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Light-Assisted	Assembly	and	Reconfiguration	of	Complex	Optical	Materials	Using	Microphotonic	
Templates	
Michelle	L.	Povinelli,	University	of	Southern	California	
	
Statement	of	the	problem	studied	

Self-assembly	methods	[1]	provide	a	widely	used	“bottom-up	route”	to	making	complex	materials.	
Self	assembly	of	colloidal	particles	has	proven	useful	for	making	nanostructured,	photonic	materials	
such	as	photonic	crystals	[2-4]	and	metamaterials	[6].	However,	a	fundamental	limitation	of	self	
assembly	is	that	only	certain,	energetically	favorable	structures	are	formed.	To	expand	the	range	of	
particle	patterns	that	can	be	assembled,	templates	can	be	used	to	guide	particles	into	their	desired	
locations	[7-10].	However,	the	pattern	of	particles	assembled	in	this	way	is	static,	and	not	easily	
reconfigured.	Methods	for	on-demand	assembly	and	reconfiguration	of	the	particle	pattern	would	
greatly	expand	the	range	of	potential	applications	for	complex	photonic	materials	formed	by	assembled	
nanoparticles.	

In	this	work,	we	introduced	a	method	that	uses	light	to	“assist,”	or	drive,	the	assembly	process	[11]	
(Figure	1).	Our	technique	uses	laser	light	incident	on	a	patterned	template	to	create	an	array	of	strong	
optical	traps,	which	pull	particles	into	place	from	solution.	We	studied	the	types	of	particles	that	could	
be	assembled	in	this	manner,	and	what	patterns	could	be	formed.	We	further	examined	how	
interactions	between	particles	
affect	the	possible	patterns	and	
their	stability.	The	use	of	
incident	light	to	control	
assembly	also	provides	a	route	
to	reconfiguration:	theoretically,	
we	have	identified	a	mechanism	
for	changing	the	assembled	
particle	pattern	via	tuning	of	the	
wavelength	of	polarization	of	
the	incident	laser	[11].	We	
further	assessed	the	ability	of	
this	assembly	method	to	serve	
as	the	basis	for	(i)	a	nanoparticle	
size	sorter	and	(ii)	rectified	
Brownian	motion,	or	“ratchets”.	
	
Summary	of	the	most	
important	results	
	
Assembled	dielectric	nanoparticle	arrays:	We	demonstrated	the	assembly	of	over	100	dielectric	
particles	in	a	square	lattice	[12].	Figure	2	shows	snapshots	of	the	process.	The	photonic	crystal	template	
is	visible	in	the	background	of	each	frame.		When	the	laser	beam	is	turned	on,	nanoparticles	are	
attracted	toward	the	slab,	and	begin	to	occupy	the	sites	of	the	square	lattice	(Figure	2(a)).		As	time	
progresses,	additional	particles	diffuse	into	the	region	where	the	intensity	is	high	and	begin	to	form	a	
cluster	(Figure	2(b)).		Eventually,	a	regular	array	is	formed	(Figure	2(c)).		The	square	symmetry	of	the	
particle	arrangement	is	evident	from	the	picture.		When	the	beam	is	turned	off,	particles	immediately	
diffuse	away	from	the	slab	via	Brownian	motion	(Figure	2(d)).		These	frames	were	recorded	with	a	
relatively	dilute	solution	of	particles	for	clarity	of	imaging,	and	represent	an	elapsed	time	of	

	
Figure	1:	Light-assisted,	templated	self	assembly.	(left)	Light	is	
incident	from	below	on	a	template,	formed	by	a	silicon	photonic	
crystal	slab.	The	slab	enhances	the	light	intensity	near	the	holes,	
creating	an	array	of	optical	traps	for	nearby	particles	in	solution.	
(right)	Microscope	image	of	assembled	gold	particles	with	200nm	
diameter,	taken	from	our	Ref.	[5].	



approximately	one	hour.	We	have	verified	that	faster	cluster	formation	occurs	with	higher	
concentrations,	or	by	using	particle	flow,	for	assembly	times	of	a	few	minutes.	

Each	site	of	the	square	lattice	may	be	viewed	as	an	optical	trap.	We	obtained	trap	stiffness	
values	comparable	to	those	reported	for	single-particle,	microphotonic	near-field	traps	[13],	which	are	
an	order	of	magnitude	higher	than	standard	optical	tweezers.	For	polystyrene	particles,	particle	
interactions	appeared	to	be	minimal.	
	

	
Assembled	gold	nanoparticle	arrays:	For	gold	nanoparticles,	we	observed	strong	interparticle	
interactions.	Left	unchecked,	these	can	inhibit	the	formation	of	regular	arrays.	In	our	experimental	work,	
we	observed	that	for	lattices	with	square	symmetry,	the	gold	nanoparticles	formed	chains	[14].	We	
formulated	a	theoretical	approach	to	predict	the	effect	of	interactions	on	the	assembled	pattern.	Using	
this	model,	we	identified	a	template	with	hexagonal	symmetry	that	would	promote	the	assembly	of	
regular	arrays	and	observed	the	assembly	experimentally	(Figure	1b)	[5].	We	found	that	in	this	case,	the	
interparticle	interactions	act	to	stabilize	the	array,	creating	highly	stable	assemblies.	
	
Pattern	reconfiguration:	Different	templates	support	different	optical	field	patterns,	and	thus	trap	
particles	in	different	locations.	We	explored	and	demonstrated	this	concept	in	our	early	simulation	
paper,	Ref.		[11].	More	recently,	we	refined	our	template	designs	to	be	fully	compatible	with	our	
experimental	infrastructure	(Figure	3).	
	
