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Laser-induced refractive index modification by using micro-structuration of diffractive optical 
devices in ophthalmic polymers is of great interest in the fields of Optics and Ophthalmology. In this 
work, poly-hydroxyethyl-methacrylate, PHEMA, polymers used as soft contact lenses were struc-
tured with linear periodic patterns by means of Direct Laser Interference Patterning, DLIP. Periodic 
modulation on the surface of the polymer material was attained under two-beam interference with a 
Q-switched laser source with emission at 266 nm and 10 ns pulse duration. Features of the laser pro-
cessed areas were studied as a function of both the laser fluence and the interference period. Topog-
raphy of structured areas was investigated using optical confocal microscopy. Compositional and
structural modifications of the processed material were studied by means of micro-Raman spectros-
copy, and scanning electron microscopy, SEM, confirming that at low laser fluences structured mate-
rial remained unaltered. Finally, both diffractive properties and refractive index modification were
assessed through diffractive techniques under illumination of a continuous-wave 632.8 nm He-Ne
laser resulting in values ranging 7.8×10-2 and 5.6×10-2.

Keywords: direct laser interference patterning, laser materials processing, surface structuring, poly-
mers, diffraction gratings.  

1. Introduction
Short and ultrashort laser pulses have been widely ap-

plied to fabricate two- and three-dimensional permanent 
structures inside transparent optical materials such as wave-
guides, photonic crystals, diffraction gratings, beam splitters, 
etc. [1-7]. During the last decade ultrafast laser inscription, 
ULI, has been proposed as a new approach to change the 
power of refractive optical elements for ophthalmic applica-
tions. In particular, linear diffraction gratings were inscribed 
within dye-doped and non-doped ophthalmic polymers, ex-
vivo and in-vivo corneal stroma by using high-repetition-
rate ultrashort laser pulses with pulse energy below damage 
threshold. Refractive index modification achieved ranged 
6×10-2~8×10-2 in polymers [8-11]. Nevertheless, the time re-
quired to process areas of similar dimensions to that of the 
cornea, even at the maximal scanning speed reported to date, 
20 mm/s [10], is too long and makes this technique inviable 
to be applied at real scale. This technological limitation may 
be overcome by using direct laser interference patterning, 
DLIP. This single-step and non-contact laser processing 
technique consists in the interference of two or more pulsed 
laser beams to generate a spatial variation of intensity which 
is transferred to the substrate to create periodic patterns with 
controlled dimensions. Structured geometry is managed by 
the interference angle, the laser wavelength, and the laser in-
tensity. This technique has been used to fabricate periodic 
arrays in a wide range of metals and polymers and has been 
demonstrated to be more flexible and cost-effective when 

compared to traditional micro- and sub-micrometer structur-
ing methods [12-18].  

In this work fabrication and characterization of diffrac-
tive gratings in poly-hydroxyethyl-methacrylate polymers 
used as soft contact lenses by using direct laser interference 
patterning, DLIP, is presented. Diffraction gratings were 
structured in dry stage by using a pulsed laser source emit-
ting at 266 nm with pulsewidth in the nanosecond range. The 
surface topography of the irradiated areas was investigated 
using optical confocal microscopy, bright field and phase 
contrast microscopy, and Scanning Electron Microscopy, 
SEM. Also, structural modification was studied by means of 
micro-Raman spectroscopy. Finally, periodic patterns were 
characterized by diffractive techniques to ascertain the dif-
fractive properties of the DLIP periodic patterns.   

2. Experimental
2.1 Material

Ophthalmic poly-hydroxyethyl-methacrylate, PHEMA-
UV, was used as substrate. This polymer when used for soft 
contact lenses usually incorporates UV filters which shift the 
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absorption edge to 375 nm, as shown in Figure 1. Samples 
were 1 mm thick and were processed in dry stage.  

