	

microlens	 compatible	 with	 light	 sheet	 microscopy	 within	 scattering	 tissue.	 With	 the	
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integrated	photonic	probe	setup,	we	can	image	up	to	8.7	MFP	inside	the	brain	tissue	phantom,	

which	is	more	than	twice	the	imaging	depth	of	the	epifluorescence	microscopy.		
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Chapter 4 

Implantable Ultrathin Silicon 
Nanophotonic Light Sheet Probe for Deep 

Imaging 

4.1	Probe	Design			

The	integrated	silicon	photonic	probe	consisting	of	waveguide	grating	and	metallic	slit	lens	

has	some	advantages,	such	as	its	miniaturized	size	and	low	cost	for	fabrication.	However,	

there	are	still	some	shortcomings.	First,	the	probe	is	too	thick	(200	μm)	for	the	implantable	

in	vivo	experiment,	which	will	damage	the	tissues	when	inserting	or	moving	inside	the	brain.		

Also,	the	illumination	efficiency	is	low	since	the	metallic	slit	lens	will	absorb	and	reflect	some	

part	 of	 the	 excitation	 light.	 Besides,	 the	 fiber-waveguide	 coupling	 is	 fragile	 and	 unstable	

when	the	devices	is	dragged	around.		

Based	on	 the	 sidewall	 gratings	used	 in	 the	probe	described	 in	previous	 chapter,	 I	

propose	 to	 use	 the	 gratings	 to	 create	 light	 sheet	 illumination	 directly	without	 using	 the	

metallic	slit	 lens,	which	will	reduce	the	total	 thickness	of	 the	probe	and	also	 increase	the	

illumination	efficiency.	The	 implantable,	ultra-thin	silicon	photonic	probe	 integrated	with	

low	loss	and	high-refractive-index	aluminum	nitride	(AlN)	[90]	waveguide	Bragg	gratings	is	
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used	as	a	new	nanophotonic	approach	for	light	delivery	deep	within	the	brain	tissue.		Based	

on	 the	 phase	 match	 condition	 between	 the	 gratings	 and	 the	 waveguide	 mode	 [44],	 the	

formula	concerning	periodic	structure	that	describes	the	relation	between	the	waveguide	

mode	and	the	diffracted	wave	is		

!eff − !incsin& = ( )0
* 																																																								(4.1)	

where	neff	is	the	effective	index	of	the	TE	mode	in	the	waveguide,	ninc	is	the	refractive	index	

of	the	grating,	&	is	the	output	coupling	angle	that	denotes	the	angle	between	the	diffraction	

direction	and	the	normal	direction	of	the	waveguide,	the	integer	m	is	the	diffraction	order

+0 	is	 the	 incident	 wavelength	 and	Λ 	is	 the	 period	 of	 the	 gratings.	 For	 a	 given	 incident	

wavelength,	the	Bragg	gratings	would	transmit	or	reflect	light	only	at	discrete	angles	[95].	

And	the	diffraction	direction	of	the	incident	light	is	determined	by	the	grating	effective	index,	

which	 is	 related	 to	 the	 geometry	 and	period	of	 the	 grating.	 	After	properly	designed,	 the	

grating	 would	 be	 able	 to	diffract	light	 only	 perpendicular	to	 the	 device	 plane	with	 high	

power	efficiency.		
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Figure	4.1	 Schematic	 of	 the	 implantable,	 ultra-thin	 silicon	photonic	probe	 for	 light	

sheet	 imaging	 setup	 that	 consists	 of	 photonic	 probe,	 detection	 objective	 and	 3D	

printed	connecting	rod.		

As	 the	 schematic	 shown	 in	 the	Fig.	 4.1,	 the	 excitation	blue	 laser	 light	 is	 coupled	 into	 the	

optical	waveguide	through	evanescent	coupling	by	using	a	tapered	fiber	and	the	waveguide	

gratings	are	designed	to	produce	a	sheet	of	light	perpendicular	to	the	device	plane	that	at	the	

focal	 plane	 of	 the	 detection	 plane.	 For	 a	 reliable	 imaging	 system,	 the	 photonic	 probe	 is	

connected	 to	 the	 imaging	 objective	 by	 using	 a	 3D	 printed	 rod,	 which	 is	 three	

dimensional	adjustable	that	is	necessary	for	probe	alignment.	The	whole	setup	is	driven	by	

a	picomotor	piezo	 linear	actuator,	which	enables	the	 imaging	system	scanning	constantly	

with	a	minimum	step	size	of	30	nm.	The	probe	produces	light	sheet	illumination	within	the	
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sample	 at	 the	 focal	 plane	 of	 the	 detection	 objective	 and	 the	whole	 system	 is	 scanned	by	

the	picomotor	with	step	size	of	900	nm	that	can	collect	illumination	at	different	depth	within	

the	sample,	which	enables	3D	image	reconstruction.	

