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Surface	relief	gratings	were	spontaneously	photoinduced	
from	a	collimated	Nd:YAG	laser	beam	at	532	nm	on	thin	
films	 of	 a	 Disperse	 Red	 1-	 functionalized	 glass-forming	
compound.	Pattern	formation	was	studied	by	measuring	
the	diffraction	 intensity	of	a	He–Ne	 laser	probe	beam	at	
633	 nm	 and	 by	 atomic	 force	 microscopy	 (AFM).	 The	
dependence	 of	 pattern	 formation	 on	 both	 irradiation	
time	 and	 intensity	 was	 studied.	 The	 gratings	 could	 be	
erased	 both	 optically	 and	 thermally.	 The	 orientation	 of	
the	 gratings	 is	 influenced	 by	 the	 polarization	 of	 the	
writing	beam,	and	it	is	accompanied	by	strong	diffraction	
of	 the	 incident	 light	 into	 the	 sample	 plane,	 thereby	
providing	 a	 way	 to	 couple	 and	 trap	 the	 light	 into	 the	
substrate.	 Interestingly,	photobleaching	upon	prolonged	
irradiation	yields	transparent	gratings	and	the	process	is	
partially	reversible	upon	thermal	erasure.		

OCIS	codes:		(230.1950)	Diffraction	gratings;	(190.5940)	Self-action	
effects;	(310.6860)	Thin	films,	optical	properties.	
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Surface	 relief	 gratings	 (SRG)	 have	 become	 a	 crucial	 element	 for	
several	 applications	 in	 photonics	 including	 the	 coupling	 of	 light	
into	 and	 out	 of	 optical	 waveguides	 [1],	 wavelength	 filters	 [2],	
optical	 data	 storage	 [3,4],	 optical	 nano	 imaging	 [5,6],	 and	 in	
photovoltaic	 cells	 as	 light	harvesting	 structures	 [7].	A	 traditional	
way	 to	 fabricate	 such	 gratings	 is	 by	 using	 lithography/etching	
techniques,	which	requires	complex	and	expensive	equipment	and	
multiple	 processing	 steps.	 In	 contrast,	 light-assisted	 patterning	
constitutes	a	simpler,	flexible,	time-	and	cost-efficient	alternative.	
In	this	respect,	azobenzene-functionalized	materials	have	been	the	
subject	of	many	studies	for	the	holographic	fabrication	of	photonic	
structures	due	to	their	remarkable	photo-responsive	properties	[3,	
8].	 Irradiation	 of	 thin	 films	 of	 materials	 functionalized	 with	
azobenzene	 chromophores	 with	 an	 interference	 pattern	 of	

polarized	 laser	 beams	 results	 in	 reversible	 and	 controlled	
deformations	of	the	film	surface	along	specific	patterns	(SRG)	due	
to	 cis-trans	 isomerization	 and	 mass	 transport	 [9-11].	 Another	
advantage	of	SRGs	formed	optically,	as	opposed	to	etched	patterns,	
is	 that	 the	 structures	 can	 be	 erased	 optically	 or	 thermally,	 and	
rewritten	reversibly	[12].	
A	lesser-investigated	fact	is	that	surface	relief	structures	can	also	
be	 formed	 under	 single-beam	 exposure	 [13].	 In	 this	 case,	 no	
intensity	or	polarization	variation	is	needed	and	the	interference	
pattern	 is	 self-organized,	 resulting	 in	 well-organized	 structures.	
For	surfaces	that	support	surface-guided	waves,	the	periodicity	of	
the	 structure	 depends	 on	 the	 wave	 guiding	 properties	 of	 the	
surface	 [14].	For	materials	which	do	not	 support	 surface	waves,	
the	 periodicity	 is	 in	 the	 range	 of	 the	writing	 beam	wavelength,	
which	 implies	 that	 interferences	 of	 the	primary	beam	with	 self-
induced	diffraction	at	grazing	incidence	plays	a	significant	role	in	
structure	 formation	 [13].	 In	 ordinary	 dielectrics,	 a	 high-power	
pulsed	laser	of	few	J/pulse	is	used	to	create	irreversible	structures	
called	laser	induced	periodic	surface	structures	(LIPSS)	[15].	In	azo	
films,	 exposure	 to	 a	 single	 and	 uniform	 beam	 with	 moderate	
power	of	few	hundred	mW/cm2	results	in	reversible	surface	relief	
grating	formation	owing	to	light-induced	isomerization	and	mass	
movement.	The	formation	of	so-called	spontaneous	SRGs	(SSRGs)	
depends	on	various	experimental	parameters	such	as	wavelength,	
polarization,	incidence	angle	and	power	of	the	incident	laser	beam,	
as	well	as	on	the	molecular	structure	[16-18].		
Various	 explanations	 to	 the	 formation	of	 SSRGs	were	proposed:	
SSRGs	may	 originate	 from	 the	 interference	 of	 an	 incident	 laser	
beam	 with	 beams	 that	 are	 scattered	 by	 the	 sample	 [16];	 the	
rheological	properties	of	polymers,	which	are	dependent	on	chain	
length	and	the	nature	of	the	polymer	-	azo	binding	may	also	impact	
SSRG	growth	and	shape	[19].	To	gain	a	deeper	understanding	of	
SSRG	 formation,	 the	 detailed	mechanism	 of	 the	 growth	 process	
must	be	determined.	A	single-molecule	material	allows	mitigating	
the	 impact	 of	 polymer’s	 rheology	 on	 SSRGs.	 Furthermore,	 small	
molecules	yield	a	more	homogeneous	behavior,	not	only	between	



