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F emtosecond nonlinear material processing is a powerful
and versatile technique for the fabrication of photonic
devices. Waveguides can be fabricated directly inside glass

materials by use of a focused laser beam of high-repetition-rate
femtosecond pulses. Since multiple layers of waveguides can be
fabricated on a single substrate, this technique promises to
enable high-density photonic devices. In addition, the door to 
a wide range of new devices is opened by three-dimensional
geometries with which waveguides interact in multiple dimen-
sions. Because nonlinear material processing requires high-
intensity pulses, advances in high-repetition-rate femtosecond
laser oscillators provide powerful tools for device fabrication.
Thanks to the high pulse repetition rate offered by laser oscilla-
tors, today waveguides can be written at speeds that are much
faster than those achievable with femtosecond amplifiers. These
techniques are extremely versatile because one can write devices
simply by scanning the incident laser beam or the substrate.
Under computer control, a wide range of devices can thus be
fabricated immediately. The development process is streamlined
because devices can be designed, fabricated and tested rapidly.
Here we describe methods of photonic device fabrication and
characterization that have been made possible by recent
advances in femtosecond laser technology.

Fabrication of photonic devices in glass 
Glass material has been widely used to make photonic devices
such as Bragg gratings. Glass is attractive because it is cost-
effective, has a wide range of possible material characteristics
depending on composition and can be easily connected to glass
fibers. The photosensitivity of glass enables devices to be fabri-
cated by use of optical exposure techniques. One can fabricate
waveguides by focusing and scanning light beams and one can
prototype different structures simply by altering the scanning
patterns. UV exposure techniques have been used extensively to
fabricate glass waveguide devices. However, the types of material
that can be processed with UV light are restricted and structures
can be fabricated only on the surface because of the shallow
penetration of UV light. The ability to fabricate three-dimen-
sional structures would greatly increase integration densities as
well as enable greater flexibility in device design and fabrication.

Recently, many groups have begun to investigate the use of
high-intensity ultrashort laser pulses for precision processing
and micromachining of materials such as metals, semiconduc-
tors and glass. Nonlinear ultrashort pulse material processing is

A wide variety of photonic devices can be 
fabricated using femtosecond nonlinear material 
processing techniques. With recent developments 
in high-repetition-rate laser oscillators, fabrication
speeds can be improved by more than an order of
magnitude compared with laser amplifiers. Three-
dimensional, single-mode waveguide structures can
be fabricated by scanning a focused femtosecond
laser beam inside glass materials. This technology
promises to enhance device functionality and 
greatly increase device density.
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Laser beam spots on the multiple pass cavity mirror.  
[Photograph by A. M. Kowalevicz.]
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especially powerful for photonic devices in glass. Unlike UV
photosensitive exposure techniques that involve linear absorp-
tion, material processing with high-intensity, near-infrared,
ultrashort pulses involves nonlinear multiphoton absorption.
The modification of material properties, such as refractive-
index change and cavity generation, is possible on a micrometer
scale over a wide range of glass types without the need for lin-
ear absorption. The pioneering work of Professor Hirao’s group
at Kyoto University and Professor Mazur’s group at Harvard
University explored the mechanisms of nonlinear laser fabrica-
tion in glass and suggests that index changes are mediated by
densification from local melting and rapid quenching after
optical breakdown. The detailed physical nature of the process
is under investigation by many groups. In contrast with linear
absorption, nonlinear interactions allow subsurface processing
inside bulk material. By tightly focusing the incident laser
beam, one can produce highly localized structures with micro-
meter-scale dimensions in both the transverse and the longitu-
dinal directions. One can write devices by simply scanning the
incident beam over the substrate. A wide variety of devices—
such as waveguides, couplers, gratings, three-dimensional 
structures, active waveguides and void structures—can be 
fabricated in glass.1,2

