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Abstract. In this work we demonstrate optical switching at telecommunication 

wavelengths on silicon microring resonators induced by a change between the 

amorphous and crystalline phases of a thin film of phase change material. The 

transition is triggered using a pulsed laser diode at 975 nm and the optical 

transmission probed with an ASE source between 1520 and 1580 nm. Changes 

in the quality factor, resonant wavelength and peak depth are investigated as 

well as the effect of temperature in the performance of the switch. The work 

may have further applications in optical communications, add-drop 

multiplexers and reconfigurable photonic circuits.  

 

Keywords: Microring resonators, phase change materials, silicon photonics, 

optical switch. 

1. Introduction 

1.1. Microring resonators 

Microring resonators are optical devices whose working principles are based on the concepts of 

constructive interference and total internal reflection. In a similar manner to the famous 

whispering gallery modes for sound waves they act as optical cavities for light waves, so when 

the wavelength of the light confined inside them due to total internal reflection is resonant with 

the cavity constructive interference appears and the intensity inside the ring builds up, creating a 

set of valleys in the spectrum of the light.  

 

The properties of these devices can be adjusted by choosing an appropriate material and 

geometry, being quite dependent on tolerances of fabrication and also on the environment where 

the lie. This fact and the capability of attaining high Q-factors and small sizes have made them 

attractive over the last years, finding applications in a wide range of areas, for instance as add-

drop multiplexers [1], modulators [2] and biosensors [3]. 

 

Microring resonators can be presented in a wide variety of complex configurations, including 

several rings coupled together and multiple waveguides, but the two simplest cases, which can 

be thought as of building blocks for more complex configurations, are the so-called all-pass 

configuration, consisting on an input waveguide and a microring, and the add-drop 

configuration, where a microring is placed between two parallel waveguides. In this work we 

will focus on symmetrically coupled add-drop silicon microring resonators, i.e. those with the 

same gap between the microring and each waveguide, see figure 1. 
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Figure 1. Schematic of the microring used in the experiment. 

 

In this configuration the transfer function between the input and pass port is given, in terms of 

power, by [4]: 

 
     

   
 
                

               
 

 

Here t is the transmission coefficient, indicating the drop of the electric field amplitude when 

the input light is coupled into the ring, τ is the round trip loss coefficient and ϕ the phase shift 

for one round trip. This shift depends on the geometry and the material of the microring and 

defines the resonant condition of the system through: 

 

        (     )                   

 

Where    is the vacuum wave vector and      the effective refractive index of the device. 

 

In order to compare the performance of different microrings, a dimensionless parameter, called 

the Q-factor, is usually defined. In its formal definition this factor is    times the ratio between 

the stored energy and the energy lost per unit cycle, although for resonant systems it is more 

useful to use the equivalent definition: 

 

  
  

    
 

 

In this case    is the resonant wavelength and FWHM, the full width at half maximum, is the 

width of the peak when the attenuation has fallen 3 dB. This value defines the sharpness of the 

resonance and thus is desirable to achieve high values, especially in applications as filtering or 

channel multiplexing. 

 

Another parameter used to characterize the performance is the free spectral range (FSR): 

 

    
       

  (     )
 

 

The FSR is a measure of the spacing between adjacent resonances and thus is also desirable to 

achieve high values. Note that here we use the group velocity to calculate the FSR in order to 

account for the dispersion in the waveguide. The group velocity is given by: 
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(5) 
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We will use these parameters in the last section to characterize the performance of our optical 

switch. 

 

1.2. Phase change materials 

In an ideal case an optical switch would let the light of a certain wavelength go through the 

input waveguide with no attenuation in the on state while completely blocking it in the off state. 

Using the properties of a microring this can be done either by shifting its resonant peak or by 

changing the peak depth. Here we will make use of both effects to implement this functionality. 

