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In this paper, an opto-mechanical coupled-ring reflector driven by optical gradient force is applied

in an external-cavity tunable laser. A pair of mutually coupled ring resonators with a free-standing

arc serves as a movable reflector. It obtains a 13.3-nm wavelength tuning range based on an opto-

mechanical lasing-wavelength tuning coefficient of 127GHz/nm. The potential applications

include optical network, on-chip optical trapping, sensing, and biology detection. VC 2016

AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4942505]

With the rapid development of the micro/nano wafer-

fabrication technology, miniaturization of external cavity tun-

able lasers has been successfully developed and widely

applied for optical communication, data processing, and sens-

ing.1 The tunability of the demonstrated lasers is mainly deter-

mined by the tuning components, such as gratings,2,3 ring

resonators,4,5 and movable mirrors.6–9 For wavelength tuning,

electrical circuits are utilized to control the tunable compo-

nents and provide feedback to the laser system through multi-

ple electrically tuning schemes. For example, thermal-optic3

or free-carrier dispersion4,5 effects have been adopted to tune

the effective refractive index in waveguide-based tunable

lasers, or electrostatic effect has been applied to tune the cav-

ity length or the position of the movable mirrors in the micro-

electromechanical systems (MEMS) tunable lasers.6–9 All

these require complex electrical circuits to provide a signal

feedback to the laser system and consume additional electrical

power on these tuning components. Therefore, an all-optical

solution of wavelength tuning is desired, as a significant inno-

vation, for the external cavity tunable lasers. The optically

tuning manner, which is compatible to on-chip integration, is

made possible by applying the opto-mechanical effect.

Nanoscale positioning is achievable, since optical gradient

force is exerted on the free-standing waveguide when light is

evanescently coupled to a nearby waveguide or a dielectric

substrate,10,11 and the effective refractive index of the free-

standing waveguide is changed with the nanoscale posi-

tion.12–16 The amplitude of the optical gradient force depends

on the gradient of the electromagnetic field and is significantly

enhanced by the ring resonators with high quality factor.14–16

In this paper, an opto-mechanical coupled-ring reflector

driven by optical force is proposed for lasing wavelength tuning

in an external-cavity tunable laser. A pair of coupled ring reso-

nators with a free-standing arc serves as an opto-mechanical

movable mirror. The lasing wavelength is controlled by optical

force. Since the optical force is originated from the lasing light

in the laser cavity, this optically controlled scheme gets rid of

the dependence on electric power consumption on the tuning

components, paving ways for all-optical photonic system.

Figure 1 shows the opto-mechanical coupled-ring reflec-

tor in the external cavity tunable laser. It consists of a gain

chip and an opto-mechanical reflector, which are connected

by a nano-silicon bus waveguide. The reflector consists of

two mutually coupled ring resonators, being coupled to the

bus waveguide. Ring 1 serves as a driving ring, which is par-

tially released to form a free-standing arc and its resonant

wavelength is tuned by arc deformation controlled by optical

gradient force. Ring 2 with constant effective refractive

index serves as the reference ring. The specific wavelength,

which meets the resonances of both rings to obtain the high-

est reflectivity, determines the resonant wavelength. When

one of the longitudinal modes of the entire laser cavity

matches with the central resonance of the opto-mechanical

coupled-ring reflector, it is selected as the lasing wavelength.

Since the lasing light oscillates in the laser cavity and is

coupled to the ring resonators through the bus waveguide,

the free-standing arc is deflected with a deformation x by the

optical gradient force. Consequently, the effective refractive

index of ring 1 and the central resonance of the opto-

mechanical coupled-ring reflector are changed, which pro-

vide an optical feedback to the laser system for lasing wave-

length control. At a certain intra-cavity optical power, the

stable lasing wavelength is obtained when the force balance

FIG. 1. Schematic illustration of the opto-mechanical coupled-ring reflector

driven by optical gradient force in an external-cavity tunable laser, where

the lasing wavelength is optically tuned through deflecting the free-standing

arc of the driving ring.
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between the optical gradient force and the mechanical force

