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ABSTRACT   

Femtosecond laser direct writing (FLDW) is developing rapidly but to date, there is no native optical isolator (needed to 
mitigate reflections in any optical system) for the platform. As a step towards integrated glass isolators, we have 
investigated FLDW in kHz and MHz pulse rate regimes for two magneto-optical glasses (TG20 and MR3-2) to 
ultimately create one-way structures based on the Faraday effect. 

Previously, we fabricated basic waveguides obtaining single-mode guidance at 632 nm (the Faraday effect is strongest 
near the Tb3+ resonance at 485 nm) in both regimes. kHz regime waveguides were isotropic but had high propagation 
loss due to associated photodarkening (which could be post-annealed). The propagation loss of the MHz regime 
waveguides was acceptable due to lower photodarkening, but the waveguides were too narrow to confine light properly 
because of the very strong focus of the writing beam. 

To try to combine the lower loss with larger waveguide width, we created overlapping structures using a series of 
superposed waveguides arranged in rings in MHz regime. The confinement in these multi-ring structures was indeed 
improved and the structure propagation loss was intermediate between that of one-path waveguides created in kHz and 
MHz regimes. For most other glasses, MHz FLDW systems operate in a heat-accumulation regime, producing 
waveguide diameters much larger than the writing laser spot size and superposed waveguides that merge into one by 
melting. Here, the sub-unit waveguides maintained their individual identity indicating that the heat-accumulation effect 
was absent. 
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1. INTRODUCTION  
The femtosecond laser direct writing technique is developing quickly and now widely used to fabricate a variety of 
optical devices, such as waveguides, gratings, retarders, filters, resonators and data storage devices [1-5]. However, no 
optical isolator, which is the essential component to mitigate reflections in any platform, has been fabricated by the 
FLDW technique so far. As the FLDW platform matures, optical systems consisting of multiple components will be 
integrated into small chips of glasses and reflections from device junctions will become a significant issue. Thus direct 
incorporation of photonic isolators will be increasingly important to mitigate unwanted stray light that can cause signal 
degradation or affect the stability of the systems. A natural approach to attempt to incorporate isolators into FLDW 
platform is to apply the FLDW technique itself to magneto-optical glasses to create one-way structures based on the 
Faraday effect.  

Depending on glass properties and parameters used for laser inscription, mainly the repetition rate and pulse energy 
supplied by the laser, device fabrication using the FLDW technique occurs in athermal or thermal regimes [6]. Normally, 
lasers with kHz repetition rate are used for waveguide fabrication in the athermal regime, while MHz laser systems are 
used in the thermal regime. The mechanisms of laser inscription in kHz and MHz regimes are different: modifications 
created in the kHz regime result from changes in the glass chemistry, while those in the MHz regime are due to glass 
density changes [7]. It is natural to expect that these differences will impact the nature of any Faraday devices that can be 
created.  

In a previous study [8], Shih et al. fabricated waveguides using a 25 MHz 800 nm oscillator laser (firmly in the thermal 
regime) in a single magneto-optical glass and observed phase changes (implying Faraday rotation) of light propagated 
through the waveguide on an oscilloscope. To our best knowledge, there has been no report of waveguides in magneto-
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optical glasses created in the FLDW kHz regime, let alone observations of Faraday rotation. Also the variation of 
waveguide properties with different designs and laser parameters in the MHz regime has not been systematically studied.  

Previously, as a step towards integrated glass isolators, we have investigated FLDW in kHz and MHz pulse rate regimes 
for two magneto-optical glasses (TG20 and MR3-2) to ultimately create one-way structures based on the Faraday effect. 
The waveguides created in kHz regime were isotropic but had very high propagation loss, while those created in MHz 
regime exhibit lower loss but the structures were too narrow to confine light and their modes were more elliptical. To try 
to combine lower loss with compact modes, here we design and fabricate a series of superposed waveguides arranged in 
rings in the MHz regime. The confinement of these ring structures was examined and their loss was compared to the 
propagation loss of the previous one-path waveguides.  