different	 samples,	 but	 also	 within	 a	 given	 sample	 because	 all	
molecules	 are	 identical	 [20].	 While	 most	 azobenzene	
chromophores	crystallize	easily,	limiting	their	usefulness	for	thin-
film	applications,	it	is	possible	to	generate	azobenzene	derivatives	
that	can	be	processed	into	high-quality	amorphous	thin	films	[21-
23].	
In	this	work,	single	beam	induced	gratings	in	different	directions	

were	inscribed	in	one	simple	step,	and	their	behavior	was	studied.	
Disperse	Red	1	(DR1)	was	selected	as	the	azo	chromophore	for	the	
present	 study	 as	 it	 shows	 rapid	 SRG	 growth	 at	 the	 working	
wavelength.	 A	DR1	 derivative	with	 a	mexylaminotriazine	 group	
(Fig.	 1)	 was	 the	 material	 used	 in	 this	 study	 [20]	 owing	 to	 its	
capacity	to	form	extremely	stable	glassy	phases,	and	a	rate	of	SRG	
growth	closely	similar	to	that	of	DR1-functionalized	polymers.	

	
Fig.	1.	The	DR1	molecular-glass	material	used	in	this	study.	

SSRGs	were	inscribed	on	films	of	DR1-glass,	and	the	dependence	of	
SSRG	 growth	 rate	 and	 direction	 on	 writing	 beam	 intensity	 and	
polarization	 was	 studied.	 The	 presence	 of	 directional	 back-
scattered	 light	 was	 clearly	 observed	 for	 the	 first	 time,	 thereby	
showing	evidence	of	the	involvement	of	light	coupling	in	the	SSRG	
growth	 process,	 which	 was	 further	 confirmed	 by	 the	 lack	 of	
coherence	in	surface	nanostructures	formed	in	the	absence	of	the	
incident	beam.	
DR1-glass	was	prepared	according	to	a	literature	procedure	[20].	
Thin	 films	 of	 the	material	 on	 glass	 substrates	were	 spin-coated	
from	a	30	mg/mL	CH2Cl2	solution.	The	solution	was	stirred	for	1	
hour	and	then	filtered	through	a	0.45	µm	filter.	The	deposited	thin	
films	were	 then	dried	at	95	 °C	 for	5	minutes	 to	 remove	solvent	
traces.	DR1-glass	thickness	was	270	±	30	nm	as	measured	out	of	
10	samples.	

	
Fig.	 2.	 Experimental	 setup:	 L1	 and	 L2	 are	 lenses	 to	 expand	 the	
collimated	beam,	and	L3	is	a	lens	to	focus	the	diffracted	beam	on	the	
detector.	