(due to the arc stiffness) is satisfied. The amount of wave-

length tuning is dependent on the change of the intra-cavity

optical power. The radii of ring 1 and ring 2 are 30 and

29 lm, respectively. The nano-silicon waveguides have a

dimension of 450 nm in width and 220 nm in height. The

coupling gap between the ring and the bus waveguide is

200 nm, and the gap between the pair of the coupling ring is

330 nm. The reflective properties of the coupled-ring reflec-

tor are calculated by using the Transfer Matrix Method,17

whereby the power coupling coefficient of the ring-bus and

ring-ring coupling are chosen as 0.16 and 5� 10�4, respec-

tively, considering the requirement for both high reflectivity

and high wavelength selectivity. The effective refractive

index of the silicon waveguide (TE mode) with silicon diox-

ide (SiO2) cladding is set to 2.79, and the optical loss of the

silicon waveguide is set to 1.5 dB/cm. The calculated reflec-

tivity of the coupled-ring reflector rc(k) is �80%, and the

margin between the main resonance and the side resonance

is �2.6 dB. The taper waveguide is used to obtain the mode-

size matching between the gain chip (with its right facet

anti-reflective coated) and the bus waveguide.

In ring 1, the air gap between the free-standing arc and

the SiO2 layer is g0¼ 160 nm. The lasing light in the laser

cavity generates an optical gradient force to deflect the arc.

When the free-standing arc is bent towards the SiO2 layer

with a central deflection x, the air gap is changed to

g¼ g0� x. The effective refractive index of the arc neff
increases when the air gap is reduced. Consequently, the

resonant wavelength of ring 1, kr, is red-shifted. The

opto-mechanical resonance tuning coefficient of ring 1 is

exponentially fit to @kr
@x

¼A1exp(A2x), where A1¼ 2.3� 10�2

and A2¼ 1.35� 10�2 at an initial gap of 160 nm. The optical

force which acts on the free-stand arc is expressed as16

Fopt ¼ �
2se

�1Pb

kL � krð Þ2 2pcð Þ2k�3
r þ kr si�1 þ se�1ð Þ2

@kr

@x
; (1)

where Pb is the intra-cavity optical power, 1/se ¼ 2.1� 1010Hz

is the extrinsic decay rate of ring 1 due to the externally cou-

pling, 1/si¼ 1.1� 1010Hz is the intrinsic decay rate due to the

internal ring resonator loss, and kL is the lasing wavelength.

Difference from previously demonstrated single opto-

mechanical ring whereby the deformation of the free-standing

arc is controlled by adjusting the wavelength of the external

light,16 the opto-mechanical coupled-ring reflector serves as a

self-adaptive mirror using two mutually coupled ring resona-

tors in which the deformation of the free-standing arc is con-

trolled by the intra-cavity optical power of the laser. The

deflection x adjusts the central reflective wavelength of the

opto-mechanical coupled-ring reflector due to the change of re-

fractive index and provides a feedback to the lasing wave-

length of the tunable laser kL. Therefore, the detuning between

the resonance kr of ring 1 and the lasing wavelength kL is

nearly zero. In addition, the achievable resonance tuning of

the coupled-ring reflector is amplified due to the Vernier

effect, as compared with the resonance tuning of a single

opto-mechanical ring, from a few to tens of nanometers.

The deflected deformation x of the free-standing arc

corresponding to different intra-cavity powers is analyzed as

shown in Fig. 2(a). The mechanical force (Fmech¼ kx)

increases linearly with x, where k¼ 0.14N/m is the mechanical

spring constant of the free-standing arc, while the optical force

jFopt (x)j increases nonlinearly with x. In general, Fmech and

jFoptj intersect once or twice, and the static force equilibrium is

obtained when the optical force balances the mechanical force

at points a–d as shown in Fig. 2(a). According to stability anal-

ysis, points a–c are stable deflection positions, while point d is

unstable. Thus, the opto-mechanical tuning is controllable

when the intra-cavity power is below 5.6 mW.