 

2. MAGNETO-OPTICAL GLASSES  
Two magneto-optical glasses, known as Faraday glass TG20 (from Shanghai Daheng Optics and Fine Mechanics Co., 
Ltd.) and MR3-2 (from Xi’an Aofa Optoelectronics Technology Inc.), are used as the substrates for waveguide 
fabrication on femtosecond laser systems. Both of them are Tb3+ doped borosilicate glasses and the strong Faraday effect 
in these glasses is due to the high concentration of paramagnetic Tb3+ ions [9].  

 

3. PREVIOUS BASIC WAVEGUIDES 
Previously, we fabricated basic one-path waveguides into both Faraday glasses on a kHz (800 nm wavelength, 1 kHz 
repetition rate, 120 fs pulse width, circular polarized) and a MHz femtosecond laser system (800 nm, 5.1 MHz, 45 fs, 
circular polarized) respectively.   A summary below outlines some key properties of the waveguides fabricated on kHz or 
MHz laser system and more details were described in [10]. 

3.1 Basic waveguides fabricated in kHz regime 

For the athermal regime, basic waveguides were fabricated on a regeneratively amplified Ti:Sapphire laser system. A 
40× (0.6 NA) objective was used for laser beam focusing into glass substrates aimed for creating single-mode 
waveguides at 632 nm (the Faraday effect is strongest near the Tb3+ resonance at 485 nm), associated with a 520 µm slit 
placed along the laser writing direction in front of the objective to promote symmetric waveguides [11]. Glass sample 
was translated perpendicularly to the laser beam at a speed of 1.5 mm/min. pulse energies from 225 nJ to 325 nJ, in a 
increment of 25 nJ were tested. At each energy level, six structures with a single-path but with 1, 2, 4, 8, 12, 16 
overlapping scans were created.  

Single-mode waveguides at 632 nm were obtained for 275 nJ and higher for TG20, while guidance emerged earlier for 
MR3-2 from 225 nJ. However, these waveguides had high propagation loss due to photodarkening, which is a byproduct 
of fabrication in kHz regime. Moreover, formation of photodarkening associated with ionization of Tb3+ to Tb4+ [12, 13] 
that may affect Faraday rotation in waveguides. Hence we put the fabricated waveguide into a program-controllable oven 
for thermal annealing up to 300 °C to reduce the photodarkening.  

After thermal annealing, those guiding structures created by 225 nJ and 250 nJ laser pulses in MR3-2 were erased as the 
photodarkening decreased. The remain waveguides, which were created by laser with pulse energies of 275 nJ and 
higher, exhibited similar properties in both TG20 and MR3-2. Comparatively, waveguides in TG20 performed better 
both before and after thermal annealing. Even though the high propagation loss of waveguides in MR3-2 reduced from 
more than 9 dB/cm to 2-4 dB/cm after annealing, it was still higher than that of waveguides in TG20. The propagation 
loss of waveguides in TG20 was 3-7 dB/cm before thermal annealing and about 2 dB/cm after that. The mode field 
diameters (MFD) of waveguides in both glasses slightly increased after thermal annealing, ranging from 5 to 9 µm. 
These mode field spread-out indicated reductions in refractive index contrast of waveguides. The waveguide diameter of 
those single-mode waveguides in both glasses had no change after thermal annealing, ranging from 2 to 3 µm. We 
believe Tb4+ ions were partially converted back to Tb3+ after thermal annealing. 

In conclusion, single-mode waveguides at visible were fabricated on a kHz femtosecond laser system. However, the 
propagation loss of these waveguides was very high due to associated photodarkening, which can be post-annealed by 
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heating. The propagation loss of the single-mode waveguides reduced to 2-4 dB/cm and their modes slightly spread out 
after annealing, while the dimension of waveguides was still the same.  

3.2 Basic waveguides fabricated in MHz regime 

For thermal regime, basic one-path waveguides were fabricated on a high-power oscillator-only Ti:Sapphire 
femtosecond laser system.  A stronger 100× (1.4 NA) oil immersion objective was used to compensate for the lower 
energy provide by the MHz laser. Pulse energies from 30 nJ to 40 nJ, in increments of 2.5 nJ, were tested and the effect 
of writing at different speeds from 100 to 2500 mm/min was examined at each energy level. The same thermal annealing 
process was also applied on the waveguides produced in MHz regime. 

