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Accelerometer’s Applications

IV. Gravimetry V. Qil field exploration
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Accelerometer performance according to application
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Cavity optomechanics: light forces at the nanoscale

Gram-scale Silicon nitride Sub-millimeter ~ AFM cantilever Silica micro- 50 ym micro- 2 um dwarf Nano-resonator
mirror membrane mirror mirror toroid cavity mirror mirror
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>
kilometers centimeters micrometers
Gravity wave observatory Harris et al. Nature 452, 06715 (2008) Wong group, Columbia and UCLA
Livingston, LA & Hanford, WA Harris and Wong et al.

Favero and Karrai, Nature Photonics 3, 201 (2009).
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Optimized slot-cavity nanofabrication
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» 2 nm shot size per pixel

* 100 pA

 proximity correction

+ controlled pattern/etching
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Chip-scale cavity optomechanics: 2D slot cavities

« first two eigenmode E- and H-fields

optical resonant mode 1 - optical resonant mode 2

GE2EO || OROZC CTE ©O||CYEoR0 (TE 0/c¥oRo GERSO|OROZC 7E ©|0R0RE LTE 0| OKoKC
dE295 150096 cTEQ| 63050 TEs| 58050 dEFOS] 50090 =TExs|5505¢ (L TEyo| a565e
0525 | 02020 O5QE2| 38030 9E0:0 123039 0202008020 28030[6308¢E 10030 || O30:C
CROR0IC ORO OR0R ~O=0 o) O=0, O=0x= 1=0=0= || 2O=0
0P8 16202 E Calal|Calal OaPaR|(|9a0a2 OLeLAa 02620 25062110506 PeLRU CAOaC
05030108030 89503169556 5236|030 02020103030  3050IBOSaE 1SR03#EO50E
0505010050 08080408050 080 @ IeS0S0 OROZHIPE0Z0 2203 @ImSOSc 08033 epS0Sc
CRO0Z0 0050 ORO=0OJ0=0=0 O505@|e=0~0 OZ0 0OZ0 SXO=@(®=0=C .0=0 O=C
CRO (0><®) 0/0 070 On0 On0 Ox0 =0 (@40 O~0= 15070 (o))
C=0 02020 OR0A0|OCA0A0 OO ©~0~0 020 OZ0 2:0~@ O~C 0RO 0xC
GOO (049 (@)=(®) (@)=(®) O=0 0=C @))|L0) O=0 O=0= 12020 (@AW
A ORO=0 | CR0=0 OR0A2||©50=0 G0 GO SoballoYoYc loYo OXC
O [OX0-0 O=0O (@)@ O=0 O=0, CROR0OI0<0-0 =Z0=0 O=0= 1=0=0 O=0

Y Ca10Cn%a CoaP|Ca0a0 Or0a2 105000 ORO 0R08 23039 [0505C 10E0EC1050:¢C
78 0202 ©8080(168080 63030( 03080 06002[90802 35030 0308¢ 108080 0303¢
=02 190062 0505095960 95060 CeCaR 0625226869 25080 0303¢ 103030 | 0e0sE
L XA0NCA0DA0  OR0AR0||OA0AR0 OROROI0R0R0 CAOA0 | CA0A 39090 OQOQC OA0RO[[OADAC

modeled band structure

+ finite-difference time-domain 0.40 .
* Qoo ~ 4,000,000 (Q,,, ~ 200,000 to 1e6) o W
theory expt /\/»y Mode |

* mode volume V ~ 0.02(A\/ng,)? 0.36-
| —Mode H—
g 0.32—/
y a=490nm, r = 0.34a, t = 0.449a, //——Mede-ﬂl-—
hd ns|=348, 0.28—

. d,=0.02864a, dz=0.019a and

de=0.0095a 0.2 ///

. s=80nm 0.30 0.34 0.38 0.42 0.46 0.50

Gao (Wong) et al., Appl. Phys. Lett. 96, 051123 (2010).
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Chip-scale cavity optomechanics: mechanical modes

« first eight eigenmode displacement fields
M —

max

L

Q. /2Tt={460MHz ~ 910MHz 1.36GHz 1.55GHz 1.74GHz 1.78GHz 2.00 GHz

« comsol finite-element: common,
differential, compression, twisting,
in/out-of-plane modes

» selection by symmetry (modes in
color are allowed; modes in grey
are forbidden) l i

1911 MH=

_— -_: ' - f-\_ | =
8.236 MH=

min=0 2050 MHz
Li (Wong) et al., Optics Express 18, 23844 (2010) and Safavi-Naeini (Painter) et al., Appl. Phys. Lett. 97, 181106 (2010).
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Coupled mode and first-order perturbation theory
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« first-order perturbation theory for Maxwell’'s equations with shifting material boundaries
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H. A. Haus, Waves and Fields in Optoelectronics. S. G. Johnnson et al. Phys. Rev. E 65,066611(2002).
C. W. Wong et al. Appl. Phys. Lett. 84, 1242 (2004). M. Eichenfield et al. Optics Express 17, 20078 (2009).
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Multi-modal optomechanical coupling rates