2.2 Laser structuring 
As the laser source a Q-Switched Nd:YAG laser emitting 

10 ns pulses at a wavelength of 266 nm with a repetition rate 
of 10 Hz was used to fabricate the periodic structures 
(Quanta Ray, Spectra Physics). Laser processing was carried 
out under the two-beam configuration, as shown in Figure 2. 
Laser beam was split into two beams of equal intensity by a 
beam splitter and the optical path of both beams was ad-
justed by mirrors and lenses. The interference period, Λ, was 
controlled by the angle between the laser beams, 2α, and the 
laser wavelength, λ, of the laser light according to the fol-
lowing equation [12]:

𝛬𝛬 = 𝜆𝜆
2 𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼

(1) 

Interference periods were set at 2.6 µm and 4.7 µm. 
Features of the laser processed areas were also studied as a 
function of the laser fluence, delivering fluences on the sur-
face of the samples between 0.5 J/cm2 and 17 J/cm2, and 
number of pulses, between 1 and 5 pulses. To structure large 
areas, a 0.5 mm side square mask was used to obtain a square 
pixel and the sample was translated in x and y directions con-
trolling the distance between adjacent pixels. Since the mask 
was located at a significant distance from the laser source, 
the shape of the beam at this position can be considered 
Gaussian. Then, two 100 mm optical lenses were used to fo-
cus the interference pattern on the surface of the sample, as 
shown in Figure 2 (double lens system). 

2.3 Characterization techniques 
Superficial topography and profile measurements were 

carried out using an optical confocal microscope (Sensofar 
S Neox). Bright field and phase contrast images were taken 
using a phase contrast microscope (M-800, Optika). Micro-
structural analyses were determined by environmental Field 
Emission Gun Scanning Electron Microscopy, FEG-SEM, 
(Quanta FEG-250) with Energy Dispersive X-ray Spectros-
copy, EDX, detector incorporated. Micro-Raman dispersion 
measurements were performed using a spectrograph (SR-
303i-B, Andor) equipped with a thermoelectric-cooled CCD 
detector (DU920P-BEX2-DD, Andor). As the excitation 

source, a 532 nm laser was used, and the scattered light was 
collected in confocal configuration through a 60× (NA = 
0.85) microscope objective lens. The output power of the la-
ser was kept below 25 mW in order to avoid significant local 
heating of the samples. A continuous-wave 3 mW He-Ne la-
ser at 632.8 nm was used to illuminate the DLIP periodic 
patterns to characterize the diffractive modes. 

3. Results and discussion
3.1 DLIP structuring

Periodic line-like patterns arrays were produced on the 
polymer samples using a two-beam laser interference setup, 
for which the modulation of the intensity profile experienced 
on the surface of the sample can be described according to 
the equation [12]: 

2 2( , ) 4 cos ( sin )P LI x y I xπ α
λ

= (2) 

where, x and y are the coordinate axes in the perpendic-
ular and parallel directions to the linear pattern respectively, 
IL is the laser fluence of each beam, 2α the interference angle 
and λ the laser wavelength. This distribution of intensity may 
be transferred onto the material surface by photo-thermal, 
photo-chemical or photo-physical processes. Considering 
the high absorption of the polymer samples at the laser 
wavelength used to carry out the process, 266 nm, and that 
the pulse duration is in the nanosecond range, 10 ns, both 
photo-chemical and photo-thermal processes will take part 
in the structuring process implying direct bond breaking and 
thermally induced vaporization processes [19]. 

The experimental setup was adjusted according to the 
Equation 1 to structure both types of polymer samples with 

Fig. 2  Schematic representation of the DLIP two-beam 
interference configuration setup. Fig. 1  Optical transmission spectra of PHEMA and 

PHEMA-UV polymer. 

Fig. 3  Confocal image of a sample structured with a period 
of 2.6 µm obtained using one laser pulse and a laser 
fluence of 7 J/cm2. 
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spatial periods of 2.6 µm and 4.7 µm. Single-pulse laser 
structuring was assessed modifying the laser fluence be-
tween 7 J/cm2 and 17 J/cm2. In addition, multi-pulse laser 
structuring was investigated delivering 1, 3 and 5 pulses at a 
fluence of 17 J/cm2.  As an example, Figure 3 shows the sur-
face topography of a sample structured with a period Λ of 
2.6 µm obtained using one laser pulse and a laser fluence of 
7 J/cm2. Profile measurements carried out in the processed 
areas by confocal microscopy allowed determining the ex-
perimental period of the interference pattern, resulting in 
2.64±0.15 µm and 4.78±0.48 µm, in good agreement with 
the theoretical calculation provided by Equation 1. 

