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Nonvolatile bistable all-optical switch from mechanical buckling
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We propose a nonvolatile all-optical bistable optomechanical switch comprising two parallel
buckling waveguides. The bistability comes from mechanical buckling so the operation of the
switch does not require maintenance power. The switching and reading of the states are all optical;
they involve relatively strong and relatively weak optical pulses, respectively, similar to
conventional bistable optical switches. © 2011 American Institute of Physics.

[doi:10.1063/1.3600335]

Under a given input condition, a bistable optical switch
is characterized by the existence of two operating points or
states, both of which are stable against small fluctuations.
Such a device is important for a number of optical informa-
tion processing architectures. Examples of bistable optical
switches include an optical cavity with Kerr nonlinearityl_4
and bistable laser diodes.” In the former examples, the two
bistable states have either low or high transmission coeffi-
cients. In order to write, i.e., switch between the two states, a
relatively strong optical pulse is sent in. In order to read the
state, a relatively weak pulse is sent in and the output can be
used to determine the state. One problem with all previously
considered bistable optical switches is that they are volatile;
in order to maintain the stable states, continuous power input
is needed.

In this letter we propose a nonvolatile bistable opto-
mechanical switch which is all optical in writing and reading
processes. In this switch, the buckling7’8 of a pair of
waveguides creates the two bistable states. To write, i.e., to
switch between the two states, we propose to send in a rela-
tively strong pulse and utilize the generated optical force. To
read, we propose to send in a weak pulse since the transmis-
sion depends on the waveguides’ mechanical configurations.
Because the bistability is a mechanical one, this switch is
nonvolatile; the states do not require continuous power to
maintain.

Our switch comprises two adjacent suspended rectangu-
lar waveguides.7’8 Each waveguide is connected to fixed
input/output optical waveguides [Fig. 1(a)]. We utilize the
bistability that arises from the two buckling configurations of
the waveguides, which result in “near” state and “far” state
[Fig. 1(b)]. For this design, each waveguide has length L
=15 um, thickness r=400 nm, and width w=200 nm, sepa-
ration between the two waveguides d,=60 nm [Fig. 1(c)].
The material is silicon with the biaxial modulus,g’1 E
=Ey/(1-v)=257 GPa, where E,=185 GPa is Young’s
modulus and »=0.28 is Poisson ratio.

Each of the waveguide can be described mechanically as
a buckling beam. When a beam is under mechanical stress
o (0<0 means compressive stress), buckling will occur if
the compressive stress exceeds the critical stress o,,, i.e.,
|o|>|o,,|. For our system, numerical simulation gives
o.,=—149.87 MPa, as can be visualized by plotting the
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elastic energy U as a function of the displacement in
x-direction of the midpoint of the beam A,, for different val-
ues of stress [Fig. 1(d)]. For 0=—149.76 MPa (|o|<|o.,|),
U has the minimum at A,,=0, so the beam is unbuckled. For
0=-150.14 MPa (|o]|>|o,,|), U has an energy barrier be-
tween the two minima at A,,= =10 nm= *A,,, so the beam
buckles into either of the two bistable states. These results
agree well with the analytical theory.10

