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Abstract: Phase shifter is an important part of optical waveguide circuits as 
used in interferometer. However, it is not always easy to generate a large 
phase shift in a small region. Here, a variable phase-shifter operating as 
delay-line of silicon waveguide was designed and fabricated by silicon 
micromachining. The proposed phase-shifter consists of a freestanding 
submicron-wide silicon waveguide with two waveguide couplers and an 
ultrasmall silicon comb-drive actuator. The position of the freestanding 
waveguide is moved by the actuator to vary the total optical path. Phase-
shift was measured in a Mach-Zehnder interferometer to be 3.0π at the 
displacement of 1.0 µm at the voltage of 31V. The dimension of the 
fabricated device is 50µm wide and 85µm long. 

©2010 Optical Society of America 
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1. Introduction 

Submicron silicon waveguides are promising for dense integration of optical circuits with 
silicon electronics in the fields of optical telecommunications and interconnects [1]. Several 
devices using submicron silicon waveguides were demonstrated [2–8]. In addition to a simple 
bent waveguide [3], functional devices such as waveguide couplers [2], filters [4–7] and 
optical switches [2,8], etc. were studied. The recent reports on silicon optical modulator and 
receiver have also attracted increasing attention to silicon photonic-electronic integration [9–
15]. 

In the most of the important devices controlling wave-phase such as interferometric 
switches and filters, precise control of phase in a range over π is essentially needed. 
Moreover, much larger phase-shift as multiple of 2π is also needed in several simple and 
complex devices such as delay-line and arrayed waveguide filter. For changing the phase of 
light wave in silicon waveguide, micro heater is often used on the basis of refractive index 
change of silicon as a function of temperature. Optical switches and wavelength filters have 
been demonstrated with the response time as small as 1µsec [16]. The temperature coefficient 
of the refractive index of silicon is 5.7x10

-3%
/deg [17], which corresponds to 2π phase delay 

for 100µm long silicon waveguide at temperature difference of 100deg. Therefore a long 
waveguide at high temperature is needed for the multiple phase-shifts of 2π in addition to the 
large heat dissipation (~100mW) to silicon due to the relatively larger heat conductivity. In 
the case of the electro-optical effects of silicon, the light modulator and tunable filters have 
been reported [11–15]. The switching time is much faster than the thermal mechanism. 
However, the electro-optical coefficient is usually small, so that the power consumption by 
carrier injection increases for obtaining a large static phase-shift. Therefore, there are few 
techniques to obtain a large static phase-shift with low power consumption in a small region. 

In this paper, a phase-shifter using silicon waveguide couplers with an ultra-small electro-
mechanical actuator is proposed. The design and fabrication of the proposed device are 
presented. Applying the voltage of 31V with negligible power consumption, the phase shift of 
3.0π is obtained in the device size of 50µm x 85µm. 

2. Structure and principle 

Figure 1 shows the schematic diagram of the proposed phase-shifter, which consists of 
input/output waveguides, movable waveguide and micro-electro-mechanical actuator. The 
movable waveguide includes waveguide couplers at both ends with the input and output 
waveguides. The movable waveguide is connected to the actuator with low optical loss 
suspension bridges [18] and suspended in air by the springs of the actuator. Light in the input 
waveguide is transmitted partially or totally through the air gap between the input waveguide 
and the movable waveguide by adjusting the gap and length of the coupler in coupling region. 
The optical arrangement of the coupler between the movable waveguide and the output 
waveguide is similar to that of the input coupler. The movable waveguide is translated parallel 
to the input/output waveguides with keeping the air gap of couplers as shown in Fig. 1. If the 
coupling condition is kept constant while the movable waveguide is translated, the total 
optical path from the input to the output can be varied by the displacement of the movable 
waveguide. The range of phase-shift by the waveguide displacement is dependent on the 
actuator displacement as well as the properties of silicon waveguide and coupler. The actuator 
consists of electrostatic comb and springs. The movable comb suspended by the springs is 
connected to the movable waveguide as shown in Fig. 1. 
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Fig. 1. Schematic diagram of submicron silicon waveguide phase-shifter with an ultra-small 
actuator. 

In order to demonstrate the proposed phase-shifter experimentally, it is necessary to detect 
the phase of output wave. We design a Mach-Zehnder Interferometer (MZI) consisting of the 
proposed device and a fixed waveguide. The couplers are designed to have 50% separation 

efficiency (−3dB optical coupler). Figure 2 shows the mask-pattern of the MZI constructed 
from submicron silicon waveguides and the micro actuator. The size of the interferometer 
including actuator is 50µm wide and 85µm long. The waveguides are suspended in air, and 
the cross section of waveguide is 300nm wide and 260nm high, which is designed as a single 
mode waveguide. The air surrounding waveguides works as clad of waveguide. The MZI is 
separated into the two waveguides; movable waveguide and fixed waveguide. The ends of the 
fixed waveguide are input port and through port. The movable waveguide is connected with 
the actuator and can be moved in the plane of the fixed waveguide. The fixed waveguide and 
the movable waveguide are parallel to each other by keeping 250nm air gap with 7µm 
coupling length in the couplers. The movable waveguide is designed to move parallel to the 
fixed waveguide with the displacement of 1µm at the voltage of 30V by the actuator while 
keeping the air gap and the coupling length. 

