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Abstract: We report on monolithically integrated 50x50 digital silicon photonic switches with
MEMS actuation, sub-microsecond switching time, low optical insertion loss (<9.6dB), high
extinction ratio (50dB), broadband operation (1400-1700nm), and compact footprint
(7.6x7.6mm2).
OCIS codes: (130.4815) Optical Switching Devices; (250.5300) Photonic integrated circuits

1. Introduction
Data-intensive applications have created a need for energy and cost effective interconnection networks to support
the traffic demand in datacenters. Optical circuit switches (OCS) have been proposed by several groups to augment
electrical packet switches [1,2]. However, the currently available 3D MEMS (micro-electro-mechanical-system)
OCS has long switching time (several milliseconds), limiting its use to more static traffic patterns [2]. Recent studies
have suggested that fast OCS with microsecond switching time can significantly increase the performance and
efficiency of datacenter networks [3]. Silicon photonics is a powerful platform to integrate large-port count OCS on
a chip, potentially with integrated CMOS electronic drivers [4]. However, the size of the largest silicon photonic
switches has been limited to 8x8 due to the cumulative losses of cascaded 2x2 (or 1x2) switches.
In this paper, we report on a 50x50 digital silicon photonic switch with low optical loss and sub-microsecond
switching times (0.85 µs). The switch employs 2,500 MEMS-actuated vertical adiabatic couplers, and is
monolithically integrated on a 7.6x7.6 mm2 chip. The on-chip loss of the longest path was measured to be 9.6 dB
(0.09 dB/cell propagation loss and 0.77 dB switching loss). To our knowledge, this is the largest scale silicon
photonic switch with the lowest insertion loss reported to date.
This switch has several new features compared with the one we reported last year [5]: (1) it uses two-layer
waveguides and vertical adiabatic couplers ([5] uses single-layer lateral directional couplers); (2) it is a digital
switch with voltage-independent optical insertion loss. In terms of performance, the current switch has 2.5x lower
insertion loss, 15x wider spectral bandwidth, and 3x faster response time.
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Figure 1. (a) Matrix architecture of silicon photonic switch. (b) Schematic of vertically actuated adiabatic couplers whose
position (height) is controlled by MEMS actuators. (c) Microscope image of a fabricated unit switching cell.

2. Design and Simulation Results
Figure 1(a) shows the architecture of our silicon photonic switch. It is an optical crossbar switch with 50 input (eastto-west) and 50 output waveguides (north-to-south). The waveguide crossings have very low insertion loss (0.01dB)
and crosstalk (< -50 dB). In each of the 2,500 switching cell, a pair of vertical adiabatic couplers are integrated with
MEMS actuators on the second-layer waveguides. In the OFF state, the adiabatic couplers are far above (>1 µm) the
input waveguides and have minimum effect on light propagation. In the ON state, the adiabatic coupler is pulled
down to close proximity (~ 125 nm) of the input/output waveguides. Light is coupled to the upper-level waveguide

through the first adiabatic coupler. After making a 90-degree turn, it is coupled back to the lower-level output
waveguide through the second coupler [Fig. 1(b)].
The bus waveguides (input and output waveguides) were fabricated on a 220 nm-thick silicon on insulator (SOI)
with a 3 um-thick buried oxide layer (BOX). Ridge waveguides with 60 nm ridge heights were chosen for low
propagation loss. The widths of the bus waveguides are 600 nm. They are tapered to 2.5 µm width at the multi-mode
interference (MMI) crossing. The length of MMI crossing (19.5 µm) was optimized for low insertion loss. Timedomain numerical simulations calculated an optical insertion loss as low as 0.01 dB.
The adiabatic couplers are fabricated on a second waveguide layer made of polysilicon. Ridge waveguides with
300 nm thickness and 200 nm ridge height were chosen for the best coupling performance. The width of the
waveguide is tapered from 150 nm to 1 µm over a 30-µm length for the adiabatic coupler. Figure 2(a) shows the
simulated optical mode profiles of the ON and OFF states. The transfer characteristic as a function of the vertical
gap spacing between the bus waveguides and the adiabatic coupler is shown in Fig. 2(b). The insertion loss at the
drop port was calculated to be 0.01 dB at the optimum gap spacing (125 nm). The designed adiabatic coupler shows
a broadband spectral response (1400-1700 nm) with low residue transmission in through port (< -20dB) [Fig. 2(c)].
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Figure 2. (a) Schematic of simulated adiabatic coupler structure (top view) and optical mode profile for on and off states (side
view). (b) Simulated transfer characteristic as a function of vertical gap spacing between bus waveguide and adiabatically tapered
coupler waveguide. (c) Calculated spectral response of the adiabatic coupler shows low insertion loss (< 0.01dB) and low residue
transmission (< -20 dB) over 300 nm spectral width.

