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Photonic sensors are of crucial importance in modern science and technology.
They can be designed to be ultra-sensitive to certain physical quantities, while robust
against other physical parameters. Many photonic sensors are compatible with
CMOS technology and can be integrated on chips for use as highly sensitive, small
scale and low cost sensors, such as ring resonator, disk resonator, Mach-Zehnder
interferometer, photonic crystal, directional coupler, grating, etc. In this thesis
we focus on two types of photonic sensors, micro-ring resonator and high contrast
grating membrane, including their fabrication, theoretical basis, experimental char-
acterizations, and their applications to the measurement of two fundamental physical
quantities: temperature and length. We study chip-based micro-ring resonators, and
show that ring resonator temperature sensors can be used to detect temperature
differences as small as 80 pK, a 13-fold improved on previously reported results. We
study a mirror-in-the-middle system with a high-reflectivity sub-wavelength grating.
We show how the mode structure rapidly changes near the points where the left

cavity and the right cavity simultaneously come into resonance, and suggest that



this is best understood via a perturbation theory starting from unit reflectivity,
in contrast to the usual dispersive regime for membrane-in-the-middle work. In
addition, the spectral signatures of the system allow more detailed study of the losses
than is possible in a simple cavity, and we quantify the reflection, transmission,
absorption and scattering losses in the context of a simple model. We use the
mirror-in-the-middle system as a platform for high resolution absolute displacement
measurement. This technique is based on radio frequency measurement without
an optical reference. We have achieved a resolution of 4 x 107'* m at a sampling
rate of 10 Hz. This displacement sensing is used to analyze the stability and slow
movement of the grating membrane in the mirror-in-the-middle cavity system. We
also study theoretically two types of buckling transitions due to the optomechanical
interaction between light and a grating membrane, which can be observed using our

displacement sensing technique.
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Chapter 1: Introduction

Photonic sensors are of crucial importance in modern science and technology.
They are now fundamental components in various fields including physics, chemistry,
engineering, communication, biology, medicine and so on. Photonic sensors can
transform optical signals (such as intensity and frequency) into other types of
signals (such as electrical voltage), or transform other types of signals into optical
signals which can then be processed and analyzed. They can be designed to be
ultra-sensitive to certain physical quantities, while robust against other physical
parameters. Many photonic sensors are compatible with CMOS technology and can
be integrated on chips for use as highly sensitive, small scale and low cost sensors.

Fundamentally, there are 7 physical quantities in nature to be measured, which
are length, mass, time, electric current, temperature, amount of substance, luminous
intensity. Higher precision and accuracy in the measurement of these fundamental
quantities has played crucial roles in the development of physical science. Histori-
cally, revolutions in metrology usually come together with revolutions in science.

This thesis focuses on two types of photonic sensors: micro-ring resonator
and high-contrast grating membrane based on CMOS technology. I will discuss the

fabrication, theoretical basis, experimental characterization of the devices, and their



applications to the measurement of two fundamental physical quantities: tempera-
ture and length, as well as some other relevant interesting physical problems.
Chapter 2 presents the study of temperature measurement using ultra-sensitive
chip-based micro-ring resonators. Temperature measurements play a central role
in modern life ranging from process control in manufacturing [1], physiological
monitoring |2, 3], tissue ablation in medicine [4], and environmental control in
buildings [5] and automobiles [6]. Despite the ubiquity of thermometers, the under-
lying technology has been slow to advance over the last century [7]. The standard
bearer for accurate temperature measurement, the standard platinum resistance
thermometer (SPRT) was initially developed over a century ago [7,8]. Furthermore,
many modern temperature sensors still rely on resistance measurements of a thin
metal film or wire whose resistance varies with temperature |7]. Though resistance
thermometers can routinely measure temperature with uncertainties of 10 mK, they
are sensitive to mechanical shock which causes the resistance to drift over time
requiring frequent off-line, expensive, and time-consuming calibrations [8].
Recently there has been considerable interest in developing photonic devices
as an alternative to resistance thermometers [9-11]. They have the potential to
provide greater temperature sensitivity while being robust against mechanical shock
and electromagnetic interference. Furthermore, the low weight, small form factor
photonic devices might be multiplexed to provide low-cost sensing solutions.
Photonic temperature sensors exploit temperature dependent changes in the
properties of a material; typically, a combination of thermo-optic effect and thermal

expansion |12H14]. For example, it has demonstrated that the intrinsic temperature



dependence of the refractive index of synthetic sapphire can be exploited for highly
sensitive temperature measurement by measuring microwave frequency shifts of the
resonant whispering gallery modes of monocrystalline sapphire, with measurement
uncertainties of 10 mK from 273.15 K to 373 K [15]. An optical analog of this, using
infrared light to probe strain-free fiber Bragg gratings (FBG), exhibits temperature
dependent shifts in resonant wavelength of 10 pm/K [9}/10,/12,|13]. This sensitivity
has been exploited in commercially available photonic temperature sensors [9}/12,13].

However, FBGs are susceptible to strain and are relatively large. Instead, we
consider in this thesis the use of ring resonators. In recent years, ring-resonator-
based devices [16}/17] have been exploited for bio-chemical sensing applications [18|
19|. In these sensors, temperature-induced shift in the resonance frequency has been
a complicating variable or feature that can adversely impact sensor sensitivity and
specificity. Indeed, development of an athermal ring resonator is an active area of
research [20,21]. In Chapter 2 we examine their use as thermal sensors, extending
the concepts from a recent study by Kim et al. [22] that demonstrated that silicon
ring resonator devices respond rapidly to small temperature variations (in about
6 us). Our results indicate that ring resonator based temperature sensors can be
used to detect temperature differences as small as 80 pK, a 13-fold improved on
previously reported results. This work was done in collaboration with Mohammad
Hafezi, Jingyun Fan, Jake M. Taylor, Alan Migdall, Gregory F. Strouse, and Zeeshan
Ahmed. We thank Kevin Douglass, Stephen Maxwell, Howard Yoon, Joe Hodges for
helpful comments. This work was supported in part by DARPA QuASAR and by the

NSF-funded Physics Frontier Center at the JQI, and resulted in a publication [99]



that forms the core of this chapter.

Chapter 3 presents the study of a mirror-in-the-middle system with a high-
reflectivity sub-wavelength grating. Dramatic improvements in optical and me-
chanical design and fabrication enable new regimes of light-matter interactions |27,
including observation of long-predicted effects such as cooling to the ground state of a
mechanical oscillator [28], ponderomotive squeezing [29-31], and new ultra-sensitive
sensors. Of the different approaches, the “membrane in the middle” platform for
cavity optomechanics, discussed in Ref. [32] and first demonstrated in Ref. [33] in
2008, is notable for the fact that it decouples the technical demands on the optical
and mechanical resonators. It has been used by a number of groups worldwide,
for example to observe radiation pressure shot noise [34], demonstrate optome-
chanically induced transparency [35], generate squeezed light [31], and optically
hybridize distinct mechanical modes [36]. In addition, a number of recent theoretical
proposals exploit the possibilities inherent in a “membrane in the middle” system
with membranes of high reflectivity, including achieving very high optomechanical
coupling to the collective modes of an array of such membranes [37,38], creating
interference between adjacent longitudinal cavity modes [39], new approaches to
force sensing with sensitivity exceeding the standard quantum limit [40], and studies
of quantum nonlinear optics [41]. However, to date, experimental efforts have
focused on low-reflectivity membranes, where the perturbations of the cavity modes
follow adiabatically with the mechanical motion [33,42,43]. In contrast, at high
reflectivity, the membrane-mirror effectively divides the cavity into left and right
modes [44], leading to the potential for non-adiabatic corrections to the mode
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structure with the motion of the membrane and a variety of novel optomechanical
phenomena [40,|41}45-47].

Obtaining high reflectivity with a uniform dielectric membrane is not possible,
as one is limited by the Fresnel equations governing reflection at dielectric interfaces
as applied to actual materials. High membrane reflectivity can, however, be achieved
if the membrane is not uniform but patterned as a photonic crystal structure. It has
long been recognized that the reflectivity of such a structure can approach unity at
normal incidence [48]. Motivated by these ideas, mechanically compliant photonic
crystal structures have been developed in InP [12,/49,[50] and silicon nitride [51];
in the latter case, little or no degradation of the mechanical quality factor was
observed. A variant on this approach is provided by a sub-wavelength diffraction
grating, in which only zero-order diffraction is allowed and very high reflectivity can
be engineered. Such “high-contrast grating” (HCG) structures can be designed with
a host of useful properties, including reflectors [52,53], focusing elements [54}|55],
filters, polarizers, and resonators [56].

Here we employ an HCG fabricated in a mechanically compliant silicon nitride
membrane to realize a “mirror in the middle” cavity system with a membrane of
high reflectivity. We show how the mode structure rapidly changes near the points
where the left sub-cavity and right sub-cavity simultaneously come into resonance,
and suggest that this is best understood via a perturbation theory starting from unit
reflectivity, in contrast to the usual dispersive regime for membrane-in-the-middle
work. In addition, the spectral signatures of the system allow more detailed study

of the losses than is possible in a simple cavity, and we quantify the reflection,



transmission, absorption and scattering losses in the context of a simple model.
This work was done in collaboration with Utku Kemiktarak, Corey Stambaugh,
Jacob Taylor, and John Lawall. Research performed in part at the NIST Center for
Nanoscale Science and Technology, resulting in the publications [98,(100] that form
the core of this chapter.

