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Abstract 
Nucleation and growth of spontaneous surface relief gratings (SSRGs) on a Disperse Red 1 (DR1) glass-forming derivative were 
investigated. No interference pattern is applied and surface patterning is induced using single-beam irradiation: the gratings are self-
organized. Grating growth is assumed to initiate from an interference pattern formed between the incident light beam and waves scattered 
at grazing angle by surface defects. However, the mechanism is not yet fully understood and there is not a comprehensive explanation of 
the structure formation process. Herein, the grating formation procedure is studied by monitoring the surface topology of thin films 
exposed to one writing beam for various periods of time, under both linear and circular polarizations, using AFM. Even in the absence of 
surface defects on the initial film, irradiation produces light-induced surface defects due to the reorientation and mass movement of the 
azo molecules. These defects act as seeds for SSRG around which gratings gradually emerge and propagate throughout the sample. To 
consolidate this hypothesis, the formation of gratings was studied on samples with controlled surface roughness. Pore-shaped defects do 
not diffract light on top of the sample, and thus have no impact on SSRG growth, while for hill-shaped defects, growth rate decreases 
sharply with defect sizes larger than the writing beam wavelength. Two other analogous glass-forming azobenzene derivatives were 
studied, and in all cases, SSRG formation was correlated with the induction of birefringence in the early stages of the irradiation.  
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1. Introduction 
All-optical surface patterning of azobenzene derivatives has 
attracted a lot of attention in the literature in the past decade, 
both at the fundamental and applied levels. Materials 
containing azobenzene chromophores exhibit a range of 
photoresponsive properties, which all originate from their 
reversible photochemical cis-trans isomerization.1 While the 
photo-reorientation of azobenzene moieties induces 
birefringence, repeated cis-trans isomerization cycles caused 
by extended exposure to light results in mass movement in the 
material, eventually leading to macroscopic surface 
deformations. For example, irradiating a thin film of 
azobenzene-containing material with two laser beams forming 
an interference pattern induces a surface deformation where 
parallel grooves with well-defined depth and width form on 
the surface. While these surface relief gratings (SRG) have 
been widely studied, the fundamentals of their formation are 
not yet completely understood. It is well-known that SRG 
formation strongly depends on both intensity and polarization 
gradient,2 and more recently it has been shown that the 
surface deformation also depends on the phase and wavefront 
of the inscribing beams.3 Photo-fluidity due to isomerisation4 
and π-shift of SRG relative to the interference pattern5 under 
moderate power irradiation (a few hundred mW/cm2) are 
some of the main observed features underlying light-driven 
mass transfer. Several models have been proposed to explain 

the driving force responsible for the macroscopic mass 
transport of azo moieties on the micrometer scale at 
temperatures well below the glass transition temperature. For 
example, the pressure model,6 one of the first proposed 
models, attributes SRG formation to the change in volume 
occupied with azo isomers during isomerization. The mean 
field theory7 model proposed that SRG formation was due to 
the anisotropy of molecular interactions. The field gradient 
force model8 postulates that SRG originate from a 
dependence towards the polarization and intensity gradients, 
in a fashion similar to optical tweezers. The diffusion model9 
attributes SRGs to an inchworm-like motion of the azo 
moieties during cis-trans isomerization and reorientation. The 
random walk model,10 which is strictly equivalent to the latter 
model, confirmed the perspective of anisotropic light-driven 
molecular diffusion. Each model explains distinct aspects of 
SRG formation, but owing to the particular nature of the 
materials involved, none of them could provide a fully 
comprehensive explanation of all observed aspects of SRG 
formation.  
More recently, it was demonstrated that SRG can be inscribed 
under uniform single-beam irradiation.11,12 No external 
interference pattern is applied, and thus the structures form 
spontaneously. A common proposed approach to these 
spontaneous surface relief gratings (SSRG) formation is the 
stimulated Wood anomaly model,13 in which a diffraction 
order is coupled into the sample. The incident beam is then 
scattered by tiny surface defects, leading to interferences 