4.2	Fabrication	Process	

The	fabrication	process	starts	with	a	6-inch	silicon	on	insulator	(SOI)	wafer	with	480	μm	

silicon	handle	layer,	2	μm	buried	oxide	layer	and	20	μm	silicon	device	layer.	Thermal	growth	

of	a	1	μm	oxide	layer	on	the	wafer	surface	is	followed	by	deposition	of	a	100	nm	thick	layer	

of	aluminum	nitride	film	using	AJA	UHV	DC	reactive	magnetic	sputtering	system	[97].	The	

stoichiometry	 of	 AlN	 film	 is	 important	 to	 lower	 the	 absorption	 of	 blue	 light.	 AlN	 is	 an	

excellent	dielectric	material	that	has	negligible	absorption	in	visible	regime	and	afford	high	

refractive	index	and	compatible	with	Complementary	Metal	Oxide	Semiconductor	(CMOS)	

fabrication	process.	 In	 addition,	 it	 is	 considered	 relatively	highly	biocompatible,	which	 is	

important	 when	 targeting	 implantable	 applications.	 The	 waveguide	 and	 gratings	 are	

patterned	with	 electron	 beam	 lithography	 using	 JEOL	 JBX	 5500FS	 electron	 beam	writer	

system.	Before	electron	beam	exposure	step,	a	5	nm	silicon	dioxide	layer	is	sputtered	on	top	

of	the	AlN	film	in	order	to	prevent	the	surface	from	etching	in	TMAH	25%	developer.	Using	

the	 inductively	 coupled	 plasma	 (ICP)	 reactive	 ion	 etching,	 the	 grating	 patterns	 are	

transferred	onto	the	AlN	film	in	Cl2/BCl3/Ar	flow	at	the	rate	of	25/9/6	sccm,	respectively	

[98].	The	total	length	of	the	gratings	is	15	μm,	which	is	related	to	the	thickness	of	the	light	

sheet.		
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Figure	4.2	Schematic	of	the	fabrication	process.	(I)	Schematic	of	the	SOI	wafer	with	1	

μm	 thermal	 oxide	 layer.	 (II)	 The	 substrate	 with	 deposited	 100	 nm	 AlN	 film.	 (III)	

Waveguide	 patterning	 with	 electron-beam	 lithography	 and	 reactive	 ion	 etching	

processes.	(IV-V)	Deposition	of	30	nm	Al2O3	and	oxide	cladding	using	ALD	and	PECVD.	

(VI)	Probe	pattern	transferring	using	photolithography	and	RIE	etch	processes.	(VII)	

Backside	deep	RIE	etch	of	the	substrate.	(VIII)	Release	the	probe	from	the	supporting	

wafer.	

After	cleaning	the	devices	using	acetone	and	IPA	repeatedly,	atomic	later	deposition	(ALD)	

and	plasma	enhanced	chemical	vapor	deposition	(PECVD)	are	used	to	deposit	30	nm	Al2O3	

and	1	μm	thick	oxide	cladding	layer	on	top	of	the	device,	which	will	fill	the	defections	on	the	

waveguide	 surface	 and	 also	 act	 as	 evanescent	 decay	 medium	 in	 order	 to	 reduce	 the	

scattering	loss	during	light	propagation.				
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Figure	4.3	Photography	of	the	fabricated	nanophotonic	probe.	(a)	The	probe	on	a	U.	S.	

penny.	 (b)	 Side	 view	of	 a	 fabricated	photonic	 probe.	 (c)	 Top	 view	of	 the	 packaged	

probe	with	light	coupled	inside	the	waveguide	using	an	optical	fiber.	(d)	SEM	image	of	

the	Bragg	gratings.	

