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ABSTRACT

An InP-based optical switch with evanescent coupling
mechanism is presented. Switching is achieved by electrostatic
actuation of two parallel waveguides. Actuation at 5.4 V has been
achieved with coupling efficiency of 60 % resulting in 2.2 dB loss.
The device exhibits 47 dB channel isolation in the off state and is
compact with an active area of 500 pym x 5 pm.

INTRODUCTION

Indium phosphide (InP) is attractive for optical
communications due to its direct bandgap and suitability as a
substrate material for active optical devices operating at the
1550 nm wavelength. To date, InP-based MEMS efforts have
mainly concentrated on tunable filters [1], likely due to the small
displacements required for these types of devices. However, we
previously demonstrated that InP is suitable for MEMS devices
with several micron displacement range [2]. We also previously
characterized suspended InP-based waveguides for use in optical
MEMS [3] and now present an optical waveguide MEMS switch.

Contrary to free-space switches, which typically use
relatively large mirrors, we are developing a moving waveguide
switch. Compared to previously developed MEMS serially-
coupled waveguide switches [4, 5], our evanescent parallel-
coupled switch is smaller and potentially enables variable power
coupling so that it can also function as a variable power
splitter/attenuator. Passive evanescent couplers are commonly
used as optical power splitters. Active couplers have used thermal
heating to perform optical switching by varying the refractive
index, n, between two fixed parallel waveguides [6]. However,
these devices typically draw significant current. Other approaches
have utilized expensive electro-optic materials [7] to vary » and
achieve switching.

Our device uses electrostatic actuation to vary the spacing
between two movable suspended waveguides, resulting in low-
power and relatively high-speed operation (compared to thermal
couplers [6]). We chose InP due to its potential for optical gain at
1550 nm. However, for passive operation our device is not limited
to expensive semiconductors [7] and can be fabricated in relatively
inexpensive materials — i.e. polymer waveguides on silicon
actuators — without significant design changes.

THEORY

The MEMS coupler consists of two movable parallel
waveguides that are electrostatically actuated until pull-in so as to
vary the spacing between them (Figure 1). Optical switching then
occurs by evanescent coupling and mode-interference. If two
single-mode waveguides are brought close together, then the

Travel support has been generously provided by the Transducers Research
Foundation and by the DARPA MEMS and DARPA BioFlips programs.

0-9640024-5-0/hh2004/$20©2004TRF
DOI 10.31438/trf.hh2004.63

238

compound waveguide structure can support two modes: even and
odd [8]. These modes travel at different velocities (propagation
constants, ) along the length z of the waveguide. The optical
power measured at the output will be the contribution of both even
and odd modes, resulting in a constantly varying exchange of
power between BAR and CROSS waveguides throughout the
interaction length (Eq. 1). The coupling coefficient, k, depends
exponentially on the waveguide gap (Eq.2), as well as on the
waveguide geometry, refractive index and optical polarization.

Ppar= P~ COSZ(K'Z) and Pcross= Pin sinz(K-z)
K oc exp(—gap)
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Figure 1. a) Top view schematic of coupler, b)evanescent
coupling via mode interference. The 2 um wide waveguides are
normally straight with 1 um gap before actuation.

FABRICATION

Processing of our device (Figure 2) is similar to that in Refs.
[2, 3]. We patterned 7000 A SiO, using positive resist, projection
lithography, and reactive ion etching (RIE). The top 5 um (4 um
waveguide layers and part of the Ings3Gag47As sacrificial layer)
were etched by methane-hydrogen RIE, resulting in vertical
sidewall profiles (88 degrees) and less than 50 nm roughness.
After removal of the SiO, mask, Ni-Ge-Au-Ni-Au ohmic contacts
were deposited and patterned by lift-off followed by a 40 second
rapid thermal anneal at 400 °C. We cleaved the devices and
etched the InGaAs layer in HF:H,0,:H,O (1:1:8) with complete
selectivity over InP followed by supercritical CO, drying. A
complete switch is shown in Figure 3.
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Figure 2. Process flow of the InP coupler optical switch.
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Figure 3. a) Fabrlcate‘d coupler, b) close up of n-type suspended
waveguides, c) measured coupling length: Lpy;; v= 285 pm.
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EXPERIMENTAL DETAILS