 

 

between the scattered beams at the grazing angle and the 
incident beam. This self-organized interference pattern then 
initiates SSRG formation. As the grating grows, more light is 
trapped into the sample and couples into counter-propagating 
guided modes, which interfere with the incident beam, 
thereby causing the SSRGs to grow over the irradiated area.14  
Molecular architecture has a predominant impact on 
reorientation and mass movement of an azo compound. 
Typically, SSRG growth is reported on azo polymers in which 
chain length and the nature of binding would determine the 
shape and the growth rate of SSRG.15-17 To mitigate the 
impact of the rheological effects of polymers, small 
molecules are an appealing alternative.18 Furthermore, small 
molecules yield a more homogeneous behavior, not only 
between different samples, but also within a given sample 
because all molecules are identical.19 While most azobenzene 
derivatives readily crystallize, thereby limiting their 
usefulness for thin film applications, a glass-forming material 
incorporating the Disperse Red 1 chromophore (thereafter 
referred to as DR1-glass)‡ previously synthesized in our 
group has been shown to form high-quality amorphous thin 
films.19 

In an earlier study, growth and erasure of SSRGs on DR1-glass were investigated.20 It 
was proven that SSRG formation in azo-materials is 
exclusively an optical process and light polarization was the 
main factor determining the orientation of the structures. 
Under linear polarization, SSRGs form along two directions 
over a patchwork of domains, while circular polarization 
yields a circular crossed grating. SSRG formation follows 
hole burning saturation effect. 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. Entanglement of light coupling in the 
SSRG growth process was confirmed by observing 
directional back-scattered light. It has been evidenced that 
SSRG grow due to interferences between the incident light 
and beams scattered by the sample. Nevertheless, our 
comprehension of how SSRG originate from surface defects, 
grow, and organize into well-defined domains remains 
inadequate. 
SSRG formation takes place in three time-periods: nucleation, 
growth and saturation. Growth and saturation periods were 
previously modeled comprehensively using diffusion and 
coupled wave theory.14 Herein, the nucleation and growth of 
SSRG on films of DR1-glass is studied using Atomic Force 

Microscopy (AFM). Samples with controlled surface 
roughness were prepared either using electric field corona 
poling on smooth thin films or during film deposition using 
various solvents, with the expectation that SSRG would grow 
at an even greater rate in these cases, because of the light 
scattering caused by the already present defects.21  
Birefringence was monitored in DR1-glass and two analogues 
with similar chromophores to establish a correlation between 
SSRG nucleation and the induction of birefringence in the 
early stages of irradiation. Our findings have allowed to 
clarify the mechanism by which SSRG nucleate and grow 
from irradiation with a single beam.  

2. Experimental 
2.1 Thin Film Deposition	

Smooth thin films of DR1-glass was prepared on glass 
substrates by spin-coating from a 3 wt % CH2Cl2 solution on 
BK7 glass substrates (3 x 3 cm2). The solution was submitted 
to mechanical shaking 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 any traces of solvent. This 
procedure yielded films with a thickness of approximately 
270 nm, and an absorbance of 1.125 at the working 
wavelength (532nm) and 0.01 at the probe beam wavelength 
(633nm). Dewetted films containing dome patterns could be 
obtained by spin-coating from CH2Cl2/ethanol (9:1) solution 
under the same conditions, while films with pores could be 
generated by spin-coating from THF/H2O (9:1).22  
 
2.2. Electric Field Poling	

The surface roughness of DR1-glass films could be increased 
by using corona poling using a process described in the 
literature.23 Samples were annealed at various temperatures 
above their glass transition temperatures (Tg) while an electric 
field was applied. Temperature was controlled using Cole-
Parmer Digi-Sense temperature controller and a hot plate. 
Samples were placed on a hot plate and heated to the desired 
temperature (75 or 90 °C), then an electric field of 8 kV was 
applied for 30 min. The metallic hot plate surface acts as one 
of the electrodes, while the other electrode was a thin metallic 
wire, which was held horizontally 0.9 cm above the sample. 
The corona discharge voltage was supplied by a Hippotronics 
High-Voltage DC power supply. Samples with root mean 
square (RMS) surface roughness ranging from roughly 5 to 
125 nm, as measured by AFM, could be generated depending 
on the temperature. 
 
