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ABSTRACT This paper studies the nonlinear behavior of a nano-

optomechanical actuator, consisting of a free-standing arc in a ring A i ::i j '::c

resonator that is coupled to a bus waveguide through evanescent §“2 e |

waves. The arc deflects when a control light of a fixed wavelength §

and optical power is pumped into the bus waveguide, while the go.s : /,

amount of deflection is monitored by measuring the transmission & o _@,g/(, .

1602 1603
Control Wavelength (nm)

spectrum of a broadband probe light. This nanoactuator achieves a 1601 1604

maximal deflection of 43.1 nm, with a resolution of 0.28 nm. The
optical force is a nonlinear function of the deflection of the arc, leading to pull-back instability when the control light is red-tuned. This instability is studied
by a combination of experiment and modeling. Potential applications of the nanoactuator include bio-nanomotor, optical switches, and optomechanical

memories.
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ilicon-based microelectromechanical

systems (MEMS) use diverse methods

of actuation, such as piezoelectrics,’
thermal expansion,? electromagnetic inter-
actions,? surface acoustic waves,* and elec-
trostatics.>® The MEMS actuators enable on-
chip integration with high reliability and
low cost. However, the microscale dimen-
sions limit both the speed and precision of
actuation.

Nanoelectromechanical systems (NEMS)
scale down the dimensions.”® In particular,
NEMS employing electrostatic forces have
been developed.®'° For parallel-plate electro-
static actuators, the pull-in instability occurs
at /5 of the plate—plate distance.>®'" This
nonlinear phenomenon may limit the stable
range of actuation, or be used as switches
and relays. As the width and length of the
capacitive actuators are scaled down to nano-
meters, the capacitance decreases. The small
capacitance increases the impedance, making
the devices susceptible to RF noise, and limit-
ing their applications for high-precision sen-
sing or high-resolution actuation.

Of particular interest is a new method of
actuation enabled by NEMS: optical forces'>~ '
can realize nanoscale positioning compatible
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to high-density, on-chip integration. In a
guided-wave structure, an optical force is
exerted on the free-standing waveguide
when the guided light is evanescently
coupled to a nearby waveguide or to a
dielectric substrate.’®~?° The amplitude of
the optical force depends on the gradient of
the electromagnetic field. As the wave-
guides are scaled down to nanosize, the
optical force can be increased to several
pN/mW. A ring resonator®' with high quality
factor is utilized to enhance the gradient
optical force, enabling manipulation of optical
response at a relatively low light power.?%*
Here we study the nonlinear behavior of a
nano-optomechanical actuator, consisting
of a free-standing arc in a ring and a bus
waveguide. When a monochromatic control
light is pumped into the bus waveguide, the
ring is coupled with the bus waveguide and
the dielectric substrate through evanescent
waves. The resonant frequency shifts when
the arc deflects, and the gradient of the
optical energy with respect to the deflection
of the arc defines the optical force. The
elasticity of the arc gives rise to the mechan-
ical force that resists deflection. When the
optical force balances the mechanical force,
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the arc reaches an equilibrium shape. The amount of
deflection is monitored by measuring the transmission
spectrum of a broadband probe light in the waveguide.
The optical force is a nonlinear function of the deflec-
tion, leading to pull-back instability when the control
light is red-tuned. This nonlinear behavior is studied by
comparing the experimental measurement with finite
element simulation.

RESULTS AND DISCUSSION

Both the ring resonator and the bus waveguide are
450 nm in width and 220 nm in height (Figure 1). The
gap between the ring resonator and the bus wave-
guide is 200 nm. An air gap between the free-standing
arc and the silicon dioxide (SiO,) layer is go = 160 nm. A
cross-sectional length of the arcis 11.2 um. We inject
into the bus waveguide a broadband probe light and a
control light. The probe light is low-power and broad-
band, and is used to detect the deflection of the arc.
The control light is high-power and monochromatic,
and is used to generate optical force to deflect the arc.
When the arc bends with a central deflection x, the air
gap is changed to g = go — x.

The effective refractive index of the arc increases
when the arc is bended down to the SiO, layer.
Consequently, the resonant wavelength 4, is red-
shifted, A, = 4,0 + OA, where 1,5 is the resonant
wavelength before bending, and d4,, is the shift of
the resonant wavelength. We calculate the resonant
wavelength for various air gaps using the commercial
software RSOFT (Figure 2a), and fit the optomechanical
wavelength tuning coefficient to a4,/ dx = A; - exp(Ax),
where A; =23 x 1072 and A, = 135 x 10 % atg =
160 nm. Thus the deflection x can be indirectly mon-
itored by the shift of the resonant wavelength 64, in
the transmission spectrum. This offers an effective
method to detect the nanoscale displacement.

