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ABSTRACT 
 
The index of refraction of most glasses can be permanently changed by exposure to femtosecond laser pulses.  This 
effect allows for the fabrication of various two-dimensional or three-dimensional light guiding structures. Passive and 
active optical devices have been demonstrated using this femtosecond direct-write technique. A closely related 
technique to manufacture three-dimensional microfluidic networks has recently been demonstrated. We describe recent 
femtosecond direct-write work at Translume and Rensselear Polytechnic Institute that combine these two techniques to 
produce devices that incorporate on a single glass chip optical network with microfluidic network. 
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1. INTRODUCTION 
For some time, the fabrication of intricate microstructures in or on glass materials has been recognized as an important 
value-added component in the development of advanced photonics and certain micro-instruments. In photonic 
applications, microstructure patterns can be used to guide, route, or process light signals. In biochemical applications, 
microstructure patterns can control fluid flow.   
In many cases it would be quite useful to be able to manufacture glass-based microdevices incorporating microfluidic 
circuitry with integrated micro-optical networks. However, until now, due to incompatibilities in manufacturing 
processes, it was quite difficult to mix these two functionalities. 
The processing of glass with femtosecond pulses is a versatile technique, which offers some unique capabilities for the 
fabrication of micro-devices. The continued development of this relatively new manufacturing capability is driven by 
two industrial sectors: The communications industry is driven to increase bandwidth and, thereby, to use photonics and 
glass materials; and the emerging bio-instrumentation industry prefers glass to other substrates because of its 
biocompatibility, chemical inertness, and well-characterized properties.  We report here on using this tool to produce 
microdevices that integrate on a monolithic substrate micro-optics with microfluidics.  
 

2. LASER-BASED FABRICATION OF GUIDED-OPTICS MICRODEVICES 
As early as 1978, Hill et al.1 demonstrated that the optical index of refraction of glass could be changed by exposure to 
UV light.  This effect is generally weak, but the photosensitivity of many glasses can be significantly enhanced with the 
proper doping.  A related process utilizes near-infrared femtosecond (fs) lasers to construct optical waveguides and 
other optical structures in glass.2 In contrast to the UV-based process, the femtosecond laser process does not require 
photosensitized glasses.  
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Figure 1: Laser-writing set-up 

 

 
The absorption edge for most glasses is in or near the UV.  
Consequently linear absorption between the near-infrared 
wavelengths most commonly associated with femtosecond sources 
and transparent glass is negligible.   
However, the very high intensities associated with focused 
femtosecond pulses enable non-linear absorption through multiphoton 
processes in all glass compositions.  Femtosecond absorption induces 
material changes to the substrate glass, which may result in an index 
of refraction change.  
This femtosecond-based process can either be implement in a serial or 
parallel mode.3 We rely almost exclusively on the serial approach, as 
illustrated in Figure 1. 

A full understanding of the processes behind the local change in the index of refraction is still lacking.4  However it is 
fair to say that there is mounting evidence that various mechanisms are at play and that their respective importance is a 
function of the glass composition.5   
Numerous light guiding structures such as splitters,6 couplers,7 delay lines, Mach-Zehnder interferometers, and long 
period gratings8 have been demonstrated using this femtosecond direct write process.  Active devices such as variable 
optical attenuators, thermo-optic switches, thermo-optics filters, and gain blocks9 have also been demonstrated. 
 

2.1 Optical parameters 
The main optical parameters characterizing a guided-optic micro-device are the waveguide size, the delta n (difference 
in index of refraction between the core and its surroundings), the optical loss, and sometime the optical birefringence.  
The size and the delta n of a waveguide commonly parameterized in terms of the V-number determines the ability to 
support guided light propagation at a given wavelength in a single mode or multimode fashion. These parameters also 
govern bending loss as function of the radius of curvature. (A waveguide with a weak delta cannot turn sharply without 
substantial loss.) 
 

2. 1.1 Delta n: 
The various physical and chemical processes associated with femtosecond writing can generate in glass index changes 
of up to several percents.2   

Figure 2: Index change achieved to date in various glasses 

 

 

In the glasses we have tested, index 
changes of 1% are routinely obtained. 
This is sufficient to manufacture 
various two-dimensional or three-
dimensional light guiding structures of 
commercial interest 

Our best results have been obtained in 
fused silica (doped or undoped) and in 
Corning composition 7890.  This later 
material was found highly sensitive to 
humidity.  Thus all data presented here 
is from fused silica except when 
specified otherwise.   
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Figure 3: Index change as a function of laser intensity  

 

We found that for all the glass 
compositions tested, the change in the 
index of refraction is a function of the 
laser illumination intensity. The exact 
relationship between the laser intensity 
and the delta n is a strong function of 
the glass composition.  Fused silica has 
one of the simpler dependence (see 
Figure 3). 
Exceeding a well-defined threshold 
results in ablation of the glass rather 
than index change.  This is generally 
unwanted: The presence of even very 
small ablation sites results in strong 
scattering and significant optical loss. 