New technologies speed fabrication 
High-intensity femtosecond laser pulses have been used to fabri-
cate several types of device, but most studies to date have used
femtosecond pulse amplifiers to obtain the required intensities.
Femtosecond amplifiers usually operate at low repetition rates,
thus limiting the speed at which waveguides can be fabricated.
Furthermore, femtosecond amplifiers are relatively expensive
and complicated. Recent studies have demonstrated that glass
waveguides can be fabricated by use of femtosecond laser oscil-
lators, without the need for pulse amplification.3-6 Femtosecond
laser oscillators are more convenient, less expensive and offer
pulse repetition rates that are much higher than those of stan-
dard femtosecond amplifiers (megahertz versus kilohertz).
Thus, femtosecond laser oscillators enable significant improve-
ments in fabrication speeds compared with amplifiers. In addi-
tion, when high-repetition-rate lasers are used for material
processing, cumulative heating occurs in addition to the effects
caused by the superposition of many individual pulses. The
scanning speed and incident power of the beam can be con-
trolled to optimize the interplay between these complementary
effects, allowing one to sensitively control the fabrication 
process by varying the exposure parameters.

Our group has developed a novel high-energy, femtosecond
Ti:Al2O3 laser oscillator using a multiple-pass cavity (MPC)
laser design.7 To increase pulse energy, instead of amplifying the
laser output, the laser cavity length is extended to decrease the
pulse repetition rate. The MPC laser is a significantly less expen-
sive system than conventional femtosecond laser and amplifier
systems, and it can still generate pulse energies well above the
threshold required for nonlinear material processing in glass.
The laser used in our studies was a Kerr lens mode-locked
Ti:Al2O3 laser with a Herriott-type MPC used to extend the 
cavity length. The laser operated at a 4-MHz repetition rate 

and generated pulse energies of 100 nJ with 80-fs duration at 
800 nm. Recently, with double-chirped mirrors in the laser,
pulse energies as high as ~150 nJ were achieved. A schematic of
photonic device fabrication is shown in Fig. 1. The laser output
was tightly focused inside a 1-mm glass plate* by use of a high
numerical aperture microscope objective. Material modification
occurred because of nonlinear processes that were created and
localized in the beam focus. We then fabricated waveguides by
scanning the sample in the X-Y plane perpendicular to the inci-
dent beam by using submicrometer-resolution scanning stages.
We scanned in the Z direction (depth) to create multilayer 
three-dimensional structures.

The ability to fabricate single-mode waveguides is a critical
requirement for photonic devices. To establish the correct expo-
sure characteristics to achieve single-mode devices, we fabricated
a set of waveguides with different incident pulse energies and
scanning speeds, and we characterized the sizes and mode struc-
tures of the waveguides. Single-mode, 4-�m-wide waveguides
can be fabricated by use of 20-nJ pulse energies and 10-mm/s
scanning speeds, which correspond to an exposure of ~1000
pulses in a focal volume. The threshold energy in our study was
~15 nJ, which is consistent with previously reported results that
were obtained with amplified 100-fs pulses in a borosilicate
glass.3 When the exposure power was high or the scanning speed
slow, voidlike structures could also be fabricated. These struc-
tures are similar to those produced by amplified laser pulses, as
demonstrated by other investigators.8 Thus, a range of different
structures can be fabricated, enabling the integration of wave-
guides with microchannels.

OCT for device characterization
The characterization of material properties and device charac-
teristics is important for device fabrication. The refractive-index
change produced by a given laser exposure is an especially
important parameter for device design, but it is difficult to mea-
sure with conventional methods. We addressed this problem by
using optical coherence tomography (OCT)9 to characterize
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Figure 1. Schematic of photonic device fabrication in glass by use of
femtosecond lasers. Nonlinear interactions produce refractive-index
changes at the focus of a high-repetition-rate femtosecond laser
beam. Waveguides can be written directly inside glass material by
scanning.

