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Abstract: Electrostatic comb-drive micro actuator with submicron comb
fingers was connected to silicon microring resonator to consist a
wavelength-selective add-drop switch at 1.5um wavelength with variable
coupling mechanism. A 500nm wide 260nm thick 63.4um long silicon
microring waveguide was suspended in air with low-loss suspension arms.
The air gap between the microring and the input/output waveguides was
adjusted by the voltage applied to the comb actuator to vary the coupling
efficiency. Transmittance from the input port to a drop port was varied
32.9dB by applying the voltages from OV to 28.2V. At 28.2V, transmittance
from the input port to a through port decreased by 7.83dB from that at 0V,
and 55% of the intensity was transmitted to the drop port. The full-width-
hal f-maximum bandwidth of the dropped light was 0.5nm, corresponding to
a Q-value of 3150.
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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 proposed [2-7]. In addition to a simple bent
waveguide [3], functional devices such as waveguide couplers [2], filters [4-6] and optical
switches [2,7], etc. were studied. The recent reports on silicon optical modulator and receiver
have al so attracted increasing attention to silicon photonic-electronic integration [8,9].

As an efficient narrow band filter, microring resonators have been studied intensively [4, 6,
10, 11]. Wavelength-selective add-drop switch is a promising application of the microring
resonator filter. A wavelength-channel-selective switch has been demonstrated using
thermooptic effect of double series-coupled microring resonators [12]. Due to use of double
microrings, each channel can be switched without disturbing other ones while maintaining the
microring coupling gap with busline. In order to construct a wavelength-selective switch using
microring resonators, a mechanism for controlling the coupling between the microring and
busline is needed in addition to the wavelength tuning. Although several techniques for tuning
the resonant wavelength of microring such as thermooptic effect [13], fluid insertion [14],
electrooptical effects[15,16] have been proposed, there are only few reports on the control of
the coupling between the microring and busline.

Micro-electro-mechanical systems (MEMS) technology is also attractive for controlling
the coupling efficiency [17,18]. A silicon microtoroidal resonator with integrated MEMS
tunable coupler was reported [18]. A high Q-value (5400-110000) and a wide tuning range
(22.4dB extinction ratio) of waveguide coupling were obtained. One complication came from
making the microdisk in toroidal shape to improve Q-value and the wafer bonding process
was used to integrate vertical actuators.

In this paper, a wavelength-selective add-drop switch using a silicon microring resonator
is reported, in which the coupling between busline and microring is variable by an
electrogtatic micro comb actuator. A microring resonator is suspended in air by connecting to
an actuator with low-loss suspension arms. All parts of the device are fabricated on top layer
of silicon on insulator (SOI) wafer using a single electron beam mask process. The optical
properties of the proposed device have been experimentally measured.

2. Device design, fabrication and experiments

Figures 1(a) and 1(b) show the schematic diagrams of the proposed wavel ength-selective add-
drop switch using a microring resonator combined with a microactuator. The coupling
between the microring and buslines can be changed by the microring movement. The input
light is selectively transmitted to the drop port when the microactuator makes the microring
approach to the buslines under the condition that the input wavelength is equal to one of the
resonant wavelengths of the microring. On the other hand, when the actuator is not operated,
the microring is apart from the buslines so as to decrease the coupling efficiency. The input
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light passes to the through port without interacting with the microring resonator. Therefore,
the proposed device works as a wavel ength-sel ective add-drop switch.
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Fig. 1. (a). Schematic diagram of microring resonator wavel ength-selective add-drop switch
with a microactuator, (b) Actual arrangement of the device components, (c) An application of
the proposed device for the wavelength division multiplex system.

As shown in Fig. 1(a), the proposed device consists of three submicron silicon waveguides
i.e. two buslines and a microring resonator. One busline waveguide is used as an input port
and a through port. The other busline waveguide is for a drop port and an add port. The two
busline waveguides are bent to an angle of 90 degrees with a bent waveguide having the
radius of 5um to be located closely to the microring waveguide as shown in Fig. 1(a). The
microring resonator is a closed loop rounded square waveguide with four 5um radius corners.
Those waveguides are 500nm wide and 260nm thick, which is designed as a single-mode
waveguide based on waveguide mode eguation analysis. The lowest TM mode wave is
eliminated experimentally by a TE-mode selector. The round trip length of the microring
resonator is 63.4um. The region of the microring waveguide parallel to the buslines is 8um
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long, and the initial gap between the ring and the buslines is 775nm. All the waveguides are
supported in air by the suspension bridges. In order to minimize the optical loss generated by
the suspension bridge, a tapered profile for the increase in the waveguide geometry is used in
the dliptical bridge [19,20] as shown in Fig. 1(a). It was recently reported that a silicon
microring resonator supported in air by two suspension bridges was fabricated from SOI
wafer by silicon micromaching, and the Q-value as high as 15000 was obtained [20]. The
elliptical bridge is 8um long and 1.5um wide, and the suspension arm is 200nm wide and 1um
long in the designed patterns.

