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Abstract – Recent results in femtosecond laser direct-
writing of guided wave devices will be presented. 
Particular emphasis will be placed on the fabrication of 
monolithic active photonic devices in doped phosphate 
glasses. 
  
 
Introduction 
Localised refractive index changes, varying in size from 
a few microns to tens of microns, can be induced inside 
most glass substrates upon exposure to the tightly 
focussed output of a femtosecond or picosecond laser. 
Waveguides with losses <0.4 dB / cm can be readily 
created by moving the glass sample under the fixed laser 
focal spot using high precision motion control stages. 
This process is commonly referred to as ultrafast laser 
direct-writing. 
 
Silica and silicate glasses are well suited to this 
fabrication process and form the basis for a diverse range 
of devices. The index change induced in silica and 
silicate glasses is typically positive in sign and falls 
within the range of 10-4 to 5 x 10-3. Devices 
demonstrated thus far in these glasses include splitters 
[1], Mach Zehnder interferometers [2], waveguide arrays 
[3], vibration sensors [4], 3D interconnects [5] and 
integrated waveguide / microfluidic platforms.  
 
Other glass forms such as the phosphate glasses are also 
compatible with this direct writing technique [6], 
however, additional fabrication challenges arise because 
both negative and positive index changes can be 
induced. Nevertheless, doped phosphate glasses (and 
some doped silicate glasses [7]) are an attractive host for 
directly written active photonic devices because they can 
accommodate high concentrations of rare earth dopant. 
In this paper we review the current state of the art and 
present new results in ultrafast laser direct-writing of the 
main forms of active photonic device in bulk glass, 
namely waveguide amplifiers [8], distributed Bragg 
reflector (DBR) lasers [9] and distributed feedback  
(DFB) lasers [10]. 
 
Experiment: 
Processing micron-scale structures places a number of 
constraints on the laser and the manner in which the laser 

beam is delivered onto the target face. In particular, 
conventional beam scanning techniques such as those 
used in laser marking systems result in inadequate 
control between the focal point of the laser beam and the 
target surface. The practical solution in this case is to 
operate with a fix beam path and move the target with 
precision positioning stages. Fixing the beam path also 
reduces pointing instability thus improving resolution at 
the target. 
 
The beam delivery system used in this study consisted of 
online diagnostics (Frequency resolved optical gating or 
FROG) to maintain fixed set of laser optical parameters, 
online CCD camera, dynamic beam attenuator consisting 
of a waveplate and polarizer and rotating motion control 
stage, laser mirrors for steering the beam, beam shaping 
using an adjustable slit and high numerical aperture 
focusing objectives.    
 
Our motion control system incorporates two types of 
translation stage. A single axis air bearing stage with one 
nanometre resolution (Aerotech) and 200mm traverse is 
primarily used in the manufacture of devices such as 
gratings where light interacts resonantly with the laser 
fabricated structures. The two other cartesian axes of 
movement are provided through conventional 
mechanical stages that offer 10 nm resolution and 50mm 
of travel. Finally the same motion control system is used 
to select the laser power through the use of a rotation 
stage and polarisation based optical attenuator. 
Computer algorithms are used to control the laser pulse 
frequency, phase, output power and absolute position of 
the stage system. 
 
Bulk glass samples are held on a custom made vacuum 
chuck mounted onto the X-Y-Z translation stage. The 
sample is translated through a fixed laser focal spot. The 
laser is a 120 fs pulse duration, 1 kHz pulse repetition 
frequency Ti:Sapp laser (Spectra Physics Hurricane). 
The glass samples used in this study are undoped 
phoshate glass, 9% wt Yb doped phosphate glass and 2% 
wt Er-4% wt Yb doped phosphate glass (QX and MM2a-
58 glass from Kigre Inc). 
 
The fabricated devices are characterised using a 
combination of phase contrast microscopy, scanning 



near field optical microscopy (SNOM), beam analysis 
and refractive index profilometry. Rigorous transmission 
studies were undertaken using a system comprising a 
swept wavelength system, tunable C-band laser, optical 
spectrum analyser, power meter and wavemeter. Gain 
measurements were undertaken whilst pumping the 
devices with 976 and 980nm fibre coupled laser diodes.  
 
A series of straight waveguides were fabricated using 
circularly polarised radiation, a translation speed of 25 
µm/s, both 20× (0.46 NA) and 50x (0.8 NA) microscope 
objectives and simple beam shaping methods to produce 
circularly symmetric structures [11]. The waveguides 
were written ~300 µm below the surface of each sample 
using a range of pulse energies. After fabrication, the 
input and output facets of these samples were ground 
and polished. 
 
Results and Discussion: 
Figure 1 shows a sample of DIC top-view microscope 
images of waveguides fabricated in phosphate glass 
using the 50x objective. 
 

 
 
Fig 1: Differential Interference Contrast (DIC) 
microscope images of a number of linear structures 
written with different pulse energies in phosphate 
glass. 
 
The onset of positive index change in phosphate glass 
corresponds to a laser pulse energy of ~0.15 µJ when 
using the 50x objective. By comparison, the pulse energy 
corresponding to the onset of index change was ~0.8 µJ 
when the 20x objective was used, which is consistent 
with the change expected from simple incident fluence 
calculations which roughly scale as a function of 1/spot 
radius2. This threshold condition is similar for all the 
undoped and doped phosphate glasses tested. 
 