The optical energy stored in the ring resonator can
be expressed as?'

27e _]Pin

U= 1
((lc - Ar)zn(ﬂfr_z)z + (Ti - + Te 71)2 ( )

where Py, is the power of the control light pumped into the
bus waveguide, 1/7. the extrinsic decay rate due to the
externally coupling of the transmitted wave, 1/z; the intrinsic
decay rate due to the internal cavity loss, 1. the wave-
length of the control light, and A, the resonant wavelength.

The derivative of the optical energy with respect to
the gap gives the gradient optical force.® The optical
force exerted on the arc is given by

fo_ % _  Udk
T T ag T A ax
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Figure 1. (a) The schematic of the nanoactuator; (b) the
cross-sectional view of the free-standing arc; (c) the optical
force causes the arc to deflect; (d) the cross-sectional view of
the deflected actuator.

Subject to a control light of a fixed wavelength and
power, the optical force is a nonlinear function of the
deflection, Fop(X). This nonlinear function is plotted in
Figure 2b for several levels of detuning, defined by the
difference between the wavelength of the control light
and resonant wavelength of the unbent arc, A = A, —
Aro- The nonlinearity of gradient optical force results
from the interaction between the mechanical motion
and the optical field. Owing to the cavity effect of the
ring resonator, the optical force depends on the reso-
nant wavelength, when the power and wavelength of
the control light is constant. The deflection of the arc
modifies the effective refractive index and thus tunes
the resonant wavelength of the ring. Consequently, the
deflection provides a “feedback” to the amount of the
optical force, and the function Fu(x) is nonmonotonic.
When the control light of a fixed wavelength and
power is pumped into the bus waveguide, the optical
force increases as the deflection of the arc tunes the
resonant wavelength of the ring toward the wave-
length of the control light, and the optical force
decreases when the deflection of the arc tunes the
resonant wavelength of the ring away from the wave-
length of the control light. The dominant partin eq 2 is
(e — A°Qae)A7% ~ (Ae — A)*(2mc) A0’ As the
deflection of the arc increases, the value of (1. — 1,)°
decreases to zero and then increases again. Thus the
curve of |Fop| Vs x is quasi-Lorentzian, which reaches a
maximum value at about A,(x) = A.. The curve is
asymmetrical with respect to the peak point because
the optomechanical wavelength tuning coefficient
varies with the deflection.
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Figure 2. Simulation of (a) the shift of the resonant wavelength as a function of the deflection; (b) comparison of optical force and
mechanical force under different wavelength detuning conditions; (c) optical spring and system stiffness vs x when A = 0.54 nm; (d)
nonlinear relation between the deflection of the arc and the wavelength of the control light (represented by the detuning A).

The defection of the arc can be varied by changing
either the wavelength A. or the power P;, of the control
light. We decide to vary 4. in this paper for two reasons.
First, varying the wavelength of the control light
provides an efficient positioning control using the
square relation between x and A (based on eq 2, x o<
Fopt®) o= (Ac — A)~2, while x o (P;,)"). Second, this
approach avoids fluctuation of power variations.

Once the arc deflects, the elasticity of the arc gives
rise to a mechanical force, Frech, that tends to pull the
arc back to its original position. There are two forces in
this system: the mechanical force is linear in and the
optical force is nonlinear in the deflection. The two
forces balance each other at the equilibrium points.
The linear force becomes too large to be balanced by
the nonlinear force when the deflection is above a
certain value, which results in the pull-back instability.
The mechanical spring constant of the arc is kpech =
0.14 N/m, which is calculated by using the finite-
element software COMSOL. The shape of the arc
reaches a state of equilibrium when the optical force
balances the mechanical force:

Fopt(x) + kmechX =0 (3)

Because the optical force is a nonlinear function of the
deflection, for the control light of a fixed wavelength,
the arc may deflect to multiple states of equilibrium.
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In Figure 2b, when the optical power is P;, = 2.8 mW,
the curve of |Fope| under A =0.54 nm is highlighted. The
two curves (Frech and |Fop|) intersect at three points,
a, b, and c. When A = 0.46 nm, points a and b merge to
a single point. When A < 0.46 nm, the merged point
disappears, and only one state of equilibrium c still
exists. Consequently, as the wavelength of the control
light reduces, the arc will undergo a pull-in instability,
jumping toward state c. On the other hand, when A
increases, points b and ¢ move closer, while point a
approaches to zero-deflection position. At a critical
detuning value of A = 1.51 nm, points b and ¢ merge
(at the stable point p). At point p, the largest deflection,
Xp = 40.8 nm is obtained. When A > 1.51 nm, the
situation of Frech > |Fopt| is always satisfied, therefore
the largest deflection is not maintainable and the free-
standing arc will be pulled back to point a, which is
nearly at the initial status of x = 0 nm. This phenom-
enon is called pull-back instability. Therefore, the
actuation of the free-standing arc is controllable when
X = Xp. The normalized controllable actuation range is
Xp/go = 25.5%.