The electrostatic comb-drive actuator is used to translate the suspended microring. The
area of the actuator is 25um wide and 50um long. The comb finger is 250nm wide, 260nm
thick, and 2um long, and the gap between each finger pair is 350nm. The comb areais 2.5um
wide and 8um 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 17.5um, which corresponds to an equivalent spring constant of 0.23N/m.

Figure 1(b) illustrates the actual arrangement of the components of the proposed device.
The fixed comb of the actuator is connected to an electrode for the application of voltage. In
addition to the microring and the busline waveguides, the input and output waveguides are
connected for measurement. The input light is introduced into the input port through a bent
waveguide to eliminate TM-mode. The through and drop waveguides are narrowed at their
ends for suppressing the reflection. The output light intensities at the through and drop ports
are measured from the spot image intensity of the scattered light at the ends of the narrowed
waveguides using an infrared (IR) camera (Goodrich SU320KTS-1.7RT). The gamma value
of the IR camerawas calibrated to be 1.0. The uniformity of the cameraimage was better than
1% in the intensity evaluation. Although the emissions from the narrowed 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. A tunable
laser (Agilent 81682A) was used as a light source in the experiment. For coupling the tunable
laser light to the fabricated device, alensed single-mode fiber was used to focus the laser light
on the end surface of the waveguide. The facet of the input waveguide was obtained by
cleaving the silicon wafer from the backside on which a shallow groove was diced.

Figure 1(c) depicts a possible application of the proposed devices in the wavelength
division multiplex system. As an example, the input light at the wavelengths of A, A, and A3
are selectively dropped by the respective switches using microrings having the resonant
wavelengths of A3, A, and As.

In the fabrication of the designed device, electron beam lithography was utilized. A SOI
wafer with a 260nm thick top silicon layer and a 2.0um SO, layer was used. The top silicon
layer was used for the waveguide and the actuators. The SO, layer was etched sacrificialy to
make the actuator movable. After cleaning the wafer, a 350nm thick positive resist (ZEON
Co.Ltd. ZEP—520A2 was coated. The coated resist was exposed by electron beam at the dose
around 77.6uC/cm”. After the development of the resist, the top silicon layer was etched by a
fast atom beam from a DC Sk gas plasma (Ebara FAB-60ML). The etching ratio between the
polymer resist and silicon layer was 0.73 at the etching rate of 16nm/min. Findly, the
hydrofluoric acid vapor generated by heating the solution was used to etch the SO, layer
underneath the etched top silicon layer [21].

In the calculation, finite difference time domain (FDTD) method (Crystalwave Co. Ltd.)
was used for simulating the fundamental functions of the proposed device. Due to the
limitations imposed by calculation time and memory size, a continuous wave at a given
wavelength was used for the calculations. For the simple 90-degree bend waveguide used in
the microring, the calculated loss was negligible compared to the output light intensity as
reported in Ref. 3. The transmission loss of the eliptical bridge was calculated to be about
0.11dB. Wavelength dependence of the microring filter was calculated using the mode
coupling equations for microring resonator [22] due to the aforementioned limitation.
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Fig. 2. Optical micrograph of the fabricated microring wavel ength-sel ective add-drop switch.
3. Results and discussion

Figure 2 shows the optical micrograph of the whole view of the fabricated device. The
submicron silicon waveguides and the electrostatic comb actuator are properly fabricated, and
they are suspended in air although the springs and comb are too thin to be imaged by the
optical microscope. Although thetop Si layer of SOI wafer suffered residual stress from wafer
bonding, the fabricated structures did not deflect very much since the structures were designed
not to be affected by the residual stress. The actuator surface was scanned with a laser beam
of an optical surface profiler to obtain the height distribution. The maximum height difference
obtained in the actuator region was less than 50nm, which is smaller than the thickness of
waveguide 260nm. Thus, the influence of the height difference on the optical performance
was not considered significant. The levitation was generated if a simple structure like a
cantilever was fabricated. The doubly folded spring decreased the levitation since the moving
part is connected close to the fixed point of the spring. Moreover, the fixed end of the spring
was connected to a square corner of the etched region, where the deflection of the top silicon
layer was minimized. The force and displacement generated by the micro actuator were
approximately 1.5 x 107 N and 0.63um, respectively at the voltage of 28V.

The channel drop experiment was carried out using the fabricated device. Figures 3(a)-
3(d) show the IR camera images obtained in the experiments. Figure 3(a) shows the device
image before the incidence of the laser light. The microring, the actuator and the respective
ports are imaged in the dark background. As shown in Fig. 3(b), abright light spot is observed
at the drop port under the condition that 50uW laser light is incident on the input port at the
microring resonant wavelength of 1557.94nm, and the actuator is activated at the voltage of
28.2V (i.e. on-gtate of the switch). A small spot at the through port is also observed. Therefore,
the drop efficiency is larger than the through efficiency at the ON state. In the observed image,
dlightly scattered light is seen at the suspension arms of the ring.
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Fig. 3. Infrared camera images, (a) microring switch without input light, (b) with 1557.94nm
resonant input light at the actuator voltage of 28.2V, (c) with 1556.94nm off-resonant input
light at 28.2V, (d) with 1557.94nm resonant input light at OV.

