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Deep subsurface waveguides with circular cross section produced
by femtosecond laser writing
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�Received 28 March 2007; accepted 28 June 2007; published online 31 July 2007�

A combination of low numerical aperture focusing optics, in order to minimize spherical aberration,
and beam shaping with a slit has been used to produce waveguides in fused silica by femtosecond
laser writing. Waveguides with circular cross section and low losses are produced over a large depth
window ��7 mm� without changing any experimental parameter. Diffraction induces beam
divergence along the axis perpendicular to the slit, leading to a shift of the focal plane. The focal
intensity distribution can be predicted by a hybrid model combining Gaussian beam propagation
with imaging of the slit into the material. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2761298�

Nonlinear processing of dielectric materials with femto-
second laser pulses is a very promising tool for the fabrica-
tion of three-dimensional photonic elements.1 However, in
spite of its application to the production of waveguides,2

couplers,3 waveguide amplifiers,4 or lasers,5 its use is still
limited by several problems affecting the spatial distribution
of energy deposited inside the dielectric material. Spherical
aberration �SA�, caused by the refractive index mismatch at
the air-dielectric interface,6–9 as well as nonlinear propaga-
tion �NLP� phenomena10–12 have already been identified as
critical issues in this respect. Depth of focus limitations, SA,
and NLP can result in an elongated focal volume, leading to
structures with a strongly elliptical cross section.

In the absence of NLP and SA effects, the extension
��Z� of the focal volume along the beam propagation axis
�z� is given by twice the Rayleigh range �ZR� of the beam:13

�Z=2ZR=2n� /��NA�2, n being the refractive index of the
material, � the laser wavelength, and NA the numerical ap-
erture of the focusing lens. The transverse dimension of the
beam at the focus is given by 2w0xy

=2� /��NA�, where w0x
�w0y

� denotes the 1/e2 intensity radius at the focus along the
x �y� axis. As a consequence, the focal volume is a prolate
ellipsoid with an aspect ratio ZR /w0x

equal to n /NA. High
NA optics �NA�1� thus allows generating a quasispherical
focal volume at very shallow processing depths in low re-
fractive index materials.14 However, the focal volume size
can be then too small for applications, such as the production
of IR transmitting waveguides, making it necessary the use
of high repetition rate laser systems to increase the size of
the laser modified volume through thermal diffusion
effects.14,15

SA can also strongly contribute to �Z, particularly for
large values of NA and focusing depths d.7 A geometrical
estimation for this contribution is given by8

�zSA � d��1 − �NA/n�2

1 − NA2 − 1� . �1�

The problem of obtaining small �Z values that are com-
parable to the beam waist �2w0� is illustrated in Fig. 1. It
shows the calculated intensity distribution6 along the yz
plane for a ��=800 nm� laser beam focused at d=1 mm in-

side a material with n=1.45, for different NA values. For low
NAs �0.1 and 0.2�, �Z is essentially given by the Rayleigh
range. A further increase of the NA �NA=0.6� makes the SA
contribution to dominate leading to an elongated filament.
This behavior can be quantitatively appreciated in the plot in
Fig. 1, showing 2ZR, �ZSA, 2ZR+�ZSA, and 2w0 as a func-
tion of NA. The minimum observed in 2ZR+�ZSA for NA
	0.2 corresponds to the window over which the best com-
promise can be achieved. This compromise is though far
from generating a focal volume with a circular cross section.
For the parameters used, at d=1 mm, �Z is around 20 �m
while 2w0 is just about 2.5 �m. For shallower depths, e.g.,
d=0.3 mm, the best compromise would be found at NA
	0.3, with �Z	10 �m and 2w0	1.7 �m. For larger
depths, e.g., d=10 mm, the minimum of �Z �	80 �m�
would be centered on NA=0.11.

For the particular case of waveguides, the use of ellipti-
cally shaped beams16–19 provides an alternative route for pro-
ducing elements with circular cross section. The smaller
transverse dimension of the elliptical beam gets less focused
and can reach a size �2w0y

� comparable to 2ZR, thus gener-
ating a focal volume shaped as a thin disk.16 If the sample is
translated along the direction perpendicular to the disk dur-
ing the writing process, the resulting waveguide shows a
nearly circular cross section.16,18 So far, this approach has
been used only for shallow processing depths �negligible
SA�. In this work we have used a combination of two
complementary approaches �use of a small NA for minimiz-
ing SA and elliptical beam shaping� to achieve the produc-

a�Electronic mail: j.solis@io.cfmac.csic.es

FIG. 1. �Color online� Intensity distribution in the yz plane �z is the propa-
gation axis� of a �=800 nm laser beam focused at d=1 mm inside fused
silica, calculated for NA=0.1, 0.2, and 0.6. The plot shows the evolution of
2ZR, ZSA, 2ZR+ZSA, and 2w0 as a function of NA computed under the same
conditions for n, �, and d.
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tion of optical waveguides with circular cross sections over a
large processing depth window �beyond 7 mm�.