2.3. Surface Relief Grating Inscription	
The setup used to inscribe SRG is identical to that described 
in the literature.20 A Nd-YAG laser (λ= 532 nm) was used as 
the pump beam. The size of the collimated laser beam 
impinging onto the azo test sample was controlled with a 
Keplerian beam expander system. The sample was set 
perpendicular to the incident laser beam, while the laser beam 



 

 

polarization was set vertically. The polarization state can be 
varied from linear to elliptical using half-wave and quarter 
wave plates. Formation of spontaneous SRG was monitored 
by atomic force microscopy (AFM).   
 
2.4. Atomic Force Microscopy	

The morphology of the samples was studied using an Ambios 
Technology Q-Scope TM 250/400 Nomad Scanning Probe 
Microscope, operated in wave mode using BS-tap 300 Al tips 
(NANOANDMORE). The AFM scans were analyzed using 
the Gwyddion software package.24 
 
2.5. Birefringence Measurement	

Photoinduced birefringence was monitored using a He-Ne 
laser with an irradiance of 80 mW/cm2. The sample was 
placed between crossed polarizers, and the transmission of the 
probe beam was recorded. An Nd-YAG laser with a 
wavelength of 532 nm and an irradiance of 65 mW/cm2 was 
incident at 45-degrees onto the azo film, as shown in Figure 
1. Photo-isomerization and reorientation of the azo molecules 
induces photo-anisotropy, and the change in refractive index 
is calculated by the equation: 
 
  (1) 
 
Where λo, d, I(t) and I0 are the wavelength of the probe beam, 
the thickness of the film, and the irradiances of the 
transmitted and incident probe beams, respectively. The pump 
beam power was kept low to induce birefringence without 
causing surface deformation. 
 
Figure 1. Birefringence measurement setup. 

3. Results and Discussion 
The SSRG growth process was studied by monitoring the 
surface topology by AFM of DR1-glass films exposed to the 
Nd-YAG writing beam for various periods of time under 
linear polarization (Figure 2). The surface of the film was first 
confirmed to be topologically flat. Irradiation with the writing 
beam initially induces deformations on the surface of the 
material in the form of circular protrusions approximately 500  
Figure 2. AFM images of films of DR1-glass irradiated with 
a linearly polarized laser with λ = 532 nm and an irradiance of 
300 mW/cm2 for various periods of time: (a) 0 s, (b) 30 s, (c) 
45 s, (d) 60 s, (e) 90 s, (f) 5 min, (g) 10 min, and (h) 15 min. 
Two-dimensional Fourier transforms are also shown for each 
image. The laser polarization direction is set vertical with 
respect to the figure. 
nm in diameter and with height increasing as a function of 
irradiation time (Figure 2b-c). These light-induced defects 
then nucleate SSRG by scattering the incident light, thereby 
generating an interference pattern between the incident and 
scattered beams, leading to the formation of ripples in a 
rhombic lattice around these defects (Figure 2d-e). Those 
ripples then gradually spread over the surface, and gradually 
deepen to generate a patchwork of domains along two 
different orientations, with some areas still part of two 
crossed gratings (Figure 2f-g). These domains eventually 
equilibrate into larger domains with distinct boundaries 
(Figure 2h). Two-dimensional Fourier transforms of these 
AFM images illustrate the growth process of these gratings, 
first with the formation of reflections in a rhombic pattern, 
then with the apparition of longer range reflections along two 
orientations.  
Although about twice as fast, the same process is observed 
under circular polarization (Figure 3). Circular protrusions 
about 500 nm in diameter first form, then ripples in a circular 
pattern emerge from the material around these protrusions, 