Figure 3(c) shows the IR image of the device under the conditions that 50uW laser light at
the off-resonant wavelength of 1556.94nm is incident on the input port and the actuator is
activated at the voltage of 28.2V. Although the actuator is at the ON state, the incident light is
not transmitted to the drop port since the wavelength of the laser is not equal to the resonant
wavelength of the microring. A bright spot of the laser light is observed at the through port
without interacting with the microring.

Figure 3(d) shows the image obtained without applying the voltage (i.e. OFF state of the
switch) under the condition that the same laser light used in the measurement of Fig. 3(b) at
the resonant wavelength of 1557.94nm is incident on the input port. Since the distance
between the microring and the busline is too large to interact with each other, the lightwave is
not transmitted to the drop port even if the wavelength is equal to a resonant wavelength of
the microring.

Quantitative optical properties of the fabricated device were also investigated for other
devices with the same structure. Figure 4(a) shows the drop efficiency measured as a function
of the input laser wavelength. The drop efficiency is obtained from the spot intensities of the
IR images at the through port under the OFF state of the switch and at the drop port under the
ON state assuming that the through intensity at OFF state is equal to the input intensity
immediately anterior to the microring. The free spectral range (FSR) was 8.45nm, and the
effective index was calculated to be 4.60, which was consistent with the formally reported
value [3]. Since the peak width at the wavelength of 1576nm is approximately 0.5nm, the Q-
value is about 3150. The maximum change in the drop intensity between the resonant and off-
resonant conditionsis approximately 21dB in Fig. 4(a).

In addition, we carried out theoretical calculation using the mode coupling equations for
the microring resonator [22]. Using the effective index of 4.6 and the coupling coefficient of
0.103 obtained experimentally as described below, the dropping efficiency was obtained as a
function of wavelength. The calculation result is shown by the solid curve in Fig. 4(a), which
explains roughly the experimental results and shows that FSR is 8.2nm.
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Fig. 4. (a). Drop efficiency measured as a function of the
wavelength at the voltage of 28.2V, (b) drop efficiency measured
as a function of the applied voltage at the resonant wavelength of
1576.04nm. The solid curves show the cal culation results.

Figure 4(b) shows the drop efficiency at the resonant wavelength of 1576.04nm measured
as a function of the distance between the microring and busline. The air gap was
experimentally determined from the displacement of the actuator measured as a function of
voltage in the scanning electron microscope chamber. The corresponding voltage is also
plotted in Fig. 4(b). By decreasing the distance from the initial position (775nm), the dropped
light started to increase around 300nm, and steeply increased between 300 to 120nm. By
further approaching to the busline, the drop efficiency decreased dlightly. The range of the
actuator displacement is limited by the contact of the waveguides if the voltage is further
increased. The critical coupling occurs at the gap of 120nm since the maximum intensity is
obtained as afunction of the gap.

In addition, we carried out theoretical calculation using FDTD method. The calculated
drop efficiency is as shown in Fig. 4(b). The relative dependence of the experimental values
can be explained by the calculation. The difference in the absolute values between the
measurement and the calculation may be caused by the fabrication errors.

In the tested devices, the maximum drop efficiency was —2.59dB (55% transmission)
under the resonant condition (1557.94nm), and the through efficiency was —7.83dB (16.5%
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transmission). The rest power loss of 28.5% (—5.47dB) seems to be attributed to the losses by
the suspension arms. Since the ON resonance transmission efficiency of through port was
7.83dB, and the full-width-half-maximum bandwidth was 0.5nm, the coupling efficiency at
ON state and the round trip loss of resonator were evaluated to be 0.103 and 0.62 dB/round,
respectively, using formulas given in Ref. 11. By comparing the drop intensities between the
OFF and ON states, maximum change in the dropped light intensity was found to be 32.9dB.
By improving the geometries of microring and suspension ams as well as fabrication
precision, the total switch loss can be decreased. Modifying the design of coupling structure
such as asymmetric coupling [6], the extinction ratio at the through port can be improved.

4, Conclusion

A 500nm wide, 260nm thick, and 63.4um long silicon microring waveguide was suspended in
air by connecting to an electrostatic microactuator. The coupling efficiency between the
microring and the busline was adjusted by the actuator. The maximum drop efficiency was -
2.59dB of the input intensity, which corresponded to the dropped light intensity change of
32.9dB by moving the actuator. Since the fabrication procedure is simple, the proposed switch
can be easily combined with other novel silicon waveguide devices.
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