The samples, �Schott-Lithosil� fused silica blocks, were
irradiated using 100 fs laser pulses delivered by a commer-
cial Ti:Al2O3 amplifier ��=800 nm and a repetition rate of
1 kHz�. The writing beam �parallel to the z axis� was focused
at different depths in the 0.7–7 mm range inside a 2�2
�1 cm3 fused silica block using a long working distance
microscope objective with a focal length f =20 mm, a nomi-
nal NA of 0.26, and a working distance of 30 mm. During
irradiation, the sample was scanned along the x axis �perpen-
dicularly to the irradiation beam� at 100 �m/s generating
waveguides with a length of 	2 cm. The 1/e2 intensity
beam diameter along the x axis at the entrance of the focus-
ing optics was Dx=7.43 mm, corresponding to an effective
numerical aperture NAx=0.18. An adjustable slit located
210 mm before the focusing optics was used to reduce the
effective numerical aperture of the beam along the y axis
�NAy�. The effect of the slit width ��Sy�, the writing depth
�d�, and the writing pulse energy �E� on the characteristics of
the produced waveguides was studied. Details regarding the
setup used for characterizing the waveguides are given
elsewhere.11 The propagation losses and refractive index
change of the waveguides were measured using the methods
described in Refs. 20 and 21, respectively.

The first and third rows of images in Fig. 2 show the
near field intensity distribution of the guided mode at
633 nm of two groups of waveguides. Each group corre-
sponds to four different irradiation depths for a given slit
width ��Sy� and pulse energy �E�. The first row corresponds

to the waveguides with the most circular mode cross section
obtained in this study, corresponding to �Sy =0.35 mm. Cir-
cularity is achieved at the already considerable depth of
0.73 mm and maintained up to the largest depth explored
�d=7.25 mm�. The second row shows white light transillu-
mination images corresponding to these waveguides. Al-
though their shape is slightly elongated, particularly at large
depths, their nearly circular size and aspect ratio are consis-
tent with the one observed in the images of the guided
modes. In general, for values of �Sy in the 0.20–0.50 mm
range, the guided modes show an aspect ratio AR= �Dz /Dy�
close to 1 �Dz and Dy denote the full width at half maximum
of the intensity distribution of the mode along the y and z
axes, respectively� while the refractive change of the
waveguides shows values typically around �n	5�10−4.

The diameters of the waveguides �average of vertical
and horizontal dimensions� have been determined from the
transillumination images, providing a full width at half maxi-
mum values of 14 and 20 �m for depths of 0.73 and
7.25 mm, respectively. Using a higher NA lens, the diameter
can be decreased further at the expense of the maximum
working depth. We have estimated that using a NA of 0.3
circular waveguide diameters below 10 �m can be produced
for depths up to 2 mm. For larger depths, adaptive optics22

can be used to minimize the SA effects.
It is even possible to obtain a stronger elongation along

the y axis by sufficiently reducing the slit width, as evident in
the third row of Fig. 2. For comparison we have also in-
cluded in the fourth row of Fig. 2 a set of white light tran-
sillumination images of regions modified by a circular beam
�aperture fully opened�. The produced structures do not sup-
port a guided mode at 633 nm. The images correspond to the
same experimental conditions used for the first and third
rows but with a lower energy �1 �J� to account for the
smaller focal volume and to suppress any possible NLP con-
tribution. The scale of these images is twice the one used in
the images ��a�–�l�� in the same figure. For d=7.25 nm, �Z
	90 �m, which is in excellent agreement with the value
expected from Eq. �1� for a NAx,y =0.18. The value corre-
sponding to �Sy =0.35 mm for the shallowest depth shown,
d=0.73 mm, is just about one-third of this value �	30
�m� leading a circular aspect ratio. According to Ref. 18, in
order to produce a circular disk-shaped focal volume work-
ing at shallow depths, the ratio between the shorter and the
longer beam axes at the entrance of the focusing optics
would be Rx /Ry = ��n /NA����3/ ln 2���. For our effective nu-
merical aperture �NA�0.18� these should lead to an optimal
value for Rx /Ry 	20. We obtain the best waveguides in
terms of aspect ratio for values Rx /Ry �21, in excellent
agreement with the estimation. The most important differ-
ence is that in our case the circular cross section is main-
tained for depths ten times deeper �beyond 7 mm�. This is
further illustrated in the left plot of Fig. 2, where we have
plotted AR as a function of the processing depth both for
�Sy =0.35 and for the structures induced with the slit fully
open. It can be clearly seen that in the first case AR remains
close to 1, no matter the value of d, while for the “slitless”
structures, AR�9. The evolution of the propagation losses
of the waveguides at 1550 nm as a function d is also shown
in the right plot of Fig. 2. While losses as low as 0.2 dB/cm
can be obtained at d=0.72 mm, they are kept �1 dB/cm at
depths beyond 7 mm.