 

 

eventually leading to the formation of a circular grating where 
the surface is littered with similarly shaped grains arranged in 
hexagonal patterns, rather than parallel grooves. 
Spontaneous surface relief gratings (SSRGs) thus initiate 
from surface defects induced by light due to the reorientation 
and mass movement of azo molecules. These irregularities 
then scatter a small amount of light out of the primary laser 
beam. The incident beam then forms an interference pattern 
between the incident beam and the waves scattered at grazing 
incidence, which in turn induces an ordered surface pattern. 
Not only do these observations further confirm the model by 
which light coupling caused by surface defects is responsible 
for SSRG formation, but the observation of surface 
deformations induced by the incident beam also helps 
rationalize how SSRG form and propagate rapidly on 
topologically flat surfaces. 
By graphically removing the gratings from the images, it is 
possible to observe the topology of the underlying film 
(Figure 4). While the film is initially smooth, SSRG 
formation under linear polarization induces the formation of 
plateaus in the film separated by ridges and crevices (Figure 
4a-b). On the other hand, irradiation under circular 
polarization induces some degree of deformation, but mostly 
in the form of circular holes (Figure 4c-d). Upon closer 
observation, the different plateaus observed in SSRGs grown 
under linear polarization correspond to the different SSRG 
domains in the films, while the ridges and valleys are located 
at the boundaries between domains. It is believed that these 
surface irregularities emerge from molecular diffusion due to 
domain growth, which exerts either a converging (ridges) or 

diverging (valleys) force at the boundaries. On the other hand, 
as circular SSRGs do not form separate domains with specific 
directionality, no such deformations are observed. 
 
 
 
Figure 3. AFM images of films of DR1-glass irradiated with 
a circularly polarized laser with λ= 532 nm and an irradiance 
of 300 mW/cm2 for various periods of time: (a) 0 s, (b) 150 s, 
(c) 5 min, (d) 10 min, (e) 60 min. Two-dimensional Fourier 
transforms are also shown for each image. 
 
As SSRGs originate from surface defects that are induced by 
light during the initial phase of irradiation, SSRG growth was 
studied on films of DR1-glass in which surface defects were 
previously generated, with the expectation that SSRGs would 
grow at an even greater rate in these cases, because of the 
light scattering caused by the already present defects. For this 
study, films with varying degrees of surface roughness and 
defect shapes were prepared according to four conditions: 1) 
electrical poling under a 8 kV field at 75 ºC for 30 minutes, 2) 
electrical poling under a 8 kV field at 85 ºC for 30 minutes, 3) 
deposition by spin-coating from THF/H2O (9:1), and 4) 
deposition by spin-coating from CH2Cl2/EtOH (9:1). These 
procedures and the mechanisms accounting for their 
respective dewetting behavior have been reported in previous 
studies.22,23 Initial average RMS surface roughness for films 
prepared under these conditions are listed in Table 1. 

Figure 4. AFM images of films of DR1-glass irradiated with 
a laser with λ= 532 nm and an irradiance of 300 mW/cm2 for 
25 min: (a) linear polarization, (b) the image in (a) with the 
grating graphically removed using a two-dimensional Fourier 
transform filter, (c) circular polarization, (d) the image in (c) 
with the grating graphically removed using a two-dimensional 
Fourier transform filter. 
 