We use the mirror-in-the-middle cavity for highly sensitive and accurate dis-
placement sensing in Chapter 4. The modern definition of the fundamental unit
meter is the length of the path traveled by light in vacuum during a time interval of
1/299792458 of a sencond [70]. By definition, the accuracy of distance measurement
is limited fundamentally by the accuracy of time measurement, which currently has
an accuracy of the order of 1078 using an atomic clock [71,|72]. Given the ability
to accurately measure the time, it is natural to use light as a ruler, which has a
universal constant velocity in vacuum [73]. A direct application is the measurement
of the distance between the moon and the earth [744{77].

One widely used methodology for measuring small differential distance is two-
beam amplitude splitting interferometer [78]. The resolution of an interferometer is
the minimum detectable displacement. For a two-beam amplitude splitting interfer-
ometer, the laser is split into two beams, one to a reference mirror, and the other to
the target, and the reflected beams are then combined to interfere with each other,
giving a sinusoidal optical signal as a function of the displacement. Commercial
interferometers can give sub-nanometer resolution.

Generally, the two-beam amplitude splitting interferometric displacement mea-

surements require calibration in order to determine the displacement from the elec-



tric output signal, and is susceptible to noise in the reference arm. Another type
of high resolution interferometer is the Fabry-Perot interferometer which is inde-
pendent of an external reference arm. Fabry-Perot interferometers are used to
measure, e.g., small displacement inside tunneling microscope [80] and gravitational
constant [81,82]. An absolute uncertainty below 10 pm has been achieved by John
Lawall [83].

Here we use the mirror-in-the-middle system as a platform for high resolution
absolute displacement measurement, based on radio frequency measurement without
an optical reference. We have achieved a resolution of 4 x 107! m at a sampling
rate of 10 Hz. This displacement sensing is used to analyze the stability and slow
movement of the grating membrane in the mirror-in-the-middle cavity system. This
work was done in collaboration with Utku Kemiktarak, Jacob Taylor, and John
Lawall.

We propose buckling transition experiments for future study of optomechanics
using the grating membrane in Chapter 5. The radiation pressure force induces a
change in the dynamics of optomechanical systems, which has applications such as
cooling to the ground state of a mechanical oscillator |28], ponderomotive squeez-
ing [29-31], and enhancing the sensitivity of gravitational wave detectors [84}[85].
A stable optical trap for a gram-scale mirror has been reported, where the effective
optical spring constant is orders of magnitude larger than the low frequency mechan-
ical mode [86]. At larger light intensities when red detuned, the original equilibrium
position becomes unstable and the effective optical spring potential may transit
into a double well potential, which leads to optical bistability [87]. Here we study
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theoretically two types of buckling transitions due to the optomechanical interaction
between light and a grating membrane. The buckling transition can be observed
using our displacement sensing technique. This work was done in collaboration with
Jacob Taylor and John Lawall.

The appendices A and B are about fabrication of the micro-ring resonator
and grating membrane. It has been reported in [88-90] that micro-ring resonator
lattice can support topological states. Ref. [91,/92] are the theoretical works per-
formed during my graduate study on topological physics and topological quantum

computation.



Chapter 2: Ultra-sensitive chip-based photonic temperature sensor

using ring resonator structures

2.1 Overview

Resistance thermometry provides a time-tested method for taking temperature
measurements. However, fundamental limits to resistance-based approaches have
produced considerable interest in developing photonic temperature sensors to lever-
age advances in frequency metrology and to achieve greater mechanical and environ-
mental stability. Here we show that silicon-based optical ring resonator devices can
resolve temperature differences of 1 mK using the traditional wavelength scanning
methodology. An even lower noise floor of 80 K at 1 Hz for measuring temperature

difference is achieved in the side-of-fringe, constant power mode measurement.

2.2 Ring Resonator based Thermometer

The temperature dependence of the ring resonator arises from temperature-
induced changes in the refractive index and in the physical dimensions of the ring.
Fig. shows a typical ring resonator. Let us assume the coupling between the

waveguide and the ring to be lossless without back scattering. The coupling is



2
h‘ﬁ_‘:i
> . >
a, t b,

Fig. 2.1: Geometry of a ring resonator. ¢ is a coupling parameter describing the coupling
between the ring and the straight waveguide, a describes the loss of laser per

round-trip in the ring, and 6 is the phase gained per round-trip.

described by the following equation,

- , (2.1)

where ¢ and r are coupling constants satisfying [t|* + |x|* = 1. Without loss of
generality, we assume t to be a real number. ay and b, are related by

g = bgaeie, (2.2)

where « describes the loss of light per round-trip in the ring, and 6 is the phase

gained per round-trip. Solving Eq. (2.1) and Eq. (2.2), we obtain the transmission

factor,
|b1]2 _ 042—1—752—20415(:0597 (2.3)
la1]? 14 o?t? — 2atcosd
which is the ratio of output power to input power.
ANT)L(T)2 AN TL(T)2

A c ’
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where f is frequency of the laser, A is the vacuum wavelength, n is the effective
refractive index, L is the perimeter of the ring, and T is the temperature. Resonance
occurs at 0, = 2mm, when the output is at its minimum. The resonance wavelength
is

- n()\m,T)L(T)7 (2.5)

m

where m is the mode number. The free spectral range is

Cc

T )

(2.6)

When o =t =~ 1, the minimum output goes to 0, and the full frequency width at

half maximum is

1—1¢2
Afrwam = Wﬂ(()\m T))E(T) (2.7)
The quality factor is

N (1—1)A\n
When the temperature changes, the resonance wavelength also varies. The

temperature-induced shift in wavelength is given by

. 8Tn + n@TL/L
Ay = = o n Am AT, (2.9)

where n — \,;,0),,n is the group index.

By measuring the resonance wavelength, we can detect the variation in temper-
ature. Note that the variation in the refractive index due to the thermal expansion
coefficient for silicon (3.57 x 107%/K) is a factor of 100 smaller than that of the

estimated thermo-optic effect (2 x 1074 /K) of the silicon waveguide and not included
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Fig. 2.2: SEM image of a ring resonator device (11 pm radius, 130 nm gap).

in our analysis of the performance of ring resonator devices. Fig. depicts
a schematic of the photonic device (fabricated by ePIXfab) consisting of a ring
resonator coupled to a straight-probe waveguide, with cross-section designed to be
610 nmx220 nm to assure single-mode propagation of the transverse-electric (TE)
light (the electric field in the slab plane) at the telecom wavelengths (1550 nm) and
air gap of 130 nm for evanescent coupling between the resonators and the probing

waveguide.

2.3 Measurement

Fig. shows the setup of our experiment. A tunable Santec laser (TSL-
210) was used to probe the ring resonator. A small amount of laser power was
immediately picked up from the laser output for wavelength monitoring (HighFinesse
WS/7) while the rest, after passing through the photonic device, was detected
by a large sensing-area power meter (Newport, model 1936-R). The photonic chip

itself is mounted on a 2-axis stage (Newport) in a two-stage temperature controlled
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Fig. 2.3: Block diagram of the two microscopy-based interrogation setup used to study

the photonic devices.

enclosure. Input from a platinum resistance thermometer from each stage is fed to
its respective proportional-integral-derivative controller that drives a thermoelectric
cooler (Laird Technologies). The first stage minimizes global temperature fluctua-
tions inside the enclosure to better than +1 K, while the second stage minimizes
temperature variations at the chip to < 17 mK over 24 hours. The relative humidity
(%RH) levels inside the temperature enclosure were monitored using a portable
humidity meter (Vaisala). Relative humidity levels were varied inside the enclosure
by varying the flow rate of water saturated air.

Traditionally, photonic thermometers such as those based on Fiber Bragg
gratings (FBG) employ continuous wavelength scanning techniques to measure tem-
perature changes |13]. In this scheme - Wavelength Scanning mode - the probe

laser is continuously scanned across the frequency region of interest and the trans-
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Fig. 2.4: The 11 pm radius ring resonator used here shows an FSR of =~ 9.2 nm near
1550 nm.
mission /reflection spectrum is recorded and its center frequency computed. With
the help of a previously determined calibration curve, the center frequency is then
converted to temperature. Using this approach we evaluated our ring resonator
based temperature sensor by systematically varying the temperature between 288 K
and 306 K. Our measurements of a resonator with ring radius of 11 ym and a
gap of 130 nm, show a free spectral range (FSR) of ca. 9.2 nm and bandwidth of
0.03 nm corresponding to a quality factor (Q-factor) of 52000 (see Fig. 2.4]). As
shown in Fig. we observed that this device shows a temperature dependent
shift in resonance wavelength of 77 pm/K, which is an eight-times improvement
over FBG temperature sensor. Given the wavelength resolution of 0.1 pm for the

wavemeter used in the current setup, we estimate that this temperature sensor can

14



Temperature
=) —
=S R
Ef \\ f Y [ ~ "
185354 o |
& ,“
- 2l
< gy IRIEN
- 1552 1553 u
4, 1553.04 Wavelength
-
IS u
2
P |
=
1552.5
u
1552.0

-t r r - r - rrr 1t r° 1T 17
288 290 292 294 296 298 300 302 304 306
Temperature (K)

Fig. 2.5: The ring resonator acts as a notch filter whose resonance window is sensitive
to temperature changes. The resonance wavelength systematically increases as

the temperature increases; resonances at various temperatures are shown in the
insert.
resolve temperature differences of ~1 mK.