The tuning of the lasing wavelength is amplified by a fac-

tor M ¼ R1

DR
as compared with the resonance tuning of ring 1,

where R1¼ 30lm is the radius of ring 1 and DR¼ 1lm is the

radii difference between the two ring resonators. The achieva-

ble tuning range Dktune of the tunable laser is expressed as

Dktune ¼
R1

DR

ðx
0

@kr

@x
dx: (2)

The static deformation of the free-standing arc x is deter-

mined by the intra-cavity optical power Pb, thus the wave-

length tuning is controlled by Pb. The intra-cavity optical

power is provided by the gain chip, and the power level is

controlled by the gain currents. Supposed the gain current

is I1, stable lasing at wavelength k1 is obtained when the

force equilibrium is built up, corresponding to the free-

standing arc’s deformation x1. The force equilibrium in the

laser cavity is re-built when gain current is changed to I2,

and subsequently, the amount of the deformation is tuned to

FIG. 2. (a) Deflection of the free-standing arc corresponding to different

intra-cavity optical power PL, achieved by the comparison of the optical

force and the mechanical force; (b) the tuning amount of lasing wavelength

Dktune as a function of the intra-cavity optical power.
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x2 and thus the lasing wavelength is tuned to k2. The obtain-

able wavelength tuning range Dktune is a function of Pb as

shown in Fig. 2(b). The stable and unstable wavelength tun-

ings indicate the stable and unstable deformation x, respec-

tively. Ideally, the maximum stable wavelength tuning range

is 116 nm under an intra-cavity power of 5.6mW. However,

under large deformation condition, the van der Waals force

becomes dominant when the free-standing arc is closely

approaching to the dielectric layer. Moreover, the thermal-

optic effect is unavoidable at relatively high-power condi-

tion. To weaken this disturbance, the opto-mechanical

tunable laser is preferred to work at lower intra-cavity power

(and thus small deformation): i.e., a 15-nm wavelength tun-

ing range (�14.8 nm arc deformation) is obtained when the

optical power increases from 0 to 2.5 mW.

The opto-mechanical coupled-ring reflector is fabricated

on a silicon-on-insulator wafer. A commercial gain chip is

bonded by using the flip-chip bonding technology. The SiO2

inside the release window is partially removed by vapor

hydrogen fluoride (HF). The SEM graph of the tunable laser is

shown in Fig. 3(a). The nano-waveguide in the external cavity

is highlighted with gray lines. The dimension of the gain chip

is 250lm� 250lm� 100lm. The zoom-in view of the free-

standing arc is shown in Fig. 3(b). The released window on

the driving ring has a dimension of 65lm� 15lm, and the

cross-sectional length of the free-standing arc is�11lm. The

SiO2 layer underneath the ring waveguide is 2.0lm before

vapor HF etching. The air gap between the free-standing arc

and the remaining SiO2 layer can be controlled via the etching

time (etching rate: 10 nm/min), thus a 160-nm air gap is

formed after a 16-min etching.

In the experiments, the transmission and reflection spectra

of the opto-mechanical coupled-ring reflector are measured by

using a broadband light (power density: �43 dBm/0.02 nm),

which is coupled in and out of the bus waveguide through the

two tapered optical fibers, and the optical spectra are detected

by an optical spectrum analyzer (OSA, Advantest Q8384) as

shown in Fig. 4(a). The broadband light source covers the

range from 1500 to 1610 nm. At k3¼ 1541.20 nm, the left

resonance-dip on the transmission spectrum results from

ring 1, while the right resonance-dip results from ring 2.

The resonance detuning of the ring resonators is 0.11 nm. A

smaller resonance detuning of 0.06 nm is observed at k2¼
1538.30 nm. The resonance-dips of both rings almost merge at

k1¼ 1535.48 nm, corresponding to the peak reflectivity in the

reflection spectrum. Therefore, it is the resonance of the

coupled-ring reflector. The reflectivity at k1 is measured to be

78% (�2.1 dB). Once the free-standing waveguide deflects,

the resonance of ring 1 is red-tuned while the resonance of

ring 2 is remained constant. The resonance of the coupled-

ring reflector changes from k1 to k2 and then to k3 with the

increase of the intra-cavity optical power. Consequently, the

lasing wavelength is tuned from k1 to kn, discretely.

To distinguish the opto-mechanical effect from the

thermal-optic effect, a ring resonator with a 1.5–lm air gap

of the free-standing arc is experimentally investigated by

measuring the resonance shift of the driving ring. When the

optical power injected into the bus waveguide is increased

from 0 to 2.5 mW as shown in Fig. 4(b), the measured reso-

nance shift is increased to 0.540 nm and 0.052 nm at 2.5 mW

for g0¼ 160 nm and 1.5 lm, respectively. Since the opto-

mechanical effect for the free-standing arc with an air gap of

1.5 lm is extremely weak and negligible, the resonance shift

FIG. 3. SEM images of (a) the silicon chip tunable laser using an opto-

mechanical coupled-ring reflector, and the gain chip is flip-chip bonded onto

the silicon-on-insulator chip; (b) the zoom-in view of the free-standing arc

in a released window.