To analyze the stability of these states of equilibrium,
we invoke the concept of optical spring®** and system
stiffness.?® By analogy with the mechanical stiffness, the
stiffness of the optical spring is defined by kope = 9Fpt /0X.
According to eq 2, the stiffness of the optical spring can
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Figure 3. The dependence of normalized pull-back displace-
ment on optical power and mechanical spring constant of the arc.

be expressed as

0] )\’ ELR
kopt - ]Toz (2 (37) - lroaxz> (4)

The optical spring can either “harden” or “soften” the free-
standing arc by modifying the intrinsic mechanical spring
constant. The system stiffness of the arc is expressed as
Ksyst = Kmech + Kopt. An equilibrium position with negative
stiffness (ksyse < 0) is unstable®® because it has higher
positive stored energy compared to neighboring possi-
ble equilibrium positions. When a state of equilibrium is
stable, a positive system stiffness is expressed as

U )’ A
ksyst = Kmech +m (2 (a_xr) — o aT;) >0 (5)

When eq 2 and 3 are substituted into eq 5, the stable
condition for an equilibrium state is

2 2
A,a—’lwz(a—’l’)xﬁl“' >0 (6)

—x
ox ax " ax2

The variation of koo and kgys with x under special
condition of A =0.54 nm is shown in Figure 2c. The three
intersection points are labeled as a, b, and c.
Note that ks > 0 at points a and ¢, corresponding to
two stable states of equilibrium. Note that kg < 0 at
point b, corresponding to an unstable state of equilibrium.

Figure 2d presents the relation between the deflec-
tion x and the detuning A. Three different parts of the
curve correspond to three types of equilibrium states.
Curve C consists of all the stable states of equilibrium
like point ¢, curve B consists of all the unstable states of
equilibrium like point b, and curve A consists of all the
stable states of equilibrium like point a. These curves
suggest a hysteretic behavior. If A is increased by
changing the wavelength of the control light, the de-
flection x of the arc follows curve C, until x,, (point p)
is achieved at the pull-back detuning A = 1.51 nm.
When A > 1.51 nm, the deflection follows curve A.If A is
decreased, the deflection will follow curve A first until
A = 0.46 nm, and then the deflection follows curve C.

In this actuator, the pull-back instability dominates
the nonlinear behavior of the positioning of the arc.
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Figure 4. SEM image of (a) the bus waveguide coupled to a
partially released ring resonator; (b) the free-standing arc of
the ring resonator lies inside of the released window, with
the initial gap of 160 nm.

Although the normalized pull-back displacement, xy/go,
is 25.5% under the condition of P, = 2.8 mW and
Kmech = 0.14 N/m, it can be increased through increas-
ing the optical power P;,, and decreasing the mechan-
ical spring constant Kpmech, @s shown in Figure 3. For
example, the value of x,/go is expected to be 50% when
Pin = 3.0 mW and Kmech = 0.12 N/m.

When 94,/ dx = A; exp(A,x) is substituted into eq 6, the
stable condition for an equilibrium state is always satisfied
when the initial gap is go = 160 nm (A; =2.3 x 10 %and
A, = 135 x 1072). It means that the stable actuation
range of the free-standing arc is theoretically able to cover
100% of the nanoair-gap under extremely ideal situations
(when Py, is ideally increased and ke, is ideally reduced,
and the van der Waals force is neglected). Recall that in a
parallel-plate capacitive actuator, the pull-in instability
occurs when the deflection is '/5 of its initial gap.

The SEM image of the actuator is shown in Figure 4a.
The released window area has a dimension of 65 um x
15 um. The zoomed view of the arc inside of the
released window is shown in Figure 4b, and the initial
gap go between the free-standing arc and the SiO,
layer is approximately 160 nm.