The relative index change was observed to increase as 
the applied pulse energy increased up to a pulse energy 
of 0.25 µJ (see Fig. 1). At a pulse energy of 0.30 µJ the 
relative index change was observed to decrease, and its 
sign became negative at pulse energies exceeding this 
value. By comparison, we only ever observe positive 

index change, in the guiding region of the waveguide1, 
when writing waveguides in fused silica at pulse 
energies ranging from that associated with the onset of 
index change up to its damage threshold. The additional 
complexity of the negative index change in the guiding 
region of waveguides written in phosphate glasses 
necessitates the use of laser pulse energies falling within 
the region spanning the onset of positive index change 
and the point where the index changes sign. SNOM 
analysis of femtosecond laser written waveguides also 
highlight the challenges associated with this fabrication 
techniques. For example, at relatively high laser pulse 
energies (but still below the damage threshold) non-
linear effects were observed to produce complex spatial 
features in the waveguides. 
 
Figure 2 shows the characterization scheme used to 
measure gain in femtosecond laser direct-write 
waveguides. The waveguide tested in this case was 
written with a 20x objective at a pulse energy of 1.8 µJ. 
Laser pulse energies of 2.0 µJ and higher resulted in 
damage features in the waveguides. 
 

 
 
Fig 2: Amplification characterisation setup. 
 
Figure 3 shows the relative gain as a function of total 
pump power for the Er-Yb doped glass. The small signal 
input was fixed at a wavelength of 1534 nm. The 
intrinsic absorption for this glass is also shown. 
Maintaining the input signal well below 0.5 mW 
revealed little change in the relative gain, indicating all 
measurements were conducted in the small-signal 
regime. It can be seen that although the gain has not 
saturated the maximum relative gain has more than 
compensated for the absorption resulting in a maximum 
internal gain of 4.18 dB/cm. The internal gain, as a 
function of wavelength, is presented in Figure 4. The 

                                                            
1 Negative index change can occur in the region 
surrounding the guiding region. 



results show amplification across the whole C-band, 
comparing well with current literature.  

 

 
 
Fig 3: Relative gain versus total pump power for 
Top: QX and Bottom: MM2a-58 Kigre glass samples. 

 
 
Fig 4: Internal gain of waveguide amplifiers 
fabricated in Kigre Er/Yb co-doped phosphate 
glasses. 

Waveguide Bragg gratings (WBGs) can be readily 
fabricated by modulating the laser pulse energy [12]. In 
this case the Bragg wavelength is a function of the laser 
modulation frequency (fmod) and the translation speed 
(vtrans): 
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where m is the order and neff the effective refractive 
index. In order to create a Bragg resonance at 1537 nm 
using a translation speed of 25 µm/s in a Kigre QX 
Er/Yb co-doped phosphate glass sample (n=1.5), the 
femtosecond laser was modulated at a frequency of 
approximately 50 Hz. The modulation mark-space ratio 
was typically 50:50 and the modulation intensity ratio 
100%. A 20 mm long 1st order WBG, written with a 
circularly polarised modulated femtosecond laser beam, 
was fabricated in a Kigre QX sample using the slit 
method (500 µm slit) and a pulse energy of 1.5 µJ. The 
respective transmission and reflection spectra for the 
waveguide Bragg grating are shown in Figure 5. 
 

 
 
Fig 5:  C-band transmission and reflection spectra 
from a WBG fabricated using the modulated writing 
beam method. 
 
These measurements are subject to uncertainties because 
the probe light used to study a C-band grating written in 
an erbium doped material is subject to a varying amount 
of absorption with wavelength. Consequently, the 
reflection measurements should be treated as a lower 
bound of the reflectivity and the transmission 
measurements as an upper bound of grating rejection. 
The modulated WBG shows a dominant single Bragg 
wavelength with a full-width-half-maximum (FWHM) 
of approximately 140 pm in reflection, indicating a high 
quality WBG with minimal birefringence. The 
transmission spectrum shows a sharp Bragg resonance 
superposed on the broad C-band absorption profile of the 
co-doped material. The gradual decrease in transmission 
up to the Bragg resonance is indicative of the radiation 
modes of the grating in a geometry that has no well 
defined or circularly symmetric cladding. This results in 
a continuum of cladding modes being supported by the 
WBG. In order to better characterize these gratings in the 
absence of rare earth absorption, we wrote C-Band 



WBGs in phosphate glass samples doped with Yb only. 
The susceptibility (both spectral shift, chirping and loss 
of reflectivity) of these femtosecond laser written WBGs 
were investigated in response to applied optical fields 
(namely that of the pump laser diodes) and external 
heating. These results will be presented in the talk. 
 
The WBG was double-end pumped with a total of 710 
mW of laser diode power. A resistive heater was placed 
on the surface of this glass sample to introduce a phase 
change at the centre of the 20mm long WBG. In this 
configuration the device successfully functioned as a 
distributed feedback (DFB) laser, producing a total 
output power of 0.37 mW at a linewidth of <1pm. The 
relatively low efficiency of this device was due to poor 
mode matching between the femtosecond laser directly-
written waveguides and the butt coupled fibres 
introducing the output from the laser pump diodes. 
Future engineering developments will minimise this 
mismatch. 
 
Conclusions 
We show, for the first time, that femtosecond laser 
direct-writing can be used to write high fidelity 
waveguide Bragg gratings inside phosphate glasses. A 
monolithic distributed feedback laser, with linewidth 
<1pm, was successfully fabricated and operated in a 
smaple of Er-Yb co-doped phosphate glass. Comparative 
studies of C-band waveguide Bragg gratings written in 
Yb doped phosphate glass offer useful insights into the 
efficacy of this robust and high power distributed 
feedback lasers fabricated with this technology. 
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