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This report describes fabrication of volume gratings inside various matrix polymers using 
femtosecond laser irradiation at a wavelength of 400 nm. We investigated the diffraction efficiencies 
of volume gratings with a period of 10 μm by focusing 400-nm laser pulses with a 0.1-numerical 
aperture objective lens. We compared the polymers’ diffraction efficiencies at 400 nm and 800 nm. 
The largest refractive index change was induced in polymers with low density. The large refractive 
index change was attributed to its volume contraction based on its low density. 
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1. Introduction 
Diffractive optical elements (DOEs) are attractive 

because of their compactness and high optical functions. 
The areas of DOEs’ applications include beam shaping, 
materials processing, sensing, optical metrology, and 
lighting. Current techniques for fabricating DOEs are 
usually based on planar technologies. The integration of 
DOEs in monolithic bulk materials is expected to have high 
toughness and to be more suitable for device integration 

Recently, the use of femtosecond laser direct writing to 
produce optical devices inside transparent materials has 
been expanding considerably [1,2]. Tightly focused 
femtosecond laser pulses can induce nonlinear absorption 
within the focal volume and can modify the indices of 
refraction of the materials permanently. This highly 
localized modification gives femtosecond laser 
micromachining a unique three-dimensional micro-
modification capability. Furthermore, femtosecond laser 
direct writing is an attractive technique because it enables 
one-step fabrication of three-dimensional optical devices. 

Polymer materials are widely used for fabricating 
photonic components because of their various advantages 
such as low cost, ease of manufacture, and high 
transmission in the visible region. The use of intense 
femtosecond laser pulses enables the fabrication of three-
dimensional photonic structures such as memories [3–6], 
microchannels [7,8], waveguides [10–15], and gratings 
[16–28] in polymer materials. The widening integration of 
DOEs in bulk polymers is increasingly providing good 
mechanical stability and high integration density. 

Fabrication of DOEs in polymer materials has been 
demonstrated using femtosecond lasers. To increase the 
diffraction efficiency of DOEs embedded in polymers, 
various fabrication conditions have been investigated, such 

as laser parameters [19,20], material types [24–27], and 
thermal treatment [28]. 

Filamentary modifications are crucial in the 
applications of DOE fabrication. Self-guiding of the beam 
created from ultrashort laser pulses, which is also called 
filamentation, occurs as a consequence of dynamic balance 
between Kerr self-focusing and defocusing effects in the 
electron plasma generated through the ionization process. 
Filament formation inside transparent solid materials 
engenders filamentary modifications, which are useful to 
fabricate volumetric optical elements in transparent 
materials because the shape of refractive index change is 
elongated along the optical axis [29–32]. 

Mochizuki et al. investigated refractive index change in 
various polymers using femtosecond laser pulses at a 1 kHz 
repetition rate and a wavelength of 800 nm using a 
microscope objective with a numerical aperture (NA) of 
0.1. The thickness of gratings was 300 µm using a 
filamentation process. The diffraction efficiency of a DOE 
in polymethylpentene (PMP) was an order of magnitude 
higher than those of other polymers [24]. The value of 
diffraction efficiency in PMP was 45.1%, which was 
approximately an order of magnitude higher than the values 
of the other polymers, which were 0.3%–4.6%. The 
refractive index change in PMP was estimated as 4.9 ×10-4. 
Mochizuki et al. concluded that a low-density polymer 
with a large free volume seems to contract more easily than 
a denser material does. Baum et al. investigated the 
induction of refractive index change in poly(methyl 
methacrylate) (PMMA) using a 387 femtosecond laser [20–
23]. This wavelength causes increased refractive index 
changes compared to the fundamental wavelength because 
of enhanced nonlinear absorption. 

This report describes fabrication of DOEs inside 
various matrix polymers using femtosecond laser 
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irradiation at a wavelength of 400 nm. We investigated the 
induction of refractive index change in various matrix 
polymers by 400-nm femtosecond laser pulses. 