* Corning 0215 glass



May 2003 ■ Optics & Photonics News 47

waveguides; see Figs. 2(a)-2(d). OCT can be used for cross-
sectional imaging by measurement of the echo time delay of
backscattered light. A schematic of the OCT measurement is
shown in Fig. 2(b). Low-coherence light from a Ti:Al2O3 laser
with bandwidths up to 250 nm at 800 nm was focused on the
waveguide, and the backreflected light from the top and the 
bottom waveguide interfaces was measured. A Michelson-type
interferometer system was used to interfere light reflected from
the sample with the light that travels a known variable reference
path. Interference is observed only when the path lengths are
matched to within the coherence length of the light. The time
delay of the reflected light provides depth information while the
beam is scanned in the transverse direction to generate image
information that can be displayed by use of either a gray or a
false-color scale. Figures 2(a) and 2(c) show a microscopic side
view of a single-mode waveguide and its corresponding OCT
image. The reflections from the top and the bottom boundaries
of the waveguide are clearly resolved in the OCT signal; see 
Fig. 2(d). Since OCT uses heterodyne detection, it has a high
dynamic range and sensitivity to reflections as small as 10-10.
In addition, the axial and the transverse image resolutions are 
1 and 3 �m, respectively, which are sufficient to resolve the 
4.6 �m by 3.5 �m dimension of a single-mode waveguide.

The refractive-index change can be obtained by measure-
ment of the magnitude of the reflection from the top and the
bottom interfaces of the waveguide. The reflectivity was mea-
sured to be R ~ 6 x 10-8 and the refractive-index change inside
the waveguide was estimated as �n ~ 0.7 x 10-3. When laser
exposure was increased during fabrication, the maximum
refractive-index change increased to �n ~ 9 x 10-3. For simplic-
ity, we assumed a step-index change, although a graded-index
profile might be present, depending on the fabrication parame-
ters. The accuracy of the index measurement depends on the
assumption that the waveguide reflects in the same way as a dis-
crete planar boundary. To reduce measurement errors, we tightly
focused the incident beam onto the waveguide surfaces. As a
consistency check, we also estimated the refractive index inside
the waveguide by using a guided-mode analysis. The transition
from single-mode to multimode behavior was measured as a
function of waveguide size. The single-mode cutoff radius was
estimated to be 2-4 �m, and the calculated range of the refrac-
tive-index differential was from �n ~ 1 x 10-3 to �n ~ 5 x 10-3,
which is consistent with the OCT measurements.

Building blocks for photonic devices
With the development of single-mode waveguides it is possible
to fabricate a wide range of devices. As an example, one can fab-
ricate an X coupler by writing two identical waveguides with a 1°
crossing angle. Coupling light at 800 nm into one of the input
ports produced two outputs, demonstrating that the X coupler
operates as expected. The splitting ratio of the X coupler was
approximately 1:1. We could adjust the ratio by varying the
waveguide crossing angle and other fabrication parameters. An
X coupler with a 4° waveguide crossing angle had a coupling
ratio of 16:1. Figures 2(e) and 2(f) show OCT cross-sectional
images of the X coupler and a top view of the phase-contrast
microscope. At the intersection of two waveguides, the reflected
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Figure 2. (a)-(d) OCT characterization of a single-mode waveguide.
OCT permits small reflections from waveguide interfaces to be 
quantitatively measured and thereby enables a direct measurement 
of refractive-index changes. (e) OCT cross-sectional images of an X
coupler and (f) top view of a phase-contrast microscope. The ability
to perform cross-sectional imaging can provide insight into the 
structure of three-dimensional devices [reprinted from Ref. 5].

signal is stronger than at the other parts of the waveguide, which
demonstrates that there is a higher refractive-index difference at
the waveguide intersection because this portion of the device
was exposed to the laser twice.

Coupled-mode devices in which waveguides do not intersect
but coupling occurs by evanescent field interaction are also
important for photonic devices. Although there have been some
reports on the fabrication of coupled-mode devices such as
waveguide couplers, detailed investigations of device functions
have not been presented. Here we describe the fabrication and
detailed characterization of directional couplers and compare
the results with coupled-mode theory. We first fabricated direc-
tional couplers in which two single-mode waveguides have a
nonintersecting, evanescent field interactive region. Figures 3(a)
and 3(b) show the top view of the phase-contrast microscope
and a schematic of a directional coupler. The coupler has an
interactive region of length L, where the two waveguides are 
parallel and closely spaced by separation d. Each waveguide 
has two 1° bends. When a 633-nm He-Ne laser was guided into
one of the waveguides, two beam spots were observed as shown
in Fig. 3(a).