FIG. 2. �Color online� ��a�–�d� and �i�–�l�� Images of the guided modes at
633 nm at the exit face of waveguides produced at the indicated writing
depths d. The slit width and pulse energy used was �Sy =0.35 mm and
E=4 �J for �a�–�d� and �Sy =0.25 mm and E=8 �J for �i�–�l�. ��e�–�h� and
�m�–�p�� Transillumination images of structures produced at the same depths
with slit ���e�–�h�� �Sy =0.35 mm and E=4 �J� and without slit �E=1 �J�.
�q� Aspect ratio of the waveguides/structures produced with a slit ��Sy

=0.35 mm and E=5.6 �J� and without a slit �E=1 �J�. The dotted line
indicates the ideal aspect ratio of 1. �r� Propagation losses at 1550 nm as a
function of depth ��Sy =0.25 mm and E=8 �J�.
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In absence of SA and NLP, the spatial intensity distribu-
tion for an elliptical beam focused from air inside a material
with refractive index n is given by

I�x,y,z� �
exp
− 2��x2/wx

2�z�� + �y2/wy
2�z����

�1 + ��z/zRx
��2 � �1 + ���z − z0�/zRy

��2
, �2�

where z=0 corresponds to the focal plane, wx�z�=w0x
�1

+ �z /zRx
�2�1/2, w0x

=2�f /�Rx, ZRx
=n�f2 /�Rx

2, and Rx denotes
the 1/e2 intensity beam radius at the focusing lens along the
x axis �corresponding expressions apply for the y axis�. The
two Rayleigh ranges �ZRx

and ZRy
� are independent and z0

denotes the difference in the z coordinate of the beam waist
position over the xz and yz planes. In our case this offset is
motivated by the fact that the beam diffracted at the aperture
is not collimated in the yz plane and thus shows a noninfinite
radius of curvature �	y� after the slit. Using the ABCD matrix
formalism for the propagation of a Gaussian beam13 it is
possible to compute the values for z0 and w0y

from the ex-
perimental values of �, n, f , Ry, and 	y. We have used this
approach to calculate the intensity distribution in the focal
region for different slit width values using Eq. �2�. The shape
of the distributions obtained is though far from reproducing
the shape of the intensity cross sections of the waveguides.
The reason for this discrepancy is clearly related to the fact
that we are not dealing with a real Gaussian elliptical beam
but with a beam shaped by a hard aperture and diffraction.

In order to compute this effect we have developed a
hybrid model to calculate the intensity distribution at the
focus. The model is based in the assumption that the focus-
ing lens is forming an image of the aperture and the position
and size of the beam waist in the yz plane are thus calculated
by using geometrical optics. The so-calculated values of z0
and w0y

are then used along with the corresponding values
for the xz plane, given by the above expressions for a colli-
mated Gaussian beam, to calculate the intensity distribution
using Eq. �2�. In order to account for the nonlinear absorp-
tion process in the glass, the calculated intensity distributions
have been elevated to the fifth power, corresponding to a five
photon nonlinear absorption process at a wavelength of
800 nm and experimentally measured band gap of 7.1 eV.
The results are shown in Fig. 3. The agreement between
calculation �Fig. 3�c�� and the experimental trans-
illumination �Figs. 3�a� and 3�b�� and guided mode �Fig.
3�d�� images can be considered excellent both in terms of
shape and size of the structures. The result is particularly
remarkable considering the relative simplicity of the model
used.

In summary we have shown that a combination of low
NA optics along with the use of beam shaping allows pro-
ducing waveguides with circular cross sections at large pro-
cessing depths. The aspect ratio of the guided mode is found
to be essentially independent of the pulse energy over a
depth processing window of more than 7 mm, while losses
can be maintained below 1 dB/cm. Finally, the presence of
diffraction at the slit aperture generates a shift between the
xz- and yz-focal planes. This shift and the size of the trans-
formed region inside the material can be predicted by using a
hybrid model for calculating the intensity distribution in the
focal region.
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FIG. 3. �Color online� �a� Gray and �b� pseudocolor scale transillumination
images of a waveguide written at d=0.73 mm and E=4 �J and a slit width
of 0.35 mm. In �b� the contrast of the image has been enhanced by subtract-
ing the level of the homogenous background of the image. �c� Calculation of
the intensity distribution produced by the writing laser in the focal region for
the corresponding slit width. The distribution has been obtained from the
hybrid model of Gaussian beam propagation and slit aperture imaging and
by then applying a I5 scaling to account for the nonlinear absorption of the
laser light in fused silica. �d� Pseudocolor scale image of the guided mode at
633 corresponding to images �a� and �b�.
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