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Birefringent structures with high transmittance written in fused silica

by ultrashort laser pulses
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The writing process of birefringent structures in the volume of fused silica by focused ultrashort laser pulses with

wavelength in visible range and various values of pulse energy, pulse duration, repetition rate, numerical aperture

and moving substrate velocity has been studied. The retardance value of fabricated structures has been measured

and influence of the subsequent annealing of these structures has been studied. It was shown, that combination of

writing layered structures with subsequent annealing provides structures with high homogeneity, required retardance

value and high transmittance.
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Introduction

Currently, femtosecond lasers are a common tool for op-

tical property modi?cation and transparent dielectric struc-

turing, including glasses [1–3], sapphire [4–6], fluorite [7,8].
Depending on the parameters of the used laser emission,

various types of modifications may occur in glasses: refrac-

tion index increase due to multiplexing [3], emergence of

self-organizing nanoarrays and nanopores [1,2,9,10] and also

void formation [3,11,12]. Nanoarrays and nanopores allow

to form birefringence domains within fused silica. And the

birefringence value may be controlled by recording created

modifications, for example, by means of structure layer

thickness variation. In fused silica, individual nanoarray

elements constitute porous areas formed due to fast glass

decomposition under the action of focused ultrashort laser

pulses. Voids in these areas are caused by formation

of oxygen molecules being the product of fused silica

disintegration [13] and considerably reduce the refraction

index of glass compared with the untreated volume.

Using orientation control of the recorded structures [14],
whose orientation is perpendicular to polarization of the

laser emission used for recording, various optical elements

may be created [1,6,15,16]. Fused silica is a material

which is interesting for various applications due to a wide

transmittance range, high optical breakdown threshold and

moderate refraction index dispersion. However, the created

structures not always have high transmittance required for

applications. This may be associated with periodicity

fluctuation of the recorded structures and may be corrected

by the increase in the number of pulses per point during

structure recording at a lower scanning speed or specimen

movement that will result in formation of more uniform

structures [16]. Also, transmittance loss may be reduced by

reducing the size of recorded structure components.

The purpose of the study was to create uniform birefrin-

gent structures that would have a low retardance and high

transmittance.

Experimental

Satsuma (Amplitude Systémes) fiber laser with active

Yb+3 ion medium, 515 nm wavelength and linear polariza-

tion of exit emission. The pulse width controlled by the

built-in compressor was equal to 300 fs, 1 and 2 ps, and the

repetition rate is 250 kHz and 500 kHz. The fused silica

specimen was attached to Prior H1P4A three-dimensional

motor-operated platform designed to record structure layers

at a velocity up to 375µm/s. microlens with numerical

aperture NA= 0.1 and 0.25 were used for focusing.

To define dependence of structure characteristics on

laser record parameters such as pulse energy and width,

repetition rate and motor-operated platform velocity, single-

layer structure arrays were produced in a form of squares

of side 1000 µm and 500 µm. Curves of retardance and

transmittance of individual structures vs. record parameters

are shown in Figures 1−3.

After analysis of the produced structures and selection

of the best recording mode, multilayer structures were

recorded. The first pane on the top of Figure 4 con-

tains 12 layers of birefringent structures recorded with

pulse energy 0.5µJ, width 300 fs, repetition rate 500 kHz,

NA= 0.25 and recording velocity 375µm/s. Distance

between layers was equal to 100µm. The following square
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Figure 1. Dependence of the retardance of individual squares

on pulse energy for various recording parameters (pulse width,

repetition rate, numerical aperture). Motor-operated platform

velocity is 375 µm/s. When retardance is lower than 100 nm,

measurement error is ±1 nm (not shown in the figure).