Humidity and intrinsic heating are known to often affect the optical response
of photonic sensors [2324]. We systematically examined the impact of relative
humidity (%RH) changes on resonance frequency by varying humidity levels from
17%RH to 26%RH at 294.15 K. These measurements do not show any significant
changes in resonance frequency as %RH is varied. We note that at 294.15 K,
an increase of A(%RH)= 9 would require a temperature increase of ~9 K. Our
measurements indicate the change in resonance frequency observed in Fig. de-
rives from temperature changes and is not correlated to changes in humidity. The

insensitivity of our device to changes in humidity likely derives from the passivating
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Fig. 2.6: Increasing incident laser power causes self-heating in ring resonator based devices
resulting in an increase of the device resonance wavelength. Consequently, ring
resonator increasingly over-estimates the ambient temperature compared to a
platinum resistance thermometer. Over the incident power range of 0.0063 mW

to 0.1 mW the estimated systematic temperature error is below 0.1 K.

Si02 layer deposited on-top of the ring resonator. In contrast to the observed
insensitivity to humidity changes, we find that varying the input laser power from
0.0063 mW to 3.16 mW results in a systematic upshift in the resonance frequency
and a corresponding systematic error in temperature determination (see Fig. [2.6)).
As shown in Fig. as the incident laser power is increased, the ring resonator
increasingly over-estimates the ambient temperature as compared to the platinum
resistance thermometer located on the chip stage. Our results suggest that incident

laser power fluctuations, if left unaccounted for, may be a significant source of
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measurement uncertainty. The impact of laser induced self-heating, however, might
be mitigated by operating at low laser powers (< 12 pW) or by ensuring the

operating laser power matches the laser power used during device calibration of

the sensor.
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Fig. 2.7: Allan Variance measurements indicate the instrument noise bottoms out at a

1 Hz measurement rate, creating a noise floor of ~80 uK.

Noise Source Noise Level (uK)
Laser Power 10
Laser Frequency 40
Background thermal fluctuations 69

Tab. 2.1: Noise sources contributing to photonic temperature measurement

Here we demonstrate an alternative approach to Wavelength Scanning mode
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Fig. 2.8: Power spectral density plot shows 1/f noise dependence.

for measuring temperature changes smaller than 1 mK. In this measurement scheme
— side of fringe, constant power mode — the laser power is maintained at a constant
power level and its frequency centered on the side of resonance at the point of
steepest descent (point of half contrast). A small, temperature-dependent shift in
resonance frequency results in a large change in transmitted laser intensity. Since the
resonance lineshape is known, intensity fluctuations can be converted to an estimate
of center frequency change without measuring the peak shape. This measurement
scheme is limited by the system noise including both laser frequency and intensity
noise, as shown in Fig. 2.7 We have quantified the system noise at 296.15 K by
systematically measuring the output power of the ring resonator as a function of
time with laser wavelength set on- and off-resonance (Tab. 2.1). The laser fre-
quency was simultaneously monitored during these measurements to quantify laser

frequency noise which primarily derives from long term drift in laser frequency. To
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quantify this, we performed a control, off-resonance measurement in which the laser
is tuned in between two resonance peaks; transmitted intensity corresponds to light
traveling through the entire optical train except the on-chip resonator. This control
measurement allows us to estimate noise sources deriving from fluctuations in laser
power and light coupling. The side-of-fringe approach is estimating the resonance
frequency by local inversion of the expected lineshape, and thus contains additional
contributions from background thermal fluctuations and laser frequency noise. With
the data sampling rate set at 100 Hz, a total of 32,768 data points were collected
for each measurement. This data set was used to generate the noise power spectral
density spectrum [25] and the corresponding Allan variance plot [14] (Fig. and
Fig. . Our results indicate that Allan variance reaches a minimum at sampling
rate of ~1 Hz. At 296.15 K, the noise floor on the temperature measurement of
~80 pK at 1 Hz is set by on-resonance measurement, which represents a 13-fold
improvement over the traditional wavelength scanning mode. The on-peak measure-
ment contains contributions from laser power noise (=10 pK), laser frequency noise
(~40 pK) and additional technical noise which we attribute to background thermal
fluctuations (=69 pK). The background thermal fluctuations contain contributions
from thermorefractive noise arising due to intrinsic temperature fluctuations in the
active device region due to its small size. Using the thermodynamic equation [26]
(< p? >= kT?/CVp), where T is the temperature of the environment, k;, is
the Boltzmann constant, p is the density and C' is the specific heat capacity at
constant volume of the material (=700 J-Kg/K for Silicon), for this finite size
device (0.22umx1.2umx66um circumference) the expected intrinsic temperature
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fluctuation is ~100 pK. However, over the millisecond-to-second averaging times
used in the measurement, the effective volume of the device is substantially larger
due to heat exchange with the insulating substrate. We expect our measured value
to be due to other sources of fluctuations. At time scales of 1 min or longer (time
required for scanning the resonance peak), the noise floor for side-of-fringe mode
rises above the uncertainty level in wavelength scanning mode. Our results suggest
that for measurement applications requiring long observation times (e.g. process
control), in the absence of frequency stabilization, the classic wavelength scanning
mode provides lower measurement uncertainty. The side of fringe constant power

mode is best suited for dynamic temperature measurements.

2.4 Conclusions

We have demonstrated in this chapeter that ring resonators can be used for
temperature sensing with sub-mK resolution. Using the traditional wavelength
scanning methodology, we demonstrate the temperature sensitivity of ring resonator
based devices is a factor of eight greater than FBG based devices. We have demon-
strated that the novel use of “side of fringe, constant power mode” allows us to
detect temperature differences of 80 pK. This represents a 13-fold improvement
in temperature sensing as compared to wavelength scanning methodology. The
noise level of these devices can be further reduced by laser frequency and power
stabilization techniques. The low noise levels of these photonic sensors along with

their low thermal mass and immunity to electromagnetic interference make them
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attractive choice for applications in aerospace and microfluidics. However, key
systematic errors induced by laser power and laser frequency noise remain to be

addressed over a wider range of temperature and operating environments.
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Chapter 3: From membrane-in-the-middle to mirror-in-the-middle with

a high-reflectivity sub-wavelength grating

3.1 Overview

We demonstrate a “membrane in the middle” optomechanical system using a
silicon nitride membrane patterned as a subwavelength grating. The grating has a
reflectivity of 0.998140.0001, effectively creating two sub-cavities, with free spectral
ranges of 6 GHz, optically coupled via photon tunneling. Measurements of the
transmission and reflection spectra show an avoided crossing where the two sub-
cavities simultaneously come into resonance, with a frequency splitting of 54 MHz.
We derive expressions for the lineshapes of the symmetric and antisymmetric modes
at the avoided crossing, and infer the grating reflection, transmission, absorption,

and scattering through comparison with the experimental data.

3.2 High-Contrast-Grating (HCG) Design

The HCG design was driven by the desire for a structure that would be rela-
tively insensitive to fabrication parameters while offering high reflectivity. Although

analytic formulations for HCG properties are available for idealized geometries [58],



we have relied on rigorous coupled wave analysis [59] (RCWA), which allows more
general structures to be treated [57]. Low-stress silicon nitride, with an index of
refraction of n ~ 2.2, and a thickness of t = 470 nm, is found to allow high reflectivity
at our target wavelength of 1560 nm with grating periods in the range of 1.44 um to
1.54 um and finger widths in the range of 0.52 um to 0.62 um. In earlier work [60],
the imaginary part of the index of refraction of the silicon nitride membranes was
found to be in the range 1.66 x 107> < n; < 1.92 x 1075, Taking n; = 1.8 x 1075, the
calculation shows the absorption of the HCG structure to be in the range of 1.3x10~*
to 1.5 x 10~* when it is illuminated from one side, depending on the exact geometry.
The unpatterned membrane, on the other hand, is found to have an absorption of
6.3 x 107°; the difference is the consequence of electric field enhancement inside
the HCG structure. Fig. 3.1 shows an example of the grating membranes we have
fabricated in the clean room at NIST (see Appendix B for details of the fabrication

process).

3.3 Model for “HCG in the middle” system

We model the “HCG in the middle” system (as shown in Fig. by means of
the transfer matrix formalism, which yields the steady-state solution for the fields
within and outside the cavity [62]. Each element in the cavity is represented as
a two-port device, in which the complex amplitudes of the outgoing and ingoing

electric fields on the right are related to the ingoing and outgoing fields on the left
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Fig. 3.1: SEM images of a silicon nitride membrane (250 pmx250 pm) with pattered
HCG. The HCG has a diameter of 80 pum, and the small red circle represents the

size (waist wp = 17 pm) of the confined cavity mode.
by means of a matrix M, as follows:

Eout Ein
Ei Eout
R

The cavity length is denoted 2d, and the membrane is positioned a distance d + x
from the input coupler (left mirror) of the cavity, as shown in Fig. 3.2l The transfer
matrix M for the entire cavity can be found by simple matrix multiplication of
the transfer matrices of the individual elements, and the cavity transmission and
reflection coefficients are given by ., = 1/MS5Y and req, = MSH /MSS".
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Fig. 3.2: The highly-reflective membrane is located near the center of an optical cavity. It
is represented as a zero-thickness slab of polarizable material sandwiched between
two “scattering” elements (light blue rectangles), each of which attenuates the

— S /4

field in an optical traveling wave by e The dielectric cavity mirrors are

modeled as lossless (R + T = 1) reflecting elements, next to which similar
“scattering” elements, characterized by Sg.;, are placed. The cavity is nearly

concentric, resulting in a small beam waist.