The measured transmission spectrum of the ring
resonator is shown in Figure 5, when a broadband
probe light and a control light are coupled into the bus
waveguide. The two black dash-lines are the output
response for the input probe signal (without control
light). Two resonant wavelengths are observed, which
are initially at 4,0 = 1598.67 nm and .o = 1601.72 nm,
respectively. A 9-dB drop of transmission power at
1601.72 nm is detected. The full width at half-maximum
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Figure 5. Transmission spectra for control light of several wavelengths: (a) A is increased; (b) 1. is decreased.
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Figure 6. The comparison of simulation and experimental results
of the nonlinear actuation, and point P is the pull-back position.

bandwidth of the resonance is 0.055 nm, which corre-
sponds to a loaded quality factor of 2.88 x 10%
1/t =1.18 x 10'® Hz and 1/; = 7.25 x 10° Hz. When
the control light is injected, (A is around A,¢), the shift
of the resonant wavelength, 64, is detected on the
transmission spectrum. To clearly differentiate the
resonance shift while tuning the control wavelength,
4-dBm offset power is set for each optical spectrum.
In Figure 5a, the wavelength A of the control light is
increased from the blue detuning side to the red detuning
side of A,o, and the resonance shift d4, increases with A.
The resonant wavelength shift 04, . = 1.62 nm is
obtained at A. = 1603.23 nm, labeled as point P. Beyond
this point, that is, as shown in the curve of 1. = 1603.27 nm,
the resonant wavelength drops to its initial value. The
critical point P indicates the pull-back position, where the
maximum resonance shift is observed. In Figure 5b, the
wavelength A, of the control light is decreased from
the red detuning side to the blue detuning side of .
The resonant wavelength A, is approximately maintained
at its initial position until A. = 1602.19 nm, where the
obvious resonance shift, 04, = 0.54 nm, is observed.

METHODS

Fabrication of the Nano-actuator. We fabricate the actuator on a
silicon-on-insulator (SOI) wafer. Both the ring resonator and the
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The results of the simulation and experiment are com-
pared in Figure 6. When the control wavelength A is red and
blue tuned, two different groups of resonance shift positions
are obtained based on the experiments, which correspond
to two groups of stable deflection positions (curve C and
curve A in Figure 2d). On the other hand, the unstable points
(curve B), are not observed in the experiments. To achieve
the pull-back position, A. should be increased to track the
red shift of the resonant wavelength. The pull-back effect
occurs at A =151 nm, where the maximum resonance shift
is OArmax = 1:62 nm. According to the simulated optome-
chanical wavelength tuning coefficient d4/ox = 23 x
102 exp(1.35 x 10~ 2x), the corresponding maximum de-
flection of the arc is 43.1 nm. The positioning resolution of
the arcis 0.28 nm, determined by the 0.01 nm tuning step of
the wavelength of the control light. Higher resolution is
expected by using a tunable laser with smaller tuning step.
The experimental results are repeatable with a random
range of +0.04 nm for pull-back wavelength A,

CONCLUSIONS

The nano-optomechanical actuator is demonstrated
and the pull-back instability is studied by a combination
of experiment and modeling. The nanoactuation is con-
trolled through tuning the wavelength of the control light
at a fixed power of 2.8 mW. The resolution of the nano-
actuation is 0.28 nm within a tuning range of 43.1 nm. The
pull-back instability occurs when the control light is red-
tuned. This nanoactuator has potential applications for
all-optical switches and opto-mechanical memories. Such
devices can be achieved by modulating the wavelength
of the control light, and can possibly respond at mega-
hertz or even gigahertz. In addition, the nanoactuator
may be applied to manipulate nanoscale particles, which
requires the combined capability of optical trapping and
actuation of the nano-optomechanical actuator.

bus waveguide are silicon patterned by reactive-ion-etching
(RIE) process. Then 1.5-um SiO, upper cladding layer is depos-
ited onto the silicon waveguide layer. This thickness, sufficient
for the high confinement waveguide, forms symmetric cladding
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around the silicon waveguide and reduces the transmission
loss. A 200-nm silicon nitride is deposited on top of the upper
cladding SiO; layer, to function as a hard mask during SiO, etch.
A released window area was defined, inside of which the
200-nm silicon nitride and the 1.5-um SiO, are removed by
RIE. Finally, part of the SiO, layer underneath the silicon
waveguide is etched off by a hydrogen fluoride (HF) vapor
etching process and the free-standing arc is formed. The vertical
gap between the arc and the remaining SiO, layer is controlled
by the time of the HF vapor etching process, and other part of
the system is protected by the silicon nitride hard mask.

Experimental Setup. In the experiment, both a probe light and
a control light are coupled into and out of the bus waveguide
(with mode size converter at the tips) through two taper fibers.
A polarization controller is used to select only TE light injected
into the bus waveguide. The lasing wavelength of the control
light is tuned with a step of 0.01 nm and its power is maintained
to ensure a 2.8-mW optical power to be injected into the bus
waveguide. The probe light is a broadband light ranged from
1535 to 1625 nm, with a power density of —15 dBm/nm. Com-
pared with the control light, the power density of the probe
light is weak and does not generate optical force. An optical
spectrum analyzer with 0.001-nm resolution is used to measure
the transmission spectrum of the ring resonator.
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