« from first-order perturbation theory

optical mode 1 <-> {mechanical 1,2} optical mode 2 <-> {mechanical 1,2}
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* Jom/2T = 940 GHz/nm g*/2mt= 2 MHz (vacuum - zero-point motion)

(several times larger than earlier cavity optomechanical interactions)

* Mg ~ 2 pg, Q. /21t~ 100 MHz, Q, = 500,000; A = 1550 nm

Li (Wong) et al., Optics Express 18, 23844 (2010).
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Frequency (MHz)

Optomechanical oscillator: regenerative oscillations
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« strong g,,,/21 (154 GHz/nm; g*/2 1~ 330-kHz)
* 15+ harmonic (detector limited) for locking
* higher-harmonic of GHz fundamental possible
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developed under DARPA ORCHID
CW-pumped RF oscillator/clock
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Y. Huang, J.G. Flor Flores, C.W. Wong, et al., Wide optical force-induced RF dynamic range and 100+ high-order stable mechanics in chip-scale
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Accelerometer Fabrication Process (l)

SOl wafer with a 250 nm top Si layer SiO, Deposition

Top Si etching SiO, Deposition (Waveguide view)
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Accelerometer Fabrication Process (ll)

Si

(30 nm to 100 nm) slot cavity: SiO, Etching (30 nm to 100 nm) slot cavity: SiO, Etching

w

O

RIE SiO, Etching (waveguide)
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Accelerometer Fabrication Process (lll)
@ A A

Top oxide etching

SiO, etching for metallization 2
/9 \/<

Metallization TiN Underneath oxide etching - Oscillator release

No oxide between the Si and metal layer, since this might
cause problems during the final release.
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Optomechanical oscillator: high dynamic range and precision force
sensing
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*RF mode of the optomechanical accelerometer with integrated waveguides

«as the transmission spectra is monitored for cavity coupling, the main measurements are done in
parallel by RF optical readout.
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Calculated Power Dependence in oscillation mode

Power
spectral

dependence
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Flor Flores, Huang, Li, Wong et al.,

Power-dependence of high-Q optomechanical oscillators.,CLEO (2017).
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Power Dependence in oscillation mode
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OMO experimental performance

Mechanical Quality Factor

» Very high mechanical quality factor as a function of detuning

» Linear region fit
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Flor Flores, Huang, Li, Wong et al., Power-dependence of high-Q optomechanical oscillators.,CLEO (2017).
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Inertial sensor with enhanced performance
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Acceleration signal detection
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Oscillation and pre-oscillation modes performance
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» Allan deviation measured at the pre-oscillation and oscillation modes.

» x220 Improvement in the oscillation mode compare to pre-oscillation.
» Optomechanical coupling rate of 37.1 GHz/nm

» Further stability can be improved with laser stabilization.

Y. Huang, J. G. Flor Flores, Y. Li, W. Wang, D. Wang, N. Goldberg, J. Zheng et al., "A Chip-Scale Oscillation-Mode Optomechanical Inertial Sensor
Near the Thermodynamical Limits," Laser & Photonics Reviews 14, no. 5 (2020): 1800329
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DARPA ORCHID: A monolithic optomechanical photonic crystal oscillator chipset

"optomechanical osciliator .  Ge detector  off-chip
T monitor :
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® ( Si waveguide eI?CtEOd%
contact pa

oxide
coupler

L
X 0
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200000 OREY

 photonic crystal resonator nanomembranes with Ge detectors
— challenging fabrication and integration, yet high-yield in fabrication

Luan X., Y. Huang, C.W. Wong, et al., An integrated low-phase noise radiation-pressure-driven optomechanical oscillator chipset, Scientific Reports.
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An integrated OMO chipset

+ CMOS front-end Ge detector

* molecular-beam epitaxy growth and contacts

« with alignment marks for OMO process

« near-unity coupling from waveguide to detector

Ge detector vias and contact pads

input i ‘w
waveguide f! ! '

s ‘ 3 [ S
-
| f
A— —) |-V—]
\ /

== 50 um ]f
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An integrated OMO chipset: single sideband phase noise

Previously i Currently
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« at-125 dBc/Hz at 10-kHz offset for ~ 100 MHz carrier at 400 uW intracavity power
« with 6.9 GHz harmonic
« operating in ambient (non-vacuum)

« Allan deviation at ~ 5x109 at 1-ms integration

See also Zheng, Hati, Howe and Wong et al., Appl. Phys. Lett. 102, 141117 (2013).
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Components and monolithic oscillator development

X. Luan, Y. Huang, J. F. McMiillan, Y. Li, and C. W. Wong, Columbia University
A. Hati, and D. Howe, NIST and Institute of Microelectronics, Singapore
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Luan X., Y. Huang, C.W. Wong, et al., An integrated low-phase noise radiation-pressure-driven optomechanical oscillator chipset, Scientific Reports.
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