The	last	step	of	the	fabrication	process	 involves	releasing	the	individual	devices	from	the	

wafer.	 I	 have	 developed	 a	 backside	DRIE	 etching	 process	 starting	 by	 spinning	 a	 layer	 of	

KMPR	1025	photoresist	on	the	backside	of	the	wafer.	Next,	a	photolithography	process	is	
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used	to	pattern	individual	device	by	using	UV	mask	aligner	(EVG	620).	After	development,	

the	probe	shape	is	defined	and	the	Bosch	process	is	used	to	etch	the	Si	substrate	as	well	as	

the	rest	layers.	After	protecting	the	front	of	the	wafer	using	S1800	series	photoresist,	the	480	

μm	thick	Si	substrate	is	etched	away	by	using	the	Bosch	DRIE	process	at	the	etch	rate	of	4.0	

μm/min.	Finally,	probes	with	photonic	structures	are	released	when	the	polymer	 layer	 is	

removed	by	organic	solvents.	

4.3	Light	coupling	methods	

There	are	two	methods	for	coupling	light	into	the	waveguide,	butt/end-fire	coupling	[99,100]	

and	evanescent/mode	coupling	[101,102].	For	integrated	device	involving	assembling,	butt	

coupling	is	not	suitable	here	and	I	choose	to	use	evanescent	coupling	in	my	project.	I	have	

tried	 taper	coupling	method	at	 the	beginning	of	my	project,	which	can	achieve	very	high	

coupling	efficiency.	I	implemented	a	wet	chemical	etch	process	to	produce	an	adiabatic	fiber	

taper	that	has	been	shown	to	efficiently	couple	light	into	waveguides	[103].	Tapered	optical	

fiber	was	fabricated	by	etching	the	tip	in	48%	aqueous	hydrofluoric	(HF)	acid	as	shown	in	

Fig.	4.4.	Prior	to	etching,	the	fiber	end	to	be	etched	was	soaked	in	acetone	for	8	minutes	to	

remove	the	acrylate	jacket.	The	speed,	direction	and	etching	time	of	the	fiber	motion	were	

controlled	by	computer.	The	tip	was	made	by	moving	down	at	the	speed	of	90	μm/min	for	

45	min.	After	the	tip	was	etched,	the	fiber	was	pulled	out	of	the	solution	at	1600	μm/min	for	

5	minutes.	The	fiber	tip	was	then	gently	rinsed	with	deionized	water	and	ethanol	repeatedly	

for	more	than	ten	times.	The	tip	diameter,	cone	angle	and	total	taper	length	can	be	adjusted	

by	 tuning	 the	moving	 speed	 and	 etching	 time.	 Fig.	 4.4	 shows	 an	 SEM	 image	 of	 a	 typical	



 
 

 49 

adiabatic	 fiber	 taper	with	129	nm	 tip	diameter,	3.6o	 cone	angle	and	1819	μm	 total	 taper	

length.		

	

		

Figure	 4.4	 Schematic	 of	 the	 fabrication	 process	 of	 the	 tapered	 fiber	 in	 48%	 aqueous	

hydrofluoric	 (HF)	 acid	 and	 SEM	 image	 of	 the	 fabricated	 fiber	 taper	with	 cylindrical	 tip	
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diameter	of	129	nm.	Scale	bar	is	50	μm.	The	cone	angle	is	3.6o	and	the	total	taper	length	is	

1819	μm.		

4.4	Probe	packaging	process		

Although	the	fiber	taper	coupling	method	can	achieve	high	coupling	efficiency	and	be	easy	

for	coupling,	there’s	difficulties	for	assembling	since	the	coupling	efficiency	is	very	sensitive	

to	 the	 fiber	 vibration.	 Hence,	 the	 coupling	 efficiency	 is	 very	 unstable	 during	 packaging	

process	 and	 not	 suitable	 for	 any	 in	 vivo	 experiment	 since	 the	 fiber	 needs	 to	 be	 dragged	

around.	

Also,	I	have	tried	the	light	coupling	using	a	curved	grating	coupler	through	a	tiny	right	

angle	prism,	which	can	achieve	comparable	coupling	efficiency	to	the	fiber	taper	while	much	

less	sensitive	to	the	vibration	during	packaging	process	at	the	same	time.	

