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ABSTRACT   

Integrated optical switches and modulators allow performing reconfigurability in integrated circuits, resulting as 
fundamental components in different fields ranging from optical communications to sensing and metrology. Among 
different methods, the thermo-optic effect has been successfully used to fabricate optical modulators by femtosecond laser 
micromachining (FLM) in glass substrates, proving high stability, no losses dependance but long switching time. In this 
work, we present an integrated optical switch realized by FLM with a switching time of less than 1 ms: which is about 1 
order of magnitude faster than the other devices present in literature. This result has been achieved by carefully optimizing 
the geometry and the position of resistors and trenches near the waveguides through simulation and experimental 
validation. In addition, by means of an optimization of the applied voltage signal, we have demonstrated a further 
significant temporal improvement, measuring a switching time of less than 100 μs.  

Keywords: thermal shifter, integrated optics, femtosecond laser micromachining.  

 

1. INTRODUCTION  
Integrated circuit reconfigurability is of paramount importance for a wide range of applications, including optical 
communications, sensing, metrology and even lab on a chip [1]. Several technologies and materials are currently used for 
integrated optics applications. Whether the material possesses high nonlinear or electro-optic coefficients, Kerr or Pockels 
effects can be exploited to achieve light modulation [2]. Otherwise, plasma effects, as in silicon photonics, or thermo-optic 
effects can be used. The latter technique has been successfully exploited to fabricate optical modulators in glass substrates. 
This method, which is based on the temperature dependence of the refractive index, guarantees high stability, 
implementation simplicity, and modulation accuracy, but it is characterized by slow dynamic responses.  Among different 
fabrication techniques femtosecond laser micromachining stands out for its versatility and 3D capabilities, resulting in a 
valuable alternative to standard lithographic approaches [3]. This technique is based on non-linear absorption processes 
that occur when focusing a femtosecond laser beam on transparent substrates, such as glasses. This leads to a permanent 
modification of the substrate in the focal volume, the type of induced modification depends on the irradiation parameters. 
Among the possible structural changes, a localized refractive index increase with respect to the pristine material can be 
induced, which enables direct waveguide writing [4]. In addition, FLM allows fabricating both integrated optics and 
microfluidic channels, which can be used in synergy for the realization of advanced lab-on-a-chip devices in fused silica 
and borosilicate glasses [5-7]. This technique has been successfully used to fabricate optical modulators in glass substrates 
[8-11]. These devices are based on the combination of an integrated Mach–Zehnder interferometer (MZI) and a superficial 
resistor used to asymmetrically heat the arms of the interferometer, and therefore to actively vary the phase difference used 
for light modulation. In this work, we present an integrated optical switch realized by FLM with a switching time of less 
than 100 μs, while the circuits in literature are characterized by switching times of the order of tens or hundreds of 
milliseconds. This result has been achieved by simulating the dynamic response of different geometries with COMSOL 
Multiphysics, by fabricating and characterizing all the simulated devices and by introducing a pulse-shaping approach in 
the driving voltage. The rapid prototyping capabilities and the precision of FLM in glass microstructuring have been 
fundamental for the fabrication of the integrated optical circuits, the trenches and the resistors, allowing a precise 
optimization in terms of both switching velocity and dissipated power.  
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2. MATERIALS AND METHODS 
 