At low laser fluences, it was observed that laser-matter 
interaction process resulted in the swelling of the polymer 
surface, as shown in Figure 3. Swelling is a pre-ablative pro-
cess commonly observed at low fluences, which consists in 
the softening of the irradiated surface giving rise to the ma-
terial expansion. This process has been observed under cer-
tain conditions and may be attributed to both a local heating 
of the polymer sample and the decomposition of the UV ab-
sorbers of the polymer sample, which results in molecular 
nitrogen elimination and eventually to other gaseous by-
products [15, 19-22]. This phenomenon was observed for la-
ser fluences up to 9 J/cm2 for a spatial period of 2.6 µm and 
up to 17 J/cm2 for a spatial period of 4.7 µm. At higher laser 
fluences, material structuring was produced by ablation 
mechanisms.  

The height of DLIP structures increased with the laser 
fluence in both single-pulse and multi-pulse modes, as 
shown in Figure 4. Furthermore, as previously reported, the 
height of the periodic structure decreased when the spatial 
period was decreased from 4.7 µm to 2.6 µm [15]. Never-
theless, in addition to structured areas a heat affected zone, 
HAZ, appeared in the processed areas for laser fluences 
higher than 11 J/cm2 for a spatial period of 2.6 µm and 51 
J/cm2 for a spatial period of 4.7 µm. This was because of the 
photothermal-mechanical nature of the laser-matter interac-
tion process. As an example, Figure 5 shows a top-view 
SEM micrograph of a sample processed with a single pulse 
at a fluence of 11 J/cm2 and a spatial period of 2.6 µm in 
which the molten material produced during the ablation pro-
cess and redeposited on the interaction zone is observed. 

3.2 Microstructural characterization 
Chemical composition and structural analyses of the la-

ser treated polymers were also investigated by µ-Raman 
spectroscopy. Figure 6 shows Raman spectra in non-pro-
cessed areas and in the DLIP structured regions at both low 
and high laser fluences. Raman spectra were made up of 
sharp peaks and broad bands which can be assigned as fol-
lows [23, 24]: 473 cm-1, deformation mode; 604 cm-1, 
νsCCO; 830 cm-1, νsCOC; 897 cm-1, νsCOC(H); 968 cm-1, 
ρCH3; 1029 cm-1, νCC; 1089 cm-1, νasOCH2C, ρCH3, and 
ρCH2; 1204 cm-1, τCH2 and ωCH2; 1277 cm-1, τCH2 and 
ωCH2; 1455 cm-1, δCH2 and δCH3; and 1718 cm-1, νC=O. 

Raman spectra of DLIP structured areas processed at 
high fluence showed significant variations when compared 
to that corresponding to the non-processed samples. In par-
ticular, at high laser fluence there was a strong decrease of 
the peak intensity in the components at 473 cm-1, 604 cm-1, 
830 cm-1, 897 cm-1, 1089 cm-1 and 1718 cm-1, whereas the 
components at 734 cm-1, 1204 cm-1, 1230 cm-1 disappeared. 
Conversely, at low fluence the laser structuring was not ac-
companied with important changes in the Raman spectra and 
hence the polymer structure remained almost unaltered after 
laser irradiation.  

Mechanisms responsible for refractive index changes 
may be attributed to photodecomposition, local heat accu-
mulation, dehydration, additional cross-linking and tensile 
stress [25-27]. The strong fluorescence background increase 

Fig. 5  Top-view SEM micrograph of a sample processed 
with a single pulse at a fluence of 11 J/cm2 and a spa-
tial period of 2.6 µm. 

Fig. 6  Micro-Raman spectra of PHEMA samples. 
Fig. 4  Height achieved in DLIP-structured PHEMA sample. 
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observed in samples processed at high fluence can be as-
signed to thermal decomposition of organic molecules [25]. 
On the other hand, when laser processed areas do not present 
significant changes in the structure of the polymer matrix, 
such as samples processed at low laser fluence, the refractive 
index mechanism can be attributed to additional cross-link-
ing and local densification [25]. 

3.3 Optical characterization 
Refractive index changes achieved in the DLIP periodic 

patterns structured were characterized under illumination of 
a continuous-wave He-Ne laser at 632.8 nm. DLIP periodic 
patterns showed diffraction patterns at both spatial periods, 
4.7 µm and 2.6 µm, with diffraction angles in good agree-
ment with the diffraction equation mλ=Λsinθ, where m is the 
diffraction order, λ the laser wavelength and Λ the grating 
period. As an example, Figure 7 shows far-field diffraction 
pattern obtained from single-pulse mode, 17 J/cm2 laser flu-
ence, and Λ=4.7 µm structuring period.  