Nanoparticle	sorting:	In	the	course	of	our	work,	we	designed	templates	that	reduce	the	optical	power	
required	for	optical	trapping.	These	templates	tightly	concentrate	light	in	thin	slots,	boosting	the	optical	
trapping	strength	for	fixed	laser	power	[15].	We	fabricated	and	characterized	these	templates	[16]	and	
used	them	for	assembly	experiments.	We	found	that	particles	could	be	selectively	trapped	based	on	size	
[17],	suggesting	a	mechanism	for	sorting	nanoparticles	out	of	mixtures.	
	
Optical	ratchets:	Study	of	classical	ratchet	potentials	has	shown	that	for	a	particle	subject	to	Brownian	
motion	and	confined	to	a	asymmetric	potential,	switching	the	potential	on	and	off	can	make	the	particle	
move	in	one	direction	[18].	The	transport	rate	depends	on	particle	size,	leading	to	techniques	for	sorting	
microscale	particles	and	DNA	[19,	20].	Optical	ratchets	have	previously	been	implemented	using	
fluctuating	optical	lattices	[21],	but	never	with	integrated	microphotonic	devices.	We	have	reported	the	
first	integrated	photonic	ratchet	in	Nano	Letters	[22],	using	a	modified	version	of	our	assembly	method.	

Figure	2:	Snapshots	of	the	Light	Assisted	Templated	Self	Assembly	process.		(a)–(c)		Sequential	
images	taken	with	the	laser	on.		(d)	Image	taken	just	after	the	beam	is	turned	off.	
	



We	designed	a	template	with	spatial	asymmetry	and	calculated	the	resulting	optical	potential.	
We	showed	experimentally	that	modulating	the	incident	light	rectifies	the	Brownian	motion	of	
assembled	nanoparticles,	preferentially	driving	them	in	one	direction.	
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Figure	3:	Predicted	trapping	positions	for	reconfiguration.	(a)	Calculated	transmission	spectrum	for	
template.	(b)	Electromagnetic	field	intensity	at	each	resonance,	with	stable	trapping	positions	
indicated	by	symbols.	(c)	Stable	trapping	positions	in	the	extended	lattice.	



10.	 J.H.	Lee,	Q.	Wu	and	W.	Park,	Metal	nanocluster	metamaterial	fabricated	by	the	colloidal	self-
assembly.	Opt.	Lett.	34:	443-445	(2009).	

11.	 C.A.	Mejia,	A.	Dutt	and	M.L.	Povinelli,	Light-assisted	templated	self	assembly	using	photonic	
crystal	slabs.	Optics	Express.	19:	11422-11428	(2011).	

12.	 E.	Jaquay,	L.J.	Martinez,	C.A.	Mejia	and	M.L.	Povinelli,	Light-assisted,	templated	self	assembly	
using	a	photonic-crystal	slab.	Nano	Letters.	13:	2290-2294	(2013).	

13.	 D.	Erickson,	Serey,	X.,	Chen,	Y.-F.,	Mandal,	S.,	Nanomanipulation	using	near	field	photonics.	Lab	
Chip.	11:	995-1009	(2011).	

14.	 E.	Jaquay,	L.J.	Martinez,	N.	Huang,	C.A.	Mejia,	D.	Sarkar	and	M.L.	Povinelli,	Light-assisted,	
templated	self	assembly	of	gold	nanoparticle	chains.	Nano	Letters.	14:	5184-5188	(2014).	

15.	 J.	Ma,	L.J.	Martinez	and	M.L.	Povinelli,	Optical	trapping	via	guided	resonance	modes	in	a	Slot-
Suzuki-phase	photonic	crystal	lattice.	Optics	Express.	20:	6816-6824	(2012).	

16.	 L.J.	Martínez,	N.	Huang,	J.	Ma,	C.	Lin,	E.	Jaquay	and	M.L.	Povinelli,	Design	and	optical	
characterization	of	high-Q	guided	resonant	modes	in	the	slot-graphite	photonic	crystal	lattice.	
Optics	Express	21:	30975	((2013).).	

17.	 A.	Krishnan,	N.	Huang,	S.-H.	Wu,	L.J.	Martínez	and	M.L.	Povinelli,	Enhanced	and	selective	optical	
trapping	in	a	slot-graphite	photonic	crystal.	Optics	Express.	24:	23271-23279	(2016).	

18.	 R.D.	Astumian,	Thermodynamics	and	kinetics	of	a	Brownian	motor.	Science.	276:	917-922	
(1997).	

19.	 T.A.J.	Duke	and	R.H.	Austin,	Microfabricated	sieve	for	the	continuous	sorting	of	macromolecules.	
Physical	Review	Letters.	80:	1552-1555	(1998).	

20.	 L.R.	Huang,	J.O.	Tegenfeldt,	J.J.	Kraeft,	J.C.	Sturm,	R.H.	Austin	and	E.C.	Cox,	A	DNA	prism	for	high-
speed	continuous	fractionation	of	large	DNA	molecules.	Nature	Biotechnology.	20:	1048-1051	
(2002).	

21.	 R.L.	Smith,	G.C.	Spalding,	K.	Dholakia	and	M.P.	MacDonald,	Colloidal	sorting	in	dynamic	optical	
lattices.	Journal	of	Optics	A:	Pure	and	Applied	Optics.	9:	S134-S138	(2007).	

22.	 S.-H.	Wu,	N.	Huang,	E.	Jaquay	and	M.L.	Povinelli,	Near-field,	on-chip	optical	Brownian	ratchets.	
Nano	Letters.	16:	5261-5266	(2016).	

	