Table 1. Initial RMS surface roughness for films of DR1-
glass. 
Film Processing RMS Surface Roughness (nm) 

Spin-coating, CH2Cl2 1.69 

Electrical poling, 8 kV, 75 ºC, 
30 min 

8.6 



 

 

Electrical poling, 8 kV, 85 ºC, 
30 min 

128 

Spin-coating, THF/H2O 90.4 

Spin-coating, CH2Cl2/EtOH 144 

 
DR1-glass samples poled at 75 ºC for 30 minutes 
yielded films that contained a surface defect density 
similar to that observed during the initial irradiation 
with the writing beam. Expectedly, SSRG formed on 
these pre-patterned films at a rate similar to that 
observed for topologically flat films, for both linear 
(Figure 5) and circular polarization (Figure 6). 
Unexpectedly, while the SSRG depth increased at a 
similar rate, the domain organization progressed much 
slower in the case of linear polarization, with 
significant portions of material part of crossed gratings, 
even after 25 minutes. After extended exposure (90 

minutes), domains were mostly formed, but even in this 
case, the domains were much smaller than those of 
SSRG inscribed on smooth films. Counting the number 
of grains in a 100 µm2 area has revealed an average of 
approximately 30 grains for smooth films after 30 s 
irradiation, in comparison to 150 grains for films 
dewetted at 75 ºC. Domain size thus seems to be 
correlated with the density of grains. As each grain 
nucleates gratings along two orientations, a higher grain 
density will result in more overlap between nascent 
gratings, which lead to increased competition and a 
higher area of crossed gratings, thereby reducing 
domain size. 
 
Figure 5. AFM images of films of DR1-glass poled at 75 ºC 
under a 8 kV field for 30 min and irradiated with a linearly 
polarized laser with λ= 532 nm and an irradiance of 300 
mW/cm2 for various periods of time: (a) 0 s, (b) 150 s, (c) 5 
min, (d) 10 min, (e) 15 min, (f) 25 min, and (g) 90 min. Two-
dimensional Fourier transforms are also shown for each 
image. The laser polarization direction is set vertical with 
respect to the figure. 

 
Figure 6. AFM images of films of DR1-glass poled at 75 ºC 
under a 8 kV field for 30 min and irradiated with a circularly 
polarized laser with λ= 532 nm and an irradiance of 300 
mW/cm2 for various periods of time: (a) 0 s, (b) 60 s, (c) 150 
s, and (d) 10 min. Two-dimensional Fourier transforms are 
also shown for each image. 
 
Films spin-coated from a THF/H2O (9:1) mixture showed an 



 

 

irregular surface topology littered with pores rather than 
grains. These concave structures cannot scatter light in a way 
that can cause an interference pattern necessary for SSRG 
formation. It can be observed that unlike films with small 
grains, films with pores behaved similarly to topologically 
smooth films, with surface deformations occurring within 30 
s of irradiation, then SSRG nucleating, growing, and 
organizing into domains (Figure 7). The presence of pores 
thus did not perturb the SSRG formation process, thereby 
implying that SSRG formation is a surface-initiated 
phenomenon, as these pores do not contribute to light 
diffraction inside the film.  
Graphically filtering the gratings from the images of films 
poled electrically reveals an absence of boundary 
deformations, in sharp contrast with smooth films (Figure 8a-
b). This is arguably a result of smaller and less well-defined 
domains. This graphical treatment also enables to clearly 
observe the deformation of the pores in films spin-coated 
from THF/H2O (Figure 8c-d). It can be observed that the 
formation of SSRG causes a gradual elongation of the 
initially circular pores along the direction of the polarization, 
which is caused by photofluidization in the direction parallel 
to the polarization direction.  
 

 
Figure 7. AFM images of films of DR1-glass spin-coated 
from THF/H2O and irradiated with a linearly polarized laser 
with λ= 532 nm and an irradiance of 300 mW/cm2 for various 
periods of time: (a) 0 s, (b) 60 s, (c) 150 s, (d) 5 min, (e) 10 
min, and (f) 20 min. Two-dimensional Fourier transforms are 
also shown for each image. The laser polarization direction is 
set vertical with respect to the figure. 