Initial testing of the device was performed with S-polarized
light (electric-field perpendicular to wafer plane) at 1550 nm
wavelength. The experimental setup consisted of a tunable laser, a
polarization control unit and input/output lensed fibers controlled
by piezoelectric XYZ-stage. A probe station and function
generator were used to actuate the device. Electrical actuation
signals and optical output power were fed to an oscilloscope. We
measured the BAR and CROSS outputs separately.

Prior to actuation, we measured less than 0.6 nW of optical
power in the CROSS waveguide for 30 uW power in the BAR
waveguide resulting in a channel isolation of 47 dB (in the ‘off’
state). Next, a 5.4 Vp-p, 10 Hz square wave with DC offset was
used to modulate the waveguide gap and achieve pull-in during the
optical measurements. The results in Figure 4 show 60 %
coupling of power from the BAR to the CROSS waveguide during
pull-in (relative to Pgar in the uncoupled state), resulting in 2.2 dB
coupling loss. The uncoupled BAR power at pull-in is 10 %.

Figure 5 shows the switching speed of the device in response
to a 10 Hz square wave actuation pulse. The rise- and falltime is
1 ms. However, there is a 400 ps delay in the risetime. This delay
is due to the exponential dependence of evanescent coupling on
the waveguide separation (Eq. 2): the 400 pus delay is the time
required for the beams to come into close proximity in order for
coupling to occur. The beams separate immediately after removal
of the actuation voltage so that the falltime does not exhibit this
delay in the response. It turns out that the switching speed is
dominated by thermal actuation, as discussed below.
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Figure 4. a) Actuation signal, b) normalized BAR, and

¢) normalized CROSS signals, where Py y=maximum BAR power
(S-polarization: electric field E=Ey, A=1550 nm wavelength).
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Figure 5. Measured a) risetime and b) falltime.
tswiren < 1.4 ms (S-polarization: E=Ey, A=1550 nm).

The speed is

THERMAL ISSUES

The 1.4 ms total switching time (Figure 5) is slow compared
to typical electrostatic pull-in actuators: the reason is that the
tested device was actually thermally actuated. Figure 2a shows a
0.45 um thick InP buffer layer grown on top of a semi-insulating
(SI) InP substrate. The buffer layer is typically grown before any
additional epilayers in order to obtain uniform surface conditions
for crystal growth. Undoped InP as grown by MBE is n-type
conducting with n~10'"%/cm®. This results in significant substrate
leakage currents. In Figure la a voltage is applied between
terminals 2 and 3 to actuate the device. The measured resistance
between terminals 1 and 3 was R;3= R gakage= 300 Q, and the
waveguide resistance (i.e. terminals 1 and 2) was around 5 k Q2
(measured on separate samples without the InP buffer layer, but
with similar waveguides and doping). Therefore, terminals 1 and
3 are at similar potential and significant current flows through the
waveguide resulting in a combination of electrostatic and thermal
actuation. Measurements have shown that 2.5 mW of thermal
power are dissipated in the waveguides during actuation at 5.4 V.

Simple calculations shed some insight on the electro-thermal
behavior of our device. The induced (thermal) strain required to
actuate the waveguides is [2]:

2 2 2 2
< [ dx 5 (w
gTHER L== T[TJ * T(Z] N 80 ’

where dx=0.5 um is the actuation distance of each waveguide
during switching, L =500 um is the waveguide length, and
w=2 um is the waveguide width. The first term represents the
induced axial strain, the second is the Euler buckling strain, and &,
is the intrinsic tensile strain of the waveguides. Assuming
=0.04 % (the designed intrinsic tensile strain), the necessary
thermal strain is é&rggrmar = —0.0455 %. The coefficient of
thermal expansion is o =4.56x10"/K [9], which implies a
temperature increase of AT = gryprmar/a = 100 K in order to
thermally actuate the switch. Based on our calculations and the
measured switching speed and heat dissipation, we conclude that
thermal heating is the dominant actuation mechanism, not pull-in.
The thermal effects on the characteristics of our device are
discussed below. Future devices will use epiwafers without an InP
buffer layer and with pn-junctions between waveguide and
sacrificial layers to avoid substrate leakage currents.
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OPTICAL CHARACTERIZATION