For our design, we choose o=—150.14 MPa. With this
choice of the stress near o,,, the energy barrier between the
two bistable states is low, allowing fast switching speed and
low switching power. Also, at this o, the barrier height of
0.2 aJ=50k,T (k, is the Boltzmann constant and T is the
temperature) is sufficiently large to maintain thermal stabil-
ity, following the criterion in magnetic memory design.n’12
In practice, fabrication imperfections may require energy
barrier higher than this thermal limit; larger |o] then can be
chosen at the cost of higher energy per switch and longer
switching time. To achieve a truly nonvolatile switch, this
stress has to be maintained by passive methods such as
stress-engineering during fabrication.”"® However, if neces-
sary, additional stress can be supplied by active methods
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FIG. 1. (Color online) (a) The schematic for the switch. The middle part of
the beams (in blue) are a buckling waveguide pair that is suspended. The
two ends (in red) are fixed waveguides that also provide mechanical sup-
ports. All parts are silicon. (b) Top view of the waveguide pair in far and
near states. (c) Dimensions of the waveguide pair. (d) Elastic energy as a
function of midpoint x-displacement for an individual waveguide under lon-
gitudinal stress [AU=U-U(A,,=0)]. 0=-149.87 MPa (dashed) shows no
buckling. o=-150.14 MPa (solid) shows two buckling states at A,
=*+10 nm.
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FIG. 2. (Color online) (a) The plots the cross section of two parallel straight
pair of waveguides showing the two optical modes of interest. Shading
denotes electric field E,. Arrows denote E, and E,. Solid lines denote the
beams’ boundaries. (b) The x-component of the E)ptical force per length,
normalized by input power (f,), and (c) propagation constant (k.), as a
function of separation d, for the odd mode (solid) and the even mode
(dashed).
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such as on-chip piezoelectricity > or resistive heatlng.8

To switch between the states, we send in a relatively
strong optical pulse and utilize the resulting optical force.'®
The optical force between two parallel waveguides is bipolar,
with the sign depending on the optical modes.'""® We first
consider a pair of parallel straight waveguides. The optical
pulses used have free-space wavelength A=1550 nm. The
permittivity of silicon is €=12.38. The strain dependence of
€ is ignored because the uniform strain from the longitudinal
compressive stress is much larger than any local additional
strain from buckling, so any correction to € would be uni-
form to the first order and does not change the optical prop-
erties significantly. The two optical modes of interest are the
odd and the even modes shown in Fig. 2(a). The calculated
optical force per length in x-direction, normalized by the
total input optical power, is plotted in Fig. 2(b) (positive sign
means repulsive force), as a function of the separation d
between the two waveguides. The even mode gives attractive
force for any d and is responsible for the switching from far
to near state. The odd mode gives repulsive force for d
>30 nm and is responsible for switching from near to far
state. Since both attractive and repulsive forces are needed,
the separation d,, between the waveguides in the absence of
buckling is chosen to be dy=60 nm. In our case, the buck-
ling waveguides are not strictly straight but because the curv-
ing is very gradual (maximum deflection of 10 nm over
15 wm length), the value of optical force described above
gives the local force per length f,(z) as a function of local
separation d(z).

We now simulate the switching dynamics using a two-
dimensional time-dependent mechanical simulation. The in-
put of the simulation is the time-dependent optical power in
even or odd modes. This optical power, at a particular time
step, is considered continuous wave across the whole
waveguides because the mechanical motion is much slower
than the optical frequency. In each time step of the simula-
tion, the optical input and the current mechanical configura-
tion give the local force distribution on each waveguide,
which is used to move and update the mechanical configu-
ration for the next time step.

In this time-dependent simulation, damping is needed so
that the waveguide can settle down in one of the bistable
points in finite time. We assume the damping force per area
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FIG. 3. (Color online) Switching scheme. In each pair of plots, the top plot
is the power and the mode choices of the input optical pulse; the bottom plot
is the x-displacement of the midpoint of one of the buckling beams (+10 nm
and —10 nm indicates the pair is in far or near states, respectively). The
damping is b=2800 N s m™ for (a) and (b), 5=28 N s m~ for (c) and (d).

to be of the form —gv, where v is the velocity and b is the
damping constant. As a reference, the squeeze film air damp-
ing, due to the film of air between the two waveguides, for

our geometry is approximately b=1400 Nsm™ at 1 atm
pressure.