 
Figure 8. AFM images of films of DR1-glass irradiated with 
a laser with λ= 532 nm and an irradiance of 300 mW/cm2: (a) 
film of DR1-glass poled at 75 ºC under a 8 kV field for 30 
min and irradiated for 90 min, (b) the image in (a) with the 
grating graphically removed using a two-dimensional Fourier 
transform filter, (c) film of DR1-glass spin-coated from 
THF/H2O and irradiated for 20 min, (d) the image in (c) with 
the grating graphically removed using a two-dimensional 
Fourier transform filter. 
 
In the case of films containing large grains, which were 
obtained by spin-coating from CH2Cl2/EtOH, SSRG formed 
at a much slower rate, with small grooves being noticeable 
after 5 to 15 minutes exposure, and fully formed SSRG being 
visible after 30 minutes (Figure 9). A similar behavior was 
observed with films dewetted by electrical poling at  85 ºC 
(Figure 10a-e). In these cases, the directionality of the 
gratings is dependent on the shape of the grains and local 
curvature, with the direction of the grooves roughly 
perpendicular to the longest dimension of the grains. In a 
fashion similar to the elongation of the pores observed in the 
films deposited from THF/H2O, SSRG growth in these two 
cases caused the gradual flattening of the grains. Under linear 
polarization, this flattening was more accentuated in the 
direction perpendicular to the grating grooves. On the other 
hand, this effect was significantly more pronounced under 
circular polarization (Figure 10f-i), where after 1 hour 
exposure, the presence of a grainy surface had completely 
disappeared, with the resulting SSRG being similar to those 
inscribed on an untreated film. If photofluidization leads to 
deformation of the surface defects in the direction of the 
polarization, circular polarization leads to a simultaneous 
flattening in all the directions, leading to a faster smoothing 



 

 

of the surface.  
Figure 9. AFM images of films of DR1-glass spin-coated 
from CH2Cl2/EtOH (9:1) and irradiated with a linearly 
polarized laser with λ= 532 nm and an irradiance of 300 
mW/cm2 for various periods of time: (a) 0 s, (b) 5 min, (c) 15 
min, (d) 30 min, and (e) 60 min. The laser polarization 
direction is set vertical with respect to the figure. 
 
Figure 10. AFM images of films of DR1-glass poled at 85 ºC 
under a 8 kV field for 30 min and irradiated with a linearly or 
circularly polarized laser with λ= 532 nm and an irradiance of 
300 mW/cm2 for various periods of time: (a-e) linear 
polarization: (a) 0 s, (b) 5 min, (c) 15 min, (d) 30 min, and (e) 
60 min; (f-i)  circular polarization: (f) 0 s, (g) 5 min, (h) 15 
min, (i) 60 min. For linear polarization, the laser polarization 
direction is set vertical with respect to the figure. 
 
SSRG formation was also probed for two analogous 
azobenzene glass-forming derivatives with 4-
(phenylazo)phenyl and 6-nitrobenzathiazolyl groups, termed 
Azoglass-470 and Azoglass-530, respectively.25 The λmax 
values for films of both compounds are 470 and 538 nm, 
respectively, and their respective molar absorptivity 
coeeficients at 532 nm (ε532) are 12900 and 23800 M-1cm-1 (in 
comparison, ε532 for DR1-glass is 13900 M-1cm-1).  Azoglass-
470 is known to form SRG upon irradiation with interfering 
laser beams at a rate slightly slower than DR1-glass, while 
irradiation of Azoglass-530 only yields very shallow gratings, 
and requires a stronger irradiance and longer exposure times. 
Single-beam irradiation of Azoglass-470 films was found to 
result in surface deformations in the initial stages of exposure, 
followed by the formation of small SSRG following two 
domain orientations, in a fashion similar to DR1-glass (Figure 
11a-e). However, in the case of Azoglass-470, the surface 
deformations generated were larger than for DR1-glass, and 
continued to grow with time, while the gratings obtained were 
significantly smaller, with a maximal amplitude of 20-30 nm 
reached after 5 min, and a grating pitch similar to that of 
DR1-glass. On the other hand, irradiation of Azoglass-530 
films under the same conditions did not result in any changes 
in the topology of the films (Figure 11f-h). No surface 
deformations were observed, even after 10 minutes exposure, 
and consequently, no SSRG were formed. These observations 
further confirm the role of these surface deformations formed 
in the initial stages of irradiation as seeds for the formation of 
SSRG. 