The	probe	assembly	process	starts	with	a	μ-prism	with	a	 cross	 section	of	 180	μm	x	

180	μm2,	which	is	used	for	input	coupling	from	the	optical	fiber	to	the	grating	coupler	[36].	

The	 input	 light	 from	a	polished	 optical	 fiber	 is	reflected	by	 the	μ-prism	slope	 and	coupled	

into	 the	curved	grating	coupler.	By	using	an	UV	curable	epoxy	 (Norland	Optical	Adhesive	

85),	the	 optical	 fiber	is	 attached	to	 the	μ-prism.	The	 epoxy	 is	 cured	within	 10	minutes	 by	

illuminating	with	365	nm	light	from	an	LED	source	(M365LP1,	Thorlabs	Inc.).	Then	the	fiber-

prism	setup	with	a	dip	of	epoxy	underneath	the	prism	is	aligned	to	the	surface	of	the	curved	

grating	coupler	to	achieve	optimal	coupling	since	the	coupling	efficiency	can	be	optimized	

by	adjusting	the	coupling	angle	between	the	prism	and	the	device	plane.	The	epoxy	would	

be	cured	after	obtaining	satisfying	coupling	and	then	the	coupling	efficiency	is	permanently	
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fixed.	 The	 packaging	 process	 is	 completed	 by	 putting	 more	 epoxy	 on	 top	 of	 the	 prism	

followed	by	applying	the	black	biocompatible	epoxy	to	 cover	 the	whole	prism,	which	will	

cover	the	coupling	region	and	reduce	the	scattering	noise.	Compared	with	coupling	using	a	

narrow	 taper,	 this	 method	 provides	 much	 better	 mechanical	 durability	 and	 comparable	

coupling	efficiency.	The	whole	packaging	process	is	shown	in	Fig.	4.5.		

	

Figure	4.5	Probe	assembly	process	flow.	Polished	optical	fiber	is	attached	to	the	prism	

with	a	droplet	of	UV	curable	transparent	epoxy.	The	fiber-prism	is	secured	with	more	

epoxy	and	biocompatible	black	epoxy.	Scale	bar	is	1	mm.	
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4.5	Light	Sheet	Illumination	Testing		

After	probe	packing,	I	have	both	numerically	and	experimentally	studied	the	evolution	of	the	

grating	 radiation	 patterns	 at	 different	 propagation	distance	 of	100	μm,	 200	μm,	 300	μm,	

400	μm	and	 500	μm	 normal	 to	 the	 device	 plane.	As	 shown	 in	 Fig.	 4.6,	 the	 experimental	

results	are	in	accordance	to	the	finite-difference	time-domain(FDTD)	calculations	and	one	

can	also	find	that	the	radiation	pattern	becomes	broader	in	x	direction	while	maintains	the	

thickness	 in	 y	 direction,	 which	 as	 a	 result	 creates	 a	 light	 sheet.	 The	 full	 width	 at	 half	

maxima	(FWHM)	along	y	dimension	in	the	center	of	the	diffraction	pattern,	corresponding	to	

	

Figure	4.6	Evolution	of	the	light	sheet	pattern	with	diffraction	distance.	(a)-(e)	are	the	

top	view	of	the	radiation	pattern	at	100	μm,	200	μm,	300	μm,	400	μm	and	500	μm	

above	the	device	plane.	(f)-(j)	correspond	to	the	FDTD	simulation	pattern.	

the	light	sheet	thickness,	are	measured	to	be	8.5	μm,	4.8	μm,	6.0	μm,	7.7	μm	and	9.5	μm.	The	

FWHM	along	x	dimension	related	to	the	field	of	view	are	measured	to	be	42.3	μm,	82.4	μm,	
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120.6	μm,	162.0	μm	and	193.6	μm.		The	minimum	full	width	at	half	maxima	(FWHM)	of	the	

light	sheet	is	measured	to	be	4.8	μm	at	the	position	of	200	μm	away	from	the	device	plane	

and	also	the	thickness	maintains	under	6.0	μm	between	150	μm	and	300	μm	propagation	

distance.	In	addition,	the	field	of	view	of	the	light	sheet	illumination	ranges	from	61	μm	to	