In the ideal case of MZI, the output intensities at through port (It) and drop port (Id) are 
expressed by, 
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Here I0 is the input light intensity, κ is the coupling efficiency of optical coupler, l denotes the 

coupling length of optical coupler (κ l=π/4, 3π/4, 5π/4,.. for −3dB coupler, here, we use 5π/4), 

φ is the phase difference of two light waves propagating in two waveguides of MZI, λ is the 
wavelength in silicon waveguide, L is the initial path difference before actuating the movable 
waveguide. The symbol x denotes the actuator displacement. The light intensities at the 
through and drop ports vary sinusoidally with actuator displacement. The path difference 
between the two waveguides decreases by the value twice larger than the actuator 
displacement since the two couplers are connected to the movable waveguide. 

In order to evaluate the optical properties obtained from Eqs. (1) and (2), it is necessary to 
calculate the value of κ l with the effective refractive index neff of silicon waveguide. We used 
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the finite difference time domain method (FDTD, Crystal Wave) and the beam propagation 
method (BPM, Mode PROP) as rigorous electromagnetic theory for the structure described 
below. The refractive index of silicon was assumed to be 3.476. 

In Fig. 2, the detailed design of the fabricated device is as follows. The movable 
waveguide is suspended by 1.2µm wide and 8.0µm long elliptical bridges with 0.2µm wide 
1.5µm long Si suspension arms, which connect the movable waveguide to a V-shaped 
suspension structure of the actuator. The gap between the waveguides of the coupler is 
designed to be 0.25µm. The radius of the movable waveguide at the end of the coupler is 
5.0µm, and the radius of the center part of the movable waveguide is 10.0µm. The movable 
waveguide is totally 69.4µm long between the suspension arms. The fixed waveguide is also 
supported by the elliptical bridges at the three points from the input port to output port. The 
radius of the fixed waveguide is designed to be 7.0µm. The movable and fixed waveguides 
are 35.6µm and 57.5µm long respectively between the ends of the two couplers under the 
initial condition of actuator. The lowest TM mode wave is eliminated by a TE-mode selector 
(not shown in Fig. 2). 

The electrostatic comb-drive actuator is used to translate the movable waveguide [19]. The 
area of the actuator is 25µm wide and 50µm long. The comb finger is 250nm wide, 260nm 
thick, and 2µm long, and the gap between each finger pair is 350nm. The comb area is 2.5µm 
wide and 8µm long. Doubly folded springs are utilized in the microactuator. Each of the 
spring elements is a straight silicon bar with the width of 250nm, the thickness of 260nm and 
the length of 17.5µm, which corresponds to an equivalent spring constant of 0.23N/m. 

 

Fig. 2. Design of the Mach-Zehnder interferometer consisting of fixed waveguide, movable 
waveguide and actuator. 

3. Fabrication and experiments 

In the fabrication of the proposed device, a SOI wafer with 260nm thick top silicon layer and 
2µm thick buried oxide layer on 625µm thick silicon substrate was used. First, 350nm thick 
positive resist polymer (ZEON ZEP-520A) was coated on the SOI wafer, and it was exposed 
by using an electron-beam patterning machine (JEOL JBX-5000LS). After developing the 
resist polymer, the top silicon layer was etched by fast atom beam (FAB) (Ebara FAB-60ML). 
The FAB consisted of neutral molecular fragments extracted from a dc SF6 gas plasma. The 
resist polymer was removed by O2 plasma ashing after FAB etching. After the lithographic 
processes, the SOI wafer was cleaved to obtain a facet of input waveguide for coupling light. 
Finally, the SiO2 layer was etched by hydrofluoric acid vapor to obtain the freestanding 
structure of MZI. 

In the measurement of the fabricated MZI, a tunable infrared laser (Agilent 81682A) was 
used as light source at the wavelength around 1.5µm. For coupling the laser light to the end 
surface of the input port of MZI, a lensed single mode fiber was used. The light intensities at 
the through port and the drop port were measured from the spot images of scattered light at 
the ends of waveguides using an IR camera (Goodrich SU320KTS-1.7RT). The gamma value 
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of the IR camera was calibrated to be 1.0, and the uniformity of the camera image was better 
than 1% in the intensity evaluation. The ends of the waveguides were rounded to measure the 
scattered light efficiently. Although the emissions from the rounded ends of the waveguides 
were directional, the detection efficiencies normal to the substrate were equal for the 
respective output ports because of the symmetry of the optical arrangement. 

 

Fig. 3. Electron micrographs of the fabricated device, (a) whole view of the device, (b) 
movable and input/output waveguides with couplers, (c) 3dB coupler, (d) actuator. 

