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Introduction 
 
For several years femtosecond laser technology has offered the promise of becoming the first truly 3-
dimensional integrated photonics manufacturing platform.  Until now, performance parameters and yield 
issues have been perplexing to researchers and limited the grand vision for integration of multiple passive 
and active devices in serial and parallel configurations.  And, while early researchers assumed good 
performance of waveguides in the visible range would translate to success at 1550-nm, the step to 1550-
nm has not been straightforward.  Recently, we have achieved success in the development of low loss 
waveguides and the manufacturing techniques necessary to reach commercial viability at 1550-nm.  The 
current state of the art in this technology now represents a fundamentally new manufacturing platform 
that is ready to play an expanding role in optical components. 
 
 

Glass/UV Interaction 
 
It is well known that the optical properties of glass can be permanently changed by exposure to UV light, 
a process that is core, for example, to the manufacturing of Fiber Bragg Gratings (FBG). 
 

 

 



 

 

Femtosecond Waveguide Writing 
 
A related process is based on near-infrared femtosecond (fs) lasers and is now used to construct optical 
waveguides and other optics structures in glass. The process is referred to as writing, as the laser pulses 
that create the waveguides are directed in a moving spot that permanently changes glass optical properties 
as it traces a precisely defined path. 
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In sharp contrast to the UV-based process used in the manufacturing of FBGs, the femtosecond laser 
process is not limited to photosensitized glasses.  Linear absorption between near-infrared light and 
transparent glass is negligible since the absorption edge for most glass is in or near the UV.  However, the 
very high intensities associated with focused femtosecond pulses enable non-linear absorption through 
multiphoton processes.  Femtosecond absorption induces material changes to the substrate glass, creating 
an index change.  This effect is quite strong, generating an index change of up to 1 %, which allows for 
the fabrication of various two-dimensional or three-dimensional light guiding structures.  
 

 UV processing Femtosecond processing 
Glass type Ge-sensitized glasses Doped or undoped glass 
Index change 10-4 to 10-3 Up to 1 % 
Laser Type Cw Argon (UV line), pulsed 

Excimer or Copper vapor 
Femtosecond 

Processing capability 2-dimensional  3-dimensional 
Main application FBGs Passive and active devices  



 

 

Devices 
Numerous passive waveguide structures such as splitters, couplers, delay lines, MZI, and long period 
gratings have been demonstrated using the femtosecond direct-write. Active devices such as VOA, 
thermo-optic switches, thermo-optics filters, and gain blocks have also been demonstrated. 

 

 

Example:   
Shown here is a 3-dimensional helical delay 
line machined in BK-7 with our direct-write 
process.  To make the helical path clearly 
visible, we used high-energy pulses and 
thereby created numerous scattering 
centers.  Production devices are generally 
not visible to the eye.  The separation 
between plans can be adjusted 
monotonically.  A 50-micron separation is 
typically sufficient to prevent cross-talk 
between adjacent layers. 

 

 

 
Example:   
Shown here is a straight waveguide and S-bend written in 
fused silica.  These waveguides are single-mode at 670-
nm. We have now achieved similar success at 1550.  
Bending losses are similar to those found in PLC devices 
built from Silica on Silicon. 
 

 

 
… And a bulk (i.e. sub-surface) grating written in fused 
silica.  The line spacing is 10-micron.  Gratings can be 
written line by line using our standard process, or using an 
holographic variant the full grating can be written in a 
single exposure 



 

 

Device Characterization 
Optical Parameters: 

• Loss: Intrinsic waveguide loss is better than 0.4 dB/cm @ 1550-nm.  This is a product of our 
recent research, which has resulted in a unique and proprietary writing process for which there is 
a patent application in-process. 

• Cross-section and MFD: Another benefit of this unique process is that it can be optimized to 
shape the waveguide in cross-section, thus providing the ability to create PM waveguides, for 
example. 

 

 
 

 

 

 

 

Thermal Stability 
FBGs manufactured through UV exposure are typically pre- and post-processed to avoid rapid 
degradation.  This is not the case with the fs process: these waveguides do not degrade with time when 
exposed to elevated temperatures for long periods of time, (maximum temperature is function of the glass 
substrate composition), until extreme temperatures (800 C) are reached as shown below. 



 

 

Manufacturing Yields 
 
One of the major elements of cost in optical component manufacturing is yield.  The femtosecond process 
offers a unique ability to increase yield.   This is enabled through real-time monitoring and feedback, and 
through active adjustment of device parameters during and after the initial waveguide writing process. 

 

Real-time Monitoring and Feedback 
In sharp contrast to lithographic-based planar technology, the femtosecond process is conducted in open 
manufacturing cells – no vacuum or high-level cleanroom is required. This lab environment allows real-
time monitoring of the device being manufactured, which when combined with real-time feedback can be 
used to actively compensate for individual component differences.  

 
 

 

 

 

 

Device Tuning 
Once the device initial exposure is complete, the device can be tested and then slightly modified with 
additional fs laser exposure to “tune” it.  The process of index of refraction modification is somewhat 
cumulative, with longer exposures resulting in larger index of refraction change. This allows for the fine-
tuning of the index of refraction, or “trimming”.  The ensuing yield advantage is best illustrated when 
manufacturing interferometric devices such as the 50-GHz interleaver shown below.  
 

 

Example:  Side view of a 50-GHz 
interleaver manufactured by us using the 
direct-write femtosecond process. 
The device, written in fused silica, is 5 cm 
long. 

Most interleavers are unbalanced Mach-Zehnder interferometers. In order to be centered on the ITU grid, 
the phase difference (i.e. the optical path difference) between the two arms must be controlled to 
lambda/20 or better. This means that the optical path-lengths must be accurate to a few tens of nanometers 
over the full length of the device.  This is a very stringent requirement, which drastically affects the 
manufacturing yield of good devices. 



 

 

In this example of tuning, an interleaver’s performance was measured.  As shown below the device was 
initially found to be slightly off the ITU.  This phase error was rectified through several exposures of one 
arm, creating a good device from a production reject.  

ITU Centering 

 

Tuning:  The interleaver, initially 
off specification (red curve) is 
corrected through two 
consecutive trimming passes 
(blue, then black curve).  

Using a similar procedure we 
were able to correct devices 
showing excessive Polarization 
Loss Dependence, (PLD). 

Conclusion 
 

• We have shown that the femtosecond waveguide writing process enables high yield 
manufacturing of lightwave circuits through: 

o An inherently controllable manufacturing technology; 
o In-situ monitoring and testing; 
o Post manufacturing tuning 

• Drastically improving on previous work by us and others, waveguide loss per centimeter has 
reached acceptable limits for integration goals, going below 0.4 dB/cm. 

• The fs waveguide manufacturing process can now be implemented for 3D integrated lightwave 
circuits. Taking advantage of the three-dimensional capability of the femtosecond process, one 
can combine the various technique/elements presented here to form highly integrated devices 
with small footprints and unique specifications.   


	Cover page.pdf
	Presented Sept 17, 2002 at the NFOEC 2002 Conference held in
	Presented at the National Fiber Optic Engineers Conference (