After the initial experiments, we repeated our measurements
with P-polarized light (E-field parallel to wafer plane), again at
1550 nm wavelength. In these experiments we obtain 10 %
coupling, significantly less than for S-polarization (Figure 6).
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Figure 6. Experimentally measured coupling efficiency to CROSS
waveguide: a) P-polarization: 10%, and b) S-polarization: 60%.

For our optical analysis we approximate the coupling length
(Lc in Figure 1) as the pull-in length, which equals 285 pm
(Figure 3c). If we know the coupling coefficient k, then we can
obtain the coupled power (Pcross) using Eq. 1. We can obtain the
coupling coefficient k¥ by simulation. While it is difficult to
precisely know the waveguide gap during actuation, we assume
the switching gap to be greater than twice our maximum sidewall
roughness (> 2 x 50 nm = 100 nm). This gives us an estimate and
starting point for the gap in our simulations.

Polarization-dependent coupling was analyzed by simulating
[10] the effective refractive index (nNegrecive) fOr even and odd
modes for both S- and P-polarizations for various gaps (Figure 7).
From #egreqive We calculate the coupling coefficient [8]:

K= (Bcvcn_Bodd)/2 = (ncvcn_nodd)ko/z’ (4)
where k,=2m/A, and A,=1550 nm. After simulations for various
gaps, we find that a 120 nm separation between the waveguides at
pull-in gives us the best agreement between simulation and
experiment (Table 1). Using a 120 nm gap and a coupling length
of L=285 um (as measured in Figure 3c) we expect 54.7 % and
1.07 % coupling for the S- and P-polarizations, respectively
(Figure 8), similar to the 60 % obtained experimentally for S-
polarization, but significantly smaller than our measured 10 % for
P-polarization (Figure 6).

A possible source of discrepancy between our measurements
and simulation is that the exact waveguide gap at pull-in is not
known. Also, our waveguides are not strictly single-mode. The
2 um x 2 um waveguide core cross-section (Figure 7) was chosen
for mechanical robustness. Subsequent simulations have shown
that the core cross-section should be less than 0.7 pm x 0.7 um for
single-mode behavior. This explains the larger than expected
measured coupled power for P-polarization due to higher order
mode coupling.

Another concern is that thermal actuation of our waveguides
will cause a shift in the refractive index. The temperature
dependence of the refractive index for InP is dn/dT=1.9x107/K
at 1550 nm wavelength [9], resulting in an increase of 1.9 % in the
refractive index during thermal actuation (assuming A7 = 100 K).
Repeating our simulations [10] for a 2 % increase in the refractive
index, we obtain Pcross=49.0 % for S-polarized light and
Pcross=0.86 % for P-polarized light, similar to the results in
Table 1. We conclude that the thermally-induced increase in the
refractive index of our waveguides does not significantly change
our coupling analysis.

While our analysis assumes single-mode waveguides (the
waveguides support more than one mode), the general agreement
between measured and simulated coupling efficiency for different
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polarization is insightful for future device design and suggests that
our device behavior is dominated by the fundamental mode.
Future devices, however, should utilize single-mode waveguides to
ensure fundamental mode-coupling.
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Figure 7. Half-structure cross-section simulation (right) of the
optical mode in the coupler from which Ny is obtained [10].