A	YAG	laser	at	λ	=	532	nm	was	used	as	pump	beam.	The	size	of	the	
collimated	beam	impinging	onto	the	sample	was	controlled	with	a	
Keplerian	beam	expander.	The	beam	was	set	perpendicular	to	the	
sample	and	its	polarization	was	set	vertical.	The	polarization	state	
can	be	tuned	using	half	and	quarter-wave	plates.	SSRG	formation	
was	monitored	by	measuring	diffraction	intensity	of	an	8	mW	He–
Ne	probe	laser	at	633	nm	and	by	atomic	force	microscopy	(AFM)	

in	taping	mode.	The	He-Ne	laser	was	incident	backwards	on	the	
spot	as	 irradiated	by	the	pump	beam,	where	the	SSRG	forms,	as	
illustrated	in	Fig.	2.	The	diffracted	beam	from	the	probe	recorded	
at	9	±	3	degrees	was	mechanically	chopped	and	monitored	by	a	
silicon	 photo	 detector.	 The	 signal	 was	 detected	 by	 a	 lock-in	
amplifier,	digitized	by	an	oscilloscope	and	recorded	by	a	computer.	
A	 colored	 filter	 placed	 in	 front	 of	 the	 detector	 blocked	 off	 self-
diffraction	from	the	pump	beam. 

	
Fig.	3.	AFM	images	and	related	Fourier	transforms	of	the	SSRGs	printed	
with	(a)	vertical,	(b)	150	degrees	and	(c)	circular	pump	polarizations.	
Sample	thickness	was	270	nm	and	pump	intensity	was	300	mW/cm2.	
Arrows	 indicate	 the	 polarization	direction.	 Scale	 bars	 in	 the	 Fourier	
transforms	are	5	µm-1	long.	

Irradiation	of	thin	films	of	DR1-glass	with	300	mW/cm2	pump	
beam	intensity	resulted	in	SSRG	formation	under	both	linear	and	
circular	polarization,	as	evidenced	by	AFM	(Fig.	3).	This	confirms	
that	SSRG	formation	in	azo-materials	is	an	optical	process,	rather	
than	 a	 rheological	 one.	 As	 shown	 in	 Figures	 3	 a	 and	 b,	 which	
display	 the	AFM	scans	and	 the	associated	Fourier	 transforms	of	
SSRGs	 recorded	 with	 two	 different	 polarization	 directions,	 the	
direction	of	the	gratings	depends	on	the	polarization	direction	of	
the	 pump	 beam.	 For	 linear	 polarization,	 the	 SSRGs	 consist	 of	 a	
patchwork	of	domains	with	gratings	along	two	different	directions	
oriented	 at	 +	 and	 -	 40	 ±	 5	 degrees	 relative	 to	 the	 pump	 beam	
polarization	direction.		A	similar	pattern	was	observed	using	DR1-
PMMA	polymer	[17].	The	origin	of	orientation	differences	between	
SSRGs	recorded	in	different	materials	is	currently	under	study	in	
our	 team.	 It	may	 be	 attributed	 to	 the	 photoinduced	 anisotropy,	
which	alters	the	direction	into	which	mass	transport	happens	[10].	
The	maximum	modulation	depth	 is	80	±	10	nm	and	the	grating	
pitch	is	480	±	30	nm	for	linear	polarization.	Circular	polarization	
does	not	lead	to	any	preferential	self-	organized	grating	direction,	
instead	 yielding	 a	 lattice	 of	 dome-like	 structures	 with	 two	
superimposed	grating	directions,	with	a	grating	pitch	and	depth	