The starting point for our description of the optical properties of the membrane
is that taken by Spencer and Lamb and others in early studies of
two coupled lasers, as well as more recent theoretical studies and proposals in
optomechanics . The membrane is taken to be a zero-thickness slab of
dielectric material with complex polarizability ( = (g + (s, such that the reflection
and transmission coefficients are r/, =i(/(1 —i¢) and ¢/, = 1/(1 —i(), respectively.

The corresponding transfer matrix is

14+i¢ ¢
Mpem = . (3.1)
—i¢ 1—14C
Material absorption is described by ¢; > 0; it is readily shown that |/ |>+ |t/ |* = 1

if and only if (; = 0. While this model is clearly an idealization of the HCG,
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neglecting its thickness and resonant properties, it does capture the essence of the
device for these purposes.

Nevertheless, a somewhat more general model is required to account for loss
mechanisms other than absorption, such as scattering from surface roughness. In-
deed, if we consider light incident from only one side of the membrane described
by , the fraction of the incident power lost to absorption is simply A,, =
1—|r! |2 —|t.,)?. If, however, light is incident from both sides, of the same amplitude
but differing in phase by 6, the fraction of the incident power lost to absorption is

found to be

P — Pt 2¢7(1 4+ cos )
b G+

The power absorbed vanishes even if (; # 0 for § = 7, meaning that the membrane
is located at a node of the electromagnetic field. In order to model losses from

other mechanisms, we sandwich the membrane between two “scattering” elements

(Fig. [3.2), each of whose transfer matrix is taken to be

g Sm/4 0
Mscat = ) (32)
0 eSm/4

where S,, << 1. The effect of this matrix is to attenuate the transmitted field

—Spm /4

by a factor e in a single pass, and thus the power by a factor e =/2. For

single-sided illumination, then, the fractions of the incident power reflected and

/
m

transmitted are R, = |r/ |2¢=°" and T,, = |t/ |*¢~™, respectively, and one finds
R,+T,+ A,+S,=1.

For simplicity, we use the latter formalism to describe losses in the cavity
mirrors as well. We model each dielectric cavity mirror as a lossless reflector, with
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real reflection and transmission coefficients r and ¢ satisfying 72 + 2 = 1, next to
which a similar scattering element parametrized by Sy, is located (Fig.|3.2). The
assumption that the mirrors have equal reflection and transmission is reasonable,
given that they were produced in the same coating run. The assumption of equal

scattering losses will be discussed subsequently.

3.4 Experiment Setup

The optical cavity used in our experiment is comprised of two high-reflectivity
dielectric mirrors with nominal radii of curvature Ry = 25 mm. The cavity
length is set such that the optical cavity is nearly concentric, with a cavity length
approximately 28 £6 um below the stability boundary of 2R 4;¢; [66]. The geometry
of the confined mode has a spot size (radius) on the mirrors of w; = 730 + 40 pm
and a waist (radius) of wy = 17 & 1 pm; the numeric value following the + sign is
the combined standard uncertainty given with a confidence level of approximately
68%. This choice of waist is motivated by a compromise between minimizing beam
spillage off of the patterned grating, and having a waist whose wavevectors have a
narrow distribution of transverse momenta, as noted previously [61].

The membrane is placed on a X-Y-Z stage with tip/tilt control so that it can be
positioned at the center of the optical cavity. It is adjusted to be normal to the cavity
mode and located at the mode waist by monitoring the transmission, and minimizing
signatures of coupling from the TEMy, mode to higher-order transverse modes. The

mode-matching optics are not readjusted after the membrane is inserted into the
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optical cavity. The longitudinal location is confirmed by blocking the portion of
the cavity following the membrane so as to establish a simple Fabry-Perot cavity
with the input coupler and the HCG, and measuring its free spectral range (FSR).
The FSR of this sub-cavity is a factor of two larger than that of the empty cavity
(membrane removed); accounting for measurement uncertainty, we infer that the

membrane is within 2.3 um of the center of the cavity.

3.5 Empty Cavity

We begin by studying the cavity in the absence of an HCG in order to establish
the characteristics of the cavity mirrors. In Fig. the measured transmission of the
empty cavity is plotted on a logarithmic scale. The large peak is the transmission of
a fundamental TEMy, mode, and sets the origin of the detuning. The small peaks,
with amplitudes two orders of magnitude below that of the TEMyg mode, are due
to coupling to higher-order transverse cavity modes. Their small size indicates that
the injected beam is well, but not perfectly, mode-matched to the cavity. Moreover,
the frequencies of the higher-order modes are related to the overall cavity length
and geometry of the confined modes [66]; in particular, one infers that the waist size
of the fundamental mode is wy = 17 um, as noted previously.

In Fig. 3.4 the calibrated cavity transmission and reflection of a TEMy,
resonance are plotted on a linear scale. The frequency scale was established by means
of an auxiliary experiment using sidebands on the laser provided by an electro-optic

modulator. The predicted transmission and reflection spectra,taking ( — 0 in our
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Fig. 3.3: Transmission spectrum of the empty cavity, logarithmic scale. The large peak
corresponds to a TEMyg mode, and the small peaks are higher-order transverse

modes. Their small size relative to the main peak is indicative of good mode

matching.
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Here T = t? is the (power) transmission of the input and output couplers, Av =
c/(4d) is the free spectral range of the cavity (length 2d), and dv = v — 1y is the
detuning of the incident light with frequency v from the cavity resonance frequency
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Fig. 3.4: Transmission (cyan) and reflection (red) for the empty cavity, with Lorentzian

fits. From these data the characteristics of the cavity mirrors can be determined.

vp. As discussed by Hood et al [67], the spectra of the TEMg, mode are related
to the experimentally determined transmitted power P, and reflected power P, by

means of a factor e which is equal to the fraction of the input power coupled into

the TEMyy mode. The FWHM of the transmission peak is

S ie Tav
Ko Ddiet ¥ Lavg 5 (3.5)

27 s

By fitting the data in Fig. 3.4 to (3.3)) and (3.4)), we determine Sz, = (3.0 £0.1) x
1074, T = (1.304:0.04) x 1072 and € = 0.924-0.005. In the foregoing analysis, it was
not actually necessary to assume equal scattering losses for the input and output

couplers; the quantity Sy in fact yields the average of the two. Alternatively put,
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it is not possible to separately infer the scattering losses of the two mirrors of the
empty cavity in our model. It is thus natural at this point to make the assumption
that they are equal. Having established the characteristics of the empty cavity, we

are now in a position to study the cavity with an HCG in the middle.

3.6 HCG In Cavity

3000 X o
N
é 2000 -0.87
= 1000 .
(€))
2 Ol = >
(@)
< -1000
O
8- -2000

-3000 X

-500 0 500

membrane position x (nm)

Fig. 3.5: The transmission is large only at points = where both left and right sub-cavities
can be simultaneously resonant. The color scheme is logarithmic, with the
colorbar representing log;, (7).

When a highly reflective HCG membrane is placed in the center of the cavity,
the system behaves as two sub-cavities that are optically coupled through the mem-
brane transmission and mechanically coupled through the position of the membrane.
The transmission and reflection spectra are then functions of the axial membrane
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Fig. 3.6: The reflection exhibits a pronounced dip for all frequencies such that the left
(input) sub-cavity is resonant. The weaker reflection dip arises from TEM;jq
modes that have not been suppressed. Here the color scheme represents log;,(1—
R). The anti-crossings result from the coupling between the left and right cavity
modes.

position. The transmission, Fig. 3.5, is largely maximized when each sub-cavity is

simultaneously resonant, which is possible when x &~ NA/4. The reflection, on the

other hand, exhibits a deep dip whenever the left-hand sub-cavity is resonant, as
shown in Fig. [3.6] Qualitatively, this can be understood as the left-hand sub-cavity
being approximately impedance matched [68]. At the points where the transmission
is maximal, there are in fact pronounced avoided crossings in the spectra, as shown in
Figures (The distortion of the lower branch of the resonance curves at x ~ 4 nm

is due to the presence of higher-order transverse modes). At the avoided crossing at
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Fig. 3.7: Left: Fine scan of transmission near the normal mode splitting. The crossing
seen at r ~ 4 nm results from the TEMgs symmetric mode coupling to the
antisymmetric TEMyy mode. The dashed line at * = 0 indicates the data
slice plotted in Fig. B.9(a). Right: Zoom in on the reflection data; the insets
represent the field distribution. The illustrations near the upper (lower) branch

are associated with the symmetric (antisymmetric) modes.

x = 0, the lower resonance corresponds to an optical cavity mode with odd parity,
and the upper resonance corresponds to an optical mode with even parity (Fig. .
For x # 0, the mode amplitudes in the two sub-cavities are different, and the modes
are no longer purely symmetric or antisymmetric. For —\/8 < z < 0, the higher-
frequency mode is localized primarily in the left sub-cavity, while for 0 < z < \/8,
it is the lower-frequency mode that is localized to the left. This is illustrated in the
close-up of the reflection spectrum shown in Fig. [3.7. Analytic expressions for the
modes of a lossless cavity, with perfectly reflecting cavity mirrors and {; — 0, have

been given previously [64}65].
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Fig. 3.8: Normal mode splitting. In the vicinity of membrane positions z such that left
and right sub-cavities are simultaneously resonant, the cavity modes split into a

doublet whose elements have opposite parity about the membrane.