Next, zero- and first-order intensity of each diffracted or-
der were measured by using a power-meter providing a first-
order efficiency, I1/I0, of 0.0013 and 0.0307 for samples pro-
cessed at 14.0 J/cm2 and 17 J/cm2, respectively. At this laser 
fluences total efficiency of the diffraction gratings were 
found to be higher than 98% so that refractive index change 
could be determined considering the diffraction grating as a 
phase grating. In addition, refractive index change was as-
sumed to be both uniform and top-hat shaped within the ir-
radiated region. With these assumptions the intensity of the 
0th and 1st order diffracted light can be expressed as [8]: 

𝐼𝐼0 = � 1
𝜆𝜆𝜆𝜆
�
2
��𝑒𝑒𝑖𝑖2𝜋𝜋

(𝑛𝑛+𝛥𝛥𝛥𝛥)𝑏𝑏
𝜆𝜆 − 𝑒𝑒𝑖𝑖2𝜋𝜋

𝑛𝑛𝑛𝑛
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and 
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where λ is the laser wavelength, n the refractive index of 
the material, b the thickness of the grating line, a the width 
of the grating line and Λ the grating period. First-order effi-
ciency provided by the ratio of Equations 4 and 3 was plotted 
versus the refractive index change, Δn. For the first-order ef-
ficiencies obtained in the samples the corresponding refrac-
tive index changes were found to be 7.8×10-2 and 5.6×10-2 

for laser fluences at 14 J/cm2 and 17 J/cm2, respectively. 
These values were slightly higher to those previously re-
ported by using the ULI technique in silicone and non-sili-
cone based hydrogel polymers 6×10-2 [8], and in the same 
order of magnitude in dye-doped silicone hydrogels 8×10-2 
[9]. It is worth highlighting that these gratings were manu-
factured at 0.4 µm/s and 600 µm/s for the non-doped and 
doped polymers respectively so that the fabrication yields 
for a grating with a spatial period of 4.7 µm would be 
1.88×10-6 mm2/s and 2.82×10-3 mm2/s respectively, whereas 
the fabrication yield for the same grating manufactured by 
DLIP in the experimental conditions studied in this work 
ranges 0.23 mm2/s and 2.2 mm2/s, more than two orders of 
magnitude faster. 

4. Conclusions
Direct laser interference patterning was successfully ap-

plied to structure PHEMA polymers used as soft contact 
lenses. A Q-switched laser delivering 10 ns laser pulses at 
266 nm and the two-beam configuration setup was used to 
fabricate periodic line-like patterns with spatial periods of 
2.6 µm and 4.7 µm. At low laser fluences it was observed 
that laser-matter interaction process resulted in the swelling 
of the polymer surface. As the laser fluence increased the 
height of the DLIP structure also increased in both single-
pulse and multi-pulse processing modes. Furthermore, the 
height of the periodic structure decreased when decreasing 
the spatial period. However, high laser fluences achieved at 
both single and multi-pulse modes induced a heat affected 
zone in which the material removed from the surface during 
the laser interaction process was redeposited on the interac-
tion zone. Micro-Raman analyses carried out in the pro-
cessed areas showed that at low laser fluence the material 
remained almost unaltered. On the contrary, at high laser flu-
ence the material underwent degradation with significant 
changes in the chemical structure showing a strong fluores-
cence background attributed to thermal decomposition of or-
ganic molecules. DLIP structured areas showed diffraction 
patterns at both spatial periods, 4.7 µm and 2.6 µm. 1st to 0th 
order diffracted light efficiency was used to assess the re-
fractive index modification, resulting in 7.8×10-2 and 
5.6×10-2 for 14 J/cm2 and 17 J/cm2 laser fluences, respec-
tively.  Refractive index mechanism for these low scattering 
loss DLIP gratings can be attributed to additional cross-link-
ing and local densification. These values of refractive index 
change were similar to those reported by using the ULI tech-
nique but with an improvement of the processing yield of 
more than two orders of magnitude. 
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