 

In order to do that we will need the help of a material that changes both the effective refractive 

index of the ring and also its losses. Phase change materials provide a good solution to these 

requirements, as we will see below. 

 

The discovery of phase change materials, herein called PCM, dates back to 1968, when 

Ovshinsky first reported a memory switching device in a paper in Physical Review Letters [5]. 

Their main signature is their ability to reversibly switch between an amorphous and a crystalline 

phase, exhibiting high contrast in the optical and electrical properties. Moreover each state is 

known to show high stability at room temperature over several years and fast switching times in 

the ns timescale. Due to these properties they have been widely used in optical storage media, 

like CD-RW, DVD-RW and BluRay disks and, in recent years, phase change memories have 

emerged as a leading candidate to replace flash memories for non-volatile data storage. 

 

Usually the amorphous state shows the low reflectivity, low absorption and high resistivity 

characteristic of a glass while the crystalline one has the high reflectivity, high absorption and 

low resistance characteristic of a semiconductor or metal [6]. The transition between these two 

states can be triggered by heating the material, usually by means of laser or electrical pulses. In 

order to crystallize a long pulse with short power is sent to the material so that its temperature 

increases above the glass transition temperature (Tg) but below the melting point (Tm). This lets 

the disordered atoms of the amorphous phase to be rearranged in a crystalline structure. To 

recover the amorphous state a short pulse with higher power heats the material above its melting 

point and by rapidly cooling it the liquid stated is quenched into a disordered amorphous phase. 

 

Among the wide range of PCM the most used ones are those of the ternary system Ge-Sb-Te, in 

particular those lying in the pseudobinary tie line of GeTe – Sb2Te3, see figure 2 [7]. 

 

 
Figure 2. Ternary phase diagram of the Ge-Sb-Te system with the GeTe-Sb2Te3 tie line (left). 

 

In this work we will use the compound Ge2Sb2Te5, also known as GST, to perform our 

experiment. GST is known to be present in three main phases: a covalently bonded amorphous 

phase, a resonantly bonded fcc crystalline phase and a high temperature hexagonal phase. Here 

we are interested in the low temperature amorphous to fcc transition, which takes place around 

150 ºC and will be induced  using a pulsed laser diode at 975 nm. 
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Finally in order to have a visible effect it is important that GST shows high contrast in the 

optical properties at the working wavelengths of the device and, indeed, at 1550 nm literature 

reports a change of       in the refractive index and    in the extinction coefficient [8]. 

 

2. Device fabrication 

The microring resonators structures were courtesy of TU Eindhoven where they had been 

previously designed and fabricated using the ePIXnet silicon photonics platform. The devices 

are made of Si on a SOI substrate with 1 µm of buried oxide. The ring waveguides are 220 nm 

thick and 450 nm wide. The input/output waveguides have the same geometry but are tapered in 

the beginning and the end up to 10 µm to include a grating and improve the coupling efficiency 

with a single-mode optical fiber.    

 

In a first stage a thin layer (50 nm) of SiOx was deposited on top of the whole sample by RF 

sputtering (ATC Orion 8 HV) of a SiO2 target (99.99 % purity) using 100 W for 1 hour at room 

temperature  in an Argon atmosphere (2 mTorr). This layer will prevent further oxidation of the 

sample and also avoid direct contact of the PCM with the ring. 

 

A second step in the fabrication was done in order to open windows to deposit the PCM film 

with the appropriate geometry on top of the microrings. The windows were patterned using e-

beam lithography (FEI Quanta 200). A layer of 671-04 PMMA positive photoresist was spin 

coated on top of the sample at 4000 rpm for 60 s and then baked at 150 ºC for 180 s. After 

pattern exposure in the e-beam line with a dose of 660 µC/cm
2
  the photoresist was developed 

using a mixture of MIBK and IPA (1:3) for 70 s followed by an IPA rinse for 120 s and blow 

drying. 

