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OCIS codes: (130.2755) Glass waveguides; (320.7130) Ultrafast processes in condensed matter, 
including semiconductors. 

1. Introduction 

Femtosecond lasers can be used to locally and permanently modify the refractive index of glass, 
permitting the fabrication of photonic structures embedded within a bulk glass substrate [1]. Modifying 
glass in this fashion relies on obtaining irradiances high enough to induce photo-ionization, which 
results in energy being absorbed by the substrate, which then causes the rapid heating and cooling 
which results in refractive index change. Photo-ionization is fundamentally polarization dependent, a 
fact that is well understood theoretically and has been demonstrated experimentally in a range of 
media, including fused silica [2]. In this study, we investigate how the polarization dependence of 
photo-ionization impacts on waveguide fabrication in fused silica and in doped phosphate glasses. 

2. Experiment 

Optical waveguides were fabricated using a regeneratively amplified Ti:sapphire laser with pulses of < 
120 fs at a wavelength of 800 nm and a repetition rate of 1 kHz. The slit method was used to shape the 
beam to yield waveguides with circular cross sections [3]. Waveguides were fabricated using a 20× 
objective lens or a 40× spherical aberration corrected objective lens. Laser polarization was controlled 
using a Berek compensator (New focus model 5540) placed just before the slit. The substrate was 
translated using a computer-controlled XYZ stage at a speed of 25 µm/s. 
 Refractive index profiles were taken using a refractive index profilometer from Rinck Electronik. 
Raman spectra were collected using a Renishaw Ramascope. Samples were illuminated using a 442 
nm HeCd laser with a ~ 1 µm spot size focused using an OFR 40×-NUV objective. 

3.1 Fused Silica 

To investigate how the photo-ionization rates generated by linear and circular polarizations compared 
as a function of applied irradiance, a series of two sets of four waveguides was written. Each set was 
written with a different polarization (linear and circular) and each set consisted of waveguides written 
with pulse energies of 275, 300, 325 and 350 nJ corresponding to peak irradiances of 38.5, 42.0, 45.5 
and 49.0 TW/cm2 respectively. 
As the refractive index change in fused silica is known to be associated with heating rates (fictive 
temperature) [4], we can infer the relative proportion of energy absorbed by linearly and circularly 
polarized writing beams from the induced refractive index change. Under otherwise identical writing 
conditions, we can then infer the relative rates of photo-ionization for each polarization.  

Fig. 1. shows that for cases where the peak irradiance is less than 40 TW/cm2, linearly polarized 
beams induce a higher refractive index, implying higher rates of photo-ionization for linearly polarized 
beams, which is in agreement with the results of Temnov et. al. for this irradiance range [3]. Beyond 
42 TW/cm2 there is a regime shift, with circularly polarized beams producing higher refractive index 
contrasts. 

This result highlights the need to choose the correct writing polarization when using the direct-
write technique, as it maximises the induced refractive index contrast, optimising device quality [5]. 
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Fig. 1.  Induced refractive index as a function of applied irradiance for waveguides written with linear and circular polarizations. 

4.2 Phosphate Glass 

Doped phosphate glasses are valuable in direct write photonics as they can be used to make monolithic 
waveguide lasers [6], and other active devices. As phosphate glass has a much smaller band gap than 
fused silica (~ 5 eV compared to ~ 9 eV), 4-photon absorption rather than 6-photon absorption is 
expected to occur. Circularly polarized light would therefore be expected to yield higher photo-
ionization rates, even at low irradiances [3]. 

Preliminary investigations into phosphate glass have shown that waveguides written with 
circularly polarised light exhibit lower losses than those written with linearly polarised light. Lower 
losses are generally associated with higher refractive index change, as waveguides with higher index 
contrasts are better able to confine light in the presence of waveguide inhomogeneities. 

In this presentation will investigate the polarization dependence of the refractive index change 
mechanism in phosphate glass. We will present investigations into the structure of unmodified and 
modified phosphate glass after exposure to different polarisation and from this, infer the role of photo-
ionization when writing waveguides in this glass host. 
 
5. Conclusion 

The effect of writing laser polarization on refractive index changes induced using the femtosecond-
laser direct write technique were systematically analysed in fused silica and phosphate glass. Circularly 
and linearly polarized beams were observed to induce different refractive index changes and the 
relative difference in index change was highly dependent on the irradiance of the writing laser. We 
propose that this behaviour is a result of the inherent polarization dependence of the photo-ionization 
mechanism that drives the process of refractive index change. 
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