FIG. 4. (a) Measured transmission and reflection spectra of the coupled ring

structure. The resonance of the fixed ring and the free-standing ring merges at k1,

and is differentiated slightly at k2 and k3; (b) the measured resonance shift of the

driving ring when the optical power Pb is increased from 0 to 2.5 mW under two

conditions: g0¼ 160nm and g0¼ 1.5lm (opto-mechanical effect is negligible).
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of 0.052 nm is purely due to thermal-optic effect. Therefore,

for the free-standing arc with an air gap of 160 nm, the con-

tribution of the thermal-optic effect is just �9.6%, but the

opto-mechanical effect dominantly contributes �90.4%.

To investigate the lasing performance, the packaged de-

vice is placed on a submount, connecting with a thermoelec-

tric cooler, and its working temperature is kept at 25 �C. The

gain diode has a 3-dB bandwidth of �45 nm (1510–1555 nm)

and a saturation output power of 7 dBm. The light emitted

from the left facet of the gain diode is collected using a lens

fiber and measured by the OSA. The threshold of the tunable

laser is �180mA, and the gain diode is electrically pumped.

The injection current of the gain diode is tuned above 180mA

in order to provide different intra-cavity powers. Figure 5(a)

shows the single-mode lasing spectra under different gain cur-

rents. The lasing wavelength is discretely tuned, accompany-

ing with the change in output powers. When the gain diode

works at 210mA, a single-mode lasing at k1¼ 1535.48 nm is

observed. Subsequently, k2¼ 1538.30 nm, k3¼ 1541.15 nm,

k4¼ 1524.2 nm, and k5¼ 1526.7 nm lase at 238mA, 260mA,

295mA, and 310mA, respectively. Correspondingly, the out-

put lasing power increases from �6.0 to �2.9 dBm,

�1.4 dBm, and �0.8 dBm. The coupled-ring reflector has a

30-nm free spectral range due to the Vernier effect, thus there

are two 30-nm tuning-periods within the 3-dB gain spectrum.

As a result, the tuning of the lasing wavelength is non-

monotonic due to the mode competition as shown in Fig. 5(b).

The wavelength tuning is discrete with �2.7 nm (340GHz)

channel space. The achievable SMSR (side mode suppression

ratio) is kept around 30 dB during the opto-mechanical wave-

length tuning. Under a constant gain-current, the lasing wave-

length is stable with negligible wavelength shift due to the

high mechanical damping of the free-standing arc. The toler-

ance for the gain-current fluctuation is 65mA, and the gain

current is slightly adjusted to obtain the finest phase match

between the central reflective wavelength and one of the lon-

gitudinal modes. The lasing wavelengths and the output lasing

power are stable with a standard deviation of 6 0.06 nm and

6 0.3 dB, respectively. The lasing wavelength changes nonli-

nearly with the intra-cavity optical power. The experimentally

acquired lasing tuning range is 13.3 nm (1660GHz). After cali-

bration by deducting the contribution of the thermal-optic

effect, the lasing wavelength tuning range caused by the opto-

mechanical effect is 1500GHz, which corresponds to an 11.8-

nm deformation of the free-standing arc. Thus, the opto-

mechanical lasing-wavelength tuning coefficient is 127GHz/

nm (nm is the unit of arc deflection).

In conclusion, an opto-mechanical coupled-ring reflector

driven by optical force is used for an external-cavity tunable

laser, whereby the lasing wavelength is controlled with an all-

optical manner. A 13.3-nm wavelength tuning range with

�340GHz channel space is demonstrated based on the opto-

mechanical lasing-wavelength tuning coefficient of 127GHz/

nm. It shows a 30-dB SMSR, with its output power varies from

�6.0 to �0.8 dBm. The demonstrated tunable laser provides

potential applications not only in optical network but also in on-

chip nanoparticle trapping, mass sensing, and biology detection.
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