Single-mode waveguides at 632 nm were obtained in both glasses for 37.5 nJ pulse energy. The MFDs of these 
waveguides altered from 6 to 9 µm and their near field patterns were more elliptical compared to those of waveguides 
created in kHz regime. These elliptical modes may induce coupling issues and birefringence which would likely compete 
with Faraday rotation. As the diameter of these waveguides was only about 1.5 µm but their MFDs were larger, we 
deduced most of the transmitted light was guided in the unmodified area. Furthermore, no perceptible photodarkening 
was observed in these waveguide. Thus the propagation loss of these waveguides was lower than that of waveguides 
fabricated on the kHz laser system, ranging from 1 to 3 dB/cm. No loss reduction was observed after thermal annealing. 

While only positive refractive index contrasts were created with the kHz system, structures with a negative index change 
core surrounded by a raised index cladding were produced on the MHz system by using larger pulse energies. This is 
related to the onset of cumulative heating, where the strong heat diffusion results in modifications with diameters that 
exceed, by several times, the focal spot size [14]. In our case, for pulse energies slightly above the threshold for 
cumulative heating modification with 5 µm diameter as opposed to 1.5 µm were created. Therefore in order to induce the 
largest exclusively positive index modification, the pulse energy generated by MHz laser system was kept as close to the 
cumulative heating threshold as possible but yet below. 

 

4. RING STRUCTURES  
As we summarized above, single mode waveguides created in the kHz regime had isotropic modes but high propagation 
loss resulted from associated photodarkening. While waveguides fabricated in the MHz regime had lower loss, but the 
structures were too narrow to confine mode and their modes were more elliptical that might induce birefringence and 
coupling issue. To try to combine the lower loss with more strongly confine mode (larger waveguide width), we further 
fabricated overlapping structures using a series of superposed waveguides arranged in rings on the MHz femtosecond 
laser system. 

4.1 Fabrication 

Two types of designs were fabricated in MHz regime: one-ring and two-ring structures (Fig. 1). The one-ring structure is 
composed of a basic one-path waveguide, surrounding by 6 basic waveguides arranged in a ring. The two-ring structure 
adds a second ring, which is composed of 12 basic waveguides arranged in even spacing, around the one-ring design. 
Since the diameter of one-path waveguides fabricated in the MHz regime was about 1.5 µm, three different spacing 
values ΔR = 0.5 µm, 0.75 µm or 1 µm, were tested for each ring design in order to obtain merged waveguides. The same 
100× oil immersion objective was used for fabrication. Laser beam with pulse energies from 28.5 nJ to 33.5 nJ, in 
increments of 1.5 nJ, was applied for structure writing. Two speeds, 2000 and 2500 mm/min, were examined at each 
pulse energy level. 

 
Figure 1. Designs of ring structures. Left: one-ring structure. Right: two-ring structure. 
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4.2 Ring structures & waveguide properties  

Figure 2 and 3 show the microscopy images and near-field mode patterns of the fabricated structures in glass TG20 and 
MR3-2 respectively. Depending on the materials and laser performance, which is affected by the operation environment, 
guiding structures were obtained for different pulse energies and writing speeds in the two distinct glasses. In TG20, 
single-mode waveguides were observed for one-ring structures created by 33.5 nJ laser pulses with a 2500 mm/min 
writing speed, while those in MR3-2 were produced by 36.5 nJ laser beam with a writing speed of 2500 mm/min.  

 
Figure 2. Properties of guiding structures in TG20 created by 33.5 nJ pulses with a writing speed of 2500 mm/min. Top: 
transmission differential interference contrast (TDIC) microscopy images of structure top view. Middle: bright field (BF) 
microscopy images of structures cross sections. Bottom: near-field mode patterns. From left to right, there are one-ring 
structures with 0.5 µm, 0.75 µm and 1µm spacing, then two-ring structures with 0.5 µm, 0.75 µm and 1µm spacing 
respectively (e.g. 1R1means one-ring structure with 0.5 µm spacing; 2R3 means two-ring structure with 1 µm spacing). 
Blank spots indicate multimode waveguides.  