To confirm that these devices operate as predicted by 
coupled-mode theory, we fabricated a series of couplers with
different waveguide separations d and interactive lengths L and
measured coupling ratios R. To measure waveguide coupling
ratio R, it is necessary to account for the waveguide transmission
efficiencies and the transmission of waveguide bends. A series of
four measurements must be performed on each waveguide cou-
pler. Light was coupled into each of the two input ports at the
left end of the waveguides, Input port-1 and port-2, and the
power that was transferred to each of two output ports at the
right end, Output port-1 and port-2, was measured. Assuming
uniform waveguides, these measurements determine the trans-
mission of waveguide bends as well as the coupling ratio.

Coupled-mode theory predicts that coupling ratio R oscil-
lates as a function of interactive length L and this oscillation
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behavior is one of the identifying characteristics of coupled-
mode behavior. Since the eigenmodes are evanescent and expo-
nentially decay outside the waveguide, the coupling coefficient
depends strongly on separation d between the two waveguides.
When separation d between the waveguides increases, the over-
lap between the eigenmodes is reduced and the coupling coeffi-
cient is smaller, resulting in slower oscillation of power between
the two waveguides. To confirm experimentally that the direc-
tional couplers function as coupled-mode devices, a series of
more than thirty couplers was fabricated with different wave-
guide separations d and interactive lengths L. Figures 3(c) and
3(d) show examples of measured coupling coefficients R for ten
different interactive lengths L ranging between 0 and 10 mm for
waveguide separations of d = 8 �m and d = 10 �m. The curves
in the figures show best-fit sinusoidal functions. Oscillation of
the coupling ratio as a function of interactive length L is pre-
dicted by coupled-mode theory and confirms that the devices
operate by mode coupling.6 When separation d between wave-
guides increases from 8 to 10 �m, the oscillation period of cou-
pling ratio R increases from 5 to 9 mm. This behavior is also
consistent with coupled-mode theory, which predicts a decrease
in coupling coefficient, leading to an increase in the oscillation
period of R with L. The scatter in the data points occurs because
each measurement is performed on a separate directional cou-
pler device. In addition, the oscillation in the coupling ratio
should exhibit a maximum of unity if the waveguides are identi-
cal. The variation from theory could be the result of mismatches
in propagation constants between the two waveguides or possi-
ble nonuniformity within each. The reproducibility of fabrica-
tion is an important issue for prototyping and requires further
investigation.

One of the difficulties in characterizing coupled waveguide
devices is that fabrication and measurement of multiple devices
with varying parameters are often required to permit compari-
son with theory. To avoid the effects of variations in the fabrica-
tion and measurement of multiple devices, it is helpful to
perform measurements on single devices as a function of wave-
length. Measurements of the coupling ratio were performed by
use of broadband light from a mode-locked Ti:Al2O3 laser.
These measurements show that the coupling ratio oscillates as a
function of wavelength, as predicted. The oscillation period of
the coupling ratio with wavelength also changes with waveguide
separation as predicted.

Coupled-mode devices and X couplers are building blocks
for more complex photonic devices. A Mach-Zehnder interfer-
ometer filter is an example of a device that can be built from
these components. The interferometer consists of two X cou-
plers placed back to back with crossing angles of 2°, as shown in
Fig. 4(a). The path-length difference between the two arms is
approximately 10 �m. Light coupled into the interferometer is
split into the two arms of the interferometer at the first X cou-
pler. The light travels different path lengths and interferes con-
structively or destructively at the second X coupler. The
unbalanced path-length Mach-Zehnder interferometer func-
tions as a wavelength-dependent filter. The frequency or wave-
length dependence of the interferometer was measured with a
broadband light source. Figure 4(b) shows the wavelength 
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Figure 3. Directional coupler: (a) top view of phase-contrast micro-
scope and (b) schematic. (c), (d) Measurements performed on multi-
ple devices demonstrate that the coupling ratio oscillates as a function
of the waveguide interaction length as expected from coupled-mode
theory [reprinted from Ref. 6].