The measured quantity from the simulation is the mid-
point deflection A,,(r) of one of the waveguide (4,,=+A,,
=+10 nm means the pair is in the far state). In Fig. 3(a), we

plot the switching sequence, assuming a critically damped

system with 5=2800 N s m™>. The even mode pulse is used
to switch the system from the far state to the near state, and
the odd mode pulse is used to switch the system from the
near state to the far state. We see that the switching time is
3 us, and the switching energy is 2 nJ for far to near state
and 1.5 nJ for near to far state. For this system, the switching
time can be lowered, while consuming the same switching
energy, by increasing the peak power. As seen in Fig. 3(b) for
the switching from far to near state, increasing the peak
power to 20 mW, while keeping the switching energy of 2 nJ,
reduces the switching time to 1 us.

We now consider the same system with a much lower

damping constant of b=28 Nsm™ Wthh can be achieved,
for example, by lowering air pressure  In the critically
damped case as considered above, much of the energy re-
quired in switching is dissipated through the damping. Thus,
our objective here is to reduce the required switching energy
by lowering the damping. However, at such low damping,
applying a single switching pulse makes the system oscil-
lates between the two states for many cycles, with the final
state being very sensitive to the system parameters [Fig.
3(c)]. To overcome this difficulty, we propose to use a sec-
ond switch pulse that applies the force in the direction oppo-
site to the first pulse. With the use of the second pulse, the
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FIG. 4. (Color online) Reading scheme. The plots show the value of electric
field E, at the plane y=¢/4 away from the center of the beams for the
buckling states of (a) far state (low transmission state) and (b) near state
(high transmission state). The boundary of the waveguides is shown in solid
lines. The input is sent into the top waveguide from the left. The output is
measured from the top waveguide at the right.

system can immediately settle down in the desired state due
to the second switch pulse acting as a brake [Fig. 3(d)]. The
total energy of the two switching pulses combined [590 pJ
for Fig. 3(d)] is significantly lower compared with the criti-
cally damped case considered above.

To read the states, an optical wave is sent into one of the
waveguides. The strength of the reading optical field can be
chosen to be sufficiently weak such that the state of the
switch is not perturbed. The output is then collected at an
appropriate position from one of the output waveguides, and
the difference in transmission can be used to determine the
states. This is illustrated in Fig. 4. The input is sent into the
top waveguide from the left. The output power is collected
from the top waveguide on the right. The near state is then
the high transmission state and the far state is the low trans-
mission state. The transmission difference between the two
states arises from the different propagation constants of the
coupled waveguides in the two states, as shown in Fig. 2(c).
Unlike the writing process, the reading does not involve me-
chanical motion; therefore, the reading speed can be much
faster than the writing speed.

In summary, we design a nonvolatile bistable switch
made from a pair of buckling waveguides. Because the bi-
stability comes from mechanical buckling, no continuous
power is needed to maintain the states. The writing and
reading are all optical similar to standard optical switches.
Here as a proof of principle we have simulated a relatively
simple design. One could further reduce the required switch-
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ing power with the use of optical resonators that enhances
optical force.”> Also, in our current design, the two
waveguides are assumed to be identical, thus the eigenmodes
of the coupled waveguides are either even or odd. For
waveguides that are not identical, for example, due to fabri-
cation inaccuracy, one could also launch the eigenmodes of
the coupled waveguides in order to achieve the switching
action.

Varat Intaraprasonk is supported by a Stanford Graduate
Fellowship.

'H. M. Gibbs, Optical Bistability: Controlling Light with Light (Academic,
New York, 1985).

M. F. Yanik, S. Fan, and M. Soljacic, Appl. Phys. Lett. 83, 2739 (2003).

3V, R. Almeida, C. A. Barrios, R. R. Panepucci, and M. Lipson, Nature
(London) 431, 1081 (2004).

4T, Tanabe, M. Notomi, S. Mitsugi, A. Shinya, and E. Kuramochi, Opt.
Lett. 30, 2575 (2005).

°H. Kawaguchi, IEEE J. Sel. Top. Quantum Electron. 3, 1254 (1997).