 

The PCM layer was deposited using RF sputtering (ATC Orion 8 HV) of GeTe (99.99 % purity) 

and Sb2Te3 (99.99 % purity). A first layer of Sb2Te3 (5 nm) was deposited using 20 W for 60 s. 

On top of this buffer layer an interfacial structure was created by alternating layers of GeTe with 

layers of Sb2Te3 [9]. Each GeTe layer (0.5 nm) is deposited using 20 W for 16 s while the 

Sb2Te3 layer (0.5 nm) using 20 W for 13 s. These two last processes are repeated 20 times to get 

a final layer of 20 nm. The whole process is made in an Argon atmosphere (3.75 mTorr) at 

room temperature in order to get an as deposited amorphous phase. The stoichiometry of this 

structure is quite close to Ge2Sb2Te5 and although it is made of separate layer of pure GeTe and 

Sb2Te3 after the first crystallization cycle the atoms are rearranged in a new structure that 

resembles that of Ge2Sb2Te5. 

 

A last layer of Si3N4 (20 nm) was deposited on top in order to avoid further oxidation or 

corrosion of the PCM. The layer was DC sputtered using a Si target (99.99 % purity) in a mixed 

atmosphere of N2 (3 sccm) and Ar (7 sccm) with a total pressure of 3.75 mTorr. The DC power 

was 40 W and the process ran for 20 minutes at room temperature.   

 

Finally the remaining photoresist was removed using a dichloromethane solution for 20 minutes 

followed by an IPA rinse for 60 s and blow drying. 

 

Figure 3 shows an image of the ring with the PCM layer on top (2x1.5 µm) after all the 

fabrication steps. 
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Figure 3. Microring resonator with the PCM layer on top. 

 

3. Experimental setup 

Figure 4 shows a schematic of the setup used to perform the experiment. The samples are placed 

on top of a thermo electrical cooler in order to have precise control of the temperature in the 

microring. Light from a broadband ASE source (1520-1580 nm) is coupled into the sample 

using a single-mode fiber (9 µm core/125 µm cladding) cleaved at 90º and placed in a holder in 

order to direct the light to the input grating at an angle of 10º from the vertical. The same system 

is used to collect the light from the output grating and probe the transmission using an optical 

spectrum analyzer. A digital microsope (DinoLite Pro) is used to monitor the position of the 

fibers with respect to the gratings. In order to achieve optimal coupling each fiber is manually 

controlled using a 3-axis stage with micrometer accuracy.  

 

 
Figure 4. Schematic of the experimental setup. 

 

In a second part of the set-up a quantum-well 975 nm laser (ThorLabs PL980P330J) is used to 

trigger the phase transitions in the PCM film. The CW operation and the internal TEC are 

controlled with a laser driver (ThorLabs ITC 110). The pulses are generated in a function 

generator (Agilent 33220A, 20 MHz) and amplified in a high-gain (43 dB) amplifier 

(MiniCircuits LZY-22+, 0.01-200 MHz bandwidth) before being sent to the laser through an RC 

circuit to isolate the DC from the RF. The laser is coupled into a single-mode fiber with an 

FC/APC connector at the end. This fiber is connected to a triplet collimator in order to get a 

collimated beam with 4 mm diameter which is sent to a dichroic mirror (λcutoff = 800 nm) before 
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being focused onto the sample using a 50x, 0.65 NA microscope objective (Edmund Optics). 

The spot size of the laser with optimal focus is approximately 1 µm. A white LED is used to 

illuminate the sample through the same microscope objective. The LED is placed in the focal 

point of an aspheric condenser lens (f = 25 mm) to get uniform illumination. At the output of 

this lens light is sent to a pellicle beamsplitter working in the visible region (400-700 nm) in 

order to direct the light into the microscope objective and eventually into the sample. The image 

of the rings and the laser spot is sent back through the system and focused onto a CCD camera 

(Watec WAT-502A) using a plano-convex lens (75 mm). A short-pass filter (λcutoff = 950 nm) is 

placed before the camera to attenuate the laser beam and avoid damage when the laser is 

operated at high power. Finally two linear polarizers are placed to optimize the contrast of the 

image.  