In our model of a zero-thickness membrane, the field amplitude of the antisym-
metric mode vanishes at the membrane location, and the wavelength of the mode
is the same as that of the empty cavity at the same frequency. The symmetric
mode, however, is nonvanishing, with a discontinuous spatial derivative at the
membrane position [64]. As R,, = |r,.|* — 1, the field amplitude at the membrane
diminishes and approaches a node, but as long as R,, < 1 the amplitude will be
nonzero and result in absorption. Similarly, the phase accumulation from —d to d
remains larger than that for the antisymmetric mode, with the consequence that
the frequency is higher. We denote the frequency difference between the symmetric
and antisymmetric modes at x = 0 as dvg4.

The transmission and reflection spectra, accounting for cavity and membrane
losses, are given by our transfer matrix treatment. Here we focus on the case x = 0.
The transmission spectrum at z = 0 is shown in Fig. 3.9(a), where the origin of

the detuning is taken to be the resonant frequency of the antisymmetric mode.
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The mode splitting is seen to be dvgs = 54.16 + 0.22 MHz, and the resonance
associated with the antisymmetric mode is somewhat stronger and narrower than
that associated with the symmetric mode. From the mode splitting we can infer
the membrane transmission. Within our model, the mode splitting is independent

of scattering losses and is given by

dvsa = gtan_l( 2<_R1 (1— G )) (3.6)

m Ch R—1

2
;(sin_1 [tm|)Av, (3.7)

Q

where the last line results from making the approximation of a membrane without
absorption loss, (; — 0. This result agrees with that found in earlier work [32}/64.,/65].
From Eq. we infer T, = (8.074:0.06) x 1074, with a corresponding polarizability
of (g = 35.1840.14. The correction to (g induced by taking (; to be 0 (as determined
from the subsequent lineshape analysis) in Eq. is negligible.

We next consider the lineshapes of the transmission resonances shown in
Fig. 3.9(a). The transmission spectrum of the antisymmetric mode is found to

be Lorentzian with FWHM and peak height given by

asym T
’i% _ 5 : Av (3.8)
T2
TV = (3.9)
peak )
((1+52) + B5) (T + 5)2

where S = Sgie; + S The expression for the linewidth is the same as (3.5)) for the
empty cavity, with the scattering losses now taken to be the sum of those for the

membrane and the dielectric mirrors.
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The FWHM and peak height of the symmetric mode are given by

pem 1S +T)EG+ (S +T)A+G)) (3.10)
27 7r 1+ ¢3 '
T2
sym
Tpeak (w>2+ (WM)Q
2 Av

1
X%NS+Tr+u+f@(%§f’

(3.11)

where it has been assumed that (g > 1 (which is the case of interest). If (; # 0 the
peak is not exactly Lorentzian, and it shows additional broadening due to absorption.

Taking the mirror properties T and Sy, the fraction e of power coupled into
the TEMyg mode from the measurements of the empty cavity, and drgs and (r
from the measured frequency splitting between the symmetric and antisymmetric
modes , the only remaining parameters to be determined are the membrane
scattering .5, and the imaginary part of the polarizability (;. Fitting the transmis-
sion data, as shown in Fig. [3.9(a), to the equations from which — were
derived yields ¢; = 0.15140.008 and S,,, = (8.141) x 10~*. These parameters may
then be substituted into expressions for the cavity reflection based on the matrix
model, and the results are overlaid on the reflection data in Fig.[3.9(b); the excellent
agreement is a testament that our model accurately captures the underlying physics.

We now summarize the optical properties of the HCG as determined from
our measurements. Within our model, the reflection and transmission of the slab
parametrized by polarizability ¢ are |/ |> = [i¢/(1 — i{)|* = 0.99895 + 2 x 107°
and |t/ |* = [1/(1 —i¢)|* = (8.07 £ 0.06) x 107*. The corresponding absorption,
appropriate for light incident from one side of the HCG, is A,, = 1—|r} |> — |t |* =
(2.34 +0.28) x 1071, The transmission is thus approximately a factor of 3.5 higher
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than the absorption. Scattering reduces the transmission and reflection by a factor

e~ yielding R,, = |r} |’ = 0.9981 and T}, = |t/ |’e~ = 8.06 x 107,

3.7 Conclusion

By using a membrane patterned as a subwavelength diffraction grating, we
have implemented a “membrane in the middle” system with a membrane of very high
reflectivity. The resonance spectrum is qualitatively different from those demon-
strated to date using low-reflectivity membranes; rather than a sinusoidal modula-
tion of frequency with membrane displacement, the spectrum is that of two cavities
coupled by photon tunneling through a shared highly-reflecting mirror. The weak
optical coupling manifests itself as an avoided crossing at the point where the left-
and right-hand cavities are simultaneously resonant, and from the size of the avoided
crossing we are able to precisely determine the membrane transmission.

Analysis of the avoided crossing allows additional insight into the loss mech-
anisms present in the subwavelength grating. The upper branch of the avoided
crossing is a spatially symmetric mode, having nonzero overlap with the membrane,
whereas the lower branch is antisymmetric, having (in the limit of a membrane of
vanishing thickness) no overlap. Consequently, the symmetric mode suffers greater
loss from absorption, manifest in the form of a weaker resonance peak with a larger
linewidth. Losses unrelated to material absorption are the same for both modes,
so that by comparing the two resonance peaks with those of the empty cavity,

we are able to distinguish the effects of absorption and scattering. Furthermore,
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straightforward modeling and more exhaustive experiments, involving injecting light
from both sides of the cavity, could independently probe scattering losses from the
two sides of the membrane.

The values found for the HCG properties agree reasonably well with those
expected from RCWA calculations, although the measured absorption A,, = 2.34 x
10~* is somewhat higher than the value 1.3 x 107* < A < 1.5 x 10~ predicted by
RCWA. Further reduction of absorption losses is possible by the use of stoichiometric
SigNy [69] rather than the low-stress SiN that was used in this work. Scattering
losses can in principle be reduced by further improving the fabrication process. The
present study has concentrated exclusively on the optical properties of our “HCG
in the middle” system. The HCG is, however, mechanically compliant, and future

work will explore the optomechanical opportunities in this system.
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Fig. 3.9: (a) Transmission and (b) reflection at # = 0 (dashed line in Fig. [3.7). The two
peaks correspond to the antisymmetric and symmetric modes. The taller peak
(purple) in (a) is the empty cavity transmission. The overall reduction in height
of both modes with respect to the empty cavity results from scattering losses,
while the relatively smaller, broader peak of the symmetric mode results from
absorption. The frequency separation dvg4 is used to determine |t,,| or (. The
cyan curve superposed on the transmission data is a fit to our model, in which the
only adjusted parameters are the loss terms S, and (;. The red curve superposed
on the reflection data is not a fit, but rather the prediction of our model using

the parameters S, and (; determined from the fit to the transmission data.

39



Chapter 4: Displacement sensing with mirror-in-the-middle cavity

4.1 Overview

One widely used methodology for displacement measurement is two-beam
amplitude splitting interferometer [78], which requires calibration to determine the
displacement from the electric output signal, and is susceptible to the noise in the
reference arm. Another type of high resolution interferometer is the Fabry-Perot
interferometer which is independent of an external reference arm.

Fabry-Perot interferometers are used to measure, e.g., small displacement
inside tunneling microscope [80] and gravitational constant [81,/82]. An absolute
uncertainty below 10 pm has been achieved by John Lawall [83]. Two methods were
studied in Ref. [83]. One is the radio-frequency method, in which free spectral range
is measured to give an absolute displacement measurement but lower resolution.
The other is the optical method, which gives a much higher resolution but requires
a reference laser.

Here we develop a technique for highly-sensitive displacement measurement.
This technique is based on radio frequency measurement which can be measured
with high accuracy. We are able to measure the displacement with a resolution of

4 x 107 m at a sampling rate of 10 Hz. This displacement sensing can be used to



analyze the stability and slow motion of the grating membrane in the mirror-in-the-

middle cavity system.

4.2  Theory

d+x d-x

Fig. 4.1: Mirror-in-the-middle cavity.