 

Figure 4: Index change as a function of number of retraces  

 

 
We have developed several processes to 
increase the delta n while avoiding 
ablation.  
For example in SiO2, multiple laser 
exposures (at a given laser intensity) 
will progressively raise the delta n until 
it reaches a saturation value. 
Other glasses show similar behavior. 

 
 

Figure 5: Ablation threshold and light annealing  

 

 
Further, we have demonstrated that pre-
exposing the glass with low intensities 
femtosecond pulses can raise the 
ablation threshold as shown in Figure 5. 
 
Others have reported raising the ablation 
threshold through the application of a 
stress field in fused-silica specimen, in 
response to which the ablation fluence 
and the crack-propagation fluence 
requirements are increased above those 
for unstressed conditions. 
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2.1.2 Optical loss 
Preventing optical loss is important with any optical device and is a critical issue in the telecommunications field. 
Several mechanisms contribute to the loss budget in a typical optical microdevice: absorption loss, scattering loss, 
mode-mismatch loss, etc. 
We have found experimentally that absorption losses are not a significant issue in the visible or the near infrared when 
manufacturing devices out of SiO2, using our femtosecond process. 
In contrast, scattering losses can be quite severe. Strong scattering centers are created when the femtosecond laser 
intensity exceeds a threshold value for bulk ablation.  Working consistently below the ablation threshold eliminates this 
source of scattering.  
 

Figure 6: Modulation resulting from stage imperfections  

 

Waveguide sidewall modulation 
resulting from a non-uniform translation 
of the femtosecond laser beam during 
the writing process introduces scattering 
loss. This loss factor becomes 
significant when the side modulation is 
of the order of a quarter of a 
wavelength.  
Periodic modulation, as shown in Figure 
6, further enhances this problem. 
This loss factor can be reduced using 
high-quality stages during the 
manufacturing process. 

Finally in order to guide light efficiently optical waveguides must have a certain minimum cross-section.  This 
minimum value is a function of the delta n – the larger the delta n, the smaller the minimum cross-section can be. If the 
cross section falls below this minimum value, the waveguide will “leak” light. The loss associated with this 
phenomenon can be extremely high.  We have developed techniques to create waveguide cross-section of arbitrary 
shape.10 
 

2.1.3 Optical birefringence & polarization  
Optical devices are generally designed to either show strong polarization dependence or to show no polarization 
dependence. Several factors – form, stress, and material - can influence the polarization response of a waveguide. 
With our femtosecond writing process we can control the form (cross-section) birefringence and the local stress 
birefringence, thus creating waveguides and waveguide assemblies that exhibit well-defined polarization dependence.10 

 
 

3. LASER-BASED FABRICATION OF MICROFLUIDIC DEVICES 
Over the past few years, microfluidics devices have enjoyed success in certain niche applications such as ink-jet 
printers. Potential future applications include pharmaceuticals, biotechnology, the life sciences, defense, public health, 
and agriculture, each of which has its own needs. Hence, there is a need for a flexible manufacturing process. 
Microfluidics devices are often fabricated using photolithography and etching techniques adapted from the 
microelectronics industry. These techniques are precise but expensive and inflexible. Further they are typically two-
dimensional.    
The typical size of microfluidic channels is in the tens of micrometers. The industry focus is not on making these 
devices smaller, but rather on making more complex systems of channels with more sophisticated fluid handling 
capabilities. 
Recently several groups 8,11 have demonstrated a technique based on femtosecond lasers to create microfluidic features 
in glass substrates.  The microfabrication process is carried out in two steps: First, a predefined pattern is written with 
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femtosecond laser pulses inside the volume (bulk) of the glass substrate. This initial step is followed by an etching step 
in a low-concentration aqueous solution of HF acid as illustrated in Figure 7. 

Figure 7: Microfluidic manufacturing process 

 
 
From the above figure it is quite clear that this microfluidic manufacturing process is very closely related to our optical 
waveguide manufacturing process. The techniques we have developed to create better optical waveguides can be 
adapted in a rather straightforward manner to the manufacturing of a high quality microfluidic circuitry. 
For example the “painting” technique 10 developed to shape the cross-section of optical waveguides can also be used to 
shape microfluidic channels and tunnels as shown below. 
When fused silica is exposed to femtosecond laser pulses, the material properties are locally modified along an 
ellipsoid whose volume is defined by the optical system and by the laser parameters (beam waist, energy). To obtain a 
more symmetrical cross-section, a process called “painting” was developed. It consists of juxtaposing multiple laser-
affected zones. 