100 300 500 700

R
et

ar
d
an

ce
, 
n
m

0

50

100

150

200

250

Velocity, µm/s

1 µJ  250 kHz

0.475 µJ  500 kHz

25

75

125

175

225

0 200 400 600 800

Figure 2. Dependence of the retardance of individual squares on

motor-operated platform movement speed for various recording

parameters (pulse energy, repetition rate). Pulse width is 300 fs,

NA= 0.25. With retardance lower than 100 nm, measurement

error is ±1 nm (not shown in the figure).

also contains 12 layers, pulse energy is 0.475µJ. Next

squares were recorded with a lower number of layers,

which did not allow to produce resulting uniform structures.

Then the specimen was placed into a PID-control annealing

furnace with the following conditions: initial temperature

was equal to room temperature, heating was carried out

at ∼ 16.7◦C/min up to 1000◦C. After annealing at the

specified temperature during 2 h and 8 h, the specimen was

gradually cooled down to room temperature during 12 h.

The laser emission energy was measured using Ophir 3A-

P energy meter. retardance was measured by LCC7201

(Thorlabs) birefringence visualization system. transmittance

of each individual structure was measured by MSFU-

K (LOMO) microscope spectrophotometer.

Results and discussion

Analysis of the resulting structures has shown that those

structures that were recorded at high repetition rate would

have been uniform. However, even in this mode, the

degree of modification uniformity is reduced with decrease

in pulse energy. The benefit of recording at low energy

values is that the lowest retardance is obtained, which

is required for production of optical elements containing

multilayer structures with controlled resulting retardance.

As a preferable recording mode, a mode with a pulse width

of 300 fs, repetition rate of 500 kHz and NA= 0.25 (purple
curve in Figure 1) was selected to record uniform structures

with low retardance. A motor-operated platform velocity

was set not higher than 375µm/s, since further velocity

increase resulted in record degradation due to less accurate

specimen positioning. To record structures at high velocities,

a more accurate positioning system is required.

Curves of transmittance of individual recorded area vs.

different pulse energies (Figure 3) demonstrate reduction of

transmittance throughout the visible range when the pulse

energy is increased, because this increases the imperfection

of recorded structures and results in stronger light scattering

on structures. When the platform velocity decreases below

a certain threshold value, transmittance is also considerably

reduced, which is associated with the achievement of too
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Figure 3. Dependence of transmittance of individual squares

on wavelength for various pulse energies and movable platform

velocity. Pulse width is 300 fs, repetition rate is 500 kHz,

NA= 0.25.
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Figure 4. Multilayer structures in the form of squares of side

1000 µm and 500 µm (plan view) recorded within fused silica

before (a) and after annealing in air at temperature 1000◦C

during 2 (b) h and 8 (c) h.
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Figure 5. Dependence of transmittance of individual squares of

multilayer structures on the wavelength for various pulse energies.

Pulse width is 300 fs, repetition rate is 500 kHz, movable platform

velocity 375 µm/s, NA= 0.25.

high number of pulses per point during structure recording

which results in the increase in modification density.

This study defined recording parameters for fused silica

of structures having transmittance higher than 0.9 and

retardance lower than 25 nm (purple curve in Figure 1, 3).
Recording of several layers of such structures allowed to

achieve higher uniformity of the resulting structure (Fig-
ure 4) and to retain transmittance higher than 0.8 arb.units

(green curve in Figure 5) required for successful application

of optical elements based on similar structures. Multilayer

configuration of the resulting structure reduced transmit-

tance only slightly. While the subsequent annealing of

the specimen with recorded structures allowed to avoid

undesired effects arising during recording due to material

stresses around the recorded structures (Figure 4). The

arising material stresses were caused by the fact that

the layers are close to each other. Heat resistance of

such nanostructures is explained by the fact that chemical

recombination of oxygen whose molecules are involved

in production of these structures is possible only at a

temperature higher than 1200◦C [13,17,18].

Conclusion

Birefringent structure recording process within fused

silica using focused ultrashort laser pulses was investigated

herein. Dependence of the characteristics of recorded struc-

tures on laser recording parameters was analyzed. It was

shown that combination of multilayer structure recording

followed by annealing allowed to produce structures with

high degree of uniformity, retardance lower than 25 nm and

transmittance higher than 0.8.
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