Consider the mirror-in-the-middle cavity as shown in Fig. We assume
there is no the coupling between the two subcavities for simplicity. Similar to ,
,, the resonance conditions for the fundamental mode in the left and right

cavity are given by

2my = 2(27rfli‘”) — ®(d + ) + &l 1), (4.1)
2em, = 202x " 0~ ) + 6,5, (42)

where f; and f,. are the resonance frequencies of the left and right cavities, m; and
m,. are the mode numbers, ¢;(f;) and ¢,(f,.) are the phase shifts at the mirrors, and
®(d+x) and ®(d— x) are the phase differences between a plane wave and a confined

Gaussian beam. Specifically, ®(d + x) and ®(d — z) are

®(d + ) = sin '[\/(d + z) /R, (4.3)
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®(d — z) = sin"'[y/(d — z)/R], (4.4)

where R is the radius of the curved mirrors. For quarter-wave stack dielectric mirrors

oi(fi) and ¢,.(f,) are approximately linear in frequency,
() = dro + alfi — fio), (4.5)

(br(fr) = ¢r,0 + a(fr - fr,O): (46)

where ¢, and ¢, are constants, and « is of the order of 1/f,. From the above

equations, we have

2mmy = 2<2WM —sin ' [\/(d + 2)/R]) + ¢r0 + alfi — fio), (4.7)

27Tm,, = 2(27{@ - Sin_l[\/ (d - [E)/R]) + Qbr,o + a(fr - fr,0)7 (48)

Solving the above equations, we obtain

p Jd+x P —Oéfl,o)
R 27 ’

filz) = Afi(z)(my + % sin™

fo(@) = Af(@)(m, + sty /222 - G0 = @ro) (4.10)
T R 27

where Afj(z) = W and Af,.(z) = m are the free spectral range of the

e
2w c 27

left and right cavities. The difference between the resonance frequencies of the two
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cavities is

Fz) = fi(x) = filz)

= Af)m, sty [ 2 0= 0y

d‘i‘I ¢lo—04fzo

—Afi(z)(my + —sm

o F MV

_Afi(O) - Afr( )

! W e am

70 T ?x Afl( )

)

Given initial resonance frequency and free spectral range and geometry for each
cavity (which are constants once fixed), we can obtain the position of the middle
mirror by measuring the frequency difference between the two cavities. The response

of the frequency difference to a variance dz in the position of the middle mirror is

T

sy~ AE@ALE) 4 AEAL@),

Cc

1 Afr(x) Afi(z)
27TR \/d x\/l__ \/d+m\/1 d+x

When the middle mirror moves slightly away from the center (0x < A where

(4.12)

A is the wavelength of the laser), and neglecting the second term of Eq.
( d%ﬂ /11— d’TxR > ), i.e. the cavity length is sufficiently away from the critical

condition)

C

(4.13)

Neglecting the second term in Eq. results in an uncertainty of the order of

2. Noting that if the middle mirror is initially in the center, we have f,(0) =
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fr(0) = fo = 1/Ao (choosing the same mode number for the two cavities) and
Af.(0) = Afi(0) = Afy, we obtain

46z OF ()
Ao Afo

(4.14)

For small displacement (0 < Ag), the uncertainty of the displacement measurement
is dominated by the uncertainty of the frequency difference measurement, while the

uncertainty due to the approximations made above is negligible. Otherwise we need

to resort to Eq. {.11]

4.3 Experiment setup

The setup is quite similar to the one in Chapter 3, except that here we have two
independent lasers injected from two sides. Here are the most relevant parameters.
For the first part of the experiment we build an optical cavity with two high-
reflectivity dielectric mirrors with nominal radii of curvature R = 25 mm. The
cavity length is approximately 28 4+ 6 um below the stability boundary of 2R. The
confined mode thus has a waist (radius) of wy = 1741 pm. This choice of waist here
is for a compromise between minimizing beam spillage off of the patterned grating,
and having a waist whose wavevectors have a narrow distribution of transverse
momenta. We point out that for a general mirror-in-the-middle system, the choice
of geometric parameters has a much wider range, as long as the two subcavities
retain high quality factors throughout the measurement process when the middle
mirror moves. Two independent lasers were aligned and locked to the cavity modes
through Pound-Drever-Hall method, one from left and the other from the right side,
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as shown in Fig. [L.1]

For the second part of the experiment we align the membrane (placed on a
X-Y-Z stage with tip/tilt control) to the center of the optical cavity. It is adjusted
to be normal to the cavity mode and located at the mode waist. The alignment
is not so critical in this experiment compared to the one in the last chapter. The
longitudinal location is confirmed by measuring the free spectral range of either
subcavity, which shows that the membrane is within 2.3 pm of the center of the

cavity. Each subcavity has one laser locked to its own optical mode.

4.4 Displacement sensing with the mirror-in-the-middle cavity

4.4.1 Empty cavity

This first experiment with the empty cavity is to show the resolution of our
setup. It is generally not necessary for the displacement sensing in the mirror-in-
the-middle system. The left laser is locked to one mode (m) of the empty cavity, and
the right laser is locked to another mode (m + 1) which is separated from the left
laser by a free spectral range. Then we beat the two lasers and measure the beating
frequency with a counter, and record the data for analysis. We show the power
spectral density in Fig. [£.2], where we have converted the frequency to displacement
using Eq. [£.14 The data was taken at a sampling rate of 1000 Hz for 8.192 s. We
show the Allan deviation in Fig. [4.3] The noise floor is ~0.6 kHz (or equivalently
4 x 107 m) at about 10 Hz. This measurement also tells us the free spectral range

of the empty cavity, which is 2.993536 GHz with an uncertainty of 3 kHz. The
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Fig. 4.2: Power spectral density of the frequency difference between the two lasers. The
left laser is locked to one mode (m) of the empty cavity, and the right laser is
locked to another mode (m + 1) which is separated from the left laser by a free
spectral range. The data was taken at a sampling rate of 1000 Hz for 8.192 s.

The right axis is the conversion of frequency difference into distance.

noise comes mainly from the drift of the cavity and the Pound-Drever-Hall (PDH)
locking technique. The drift of the cavity induces a change in the FSR. The noise in
the PDH locking induces noise in the frequency of both lasers, which causes noise

in the beating frequency.
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Fig. 4.3: Allan deviation of the frequency difference between the two lasers. The noise

floor is ~0.6 kHz (or equivalently 4 x 10~'* m) at about 10 Hz.

4.4.2 Mirror-in-the-middle cavity

Section 4.4.1 presented the characterization of the resolution and noise of
our displacement sensing. In this section we apply this technique to measure the
displacement of the middle mirror (in our case the membrane) to characterize the
stability of the middle mirror. After aligning the middle mirror near to the center
(avoid the anticrossing), we lock the left laser to the left cavity mode and the right
laser to the right cavity mode. We choose the left cavity mode to be close to the
right cavity mode, with a separation typically ranging from several hundred MHz to

several GHz. Then we beat the two lasers and record the frequency difference with
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Fig. 4.4: Displacement measurement of the middle mirror. Data sampling rate is 10 Hz.

The middle mirror is drifting at a rate of ~ 3 pm/s.

a counter. Fig. shows the data with a sampling rate of about 10 Hz. We notice
a slow drift of the middle mirror at a rate of ~ 3.05 4+ 0.03 pm/s; the numeric value
following the + sign is the uncertainty given with a confidence level of 95%. The
middle mirror is also oscillating at frequency of several Hz, confirmed by the power
spectral density of the displacement shown in Fig. The 1/ f noise is mainly from
the slow drift of the grating membrane, which is what we want to measure here.
Due to the small but nonzero transmission, the left and right cavity modes are
coupled near the degeneracy point, where the resulting spectrum deviates from the
linear spectrum and becomes insensitive to the displacement. We need to avoid the

anticrossing for a displacement measurement. However, this is not a fundamental
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Fig. 4.5: Power spectral density of the displacement measurement. Data sampling rate is

10 Hz.

problem. For example, transmission can be eliminated by aligning the two cavities

to different points on the middle mirror.
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Chapter 5: Optomechanical interaction between light and a grating

membrane

5.1 Overview

The radiation pressure force can change the dynamics of optomechanical sys-
tems. A stable optical trap for a gram-scale mirror has been reported, where the
effective optical spring constant is orders of magnitude larger than the low frequency
mechanical mode [86]. At larger light intensities when red detuned, the original
equilibrium position becomes unstable and the effective optical spring potential
may transit into a double well potential, which leads to optical bistability [87]. A
Fabry-Perot interferometer filled with a medium whose refractive index depends on
the light intensity can also be optically bistable [95]. Such bistable optical devices
can be used as an optical switch, “transistor”, and power limiter [95].

In this chapter we study theoretically two types of buckling transitions of the
grating membrane in the mirror-in-the-middle system. The buckling transition can
be observed using our displacement sensing technique developed in Chapter 4. The

experiments will be pursued in our future research.



5.2 Buckling transition from radiation pressure

Consider the mirror-in-the-middle system same as in Chapter 4. The radiation
pressure force comes from the momentum transfer when photons are reflected at the

mirror. A single photon transfers a momentum of 2hk. The radiation pressure force

is
) ata
(F) = QHk% = hGA, (5.1)

where L is the length of the cavity, G' = % is the optomechanical coupling strength,

and n = (a'a) is the number of photons inside the cavity.