Figure 8: Shaping waveguides and microfluidic channels  

 
 
Shown above, on the left a waveguide with an elliptical cross section, which is obtained when no special processing 
is employed.  On the center, a waveguide with a square cross section, which was obtained through painting. On the 
right, a microfluidic channel obtained using the same painting technique. 
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In all cases high purity fused silica substrates were used. Fortunately fused silica is a material of choice for all the 
applications of interest: it exhibits good optical properties from the UV to the IR, has excellent chemical stability, is 
biocompatible, and is inexpensive and readily available  

3. 1 Microfluidic surface channels 
Channels were manufactured by laser illuminating the desired pattern on the surface of a fused silica substrate. In order 
to create deep channels one can either select the appropriate beam focusing optics; or one can scan ever-deeper planes, 
creating a three-dimensional object with the desired features.  
 

Figure 9: View of a 30-micron wide microfluidic channel  

 

On the left, a SEM picture of a 
microfluidic channel created via 
femtosecond illumination. The 
channel width is approximately 30 
micron. It is several cm long (not 
shown). 
The debris visible on the edge of the 
channel and on the channel walls can 
be removed with ultrasonic cleaning. 
Note that the uppermost layer (top 2 
micron) is of a different quality than 
the deeper sections.   

 

Figure 10: Detailed view of a microfluidic channel  

 

 
A more detailed look at the end of the 
microfluidic channel shows detail of the 
multilayered fabrication process.  
The wall roughness is of the order of a 
fraction of a micron (somewhat higher at 
the very top).   
The wall roughness can be reduced to 
some extent through prolonged etching. 
The effect of the sidewall roughness onto 
the optical signal transmission is being 
assessed (See below). 
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Figure 11: Pair of microfluidic channels  

 

 
On the left, two microfluidic channels 
with a 30-micron width and a 60-micron 
depth. 
These two channels were manufactured 
concurrently. Note the high degree of 
reproducibility, as well as the verticality 
of the wall. 

 

3.2 MicrofluidicTunnels 
Tunnels were manufactured according to the same procedure than that used to create channels, with the exception that 
this time the laser pattern was started deep below the glass surface. 
The figure below shows a typical tunnel. After mild etching, the tunnel is about 70 microns wide and 1.2 mm long. The 
laser painted cross-section consists of 10 lines with a spacing of 3 microns.  
Remarkably, the laser lines, near the etching front (end of tunnel), are still clearly visible after prolonged etching. This 
suggests that the volume obtained through our painting process is not homogeneous at least with regards to etching 
rates. Other optical microscope observations suggest that the material found between illuminated tracks is less easily 
etched than the one found at the focal spot. 

Figure 12: Microfluidic Tunnel 
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The profile of the tunnel was measured in three different points (0, 0.5 and 1 mm). The tunnel has a slightly conical 
shape. However, despite a long etching time (3h), the angle is weak: 2.7 degree between the 0 and 0.5 mm marks, and 
1.8 degree between the 0.5 to 1 mm marks as average over 24 tunnels. This rather small angle confirms that at this low 
HF concentration, the etching rate along the laser-affected zone is significantly higher than the etching rate of the bulk 
untreated glass.  
 

4. LASER-BASED FABRICATION OF DEVICES INTEGRATING MICRO-OPTICS WITH 
MICROFLUIDIC 

 
There is a substantial interest throughout the biomedical community in developing so called “lab-on-a-chip” devices. It 
is generally admitted that the functionality of these devices will be greatly increased if one could, on a disposable chip, 
incorporate microfluidic circuitry with micro-optics. This integration of optics and microfluidic can be achieved with 
our femtosecond manufacturing process. 
While conceptually straightforward, the manufacturing of mixed devices (i.e. a device integrating microfluidic with 
micro-optics) presents some novel challenges.   
 

Figure 13: Example of a chip concept for the detection of bacteria in water supply through optical interferometry 

 
 
 

4.1 Mixed devices: Write-etch sequence 
The sequence of operations –writing and etching- has to be optimized to allow for the etching the microfluidic 
networks without engendering any degradation of the optical waveguides.   