116	μm	within	that	range.	As	shown	in	Fig.	4.7,	the	field	of	view	of	the	light	sheet	illumination	

increases	almost	 linearly	 with	 the	 propagation	distance	 while	 the	 thickness	of	 the	 sheet	

diverges	 slowly	 and	 maintains	 below	 9.5	μm	at	the	 plane	 of	 500	μm	away	 from	 the	

device	plane,	which	is	verified	by	the	FDTD	calculation	results	of	the	diffraction	pattern	as	

shown	 in	 Fig.	 4.7.	 The	 light	 sheet	 reaches	 the	 minimum	 thickness	 to	 be	 4.8	μm	 around	

200	μm	away	from	the	device	plane.		
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Figure	 4.7	 Evolution	 of	 the	 light	 sheet	 thickness	 (a)	 and	 field	 of	 view	 (b)	 versus	

perpendicular	propagation	distance	up	to	500	μm.		
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Figure	 4.8	 FDTD	 calculations	 of	 the	 light	 sheet	 illumination	 perpendicular	 to	 the	

device	plane.		

In	Fig.	4.8,	I	have	calculated	the	intensity	distribution	of	the	radiation	from	the	integrated	

silicon	nanophotonic	probe	illuminating	into	the	agarose	based	solutions.	As	we	can	see	from	

the	 figure,	 the	 radiation	 pattern	 maintains	 its	 thickness	 during	 propagation/diffraction,	

which	means	the	radiation	forms	a	thin	plane/light	sheet	illumination.	Also,	the	field	of	view	

in	x-z	cross	section	increases	as	the	light	propagates.	To	confirm	that	the	probe	can	produce	

light	sheet	illumination	from	the	sidewall	waveguide	gratings	within	biological	samples,	we	

characterized	it	by	inserting	the	probe	into	agarose	based	solution	mixed	with	some	green	
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Figure	4.9	x-z	and	y-z	view	of	the	light	sheet	illumination	inside	the	agarose	sample	

with	fluorescein	dye.	(c)-(h)	describe	the	intensity	profile	at	position	of	100	μm,	200	

μm,	300	μm	perpendicular	to	the	device	plane,	respectively.		

fluorescein	dye,	which	is	commonly	used	as	the	fluorescence	tracer.	As	shown	in	Fig.	4.9,	the	

light	sheet	illumination	is	normal	to	the	device	plane	and	the	illumination	patterns	are	in	

accordance	to	the	simulation	results,	which	is	shown	in	Fig.	4.8.		
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4.6	Imaging	in	Brain	Tissue	Phantom	

The	brain	 tissue	phantom	measurements	are	also	performed	to	demonstrate	 the	 imaging	

performance	 of	 the	 implantable	 silicon	 nanophotonic	 light	 sheet	 probe.	 The	 brain	 tissue	

phantoms	are	created	by	using	standard	green-fluorescent	beads	with	diameter	of	1	μm.	

Beads	 are	 mixed	 in	 the	 bacterial	 agarose	 to	 avoid	 aggregation.	 17360	 is	 used	 to	 add	

scattering	effect	to	the	bead	phantoms,	which	will	provide	a	reduced	scattering	coefficient	of	

us’~1	mm-1	at	488	nm	[21].	This	value	is	equal	to	the	reported	scattering	coefficient	in	rat	

brain	[21].	Once	prepared,	agar	solutions	are	added	into	small	discs	by	filling	a	plastic	cuvette	

with	size	of	10	mm	x	10	mm	x	46	mm.	The	measurement	is	configured	with	an	Olympus	20x	

0.4	NA	objective	at	the	image	plane	to	maximize	magnification	of	the	image	onto	the	camera.	

All	fluorescence	light	emerging	from	the	phantom	is	captured	through	a	505	nm	long-pass	

filter.		

For	a	given	 imaging	sensor	with	 fixed	sensor	noise	level,	the	imaging	depth	 limits	of	 light	

sheet	 microscopy	 are	 primarily	 determined	 by	 the	 light	 sheet	 thickness	which	 is	

confirmed	by	using	Monte	Carlo	model	[108-111].	As	the	light	sheet	thickness	increases,	the	

amount	of	background	fluorophore	light	will	increase	linearly.	Therefore,	an	increase	in	light	

sheet	thickness	would	result	in	an	increase	in	the	variance	of	the	background	and	thereby	

contributes	 to	 the	 increase	 in	 the	 visibility	 threshold.	For	 the	 light	 sheet	 probe,	 the	

minimum	light	sheet	thickness	is	measured	to	be	4.8	μm.	
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Figure	 4.10	 Nanophotonic	 probe	 light	 sheet	 microscopy	 and	 epi-fluorescence	

microscopy	for	imaging	brain	tissue	phantom.	Images	shown	are	maximum	intensity	

projections	over	the	scan	(z)	dimension.	