2.1 Device Fabrication 

The fabrication is a multi-step process, whose protocol is reported hereunder: i) MZI irradiation by FLM, ii) waveguide 
thermal annealing in oven, iii) superficial gold deposition, and iv) selective gold ablation to define the resistors pattern. 
The substrate used is a borosilicate glass (Eagle XG, Corning). The femtosecond laser source that we have used is a 
Yb:KYW cavity-dumped mode-locked laser oscillator, with an emission wavelength of 1030 nm, pulse duration of 300 fs, 
and a repetition rate of 1 MHz. For waveguide irradiation, we have used a 50x, 0.65 NA microscope objective to focus the 
laser beam, an average laser power of 230 mW, a scan velocity of 40 mm/s and a multiscan approach based on 12 
overlapping irradiations. The waveguides have been irradiated at a distance of 15 µm from the bottom surface of the glass 
substrate. After the irradiation process we have exposed the substrate to a previously optimized annealing process. The 
resulting waveguides are characterized by propagation losses of about 0.3 dB/cm and symmetric mode dimensions of about 
2.7 x 2.8 μm2 at a wavelength of 532 nm. We have fabricated different integrated couplers to retrieve the coupling 
coefficient, we have obtained that fixing the separation between the two arms to 5 μm in the coupling region, an interaction 
length of 0.75 mm is necessary for a 50:50 splitting ratio. Regarding the ubiquitous metal deposition process, first 2 nm of 
chromium have been deposited over the substrate to enhance gold to glass adhesion. Subsequently, 80 nm of gold have 
been deposited using a magnetron sputtering system. A thermal annealing process up to 500 °C, previously optimized, has 
been introduced to favor the resistors stability over time [12,13]. The ablation for the resistor layout is carried out by using 
the above-mentioned femtosecond laser, a 10x, 0.25 NA focusing objective, 200 mW of average laser power and 2 mm/s 
scan velocity. The resistor is 3 mm long and 15 μm large, which corresponds to a resistance value of about 115 Ω. For the 
fabrication of superficial trenches multiple lines have been irradiated with an average laser power of 800 mW and a scan 
velocity of 0.2 mm/s. In particular, 5 overlapping scans have been repeated at different depths from the surface, covering 
the entire height of the trench with an inner separation of 2 μm along the vertical axis (z axis in Fig. 1).  

2.2 Device design  

To obtain an integrated modulator we have used a MZI, as in Fig. 1, with a heater (i.e. a resistor) fabricated above one of 
the two arms. Thanks to the thermo-optic effect, it is possible to induce a controlled phase difference in the two arms of 
the interferometer, therefore it is possible to modify the output power distribution, switching between bar and cross state 
(Pbar and Pcross in Fig. 1). Indeed, the transfer matrix of the MZI depends sinusoidally on the phase difference between the 
two arms and the temperature dependence of the refractive index can be reasonably approximated linear as it follows:  

 

 

 
   

Considering that the waveguides are asymmetrically heated, they reach a different temperature, and this translates in the 
following temperature dependent phase difference:  

 
 

where L is the resistor length, and λ the wavelength guided in the MZI. Therefore, by applying a certain voltage over the 
resistor, it is possible to control the light distribution at the MZI output, switching between the two ports. To optimize the 
dynamic response, we have focused first in optimizing the layout of the device in its standard configuration (Fig 1.a). This 
has been done by optimizing the values of Δz and Δx, which are the depth in the substrate at which the waveguides are 
irradiated and the distance among the two arms, respectively. Subsequently, we have explored advanced configurations, 
characterized by the presence of a conductive layer above the second waveguide and superficial trenches.   
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Fig. 1  Top a) and lateral b) view of the schematic of the MZI device in the standard configuration. Δz and Δx correspond to 
the depth of the waveguides from the surface and the reciprocal distance. 

 
2.3 Device simulations 

COMSOL Multiphysics has been used to simulate both the static and dynamic response of the devices to an applied power 
step. The Heat transfer module allowed to investigate the temperature distribution in the substrate in correspondence of a 
certain dissipated power. To model the device, three different domains have been introduced. A block of borosilicate glass 
with dimensions of 5mm x 5mm x 1mm (L x W x H in Fig 2.a), a thin layer of gold of 3mm x 15μm x 1μm (l x w x h in 
Fig 2.a), set as heat source with an emitting power P and a layer of air 5mm x 5mm x 0.3mm above the others to consider 
the effect of heat dissipation by conduction in air. 