The number of photons inside the cavity can be obtained using the input-

output formalism [96,97] for the Fabry-Perot cavity. In the rotating frame, the

evolution of the field operator a is described by the following equation of motion,

éL = —iAa — gd -+ V"’iex&in -+ \/KJOfAin- (52)

Here A = w. — w; is the laser detuning. fm is the noise. K = K¢y + Ko 1S the

cavity decay rate, where k., is due to the input coupling, and kg is due to other loss
channels, such as scattering loss on the mirror. Take ( fm> =0,
(5.3)

for the steady state. Correspondingly, the photon number circulating inside the

cavity is
— V /iel“<din> Reg Pz
n= | K - ‘2 = K\2 2 ) (54)
£+ iA (5)? + A2 Iy

where P, is the input laser power.
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In our mirror-in-the-middle system, two lasers are coupled into the cavity,
one from left side and the other from the right side. The frequencies of the two
lasers are chosen so that they are red-detuned from their own subcavity mode by an
amount of A. Keeping the laser frequencies fixed, when the middle mirror moves a
distance of x, the resonance frequency changes in both subcavities but in opposite
direction, which results in a change of photon numbers and the radiation pressure

force. Specifically, the total radiation pressure force on the middle mirror is

Ke:vpin,l/[/l . ’%e:vpin,r/[/r )
(5)2+ (A +G)?  (5)2+ (A= Ga)?”

Fla) = ( (5.5)

For simplicity we assume that P,; = Py, = Py, Li = L, = L, and G; = G, =
G, which does not change the physics of the buckling transition. The simplified

radiation pressure force is

Fo) == (epvarar Grva-cor

(5.6)

When £ > Q,, (resonance frequency of the mechanical mode of the middle mirror),
the radiation pressure force reacts instantaneously to the motion of the mirror.

There is a potential associated with the radiation pressure force,
F(z) = ——F—. (5.7)

In our system, the radiation pressure potential is

2 emf)in 2 A — G 2 A G
Viaa(T) = ,ZGKZ (arctan(%) + arctan(%)).

(5.8)

For red-detuning, this potential has a maximum at x = 0, and for blue-detuning,
it has a minimum instead, as shown in Fig.[5.1] Including the mechanical harmonic
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Red-detuning

Blue-detuning

Fig. 5.1: Radiation pressure potential for red-detuning and blue-detuning.

potential, the overall potential becomes

_ 2Kee Pin 2(A — Gx) 2(A + G)
Vi(z) = T (arctan(T) + arctan( p )) ;

meffwz

a2 (5.9)

The total spring constant is now

32G/<:61Pm( (—Gx + A) N (Gx + A)

k=mesrw;,, —
i1 Lkr* <1 n 4(—G;v+A)2>2 (1 i 4(Gz+A)2>

2). (5.10)

K2 K2

From the above result, we can see that at x = 0, as we increase the red-detuned
laser power Fj,, the spring constant reduces to 0 and then becomes negative while
two new local minimums build up in the potential, as shown in Fig. On the
other hand, when the laser is blue-detuned, the spring constant increases as the

laser power increases, as shown in Fig. |5.3]

93



Fig. 5.2: Buckling transition of the mirror-in-the-middle system for red-detuned laser.
From bottom to top, each line corresponds to an increase in the laser power
by the same amount. The single well potential becomes double well potential as

laser power increases.

5.3 Buckling transition from mode hybridization

In this section we study a buckling transition from mode hybridization, which
leads to a power filter for the pump laser. Consider the same mirror-in-the-middle
system, except that there is now only one laser, which is split by a 50/50 beam
splitter and coupled into the cavity from both sides, as shown in Fig. [5.4. The
Hamiltonian of the system is

H = ALaTLaL + ARaEaR - J(aEaR + aEaL) + G:r(aTLaL — aEaR)

2
1
+2p_m + Emwglx? (5.11)

Here A, g is the detuning of the laser with regard to each subcavity, G is
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Fig. 5.3: Radiation pressure potential for blue-detuned laser. From top to bottom, each
line corresponds to an increase in the laser power by the same amount. The

spring constant increases as the laser power increases.

the optomechanical coupling parameter, .J is the tunneling between the subcavities.
Using the input-output formalism ,, the equations of motion for the optical

and mechanical degrees of freedom are as follows,

dL = —iALaL —iGSECLL+’iJCLR— %CLL—F\/FLLCLZ‘”’L —i\/liLCkm,L, (512)

ar = —iAgrar+iGrag+iJay — Z—Ra3+\/HRamR—i\//ﬁRam’R, (5.13)
. p

= =, 5.14

& - (5.14)

p = —mwiz—p—Glalay —alag). (5.15)

where £, is the decay rate of each subcavity (assuming the only loss channel is
the input coupling), i, /g is the laser pump, @, /g is the vacuum fluctuation,

and 7 is the mechanical decay rate. Setting x = 0 to be at the avoided crossing,
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Fig. 5.4: Mirror-in-the-middle system. A laser is split by a beam splitter and coupled into

the cavity from both sides.

where A;, = Ag = A and the eigenmodes are symmetric and antisymmetric. a =
%(aL + ag) is the symmetric mode, and b = %(aL — ag) is the antisymmetric

mode. Choosing k;, = kgr = Kk, we have

i = —(idat H)a—iGrb+ VR(a — i), (5.16)
b = (8 + 2)b — iGra+ V(b — iBin). (5.17)
. p
= — 5.18
p = —mwir—yp—Gla'b+bla), (5.19)
whereA, = A — J is the detuning relative to the symmetric mode, and A, =

A + J is the detuning to the antisymmetric mode. «;, and f;, are symmetric and
antisymmetric parts of the laser pump. Here we focus on the case of symmetric

pump where (;, = 0.
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5.3.1 Steady state solution

We first find the steady state solution by applying a unitary transformation

to the system such that: ¢ - a+a, b — b+ 5, v — v+ X. Taking a, b, a;y,, bin, T,

and p to be 0, the Eqgs. become

0 = —(iA, + g)a —iGX S — /ric,
. K .
0 = —(iAy+ §)B —i1GXa,
0 = —mw2X —G(a*B+ B*a).
One solution is
5= x=0,
o = VG
—Ag + 15

A more subtle steady state solution where § # 0 is obtained as follows.

Eq.[5.21]
- (—Ap + Z%)
a = —ox g.
From Eq. [5.22]
2
GX =—— %(a*ﬁmﬁ*)-

Inserting Eq. into Eq. [5.26, we obtain

‘042 — (Ag + K2/4) mwg@
2/ G2’

2
mw;,

X2
27,

18] =

57

(5.20)
(5.21)

(5.22)

(5.23)

(5.24)

From

(5.25)

(5.26)

(5.27)

(5.28)



It turns out the symmetric part of light intensity inside the cavity is independent of
the input laser power, while the antisymmetric part induces a shift of steady state
position X of the middle mirror.

The stability of the solutions depends on the input laser power. For low power,
the trivial solution is stable, while at high power, the nontrivial solution is stable

just as happens in the laser transition. From Eq. and Eq.

o — = |Ble™, (5.29)
(GX)? 4+ 5 — Ay +i5(Ag + Ay)

b=

—5(Aat+Ayp)
(GX)2+52 A4 A,

Inserted into Eq. [5.28], we obtain

X+ = AN 5 (AL + A w2,
|tin| = o AL (5.30)

5.3.2 Buckling transition

where ¢ = tan™!( ) up to a constant m depending on the sign of X.

Now we develop a model for the system near the instability. The Hamiltonian

of the system after linearization is [41]
H = Ajata + ApbTb 4 wpcfe — go(c + e (b + 1) — Go(c + ¢ (a'd + bla), (5.31)

where gg = Goa is the pump enhanced coupling. The last term is a nonlinear
coupling. We require that w,, < A, so that the polariton modes are close to the

original uncoupled modes. First consider the linear Hamiltonian

Hye = ApbTb + wpncfe — go(c +c)(b +b). (5.32)
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Define

X, = (b+bh), (5.33)
P, = —((b—10b", (5.34)
(c+ch), (5.35)

P, = ——(c—ch). (5.36)

H,. becomes
H —EA(XMP?H1 X2+ P?) - 290X, X 5.37
bC_2 b b b 2wm( c+ c) JoApAe. ( )

The above Hamiltonian can be diagonalized easily by the transformation

Xp u,/f—" U,/f—b X4
= " " (5.38)

X, —v U X_
Pb U, [Ym g, [Ym P+

—| VA& Ve , (5.39)
P, —v U P

where u and v satisfy u? +v* = 1 and 2go(v? — u?)4/ f—n’i +uv(A7 — w?) = 0. Noting

that w,, < Ay, the resulting lower frequency branch Hamiltonian is

1 1 442
H =-w,P’+ -w,(1 - —22)X? 4

which is mainly the mechanical mode. As ;gg — 1 with increasing pump
bWm

power, this Hamiltonian goes unstable. Near the instability, the nonlinear term

Viu = —Go(c+cM)(a™ + bTa) = —Gx(a’d + bTa) becomes

Vi = =G/ (0 + al) X2 (5.41)
A,
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After another transformation by e~ AX2(a—al) with A = —AQ1 /R, such as

—Ax2(a—at Az2(a—aT . . . .
e~ Aa?(a=al) po?(a—a’) _ Az?, we obtain an effective Hamiltonian

1 1
Hyp = éwm(P,—2iA(a—aT)X,)2—|——wm(1

4 2
; P X2 4 Aafa— A A2XE . (5.42)

Abwm

We see that for A, < 0, the quadratic confinement at X_ = 0 changes to
an inverted oscillator with a quartic wall. As the spring constant goes to 0, the
system buckles into one of the two solutions of the double-well potential induced by

coupling to the cavity mode a.