To	characterize	the	imaging	properties	of	the	implantable	silicon	nanophotonic	light	sheet	

probe,	 I	 have	 also	made	a	 comparison	 of	the	imaging	depth	between	the	 integrated	light	

sheet	 probe	 and	 the	conventional	 epi-fluorescence	 microscopy	through	imaging	 inside	

the	brain	tissue	phantoms.	We	put	1	μm	beads	suspended	in	agarose	to	provide	scattering	

properties	similar	to	the	living	brain	tissues.	The	mean	free	path	(MFP)	of	the	100%	brain	

tissue	 phantom	 is	estimated	about	 75.0	μm	[112].	A	picomotor	piezo	 linear	actuator	is	

Probe II Epi-fluorescence 

3.7 MFP 

7.8 MFP 
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connected	 to	a	piezo	 linear	 stage	that	 can	move	 the	 integrated	imaging	system	constantly	

with	 scanning	 step	 size	 of	 900	 nm/s.	 	 Apparently	from	 the	 x-z	 view	 of	 the	 projection	in	

scattering	 agarose	 with	1	 μm	fluorescent	 beads,	 the	 penetration	 depth	 limit	of	epi-

fluorescence	microscopy	is	less	 than	4	MFPs	while	 the	nanophotonic	light	 sheet	probe	can	

image	more	than	7.8	MFPs	inside	the	brain	tissue	phantom	that	is	almost	twice	the	depth	of	

epi-fluorescence	microscopy	does.	

												Figure	4.11	shows	a	more	detailed	resolution	analysis	of	the	data	acquired	on	1	μm	

beads	in	a	reduced	scattering	coefficient	of	us’~1	mm-1	phantom	at	488	nm.	Single-bead	PSFs	

for	a	 range	of	beads	at	different	depths	 in	 the	phantom	are	 indicated	 in	Fig.	4.11.	Cross-

section	through	each	PSF	are	shown	to	the	bottom	and	full	width	half	maxima	(FWHM)	of	

each	bead	is	also	noted.	It	should	be	noted	that	the	relative	resolution	in	all	dimensions	can	

be	 varied	 based	 on	 the	 light	 sheet	 thickness,	which	 is	 related	 to	 the	 recess	 depth	 of	 the	

sidewall	 gratings,	 especially	 the	 y-z	 dimensions.	 The	 x-z	 projections	 show	 the	 slightly	

elongated,	diagonal	shape,	which	is	caused	by	the	light	sheet	thickness	and	the	relatively	low	

NA	 detection	 of	 the	 system.	 The	 PSF	 shape	 changes	 related	 to	 the	 depth,	 which	 can	 be	

improved	with	higher	NA	detection.		
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Figure	4.11	Point	spread	function	analysis	for	the	probe	imaging	in	1	μm	beads	for	the	

scattering	phantom	sample,	which	is	able	to	image	as	deep	as	6.1	MFP.	The	top	panel	

shows	the	y-z	projections	while	scanning	 inside	the	sample.	Bottom	plots	show	the	

cross-sections	 through	 the	 peak	 voxel	 of	 each	 bead	 in	 each	dimension	 at	 different	

depths.		

5 µm
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4.7	Overall	Loss	

There	 are	 three	main	 sources	 of	 the	 optical	 losses	 that	 contribute	to	the	 total	 loss:	 input	

coupling	 loss,	 propagation/scattering	 loss	 and	 output	 coupling/emission	 loss.	 The	 input	

coupling	loss,	mainly	related	to	the	coupling	efficiency	between	the	input	excitation	light	and	

the	grating	coupler,	can	be	minimized	by	adjusting	the	coupling	angle	between	the	optical	

fiber	and	curved	grating	coupler	and	is	evaluated	to	be	-5.6	dB.		The	input	coupling	loss	can	

be	 further	 reduced	 by	 improving	 the	 electron	 beam	 lithography	 resolution,	 optimizing	

the	subsequent	RIE	(Reactive	Ion	Etching)	process	and	using	better	polished	input	optical	

fibers	as	well	as	smaller	right	angle	prisms.			