3. Fabrication and Experimental Results
The switches have been fabricated on 220 nm SOI wafers at Berkeley Marvell Nanolab. The bus waveguides and the
grating couplers were formed by two etching steps: a 60 nm-deep partial etch and a 220 nm-deep full etch. A 1.5
µm-thick low temperature oxide (LTO) layer was deposited, followed by a chemical mechanical polishing (CMP)
process to planarize the surface and reduce the oxide thickness to 1 µm. Then, circular holes with 400 nm diameters
were etched into the oxide layer to form dimples, which function as mechanical stoppers for MEMS actuators. The
etch depth at this step determines the vertical gap spacing between the bus and the adiabatic coupler waveguides in
the ON state. A 300 nm-thick undoped polysilicon was deposited by LPCVD at 570 °C, followed by two annealing
steps for 12 hours and 1 hour at 600 °C and 900 °C, respectively, to reduce optical loss. The adiabatic coupler
waveguides were patterned by a 200 nm-deep partial etch and a 300 nm-deep full etch. Selective Boron implantation
in polysilicon defined the MEMS electrodes. Metal contact pads (Cr 30 nm/Au 150 nm) were formed by evaporation
and lift-off process. Finally, the device was released by vapor HF.
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Figure 3. (a) Perspective SEM image of the fabricated matrix switch. (b) Zoomed-in SEM image of a unit cell. (Inset: close-up
view of a MEMS-actuated adiabatic coupler) (c) Side-view SEM image of a MEMS-actuator highlighting dimple stoppers.

Figure 3(a) shows the scanning electron microscope (SEM) image of the fabricated switch, which consists of
2,500 (50x50) switching cells [Fig. 3(b)]. A close-up view of the MEMS-actuated adiabatic coupler is shown in Fig.

3(c) with the inset showing the dimple stoppers. When the actuators are biased above the pull-in voltage, the
adiabatic couplers are pulled down towards the bus waveguide with spacing precisely defined by the height of the
dimple stoppers. This actuation mechanism enables digital switching.
To characterize the performance of the switch, light was coupled to the bus waveguides using a 1x64 optical
fiber array through grating couplers. The current coupling loss of our (unoptimized) grating coupler was measured to
be 6 dB. Switching performance was characterized by applying a bias voltage between the bottom silicon and the
top polysilicon layers. Figure 4(a) shows the transmission of the drop port as a function of the bias voltage. The
turn-on voltage was measured to be 32 V and the transmission remained constant with further increase of voltage, a
signature of digital switching. The turn-off voltage is lower (22 V) due to the hysteresis in electrostatic gap-closing
actuators. The extinction ratio is higher than 50 dB. The switching times were measured to be 0.85 µs and 0.47 µs
for turning on and off, respectively, as shown in Fig. 4(b). To extract the unit cell loss and the switching loss, more
than 400 switching cells with various light paths were tested and the on-chip loss (excluding grating coupler loss)
was plotted versus the number of unit cells along the light path in Fig. 4(c). From the linear fitting of measured data
points, the loss per cell was estimated to be 0.090 dB and the switching loss 0.77 dB. The switching loss is attributed
to the residue optical losses in polysilicon, which can be further improved [6]. The maximum optical insertion loss
for the longest path of the 50x50 switch is 9.6 dB.
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Figure 4. (a) Transfer characteristic as a function of actuation bias voltage. (b) Switching time response. (c) On-chip optical loss
with various light paths.

4. Conclusion
We have successfully demonstrated monolithic 50x50 digital optical switches on silicon photonics platform. The
switch comprises 50 input, 50 drop and 50 through ports, and 2,500 switching elements, all integrated on a 7.6x7.6
mm2 chip. The adiabatic coupler switch ensures broadband operation (1400-1700 nm wavelength) with low insertion
loss and high extinction ratio (> 50 dB). The optical insertion loss is independent of bias voltage, thanks to the
digital switching achieved with a combination of MEMS gap-closing actuators and precisely defined coupling
distance. The switch has sub-microsecond response times of 0.85 µs (ON) and 0.47 µs (OFF). The maximum
insertion loss is 9.6 dB (8.8 dB loss for propagation through 98 cells + 0.8 dB loss for switching). Even lower
insertion loss (< 2 dB) can be achieved by improving the fabrication process. The switch architecture is highly
scalable as light only passes through a pair of adiabatic couplers, independent of the switch size. It is feasible to
integrate larger switches (> 100x100) on a chip.
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