 
2. Experimental system 
Figure 1 depicts the optical setup for fabrication of DOEs 
in bulk polymer materials. An amplified Ti:sapphire 
femtosecond laser (800 nm wavelength, 1 kHz repetition 
rate, 150 fs pulse duration) was frequency-doubled to 400 
nm. The pulse energy was attenuated by rotating a half-
wave plate in front of a polarizer. A short-wave pass filter 
cut excluded laser pulses of a fundamental wavelength of 
800 nm. The 400-nm laser pulses were focused by a 5× 
microscope objective with a numerical aperture of 0.13. 
The focal point was located 500 μm below the sample 
surface. The energy was 3.5 µJ/pulse. The sample, which 
was mounted on a computer-controlled translation stage, 
was translated perpendicular to the laser beam propagation 
direction at a constant speed of 1 mm/s. The pulse energy 
at each sample surface was adjusted to 1000 nJ with an 
attenuator inserted between the laser equipment and 
microscope objective lens. Volume diffraction gratings of 
8.0 mm × 8.0 mm with a period of 10 μm were fabricated 
in polymers by translating the samples with a two-
dimensional stage at 1 mm/s. We used a series of optical-
use polymers: PMMA (Acrylite L #000; Mitsubishi Rayon 
Co. Ltd.), polycarbonate (PC, Panlite AD-5503; Teijin 
Chemicals Ltd.), cyclo-olefin polymer (COP, Zeonex 480; 
Zeon Corp.), PMP (TPX RT-18; Mitsui Chemicals Inc.), 
poly(methyl methacrylimide) (PMMI, Pleximid 8805; 
Evonik Industries), and polystyrene (PS, GPPS K27; PS 
Japan Corp.). The characteristics of all polymers were 
presented in earlier reports [16, 24]. 

 
 
 

 
 

Fig. 1 Optical setup for fabrication of DOEs in polymers. 
HWP, half-wave plate; PL, polarizer; ND, neutral density 
filter; SHG, second harmonic generation crystal; F, short-
wave pass filter, OB, objective lens. 
 
 

The diffraction efficiency was measured using a He-Ne 
laser at a wavelength of 632.8 nm so that the He-Ne laser 
beam incident upon the grating was diffracted at the first-
order Bragg diffraction angle. The intensity of each 
diffracted beam was measured using a power meter. We 
calculated the first-order Bragg diffraction efficiency (η1) 

as the ratio of the first-order diffracted beam intensity to 
the sum of all diffracted beam intensities. 

The Q value, a parameter used to judge the type of 
diffraction, is given by equation [34] as 

 

Λ
=

2

πλ2
n

ΛQ  ,                 (1) 

 
where λ, Λ, Λ, and n respectively signify the measurement 
wavelength of the beam (632.8 nm), the diffraction grating 
thickness, grid interval, and the polymer refractive index. 
The diffraction grating period (Λ) was observed from the 
sample surface using a transmission optical microscope. 
The grating thickness was observed from a direction 
perpendicular to the optical axis using an optical 
microscope. The grating thickness corresponds to the 
length of filamentary modification. A grating with a Q 
value greater than 10 can be regarded as a thick grating 
showing Bragg diffraction properties. Because the 
diffraction grating area had no absorption and because the 
Q value of the fabricated gratings was approximately 10, 
the refractive index change, Δn, was calculated as 
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3. Experimental results 
Figure 2(a) portrays a typical diffraction image of the 
embedded DOE in TPX. Figure 2(b) shows a top view of 
an optical image of the DOE fabricated in TPX. Periodic 
structures with a period of 10 μm were fabricated inside 
TPX. 

Table 1 shows first-order diffraction efficiencies of 
DOEs and estimated refractive index changes in various 
polymers. The grating thickness was 300 μm by 
observation from with an optical microscope. The value of 
η1 in PMP was 45%, and that in COP was 34%. The value 
of η1 in PMMA was 11%. The values of η1 in PC and 
PMMI were, respectively, 2% and 3%. The refractive index 
change in PMP was estimated as 4.9 × 10-4. The value of η1 
and refractive index change in PMP were almost identical 
values to those induced with a femtosecond laser at a 
fundamental wavelength (800 nm) [24]. The refractive 
index change in PMMA was estimated as 2.3 × 10-4. For PS, 
the refractive index change is not detectable with an optical 
microscope. When the incident energy was increased, the 
refractive index change was not induced; scattering damage 
was produced in PS. 
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Fig. 2(a) Diffraction image of the embedded DOE (b) 
optical image of the DOE fabricated in PMP. 