The	propagation	loss	consists	of	the	scattering	due	to	the	waveguide	surface	roughness	and	

the	 defection	 during	 the	 fabrication	 process.	 A	30	 nm	Al2O3	layer	 is	 grown	 on	 the	 device	

using	ALD	(Atomic	Layer	Deposition)	technique	prior	to	growing	PECVD	(Plasma	Enhanced	

Chemical	 Vapor	 Deposition)	 thermal	 oxide	 cladding	 layer	 since	ALD	process	is	conformal	

that	can	fill	in	the	fabrication	defections	on	the	waveguide	sidewalls	and	thus	will	reduce	the	

scattering/propagation	loss.	To	further	reduce	the	propagation	loss,	a	1	μm	oxide	cladding		
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Figure	 4.12	 (a)	 SEM	 image	 of	 the	 curved	 grating	 coupler.	 Scale	 bar	 is	 5	 μm.	 (b)	

Transmission	spectra	as	a	function	of	the	waveguide	length	and	the	propagation	loss	

is	measured	to	be	-2.6	dB/cm.		

layer	is	necessary	as	it	serves	as	a	medium	for	evanescent	waves	to	decay.		Based	on	the	out-

scattering	measurement	of	a	10	mm	long	waveguide,	we	estimated	the	propagation	loss	to	

be	–2.6	dB/cm	as	shown	in	Fig.	4.12.		

The	output	coupling/radiation	 loss	 is	mainly	from	the	downward	emission	 that	would	be	

absorbed	by	 the	bottom	device	 layer,	which	can	be	 reduced	 through	partially	etching	 the	

radiation	 sidewall	 gratings.	More	 efficient	up-emission	 can	be	 realized	with	an	optimized	

partial	etch	depth	is	used	or	a	reflective	film	underneath	the	grating	to	reflect	the	downward	

emission	[108].				

4.8	Summary	

In	summary,	I	have	both	theoretically	and	experimentally	shown	that	the	properly	designed	

AlN	waveguide	gratings	can	create	light	sheet	illumination	perpendicular	to	the	device	plane.	

After	discussing	the	evolution	of	the	radiation	pattern	at	different	diffraction	distance	up	to	

500	μm,	the	thickness	of	the	light	sheet	is	about	5.2	μm	at	200	μm	and	maintains	under	10	

μm.	 	 In	 addition,	 the	 length	 of	 the	 light	 sheet	 pattern	 increases	 fast	while	 the	 thickness	

changes	slowly,	which	is	useful	for	increasing	the	field	of	view	of	the	integrated	light	sheet	

microscopy.	Besides,	the	thickness	and	radiation	efficiency	of	the	light	sheet	pattern	can	be	

tuned	 by	 changing	 the	 recess	 depth	 of	 the	 waveguide	 gratings.	 Also,	 I	 have	 made	 a	

comparison	 of	 the	 imaging	 depth	 between	 integrated	 light	 sheet	 microscopy	 and	 epi-
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fluorescence	microscopy	for	imaging	in	brain	tissue	phantom,	which	has	the	same	reduced	

scattering	coefficients	as	a	real	brain.		With	the	integrated	light	sheet	probe,	one	can	image	

more	than	twice	the	depth	as	conventional	wide	field	does	in	the	brain	tissue	phantoms.			
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Chapter 5 

Summary and Future Work 

5.1	Summary		

Light	 sheet	 fluorescence	 microscopy	 (LSFM)	 or	 selective	 plane	 illumination	 microscopy	

(SPIM)	using	a	cylindrical	lens	to	create	a	thin	plane	of	optically	section	is	an	important	tool	

for	high	speed	deep	brain	in	vivo	imaging.	In	this	thesis,	I	have	presented	the	integrated	light	

sheet	silicon	nanophotonic	probe	used	for	large	size	sample	in	vivo	imaging.	Based	on	the	

complementary-metal-oxide	semiconductor	(CMOS)	fabrication	process,	the	photonic	probe	

is	 fabricated	on	SOI	substrate	with	properly	designed	AlN	waveguide	gratings	on	surface,	

which	 can	 produce	 light	 sheet	 illumination.	 By	 connecting	 the	 probe	 to	 the	 detection	

objective	using	a	3D	printed	rod,	the	imaging	system	can	image	multi-plane	deep	inside	the	

sample	and	reconstruct	the	3D	images	of	the	tissue.		