Figure 4. (a) Schematic of a Mach-Zehnder interferometer fabricated
by use of two X couplers. (b) Measurements of the wavelength-
dependent transfer function exhibit the frequency-dependent i
nterference that is expected from an unbalanced interferometer.
Wavelength-dependent measurements are a simple and powerful
approach to device characterization [reprinted from Ref. 6].
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transfer function in the crossed interferometer arm. We mea-
sured the transfer function by normalizing the output spectrum
to the input spectrum. Wavelength-dependent interferometric
behavior is clearly observed and demonstrates the spectral filter-
ing behavior expected from an unbalanced interferometer. The
red curve in Fig. 4(b) shows the theoretically predicted wave-
length dependence of the transfer function for a path-length 
difference of 9.3 �m and agrees well with the measurements.

Future prospects for three-dimensional devices
Femtosecond nonlinear material processing offers unique 
capabilities for the fabrication of three-dimensional photonic
devices. Figure 5(a) shows a three-dimensional device on which
waveguides are stacked in multiple layers separated by ~10 �m.
The focal position of the laser beam in the Z direction was
changed after each waveguide was scanned in the X-Y plane.
Three vertical series of waveguides were created, as shown. The
center column was fabricated from top to bottom, whereas the
others were fabricated from bottom to top. This shows that the
writing direction did not result in significant differences in the
structures. Figure 5(b) shows that the near-field pattern of the
waveguides with a He-Ne laser is coupled into one of the guides,
demonstrating mode coupling between the three-dimensional
waveguide structures.

Traditionally, waveguide devices have low density because
they generally require long interaction lengths, especially in the
case of coupled-mode devices. The ability to fabricate three-
dimensional structures can dramatically increase device density
compared with that obtainable with a single-plane device.
Figure 5(c) shows a schematic of a possible multilevel device
design with which different waveguide structures can be fabri-
cated at different depths in a substrate. It is also possible to fab-
ricate devices in which waveguides interact in three dimensions,
which promises to enable new classes of device as well as further
improve density and functionality.

The ability to write arbitrary structures by scanning the laser
beam in three dimensions is attractive for rapid prototyping and
development as well as for custom device fabrication. In addi-
tion, waveguides can be fabricated in a wide range of materials
provided that appropriate refractive-index changes are produced
by laser interaction. Recently, Sikorski et al. and Osellame et al.
reported optical amplification with waveguides fabricated in
glass laser materials by use of femtosecond laser processing.10

Moreover, by integrating photonic devices such as gratings,
amplifiers and filters, compact lasers, frequency shifters and
other more complex active devices could be realized. Precise and
flexible fabrication techniques can enable integrated sensors
with high sensitivity and multiple functions in a compact size.
In addition, by combining different types of laser modification
such as void formation and refractive-index modification, it
should be possible to fabricate systems with integrated optical
ports and material transport channels. For example, a high-
sensitivity optical spectroscopy system for microfluid samples
might be constructed in a glass plate that has both microchan-
nels and optical sensing ports.

In summary, femtosecond laser processing for photonic
device fabrication is a rapidly emerging area of research and

development. Advances in femtosecond laser technology as well
as new device characterization techniques have the potential to
play a critical role in this exciting area.
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Figure 5. (a) Micrograph of three-dimensional waveguide structures
and (b) near-field outputs exhibiting coupled-mode behavior. (c) By
use of a multilayer fabrication geometry, devices can be fabricated at
multiple levels on the same substrate. Three-dimensional devices
greatly enhance device densities compared with planar geometries
[reprinted from Ref. 5].