3. RESULTS AND DISCUSSION 
3.1 Simulations 

Using Comsol simulations we have first investigated how the distance between the waveguides and the superficial resistors 
as well as the inner distance between the waveguides in the heated area, namely Δz and Δx, affect the device dynamic and 
the maximum difference in temperature (ΔT) that can be achieved between the two waveguides. Indeed, the objective of 
this work consists in improving the temporal response of the optical switch, maintaining good values for  power dissipation. 
From this first analysis we have retrieve that minimizing Δz positively affects both power dissipation and temporal 
response, while we observe an opposite trend regarding the distance between the waveguides. Indeed, at a fixed Δz, it is 
important to enhance Δx to maximize the difference of temperature reached (ΔT). Conversely, to speed up the dynamics, 
the two arms should be as close as possible, thus allowing to reach the steady state condition faster. We have chosen to 
fabricate the integrated MZI at the shallowest possible depth that does not cause surface ablation when writing the 
waveguides. In our case, this depth corresponds to 15 µm from the surface. At this depth, the reasonable values of Δx 
which allow a good compromise between dynamics and power dissipation range from 23 to 43 µm, we have therefore 
selected a distance between the waveguides of 30 µm. Using these parameters, we obtain a device that can switch between 
bar and cross with a power dissipation of 197 mW and that reaches the 90% of the steady state condition in about 2.4 ms, 
we will refer to this layout as the Standard one. Subsequently, we have explored the possibility of further improving the 
device performances using advanced configurations characterized by the presence of superficial trenches surrounding the 
resistor as well as a gold conductive nanolayer between the waveguides (slab).  

The results of this analysis are illustrated in Fig.2, where it is possible to observe the cross section of two configurations, 
panels a) and b), and the dynamic comparison Fig.3.c. It is possible to note that these advanced configurations present 
improved performances with respect to the standard configuration previously described. Indeed, not only the switch is 
achieved with less power consumption, 132 mW and 118 mW, but also the dyamics is faster as the 90% of the steady state 
condition is reached in 1.5 and 1 ms for the Symmetric and Asymmetric device, respectively. In particular, between these 
two new configurations, the Asymmetric device, characterized by two different trenches surrounding the resistor, is the one 
with better performances.  
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3.2 Experimental validation 

We have subsequently validated our simulation fabricating the Standard, the Symmetric and the Asymmetric configuration 
and we characterized the corresponding performances by measuring the power required to perform a switch as well as the 
temporal response. Regarding the power dissipation we measured 230	mW	for	the	Standard	configuration	and	155	mW	
for	both	the	Symmetric	and	the	Asymmetric	one.	These	values	are	slightly	higher	with	respect	to	the	simulated	ones;	a	
possible	 explanation	 is	 that	 this	 discrepancy	 could	be	 related	 to	 the	ubiquitous	 gold	deposition	 that	 affects	 the	heat	
dissipation	in	real	devices.	The	switching	time	comparison	is	shown	in	Fig.	4,	where	the	three	dynamics	are	reported,	and	
the	expected	performances	are	confirmed.	As	shown,	the	Asymmetric	configuration	is	the	fastest	one	with	a	switching	
time	of	about	830	μs,	while	the	Symmetric	and	the	Standard	ones	present	a	measured	switching	time	of	about	1ms	and	
1.18	ms,	respectively.	It	is	worth	highlighting	that	the	measured	switching	times	are,	as	expected,	different	from	τ	that	

Fig. 3. Experimental comparison between the Standard, Symmetric and Asymmetric 
switching dynamics.  

Fig. 2 comparison between the Symmetric and the Asymmetric configurations: temperature distribution 
in the two cross sections a) and b) and dynamic response c).  
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represent	the	90%	of	the	time	required	to	reach	the	steady	state	difference	of	teperature,	due	to	the	non-linear	response	
of	the	MZI	over	ΔT	(see	Eq.1,2). 

3.3 Voltage function optimization  

To further speed up the system we have investigated a pulse shaping approach, thus we have decided to optimize the 
applied voltage power function to obtain a step-like response of the system. Indeed, instead of applying a step-like voltage, 
or power, the new function consists in a first peak step, whose duration is optimized to allow the system to reach the 
required difference of temperature to perform the optical switch, followed by a second step at the regime voltage power, 
which permits to maintain the previously reached temperature difference. Using this approach and applying it to the 
Asymmetric configuration, we have measured a switching-on time of about 78 μs.  

 

4. CONCLUSIONS 
In this work we have been able to improve the switching time of integrated optical switch fabricated by FLM of about two 
orders of magnitude with respect to the results present in the literature, without sacrificing the power consumption.  
Comsol simulations, advanced micro-structuring and voltage function optimization have played a fundamental role in 
achieving this result.  
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