In	Chapter	2,	I	show	a	metallic	slit	microlens	can	serve	as	a	simple	and	inexpensive	

focusing	element	 for	miniature	 integrated	 light-sheet	 illumiantion	modules.	Furthermore,	

we	can	tune	the	focusing	properties	by	adjusting	the	slit	geometry,	and	the	predicted	lens	

performance	 match	 our	 experimental	 measurements.	 These	 microlenses	 perform	 well	
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across	entire	visible	range	and	the	focal	fields	have	high	tolerance	to	the	polarization	state.	

In	particular,	we	have	shown	that	the	compact	and	inexpensive	SPIM	illumination	enabled	

by	integrated	module	enables	optical	sectioning	and	3D	fluorescent	imaging	in	brain	tissue	

phantoms.	 The	 features	 of	 high	 optical	 throughput,	 broadband	 focusing	 capability,	

polarization	 insensitivity,	 miniaturized	 size,	 and	 low-cost	 fabrication	 suggest	 that	 the	

metallic	slit	microlenses	can	enable	low-cost	miniature	SPIM	systems	for	biological	imaging.	

In	Chapter	3,	I	present	an	integrated	silicon	photonic	probe	that	produces	a	plane	of	

light	sheet	illumination,	which	consists	of	optical	waveguide	and	waveguide	gratings,	ring	

resonator	drop	filters	and	metallic	slit	microlens.	The	planar	illumination	is	produced	using	

low-loss	aluminum	nitride	waveguide	gratings	radiation	and	microlens	 focusing,	which	 is	

compatible	 with	 light	 sheet	 microscopy	 within	 scattering	 tissue.	 With	 the	 integrated	

photonic	probe	setup,	we	can	image	up	to	8.7	MFP	inside	the	brain	tissue	phantom,	which	is	

more	than	twice	the	imaging	depth	of	the	epifluorescence	microscopy.		

In	Chapter	4,	I	have	both	theoretically	and	experimentally	shown	that	the	properly	

designed	AlN	waveguide	gratings	can	create	 light	sheet	 illumination	perpendicular	 to	 the	

device	plane.	After	discussing	the	evolution	of	the	radiation	pattern	at	different	diffraction	

distance	 up	 to	 500	 μm,	 the	 thickness	 of	 the	 light	 sheet	 is	 about	 5.2	 μm	 at	 200	 μm	 and	

maintains	under	10	μm.		In	addition,	the	length	of	the	light	sheet	pattern	increases	fast	while	

the	thickness	changes	slowly,	which	is	useful	for	increasing	the	field	of	view	of	the	integrated	

light	 sheet	microscopy.	 Besides,	 the	 thickness	 and	 radiation	 efficiency	 of	 the	 light	 sheet	

pattern	can	be	tuned	by	changing	the	recess	depth	of	the	waveguide	gratings.	Also,	I	have	

made	a	 comparison	of	 the	 imaging	depth	between	 integrated	 light	 sheet	microscopy	and	
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epifluorescence	 microscopy	 for	 imaging	 in	 brain	 tissue	 phantom,	 which	 has	 the	 same	

reduced	scattering	coefficients	as	a	real	brain.		With	the	integrated	light	sheet	probe,	one	can	

image	 more	 than	 twice	 the	 depth	 as	 conventional	 wide	 field	 does	 in	 the	 brain	 tissue	

phantoms.			

5.2	Future	work	

The	implantable	silicon	based	neural	probes	are	widely	used	for	brain	diseases,	analyzing	

brain	 functions,	 and	 realizing	 a	 brain-machine	 interface.	 The	 implantable,	 ultra-thin	

photonic	probe	integrated	with	low	loss	high-index	aluminum	nitride	(AlN)	[80]	waveguides	

Bragg	gratings	can	be	used	as	a	new	nanophotonic	approach	for	light	delivery	deep	within	

the	brain	tissue.	Also,	we	can	choose	to	make	the	flexible	probes	to	make	it	less	likely	to	be	

cracked	for	the	implantable	in	vivo	imaging.		
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