 

 

 
As birefringence is known to be induced in the first stages of 
irradiation of azobenzene-containing materials as a 
consequence of dipole alignment, the birefringence of films 
of DR1-glass, Azoglass-470 and Azoglass-530 was monitored 
during irradiation (Figure 12). While the rates of 
birefringence induction for DR1-glass and Azoglass-470 are 
closely similar, very little birefringence is observed for 
Azoglass-530 other than an initial rise attributed to rapid cis-
trans isomery, hinting that the alignment of the chromophores 

of Azoglass-530 is very slow, which prevents mass movement 
from occurring in the material at a rate necessary for SSRG 
formation. For DR1-glass and Azoglass-470, the similar rates 
of birefringence induction suggest that reorientation of azo 
moieties happens at the same rate. However, mass movement 
appears to be more chaotic in Azoglass-470, as evidenced by 
the formation of larger spherical defects and the lower 
maximal grating amplitude. This could be due to the presence 
of two azo groups in the chromophore of Azoglass-470, 
which can each isomerize separately and give rise to four 
different isomers. Arguably, the isomerization process in 
Azoglass-470 is fast but less controlled, resulting in rapid 
agglomeration of the molecules in surface defects, which do 
not scatter light efficiently in the sample surface, thereby 
leading to smaller gratings. 
 
Figure 11. AFM images of films of Azoglass-470 and 
Azoglass-530 irradiated with a linearly polarized laser with 
λ= 532 nm and an irradiance of 300 mW/cm2 for various 
periods of time. (a-e) Azoglass-470: (a) 0 s, (b) 30 s, (c) 5 
min, (d) 10 min, and (e) 20 min; (f-h) Azoglass-530: (f) 0 s, 
(g) 5 min, and (h) 10 min. The laser polarization direction is 
set vertical with respect to the figure. 
 
With all these observations about initial protrusion formation 
leading to the efficient construction of well-defined SSRGs, it 
is legitimate to question about the origin of these hills. We 
can apply Hertz theory to find out the pressure P that would 
be needed to induce the surface protrusions with 2a = 500 nm 
diameter and height d = 20 nm in Figure 2b.26  

 
    
 (2) 

 
In which E ≈ 4000 MPa is the Young modulus of the glass 
measured by dynamic mechanical analysis27 and a Poisson 
ratio of 0.5 was assumed for an incompressible glass. We get 
P ≈ 180 MPa. 
 

 
Figure 12. Photo-induced birefringence as a function of time 
for DR1-glass, Azoglass-470 and Azoglass-530. 



 

 

 
This is significantly larger than both the radiation pressure 
Plaser ≈ 10-5 Pa exerted by the laser beam during the 
experiment, and the pressure Plaser ≈ 50 Pa that could be 
exerted by other authors in pulsed laser experiments reported 
by other authors.28 An alternative explanation is offered with 
the anisotropic photo-induced translation diffusion of 
azobenzenes.9 Azobenzene moieties migrate by diffusion 
along their long axis when they undergo repeated cis-trans 
isomery. Under a given area A, the rate k of cis-trans isomery 
in a sample of thickness h submitted to a laser intensity I is: 

 
  (3) 
 