 

 
Figure 3. Properties of guiding structures in MR3-2 created by 36.5 nJ pulses with a writing speed of 2500 mm/min. Top: 
TDIC microscopy images of structure top view. Middle: BF microscopy images of structures cross sections. Bottom: near-
field mode patterns. Blank spots indicate multimode waveguides. 
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The MFDs of the single-mode waveguides were about 4 µm, while their structure diameter increased to 3 µm. Compared 
to the one-path waveguides in MHz regime, whose diameter was only 1.5 µm but their MFDs were larger than 5 µm, the 
confinement in these multi-ring structures was indeed improved. However, the propagation loss of these waveguides also 
increased because a larger area of glass had been modified, but was still intermediate between that of one-path 
waveguides fabricated in the MHz regime and kHz regime before annealing. We also put the ring structures into the oven 
for heating to try to reduce their loss, but the waveguide MFDs and propagation loss were typically the same after 
annealing. A comparison of properties of basic one-path waveguides created in kHz and MHz regime, and those of the 
ring structures is displayed in Table 1.  

For most other glasses, MHz femtosecond laser systems operate in a heat-accumulation regime, producing waveguide 
diameters much larger than the writing laser spot size and superposed waveguides that merge into one by melting. For 
our magneto-optical glasses, one can observe from the microscopy images (both top view and cross section) that, the 
sub-unit waveguides in ring structures maintained their individual identity, indicating the heat-accumulation effect was 
absent. Using larger pulse energies did not improve the individuality of these structures but changed their sign of the 
refractive index change as we discussed in section 3.2.  
 
 

Table 1.  Properties of basic waveguides and ring structures. 

 kHz regime MHz regime Ring structure 

Waveguide diameters 2-3 µm  1.5 µm 3 µm 

Mode description isotropic elliptical elliptical 

MFDs 3-6 µm before annealing 

5-9 µm after annealing 

5-9 µm 4 µm 

Propagation loss 3-7 dB/cm (TG20) or > 9 dB/cm (MR3-2) 
before annealing 

2-4 dB/cm after annealing 

1-3 dB/cm 3-4 dB/cm 

 

 

In TG20, those structures created by 33.5 nJ pulses with a writing speed of 2000 mm/min and those fabricated by laser 
beam with pulse energy above 33.5 nJ were multi-mode or could not be found due to high loss. This high loss resulted 
from discontinuous damage spots or even continuous damage tracks (similar to 2R2 and 2R3 structures in Fig. 4), which 
result from the strong focusing of the laser beam and cause strong light scattering [6].    

In MR3-2, the structures created by 36.5 nJ pulses with a writing speed of 2000 mm/min were multi-mode at visible 
wavelength. Those structures fabricated with pulse energy below 36.5 nJ were too weak to have compact modes (MFDs 
ranges from 10 to 30 µm), or also could not be found due to the appearance of damage tracks. Figure 4 shows one set of 
typical ring structures created by 35 nJ pulses in MR3-2. Even though round modes were observed for the one-ring 
structures, their MFDs were large ranging from 11 to 15 µm and the modes spread out or disappeared after thermal 
annealing. The two-ring structures could not guide light because of the appearance of damage tracks (2R2 and 2R3 
structures in Fig. 4). Nevertheless, these damage tracks (void array) may be potential components of other optical 
devices, for instance, Mach-Zehnder interferometer [15] or diffractive beam splitters [16].  
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Figure 4. Properties of ring structures in MR3-2 created by 35 nJ pulses with a writing speed of 2000 mm/min. Top: TDIC 
microscopy images of structure top view. Middle: BF microscopy images of structures cross sections. Bottom: near-field 
mode patterns. Blank spots indicate modes that could not be found.  

 

5. CONCLUSION 
Device fabrication using FLDW technique occurs via different mechanisms depending on laser parameters, mainly their 
repetition rates. Basic waveguides were fabricated on two FLDW systems with kHz or MHz repletion rate separately and 
exhibited distinct advances and drawbacks. Aiming to improve waveguide properties, we further created multi-ring 
structures on MHz FLDW system. Confinement in the multi-ring structures was improved. The propagation loss of 
obtained single-mode waveguides was intermediate between that of one-path waveguides created in both regimes. The 
separate identity of the sub-unit in ring structures further confirmed that, waveguide fabrication in MHz regime in the 
magneto-optical glasses under study did not exhibit the heat-accumulation effect, which is common in other materials.  
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