4. Results and discussion 

Figure 3(a) shows an electron micrograph of the whole view of the fabricated MZI. The 
interferometer waveguides and the actuator are well fabricated. The SiO2 layer is etched about 
4µm inside from the edge of top Si layer, and it is seen in pale color in Fig. 3(a). Figure 3(b) 
shows the magnified image of the MZI with the two waveguide couplers. The movable 
waveguide is connected to the actuator by the elliptical bridges to minimize the influence of 
the suspension arm to light wave. The one end of the movable waveguide is terminated by a 
small rounded end, which is used for scattering the light dropped from the second coupler. 
The second coupler is magnified in Fig. 3(c). The waveguides of the coupler are 245nm wide, 
smoothly formed and aligned parallel with each other with the air gap of about 0.28µm, which 
agrees well with the designed value. The surfaces of the parallel waveguides are seen smooth 
with the roughness less than 15nm. The radius of the movable waveguide at the end of the 
coupler also agrees well with the designed value of 5.0µm. Figure 3(d) shows the image of the 
actuator. The actuator is also fabricated well with the 20 finger pairs. The spring width of the 
actuator is measured to be about 0.27µm. 

The laser light at the wavelength of 1.459µm was used as incident light for the input 
waveguide of the fabricated MZI, and the IR image of the output ports was obtained from the 
top of the device. Changing the voltage applied to the actuator, the intensities of the light 
spots generated by the scatted light from the ends of the output waveguides varied 
periodically with the displacement of the movable waveguide. Figure 4(a) shows the IR image 
obtained at the voltage of 15V. The maximum intensity at the through port is observed and the 
light spot intensity at the drop port is minimum. When the voltage is increased to 25V, the 
intensity at the through port becomes minimum and that at the drop port becomes maximum 
as shown in Fig. 4(b). 
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Fig. 4. Infrared camera images, (a) maximum intensity at through port at the voltage of 15V, 
(b) maximum intensity at drop port at 25V. 

 

Fig. 5. Light intensities measured as a function of actuator displacement. 

Figure 5 shows the light intensities measured as a function of the displacement of actuator. 
The intensity at the drop port as a function of the displacement is phase-shifted by 180 deg. 
comparing with that at the through port. It is considered that the offset intensity of the outputs 
of the MZI is caused by stray light from the light source since the minimum intensity at drop 
port is always theoretically zero. The light intensity varies periodically with the period of 
about 670nm. This corresponds to the low equivalent refractive index of silicon waveguide 
under our experimental conditions [20]. The theoretical calculations using Eqs. (1) and (2) 
and the values of κ l and neff obtained form FDTD are also shown in Fig. 5 after adding the 
offset intensity. From the measured phase-shift of 3.0π at the displacement of 1µm, the 
effective refractive index neff was obtained to be 1.1. On the other hand, the value of neff 
calculated by BPM was equal to 1.17, which agreed with the measured value. Fitting Eqs. (1) 
and (2) to the measured intensities at the through and drop ports after subtracting the offset 
intensity at the drop port, the coupling coefficient κ l was obtained to be 1.36π. On the other 
hand,, the value of κ l was calculated to be 1.34π by FDTD for the fabricated structure. 

Although those values of κ l were slightly deviated from the initial design for −3dB coupler 
with κ l=5π/4, the measured output intensities as a function of displacement were explained 
by the theoretical calculation based on FDTD. 

The insertion loss of the fabricated device was roughly estimated to be −1dB from the 
intensity of scattered light in the IR image. The waveguide loss of the fabricated straight 

waveguide was about −10dB/cm. Therefore the different losses at different arms of the MZI 
were caused mainly by the loss of the elliptical bridge of the fixed waveguide. The loss of the 

elliptical bridge was around −0.1dB, and thus, from the theoretical calculation, the different 

losses at different arms generated a decrease of the modulation contrast by about −0.1dB. 
With the maximum displacement of 1.0µm at the voltage of 31V, the phase shift of 3.0π is 

obtained. The increase of the displacement of actuator can further increase the range of phase-
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shift. The response time of the phase shifter is limited by the first resonant frequency of the 
actuator. Since the resonant frequency of the actuator is measured to be about 153kHz, the 
response time is considered to be roughly 10µsec. Due to the capacitive operation of the 
electrostatic comb-drive actuator, the power consumption is negligible compared with the 
case using the thermal index variation of silicon waveguide. 

5. Conclusion 

A phase-shifter using the movable waveguide and couplers was proposed and fabricated by 
silicon micro machining. The movable waveguide and couplers were connected to an ultra-
small electrostatic comb-drive actuator. Composing a MZI using the proposed device, the 
phase-shift of 3.0π was obtained at the actuator displacement of 1.0µm and the voltage of 
31V. Since the device size is as small as 50µm x 85µm and the power consumption is 
negligible, the proposed phase-shifter can be integrated efficiently in silicon waveguide 
circuits and will be valuable for several optical devices such as switch and delay-line. 
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