M. Takenaka, M. Raburn, and Y. Nakano, IEEE Photon. Technol. Lett. 17,
968 (2005).

B. Charlot, W. Sun, K. Yamashita, H. Fujita, and H. Toshiyoshi, J. Micro-
mech. Microeng. 18, 045005 (2008).

8D. Roodenburg, J. W. Spronck, H. S. J. van der Zant, and W. J. Venstra,
Appl. Phys. Lett. 94, 183501 (2009).

°P. Krulevitch and G. C. Johnson, “Curvature of a Cantilever Beam Sub-
jected to an Equi-biaxial Bending Moment,” MRS Symposia Proceedings
No. 518 (Materials Research Society, Pittsburgh, 1998), p. 67.

10, Nicu, P. Temple-Boyer, C. Bergaud, E. Scheid, and A. Martinez, J.
Micromech. Microeng. 9, 414 (1999).

''S. H. Charap, P. Lu, and Y. He, IEEE Trans. Magn. 33, 978 (1997).

12D, Weller and A. Moser, IEEE Trans. Magn. 35, 4423 (1999).

Bw. N. Ye, D. Xu, S. Janz, P. Cheben, M. Picard, B. Lamontagne, and N. G.
Tarr, J. Lightwave Technol. 23, 1308 (2005).

14, Tadigadapa and K. Mateti, Meas. Sci. Technol. 20, 092001 (2009).

ISP, Muralt, J. Micromech. Microeng. 10, 136 (2000).

D, Van Thourhout and J. Roels, Nat. Photonics 4, 211 (2010).

M. L. Povinelli, M. Loncar, M. Ibanescu, E. J. Smythe, S. G. Johnson, F.
Capasso, and J. D. Joannopoulos, Opt. Lett. 30, 3042 (2005).

8M. Li, W. H. P. Pernice, and H. X. Tang, Nat. Photonics 3, 464 (2009).

M. Bao and H. Yang, Sens. Actuators, A 136, 3 (2007).

M. L. Povinelli, S. G. Johnson, M. Loncar, M. Ibanescu, E. J. Smythe, F.
Capasso, and J. D. Joannopoulos, Opt. Express 13, 8286 (2005).

21y, Ng, C. T. Chan, P. Sheng, and Z. Lin, Opt. Lett. 30, 1956 (2005).

M. Eichenfield, C. P. Michael, R. Perahia, and O. Painter, Nat. Photonics
1, 416 (2007).

3G, S. Wiederhecker, L. Chen, A. Gondarenko, and M. Lipson, Nature
(London) 462, 633 (2009).

Downloaded 14 Jun 2011 to 171.67.216.23. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.1615835
http://dx.doi.org/10.1038/nature02921
http://dx.doi.org/10.1038/nature02921
http://dx.doi.org/10.1364/OL.30.002575
http://dx.doi.org/10.1364/OL.30.002575
http://dx.doi.org/10.1109/2944.658606
http://dx.doi.org/10.1109/LPT.2005.844322
http://dx.doi.org/10.1088/0960-1317/18/4/045005
http://dx.doi.org/10.1088/0960-1317/18/4/045005
http://dx.doi.org/10.1063/1.3129195
http://dx.doi.org/10.1088/0960-1317/9/4/319
http://dx.doi.org/10.1088/0960-1317/9/4/319
http://dx.doi.org/10.1109/20.560142
http://dx.doi.org/10.1109/20.809134
http://dx.doi.org/10.1109/JLT.2005.843518
http://dx.doi.org/10.1088/0957-0233/20/9/092001
http://dx.doi.org/10.1088/0960-1317/10/2/307
http://dx.doi.org/10.1038/nphoton.2010.72
http://dx.doi.org/10.1364/OL.30.003042
http://dx.doi.org/10.1038/nphoton.2009.116
http://dx.doi.org/10.1016/j.sna.2007.01.008
http://dx.doi.org/10.1364/OPEX.13.008286
http://dx.doi.org/10.1364/OL.30.001956
http://dx.doi.org/10.1038/nphoton.2007.96
http://dx.doi.org/10.1038/nature08584
http://dx.doi.org/10.1038/nature08584