after	1-hour	irradiation	(422	mW/cm2)	of	480	±	30	nm	and	80	±10	
nm,	respectively.	For	normal	 incident	 light,	gratings	with	a	pitch	
λ/n0	 are	 expected	 to	 form	 according	 to	 the	 stimulated	 Wood	
anomaly	theory	[13],	in	which	n0	is	the	effective	refractive	index	of	
the	medium	above	the	surface.	Practically,	the	medium	above	the	
surface	refers	to	the	selvedge	region,	with	refractive	index	n0	=	1.1,	
in	between	the	glass	and	air	ones.	
Importantly	 for	 applications	 in	 which	 holographic	 patterns	 are	
used	 as	 guides	 or	 templates	 [24],	 these	 gratings	 are	 optically	
reversible	by	 inscribing	a	SSRG	over	an	existing	one	with	either	
linear	 (perpendicular	 to	 the	 initial	 polarization)	 or	 circular	
polarization.	However,	only	partial	thermal	erasure	was	observed	
upon	 heating	 samples	 above	 their	 glass	 transition	 temperature	
(71oC)	during	30	min	at	115oC.	
Fig.	4	shows	the	diffraction	efficiency	of	the	probe	recorded	as	a	
function	 of	 time	 for	 identical	 samples	 irradiated	 with	 different	
pump	intensities.		Diffraction	efficiency	in	the	backward	direction	
follows	the	same	trend.	The	first-	order	forward	diffracted	light	of	
SSRGs	 (at	 46	 ±2	 degrees)	 satisfies	 the	 total	 internal	 reflection	
condition	 at	 the	 glass	 substrate/air	 interface	 and	 at	 the	 DR1-
glass/air	and	it	couples	into	the	sample.	As	gratings	are	generated	
on	the	film	surface,	the	diffraction	efficiency	of	the	probe	increases.	
AFM	has	shown	that	SRGs	reached	their	maximum	amplitude	in	
10	 min	 [20].	 It	 takes	 about	 20	 min	 for	 SSRGs	 to	 reach	 their	
maximum	amplitude	in	Fig.	4b,	which	shows	that	self-organization	
requires	 additional	 time	 to	 settle.	 We	 also	 see	 in	 Fig.	 4a	 that	
diffraction	 efficiency	 continues	 to	 grow	after	 20	min	 irradiation,	
meanwhile	the	modulation	amplitude	reached	its	maximum.	This	
may	 be	 attributed	 to	 photoinduced	 transparency,	 which	 takes	
place	after	relief	 formation	(see	below).	For	 intensities	below	25	
±5	 mW/cm2	 ordered	 SSRGs	 did	 not	 form,	 whereas	 intensities	
above	3W/cm2,	 caused	ablation	of	 the	material.	 In	 this	 intensity	
range,	 the	 growth	 rate	 is	 proportional	 to	 the	 intensity,	 but	 the	
gratings	saturate	to	the	same	amplitude.		
	

 
Fig.	4.	(a)	Diffraction	efficiency	as	a	function	of	time	for	different	laser	
beam	intensities.	(b)	SSRG	modulation	amplitude	measured	by	AFM.	

The	 irradiated	area	shows	significant	bleaching,	which	 increases	
with	irradiation	time	and	laser	intensity.	It	is	understood	that	the	
cis	 isomers	 of	 azobenzenes	 can	 undergo	 reversible	
photocyclization	 to	 the	 colorless	 dihydrobenzocinnoline	
derivatives,	which	can	be	irreversibly	trapped	upon	reaction	with	
oxygen	 [25].	 Study	 of	 thermal	 erasure	 reveals	 that	 the	
photoinduced	 bleaching	 is	 partially	 reversible	 thermally,	 but	
reversibility	 of	 the	 bleaching	 decreases	 with	 irradiation	 time,	
eventually	 yielding	 fully	 transparent	 gratings	 after	 2h	 exposure.	
The	 bleaching	 effect	 is	 not	 related	 to	 SSRG	 formation	 as	 it	
continues	 after	 SSRG	 amplitude	 saturation.	 However,	 this	 may	
explain	why	diffraction	efficiency	still	increases	after	saturation	of	
the	modulation	amplitude	in	Fig.	4.	