In which Nt is the density of azo moieties in the trans isomer 
in the glass, Φ is the quantum efficiency for cis-trans isomery, 
σ is the absorption cross-section of the molecules, ℏω is the 
photon energy and <cos2(θ)> is the average orientation of the 
molecules’ transition moment with respect to the laser 
polarization direction. It was observed that when excited with 
longitudinally polarized laser (perpendicular to the surface), 
the azo material protrudes out of the surface under the laser 
beam.29 When the molecules are excited with a uniform laser 
beam with transverse polarization, the molecules mostly tend 
to move into the plane, with negligible effect on the surface. 
However, the orientation average <cos2(θ)> is strongly 
affected by photo-induced birefringence which orients the 
molecules perpendicularly to the laser beam polarization. The 
molecules then can protrude out of the surface, which 
explains the initial hill formation. Interestingly, this places 
photo-induced birefringence as a key parameter in SSRG 
formation. This provides an explanation to the observation 
that no SSRGs could form in Azoglass-530 under identical 
laser exposure conditions (Figure 12). This also provides an 
explanation to the observation that SSRG formation was 
faster under circularly polarized light compared to  linearly 
polarized light. Indeed, when excited under linear 
polarization, molecules tend to align into the plane 
perpendicular to the polarization direction, of which only half 
is perpendicular to the surface; meanwhile, when excited 
under circular polarization, molecules tend to align in the 
direction perpendicular to the polarization plane, which is the 
direction perpendicular to the surface. This reasoning thus 
explains why the SSRG formation process happens twice as 
fast under circularly polarized light compared to linearly 
polarized light. Looking more carefully at Eqn.(3), 
birefringence also explains why linear polarization excitation 
induces a pair of gratings with crossed orientations in fig. 2h. 
Indeed, birefringence depletes the population of molecules 
aligned along the laser polarization. In consequence, the 
excitation rate k is maximized into a cone of directions 
centered on the laser polarization, which projects on the 
surface into the two ≈ ±40º directions observed in figure 2h.  

4. Conclusions 

Spontaneous surface relief grating formation under single-
beam exposure in general is attributed to the interference 
pattern between the incident beam with beams scattered by 
surface defects at the grazing angle. In this study, SSRG 
nucleation and growth was monitored on samples with 
various ranges and sizes of surface defects. Formation and 
propagation of SSRG under linear and circular light 
irradiation have been studied. On topologically flat surfaces, 
irradiation initially induces the formation of protrusions with 
a 500 nm diameter as a result of mass transport due to 
repeated cis-trans isomerization. Ripples then gradually form 
around these defects, leading to the formation of gratings 
which spread over the sample. For linear polarization, a 
patchwork of grating domains in two different directions 
formed, whereas for circular polarization, grains arrange in a 
circular pattern. It has been proven that light coupling due to 
the defects, which are capable of diffracting light into the 
sample, is responsible for SSRG formation. Further, samples 
with different range of defects were prepared using either 
corona poling at different temperatures or by spin-coating 
with various mixtures of solvents. Pore defects do not diffract 
light at the free surface of the sample and do contribute to the 
SSRG formation, reinforcing the hypothesis that SSRG 
formation is a surface-driven process. Optimal growth rate is 
achieved for defects with dimensions close to the grating 
pitch, and larger defects slow down SSRG formation. These 
large defects eventually flatten and elongate in the direction 
parallel to the light polarization due to directional 
photofluidization. SSRG nucleation and growth also have 
been studied on two analogous azobenzene glass-forming 
derivatives, Azoglass-470 and Azoglass-530. While 
irradiation of Azoglass-470 resulted in SSRG formation at the 
same rate as DR1-glass, the gratings saturated at a lower 
height, and photo-induced surface defects were significantly 
larger, which is believed to be a consequence of more erratic 
mass movement due to the presence of two azo groups. On 
the other hand, no surface deformations, and consequently no 
gratings, were observed upon irradiation of Azoglass-530. 
These findings have highlighted some crucial elements of the 
nucleation of SSRGs that were instrumental in establishing a 
comprehensive model for their formation. 
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