 
 

Table 1 First-order diffraction efficiencies of DOEs and 
estimated refractive index changes. “Not clearly defined” 
in PS signifies that the modified region was too small to 
identify structural modifications. 

 

 
 

 
4. Discussion 

We compared the processes at 400 nm and 800 nm. 
Figure 3 shows η1 values of DOEs against material 
polymer densities. PMP had a density of 0.89 g/cm3 [49] 
and exhibited the highest value of η1= 45% in our 
experiments. COP had a density of 1.01 g/cm3 and 
exhibited the high value of η1= 34%. PMMA, which had a 
density of 1.19 g/cm3, exhibited a value of η1= 11%. The 
value was higher than that with laser pulses at a 
fundamental wavelength of 800 nm. PC and PMMI had 
lower densities and diffraction efficiencies were lower than 
other polymers. For PS, the refractive index change was 
not detectable. The diffraction efficiency was not 
measurable. 

 
 
Fig. 3 First-order diffraction efficiency of DOE as a 
function of the polymer material density. First-order 
diffraction efficiencies of DOE at a fundamental 
wavelength of 800 nm were referred from the literature 
[24]. 
 

The large refractive index change was induced in 
polymers with low density using a femtosecond laser at a 
fundamental wavelength of 800 nm. This tendency was 
confirmed at a wavelength of 400 nm [24]. The density 
change is a possible explanation for the mechanisms. The 
physical mechanism responsible for the induction of 
refractive index change in PMMA has been investigated. 
Pulses of 40 fs created phase gratings with refractive index 
changes of ∆n=5 × 10-4 [18], and 85 fs pulses produced 
waveguides with ∆n=4.6 × 10-4 [14]. The diffraction 
gratings described in an earlier report [9] showed up to 
37% first-order diffraction efficiency. The results with a 
longer pulse duration of 180 fs at a wavelength of 775 nm 
produced only small refractive index changes. In contrast, a 
frequency-doubled beam (387 nm) generated gratings with 
up to 40% first-order diffraction efficiency, corresponding 
to ∆n=4×10-3 [19]. This discrepancy was attributed to the 
difference of focusing conditions and pulse durations of the 
laser pulse. Regarding the mechanisms in PMMA, the 
complete and partial separation of the side chain from the 
PMMA molecule [18,22] and tensile stress [14] were also 
responsible for inducing the refractive index change in 
PMMA. For PS, the refractive index change was not 
detectable at 400 nm. Higher energy led to production of 
scattering damage. PS is a kind of fluorescent material with 
absorption band less than 300 nm arising from a benzene 
ring in its side chain. In multi-photon absorption inside PS, 
it is reasonable that the main deactivation of the excited 
state to the grand one seems to occur by mode of 
fluorescence emission rather than radical formation and 
photolysis leading to chemical reaction. The universal 
mechanism responsible for the induction of refractive index 
change in polymers is based on material density. 

 
 
 
 

 PMMA PC COP PMP PMMI PS 
1st order 
diffraction 
efficiency 
(%) 

11 2 34 45 3 
Not 
clearly 
defined 

Refractive 
index 
change 
(×10-4) 

2.3 1.0 4.2 4.9 1.2 
Not 
clearly 
defined 
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Conclusions 
In conclusion, we demonstrated the fabrication of 

DOEs in a series of optical polymers with femtosecond 
lasers at a wavelength of 400 nm. Among the polymers, 
DOE formed inside PMP, which had the lowest density, 
and which showed the highest first-order diffraction 
efficiency value both at 800-nm and 400-nm femtosecond 
laser pulses. In polymers with low density, it is assumed to 
undergo contraction easily by femtosecond laser irradiation, 
resulting in a greater change in the refractive index. Direct 
micromachining using 400-nm femtosecond laser pulses is 
a potential method for three-dimensional integration of 
high efficiency DOEs in polymers. 
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