Figure 14: Two waveguides near a microfluidic channel  

 

 
We found that a very thin “plug” of untreated 
material will protect waveguides during the 
etching process.   
For example, the waveguides shown on the left 
are terminated 5 micron from the wall of the 
microfluidic trench. This thin plug of untreated 
material protects the waveguides during the 
etching process. 
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Figure 15: Waveguide termination  

 

 
We also found that the waveguides can be 
terminated in a very controlled and 
reproducible manner. 
The optical microscope photograph on the left 
shows a clean waveguide termination. The 
waveguide end is controlled to a fraction of a 
micron. 

 
It has been suggested that one could avoid altogether this issue by manufacturing the waveguides after etching of the 
microfluidic features. This approach would disrupt the manufacturing flow and would require highly accurate 
repositioning of the microchip. These are significant issues. We prefer to complete the writing phase prior to etching. 
 

4. 2 Mixed devices: Optical losses associated with divergence 
Microfluidic channels have typical width in the 30- to 200-micron range.  Working with narrower channels is generally 
not desirable.  

Figure 16: Optical path crossing microfluidic channel  

 

 
Sending optical signals across these relatively 
large microfluidic channels or tunnels raises 
the issue of optical divergence.   
A typical single mode waveguide has a 
numerical aperture in the range of 0.1 to 0.15.  
While crossing a 30-micron channel (see left) 
we already experience noticeable loss.  
Crossing a 200-micron channel results in 
excessive losses.  

 
To solve this issue we developed a process to manufacture up- and down-collimators.  Up-collimating the optical 
waveguide prior to a channel crossing, can significantly reduce the beam divergence, thus reduces optical losses, and 
increase the device sensitivity. This seemingly straightforward improvement is expected to play a key role in the 
development and commercialization of advanced “lab-on-a-chip” devices. 
We have manufacture various collimators, including index tapers and form tapers.  Index tapers are simple to 
manufacture: one just needs to decrease the index of refraction of the waveguide core to bring it closer to that of the 
bulk material.  This results in the formation of a large optical mode. Unfortunately we found experimentally that while 
it was indeed quite easy to enlarge the optical mode using this technique, we were unable to control the divergence 
associated with this design.  In other words, following the up taper we lost control of the optical mode and where 
unable to bring it back to a “normal” size in a subsequent down taper.   
Form tapers are tapers where the optical mode enlargement is obtained by changing the physical size of the waveguide 
core.  Form tapers are more complex to manufacture than index tapers. There are also many more variants of form 
tapers.  
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Figure 17: Schematic of a tapered optical waveguide  

 

 
The drawing shown on the left illustrates this 
form taper approach: The waveguide 
transitioned from a standard waveguide 
format to an expanded waveguide format. 
The 5x expansion factor along both axes is 
quite significant (surface area increased by 
2500%). 

 

Figure 18: Cross-section of a tapered optical waveguide  

 

 
A phase contrast microscope photograph of 
the expanded cross-section end is shown 
on the left, with a schematic of the original 
cross-section superimposed on it.  

We have measured the divergence associated with this enlarge waveguide and found it to be approximately 5 time less 
than the divergence from our standard waveguide. 
We have also manufactured the equivalent down-collimator, as well as an up-collimator followed by a down 
collimator.  The optical loss through this 1 cm long device was 0.4 dB (at 1550 nm). Lengthening the taper or using a 
different taper function can further minimize this loss. 

4. 3 Mixed devices: Optical losses associated with wall scattering 
The wall roughness of the microfluidic channels creates some scattering that results in additional optical loss. 

Figure 19: Microfluidic tunnel with smooth walls  

 

 
For devices operating in the visible, the 
wall roughness should be maintained 
below 100 nm to avoid excessive loss. 
We have not yet fully solved this issue, 
but have already shown that prolonged 
etching can result in the formation of very 
smooth walls.   
The SEM on the left shows the entrance of 
a microfluidic tunnel that was etched for 
an extended time period.  The resulting 
wall roughness is well below the half-
micron mark. 
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5. CONCLUSION  
Using our femtosecond direct-write process, we have manufactured various microdevices incorporating microfluidic 
networks with guided-optics.  Our femtosecond laser based process is inherently flexible, simple, and reasonably 
inexpensive. Our base material – fused silica – is a preferred material for optical and fluidic applications. It is 
chemically inert to all materials but HF. It offers an unmatched optical range - extending from the UV to the mid-IR. 
Further, and although this sounds counterintuitive, fused silica has potentially interesting mechanical properties at the 
microscale level. For instance, high elastic limits, as high as several GPa, has been reported in very thin glass fibers, in 
particular after HF etching. 12 
Our integrated devices, which combines both fluidic channels and optical waveguides opens new opportunities in bio- 
and chemical sensing. 
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