As	mentioned	previously,	 first-order	 forward	diffracted	 light	can	
be	coupled	and	trapped	into	the	sample	plane,	with	good	control	
over	 the	 grating	 parameters	 and	 out-coupling	 conditions.	 The	
position	 of	 the	 out-coupled	 light	 varies	 with	 experimental	
parameters	such	as	 light	polarization,	 thickness	of	 the	substrate,	
and	 diameter	 of	 the	 irradiated	 area.	 The	 first-order	 diffracted	
pump	beam	can	be	reflected	onto	the	azo	film	in	different	locations	
and	induce	new	periodic	structures	which	could	couple	light	out	
(Fig.	5a).	This	 is	evidenced	by	 the	observation	of	back-diffracted	
light	(Fig.	5b).	As	a	result,	 in	addition	to	the	irradiated	area,	 four	
other	faded	areas	outside	the	irradiated	area	are	observed	(Fig.	5c-
d),	 they	 are	 similar	 to	 ones	 observed	 by	 Hubert	 et	 al.	 [17].	 By	
increasing	 the	 glass	 substrate	 thickness,	 the	 distance	 between	
these	 side	 areas	 relative	 to	 the	 central	 irradiated	 area	 also	
increases.	AFM	scans	of	the	four	side	lobes	reveal	the	existence	of	
incoherent	 surface	 deformation,	 which	 indicates	 that	 the	 SSRG	
provides	 strong	 enough	 first	 order	 forward	 diffraction	 that	 the	
diffracted	beams	can	 induce	mass	 transport	of	 the	azo	material.	
However,	these	deformations	do	not	construct	coherent	gratings	
in	the	absence	of	the	incident	beam	(Fig.	6a)	and	look	similar	to	
dewetted	patterns	 [26].	 These	 observations	 further	 suggest	 that	
light	coupling	between	the	incident	laser	beam	and	scattered	light	
at	 the	 sample	 is	 at	 the	origin	of	SSRG	 formation,	 as	modeled	by	
Leblond	et	al.	[27].	
	

	
Fig.	 5.	 a)	 Coupled	 light	 pathways	 in	 films	 of	 DR1-glass,	 b)	 back	
diffraction	pattern,	c)	SSRG	and	side	lobes	under	laser	beam	irradiation	
and	d)	in	the	absence	of	the	laser.	

	
	

Fig.	6.	AFM	images	of	a)	side	 lobes	 formed	by	 light	coupling,	and	b)	
ripples	formed	by	irradiation	from	substrate	side.	

Irradiation	 from	the	substrate	side	also	did	not	 lead	 to	coherent	
SSRG	formation,	as	the	process	is	surface-initiated.	Ripples	with	a	
3-5	µm-pitch	were	formed	in	that	situation	(Fig.	6b).	Dependence	
of	this	surface	deformation	on	light	polarization	was	investigated,	



and	 the	wave	vector	 of	 the	 ripples	 aligned	perpendicular	 to	 the	
light	polarization.	This	 indicates	 that	 increased	 fluidity	along	 the	
polarization	direction	is	the	main	reason	causing	the	ripples.	The	
phenomenon	 cannot	 be	 attributed	 to	 photo	 thermal	 effects	
because	under	 the	 laser	 intensities	used,	 the	 temperature	of	 the	
azo	 film	would	 not	 increase	 enough	 to	 promote	 any	 significant	
photothermal	 effects	 to	 occur	 [28].	 However,	 intensive	
photoisomerization	 and	 intermolecular	 interactions	 soften	 the	
matrix	of	the	azo	film,	as	it	would	happen	under	heating	[29-32].	
In	 conclusion,	 self-organized	 SRGs	 on	 a	 glass-forming	 DR1	

derivative	were	investigated	under	uniform	laser	beam	irradiation.	
SSRGs	 form	 according	 to	 the	 stimulated	Wood	 anomaly	 theory.	
Light	polarization	is	the	main	factor	determining	the	orientation	of	
the	structures.	The	dependence	of	the	grating	growth	rate	on	the	
intensity	 of	 the	 writing	 beam	 was	 studied.	 The	 rate	 of	 grating	
growth	increases	as	a	function	of	laser	intensity,	but	the	gratings	
saturate	at	the	same	modulation	amplitude	independently	of	the	
laser	 intensity.	 These	 gratings	 can	 be	 erased	 optically	 and	
thermally,	 and	 superimposed	 gratings	 with	 polarization	
multiplexing	 can	 be	 formed.	 The	 fabricated	 SSRGs	 provide	 a	
flexible	 way	 to	 couple	 light	 into	 the	 sample,	 leading	 to	 the	
formation	 of	 incoherent	 surface	 structures.	 Substrate	 side	
irradiation	 does	 not	 result	 in	 SSRG	 formation,	 instead	 yielding	
micron-level	 ripples	 due	 to	 photo-fluidity	 along	 the	 light	
polarization	direction.	
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CREATE	 (Novel	 Chiral	 Materials:	 An	 International	 Effort	 in	
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