5.4 Conclusion

In this chapter we studied two types of buckling transitions in the mirror-
in-the-middle system. The buckling transition arises fundamentally from the op-
tomechanical interaction between laser and mechanical oscillator. The displacement
sensing developed in Chapter 4 can be used to observe such phenomena. The
buckling transition can be used to modify the effective potential of the mechanical
oscillator. Interestingly, the nontrivial steady state behaves as a power filter, in
which case the photon population in the symmetric mode is independent of the

pump power.
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APPENDIX



Chapter A: Fabrication of the Ring Resonator

This section is my fabrication procedure for the micro-ring resonator in the
clean room of CNST at NIST. We start from a Silicon-On-Insulator (SOI) wafer.
The thickness of the top silicon layer (which is the device layer) is 220 nm, and that
of the silicon dioxide layer is 3 pm.

We first clean the wafer,

1. H,O:NH,OH:H505=>5:1:1 bath at 80°C for 10 minutes.
2. Rinse in deionized (DI) water.

3. H,O:HCL:H505=>5:1:1 solution at 80°C for 10 min.

4. Rinse in DI water.

5. Blow dry the wafers.

After cleaning, we spin coat the wafer with electron beam resist (such as ZEP-

520 or PMMA). Here we use ZEP-520 as an example.
1. Clean the chuck that holds the wafer and check the vacuum of the spinner.

2. Slowly add the resist onto the wafer with a pipette and avoid bubbles.



3. Spin wafer at 500 rpm for 5 seconds.
4. Spin wafer at 3000 rpm for 60 seconds.

5. Bake wafer at 180°C for 2 minutes.

Then we pattern the resist with electron beam lithography. As the JEOL tool is
located in a different room other than the clean room, seal the wafer box when
transporting the wafer between the rooms and avoid contamination from the dust

in the air.

1. Load the wafer into the chamber.

2. Transfer the pattern gds file to the control computer and convert gds file to
binary file. Change field size to 62.5 pum, and change the output unit to 8000.

Check the pattern.

3. Edit a jdf file and a sdf file, and compile them to obtain a job file. Check the

array.

4. Set the tool parameters. The accelerating voltage is set to be 100 keV, the

aperture is 25 um, and the current is 200 pA.
5. Run the calibration process.
6. Expose the wafer. The dose is 500 C/cm?.

7. Unload the wafer.

Then we develop the pattern in a wet bench. Gently stir the solution during the

development.
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1. Dip the wafer in hexyl acetate 99% solution for 1 minute.

2. IPA rinse for 30 seconds.

3. Blow dry the wafer.

We continue to transfer the ring resonator pattern to the device layer with plasma
etching. There are various recipes for silicon etching. Here we use HBr as an

example.

1. Load the wafer into the chamber.

2. Wait for 2 minutes for temperature stabilization.

3. Set HBr flow to 100 sccm and Hy flow to 2 scem. RF forward power is 100W.

4. Etch the wafer for 7 minutes.

5. Unload the wafer.

Then we strip off the resist by Nanostrip and Piranha.

1. Dip wafer in Nanostrip for 30 minutes at 80°C.

2. Rinse the wafer in water.

3. Dip wafer in Piranha (HySO4:H;05=3:1) for 30 minutes.

4. Rinse and blow dry the wafer.

Now we have fabricated the ring resonator in the device layer, we go on to finish
the pigtail structure for coupling laser into and out of the device. First we deposit
a layer of SiO5 on top of the wafer as the cladding layer.
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. Load the wafer into the low temperature oxide (LTO) furnace. Use the same

slots for the device wafer and the dummy wafers to keep the deposit rate

consistent each time.

Deposit for 1 hour and 30 minutes.

Unload the wafer. Cool down the wafer before putting into the wafer box.

Next we make the mask for use in photolithography.

10.

11.

. Convert the pattern gds file to a job file.

. Load the mask and check the vacuum.

Center and focus calibration.

Expose the mask.

Unload the mask and develop in the AZ 400K developer (1:3) for 60 seconds.

Gently stir the developer.

Rinse in DI water and blow dry the mask.

Cr etching for 60 seconds.

Rinse in DI water.

Dip in PG remover at 70°C for 5 minutes.

Rinse in DI water.

Dip in Nanostrip for 2 minutes.
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12. Rinse in DI water and dry the wafer with the dryer.
Then we perform the photolithography.

1. Bake the wafer at 190°C for 2 minutes.
2. Spin coat the wafer with LOR-3A at 3000 rpm for 35 seconds.
3. Bake at 190°C for 5 minutes.
4. Spin coat the wafer with S1813 at 4000 rpm for 45 seconds.
5. Bake at 115°C for 1 minute.
6. Load the wafer into the photolithography tool.
7. Align the pigtail pattern to the device layer.
8. Expose the mask for 5 seconds at 21 W with MAS.
9. Unload the wafer and develop in M319 for 60 seconds.

After the pattern is transferred to the photoresist, we coat the wafer with a metal

layer using electron beam evaporation.

1. Load the wafer into the chamber and wait for the pressure to drop down to

3x107° torr.
2. Deposit 5 nm Cr at 0.5 A/s.
3. Deposit 150 nm Niat 1 A/s.

4. Unload the wafer.
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Then we do the lift-off process.

1. Dip in 1165 resist remover at 70°C for 10 minutes. Stir the solution during

the lift-off.

2. Rinse with IPA and blow dry the wafer.

Now we are ready to transfer the final pattern to the SiO, layers with plasma etching

1. Load into the chamber and wait for 2 minutes for temperature stabilization.

2. Etch the wafer for 1 hour. The RF forward power is 30 W. The C,Fg flow rate

is 40 scem, and Os flow rate is 26 sccm.

3. Unload the wafer.

Then we release the pigtail from the silicon with KOH solution and cleave the wafer

to obtain appropriate size for optical measurement.
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Chapter B: High-Contrast-Grating-Membrane Fabrication

Here we describe the procedure used for fabricating the silicon nitride mem-
brane gratings.

First we clean the double side polished silicon wafers:
1. H,O:NH,OH:H505=>5:1:1 bath at 80°C for 10 min.
2. Rinse in DI water.
3. 2% HF solution for 10 s.
4. Rinse bath.
5. HyO:HCI:H50O, 5:1:1 solution at 80°C for 10 min.
6. Rinse in DI water.
7. Dry the wafers.

The cleaning process should be done right before the silicon nitride deposition. The
deposition rate and uniformity depends strongly on how the wafers and the baffles
are positioned in the furnace. Typically, 4” wafers are positioned with the following

order:

e Position 2: 4”7 baffle.



e Position 14: 4”7 sample wafer.

e Position 26: 4”7 sample wafer.

e Position 38: 4”7 baflle.

The main/device surface should face outside. Next we spin coat the wafer with

photoresist:

1. Bake the wafer at 115°C for 1 min.

2. Spin HMDS on the front side of the wafer.

3. Spin S1813 for 1 min. at 3000 rpm.

4. Bake the wafer at 115°C for 1 min.

5. Spin HMDS on the back side of the wafer.

6. Spin S1813 for 1 min. at 3000 rpm.

7. Bake the wafer at 115°C for 1 min.

Always use clean wafer tweezers and handle the wafer from the marker side. Before
starting the procedure, it is very important to clean up the chuck to be used and the
hot plate. After the baking steps, make sure the wafer cools down before spinning
resist. Add a 5 s to 10 s low speed spin (500 rpm) before going to full spin speed.
Monitor if the resist will cover the whole surface after the spin. Towards the end of
the slow spin, if uncoated areas are visible, stop the spin procedure and put drops

of resist on uncovered areas. Avoid moving the wafer horizontally on a surface, as
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much as possible, in order to make sure that the photoresist or the nitride is not
scratched.

After spin coating, expose the bottom side mask with the membrane patterns
for 7.5 s with the MA6 (40 mW /cm?). Then continue to plasma etching and place
a small piece of dummy wafer underneath the wafer so that the wafer does not slide

to the side of the chamber during the initial pumping:

1. Oy at 14 sccm, 600 mTorr, 100 W RF power, for 10 s.

2. CHFj at 20 sccm, 4 mTorr, 200 W RF power, for 15 min.

Remove the photoresist by PG remover and Nanostrip:

1. PG remover at 70°C for 10 min.

2. Rinse in DI water.

3. Nanostrip at room temperature for 10 min.

4. Rinse in DI water.

5. Blow dry.

Do another round of photolithography and resist stripping, with two differences: i)
During the exposure, do back side alignment using the top surface mask. ii) During
dry etch do the CHFj3 step only for 5 min. Then continue with standard KOH
etch procedure to etch away the silicon under the membrane. Make sure to use the

ultrasound. Otherwise the bath temperature can be nonuniform. If the ultrasound

70



is harmful to the sample, heat up the bath with ultrasound and turn it off during
the etch. Etch for 1.5 h.

After the KOH etch, spin coat the wafer with PMMA,

1. Bake the wafer at 180°C for 1 min.

2. Spin PMMA 950k A8 for 1 min. at 3500 rpm.

3. Bake the wafer at 180°C for 1 min.

Then use the Zeiss SEM/FIB tool to do the electron beam lithography. Use 30 kV
accelerating voltage and a dose of 350 C/cm? for writing. After another plasma
etching and resist stripping, dry the sample with critical point dryer. We show in

Fig. [3.1 a sample we fabricated.
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