 

To focus the laser on the sample and scan the PCM film to induce the transition the system is 

held on a 3-axis motorized stage including three stepper motors to have control of the x, y and z 

axis. The stage is computer controlled using LabView through a GPIB interface and a Newport 

MM4005 motion controller. Figure 5 shows a photo of the complete setup. 

 

 
Figure 5. Image of the experimental setup. 

 

4. Measurements and results 

Here we will investigate and characterize optical switching on a microring with a PCM area of 

2x1.5 µm on top. The ring under study has a bend radius (r) of 5 µm and a coupling length (L) 

of 2 µm. In a first subsection the phase transitions will be found for the PCM film in another 

sample with the same structure. Then we will explore the effect of temperature in its 

performance and finally we will investigate the effect of the phase transition in the microring, 

characterizing for each of the two states the parameters defined in section 1.1. and 

demonstrating effective optical switching. 

  

4.1. Crystallization/amorphization conditions 

Before performing the experiment on the microrings we need to know which are the conditions 

required to crystallize and amorphize the PCM film. To do that the same structure seen in 

section 2 was sputtered in parallel on top of a p-type Si(100) substrate with 1 µm of SiO2. This 

structure is almost identical to the one on top of the rings and will provide us with a huge area to 

do tests. In a first step a large crystalline area was created on top of the as deposited amorphous 

phase by scanning the laser across the sample in CW operation with 19 mW optical power. The 

crystalline area can be seen in the camera as a brighter zone in the image. To find the 

amorphization conditions we fixed short pulses (20 ns width, 8 ns edge) and scanned this area 
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by sequentially increasing the power until the amorphous structure is recovered. To ensure a 

continuous mark while the laser is being scanned the pulses are fixed at 1 kHz repetition rate so 

that the spacing between them is roughly the same as the laser spot (1µm). The amorphization is 

found to happen at 60 mW. To find the crystallization conditions the same process is repeated 

on the reamorphized zone, this time with longer pulses (300 ns width, 80 ns edge), finding a 

crystallization power of 25 mW.  Table 1 summarizes these conditions. 

 

 Crystallization Amorphization 

Pulse width 300 ns 20 ns 

Pulse edge 80 ns 8 ns 

Power 25 mW 60 mW 

Repetition rate 1 kHz 1 kHz 
Table 1. Switching conditions for the PCM film 

 

4.2. Effects of temperature 

It is known that Si microring resonators are quite sensitive to variations in the temperature, 

showing wavelengths shifts on the order of tens of picometers per degree, [10],[11]. This effect 

was also investigated in our microring. Using the TEC controller the temperature was changed 

from 20 ºC to 30 ºC in steps of 1ºC, letting the system to stabilize for 5 minutes before each 

measurement. Figure 6 shows the spectrum of one resonant peak at each temperature. 

 

  
(a) (b) 

Figure 6. Transmission spectrum between 20ºC and 30ºC (left to right) for (a) microring with no PCM 

film and (b) microring with crystallized PCM film on top. The sampling interval is 0.012 nm. 

 

An increase in the temperature manifests as a blue shift in the spectrum in both cases. In the 

bare microring the effect is measured to be 0.065 nm·K
-1

 and can be attributed to an increase in 

the neff of the silicon, which is known to show thermo-optic effect [12]. In the second case the 

effect is slightly higher, with a value of 0.076 nm·K
-1

, possibly indicating a small additional 

contribution due to the PCM film which adds up to the one of silicon. Due to this high 

sensitivity and in order to distinguish the pure effect of the phase transition the microring was 

kept at a fixed temperature (T = 22ºC) during the rest of the experiment. 