Gap=120 nm P-Polarization S-Polarization
Degrective (€VEN) 3.163234 3.166794
Defrective (0dd) 3.163054 3.165353
K (um™) 3.648300x107* 2.920668x107
Pcross, L=285 pm (%0) 54.7 1.07

Table 1. Simulated Coupling for S- and P-Polarizations.
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Figure 8. Predicted coupling for S- and P-polarizations vs.
coupling length, neglecting losses. For 285 pum coupling length
(dashed vertical line), P-polarization yields 1.07 % and S-
polarization gives 54.7 % coupling.

MECHANICAL CHARACTERIZATION

The complete coupler switch does not simply consist of the
device shown in Figures 1 and 3. Rather, it has sets of optical
inputs and outputs connected to the coupled-region via S-curved
waveguides (Figure 9). These S-curved waveguides are suspended
in air by 1.5um wide, 5 um long tethers using the same
‘suspended waveguide’ technology presented in [3]. The effects
of tether compliance were studied by experiment and simulation.

We gauged tether compliance by measuring the displacement
of the S-curve region during actuation of the two waveguides in
the coupled region (Figure 9). An ideal tether would be
completely rigid and would result in zero movement of the S-
curve. Measurements were performed using an optical
profilometer [11] while actuating the coupled waveguides. We
measured 700 nm  total S-curve displacement for
Vactuation=>5 Vp-p at 800 Hz (Figure 10). Note that this did not
result in pull-in of the coupled-waveguide region.
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Figure 9. Actuation of the coupled region causes oscillation of the
S-curve due to compliance and the pivot action of the tether.
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Figure 10. Measured x-direction displacement of the S-curve (due

to thermal effects) in response to a sine wave actuation signal
(5 Vp-p, 800 Hz). Electrostatic actuation should limit this effect.

Static load ANSYS simulations showed that while we expect
only small tether movement (< 3 nm) during actuation, the tethers
also rotate slightly, resulting in significant displacement (~150 nm)
of our S-curves. However, this is still much less than the 700 nm
S-curve displacement measured experimentally. The additional
movement of the S-curve is the result of thermal expansion of the
coupled waveguides during actuation.

Future devices will rely on electrostatic rather than thermal
actuation by preventing substrate leakage currents. Based on
ANSYS simulations, this should prevent any significant movement
of the S-curve waveguides and will result in more efficient
actuation in terms of both power consumption and switching
speed. Initial pull-in actuation of devices fabricated on new
epiwafers (without InP buffer layer and including pn-junctions
between waveguide and sacrificial layers) result in switching times
as low as 30 ps based on electrical measurements and pull-in
voltages as low as 3.7 V. This performance is comparable to that
of serially-coupled MEMS waveguide switches [4, 5], but with
much smaller device area. The substrate leakage is negligible with
measured Ri3 and Ry, (Figure 1) in the tens of MQ range. This
reduces the power consumption to the pW-range, significantly
smaller than for thermal couplers [6]. A concern with pull-in
actuators, however, is that they are prone to stiction, posing a
significant concern that needs to be addressed [12].

CONCLUSIONS

We have presented an InP-based optical MEMS switch with
evanescent coupling mechanism in which we control the spacing
between two semiconductor waveguides by application of a
voltage. The device is compact, low voltage, relatively low loss
and enables dense integration on a chip. We believe it can find
applications in photonic circuits and devices, including tunable
filters [13]. Other applications include optical network restoration
in which switching speeds of 1 ms are more than adequate.

Although designed for electrostatic pull-in actuation, the
current device exhibits thermal actuation due to substrate leakage
currents. Future devices will be based on electrostatic pull-in,
resulting in more efficient switches with lower power consumption
and expected switching speeds in the sub-100 ps range. While the
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present waveguides are multi-mode, the demonstrated device can
be scaled down in dimensions (i.e. reducing the waveguide cross-
section) to obtain single-mode waveguides without significant
change in the design. We expect that reducing the device size will
further decrease the switching time. Stiction and reliability is a
concern, however. Future devices could utilize actuators that do
not exhibit pull-in, thereby increasing the device reliability. In this
manner, variable coupling can also be achieved so that the device
acts as a switch and as a variable power splitter or attenuator.
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