 

Finally a last test was done by fixing the temperature at 22ºC and measuring the spectrum every 

5 minutes during one hour to find out possible fluctuations. In this case the change in the peak 

depth was negligible (<       ) while no visible change was found on the resonant 

wavelength. 

 

4.3. Measurements and characterization 

Starting with the as deposited film on top of the ring and after a first crystallization cycle using 

CW operation with 19 mW of optical power we used the parameters found on 4.1. to amorphize 

and crystallize the film and see the change in the spectrum. Figure 7 shows the full spectrum for 

each phase. 
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(a) (b) 

Figure 7. Transmission spectrum of the microring with (a) film with the PCM in amorphous state and (b) 

film with the PCM in crystalline state. Note that the spectrum is not flat cause the ASE source is not 

emitting the same power at all the wavelengths. The sampling interval is 0.012 nm. 

 

As expected from the phase transition the peak depth is smaller in the crystalline state due to an 

increase of the losses in the cavity promoted by the PCM film, which shows higher absorption 

in this phase, while the resonant wavelengths are slightly blue shifted due to an increase of 

    . The FSRs in each case are summarized in table 2. 

 

 FSR amorphous(nm) FSR crystalline(nm) 

λ2-λ1 13.788 13.872 

λ3-λ2 14.148 14.160 

λ4-λ3 14.34 14.388 

Table 2. Free spectral ranges in each state. λi denotes the i-th resonant peak starting from the left. 

 

It is interesting to study in more detail the peak around 1.55 µm and measure the parameters that 

will define the performance of the switch, see figure 8. 

 

 
Figure 8. Detail of the resonant peak around 1.55 µm for the amorphous (blue) and the crystalline (red) 

states. 

 

Here we can see the effect of optical switching induced by the PCM film. The combined effects 

of wavelength shifting (          ) and change in the peak depth (          ) add up 

to give an on/off ratio of 9 dB at 1553.624 nm, effectively demonstrating optical switching at 

this wavelength.  
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The other parameters defined in 1.1. were also calculated by fitting equation (1) to this set of 

experimental points after previous normalization, see figure 9.  

 

  
(a) (b) 

Figure 9. Normalized experimental measurements (blue) and fitting (red) for (a) off state and (b) on state. 

 

The fitting is done by minimizing the sum of squared errors as a function of t, τ and      while 

fixing r (5 µm) and L (2 µm). Knowing them the quality factor and absorption coefficient of the 

microring were also be calculated. Results are summarized in table 3. 

 

 Amorphous Crystalline 

t 0.977 0.977 

τ 0.983 0.948 

neff 2.281 2.282 

Q 2543 1636 

α(cm
-1

) 9.496 29.936 
Table 3. Comparison of the main parameters defining the performance of the microring. 

  

These results are in agreement with the change of properties of the PCM between its two stable 

states. The transmission coefficient t is the same in both cases because it is only related with the 

coupling efficiency between the waveguide and the microring, while the losses in the cavity and 

the effective refractive index are increased in the crystalline state, therefore decreasing the 

quality factor of the device. 

 

5. Conclusions 

We have experimentally demonstrated an optical switch with and on/off ratio of 9 dB making 

use of the high contrast in the optical properties of PCM. The off state corresponds to an 

amorphous phase of the PCM film with the light being highly attenuated due to its resonant 

condition inside the ring while the off state corresponds to a crystalline phase where light can go 

through thanks to a change in the resonant condition and an increase of the losses inside the 

ring.  

 

The switch has small area and can be scalable, being the achievable bend radius of Si 

microrings the main limiting factor. It also shows fast switching times in the ns timescale and is 

proved to work under ambient conditions as far as temperature is controlled. Moreover the Si 

microrings used are fabricated on SOI substrates, making the device compatible with state-of-

the-art CMOS technology. By making use of the electrically induced phase transition on PCM 

the work may be further extended to electrically driven optical switches. 
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