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Abstract

Optomechanics, the sensing of mechanical movement using optical modes, has seen

great advancement in recent years and has been used for its high displacement sensi-

tivity to couple to a variety of mechanical devices. Torsional devices have historically

been used for measuring de Haas-van Alphen effect, shear modulus, superfluids, su-

perconductors, the angular momentum of light, switching of magnetic states, and

other applications. Combining these two together, a silicon microdisk coupled to a

torsional resonator has been observed before to have sensitivities of 4 nrad Hz−1/2

and 7 fm Hz−1/2.

A cryogenic ultra-high vacuum (UHV) system holds the possibilities of analyzing

these devices at 4 K in a much higher vacuum than has been studied before. We

have retrofitted a former STM with a tapered optical fiber to couple light to a silicon

microdisk. This “Photon STM” (P-STM) has the potential to not only couple to

optical devices, but map the optical topography of a sample by using a modified

tunnel current technique. This thesis shows how the P-STM was constructed and

demonstrated its ability to couple to a 38 μm diameter optical disk and measured a

nearby torsional resonator in high vacuum, with sensitivities down to 200 fm Hz−1/2

and 80 nrad Hz−1/2.
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To my maternal grandfather Gordan “Bumpa” Gainer,

for challenging me to continually learn, develop my character, and be

thankful in all things.
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“It is not the critic who counts; not the man who points out how the strong man

stumbles, or where the doer of deeds could have done them better. The credit belongs

to the man who is actually in the arena, whose face is marred by dust and sweat and

blood; who strives valiantly; who errs, who comes short again and again, because

there is no effort without error and shortcoming; but who does actually strive to do

the deeds; who knows great enthusiasms, the great devotions; who spends himself in

a worthy cause; who at the best knows in the end the triumph of high achievement,

and who at the worst, if he fails, at least fails while daring greatly, so that his place

shall never be with those cold and timid souls who neither know victory nor defeat.”

- Theodore Roosevelt
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Chapter 1

Introduction

1.1 An Introduction to Torsional Mechanics

Torsional mechanics is the twisting of an object due to an applied torque and is

one of many ways torque, force, and mass are measured. Before considering torque,

Hooke’s Law must be consulted, which is

�F = −k�x, (1.1)

with �F being the restoring force from a displacement �x with a spring constant of k.

This concept can be extended to torsional systems using the equation

�τ = −κ�θ, (1.2)

where �τ represents torque, κ the torsional spring constant, and �θ the angular dis-

placement.

Torsional sensors have played a major role in scientific measurement for hun-

1
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dreds of years, one of the most notable being gravitational measurement. In 1798,

Cavendish incorporated a torsion device which measured the gravitational attractive

force as a torque between two different sizes of lead balls and comparing the results to

their weight, thereby finding the density of the Earth [1]. Two hundred years later,

a similar device was used by Luther and Towler for increased gravitational force

sensing [2]. Torsional sensors have aided in greater resolution of electric charge [3]

on the nanometer scale by employing a torsional paddle resonator.

Expansion of these sensors has extended to various aspects of magnetometry,

including the use of nanotorsional resonators and switching of vortex states [4]. The

ability to measure the Casimir force would be greatly limited if it was not for sensors

such as these [5]. Torsional balances have also placed a role in measuring the de

Haas-van Alphen effect [6] along with torque magnetometry down to 0.1 K [7].

Many of these devices have progressed to the nanoscale environment using various

techniques, such as optical and electron beam lithography. The progression has

been to continue to scale down both the size and mass of these resonators in the

hopes of witnessing quantum mechanical effects with increased sensitivity. Looking

at measuring physical properties, chemically etched oscillators on silicon have been

used to measure the shear modulus [8]. The transition to the superfluid state in 2D

4He films was measured by high-Q torsional oscillators [9]. High-Tc copper oxide

superconductors were evaluated using similar torque magnetometry [10]. In another

application of torque magnometry, the spread of the quantum ground state was

evaluated in an array of aluminum (non-superconducting) rings on cantilevers with

an external magnetic field, causing a noticeable shift in the cantilevers’ resonance [11].

Lastly, the measuring torque on a doubly refracting plate assisted in detecting the

angular momentum of light [12].
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While torsional devices are sensitive, they are ineffective without a way to mea-

sure their motion. One of the current methods used to accomplish this is laser

interferometry on one of the torsion paddles, where the optical contrast arises from

the mechanical motion and the substrate [13]. While it is a viable method, it is

limited by single photon sampling, yielding a low optical finesse. Electro-capacitive

measurements through metal deposition on the torsion paddles [3] is another possi-

bility, but noise-reduction demands nontrivial electrical circuitry. Another method

for high mechanical sensitivity detection is optomechanics, which scales down well

and is a good solution to this problem [14–16]. Cavity optomechanics has recently

shown a high level of sensitivity for nanoelectromechanical system (NEMS) devices

and has been used to accurately sense the mechanical movement of torsional res-

onators [17, 18].

1.2 An Introduction to Cavity Optomechanics

Cavity optomechanics describes the interaction between photons in an optical res-

onator and phonons in a mechanical device. The simplest concept of an optomechan-

ical system to consider is a Fabry-Perot cavity with a movable mirror, an example

of which is seen in Fig. 1.1. The Fabry-Perot cavity seen here, is composed of two

parallel mirrors, with each of their reflective surfaces pointing toward the opposing

mirror. One of the mirrors is stationary and not perfectly reflective, letting incident

light on its backside into the optical cavity. The other mirror’s motion is restricted

by a spring, in the direction of the incident light. By shining a laser through the

back of the stationary mirror, optical modes can be excited as the light is trapped

between the two mirrors. An arbitrary optical mode can undergo small changes in its
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resonant frequency due to the displacement of the movable mirror. The resonances

of the mechanical system can best be sensed by tuning the laser to the side of an

optical resonance. Usually an optical resonance possessing a high quality factor (Q

¿ 1) is chosen, which yields a greater change in the laser transmission for a given

mechanical oscillation.

Figure 1.1: Sample Fabry-Perot cavity having stationary and movable mirrors with
resonances ωcav and Ωm, damping factors κ and Γm, and amplitude vectors â and
x̂, optical and mechanical respectively [19]. In this thesis, ωcav and Ωm were on the
order of THz and MHz with κ and Γm on the order of GHz and Hz, respectively.

Recently, gravitational wave detectors such as the Virtual Roentgen and Gamma

Observatory (VIRGO) and the Laser Interferometer Gravitational Wave Observatory

(LIGO), have employed Fabry-Perot cavities and Michelson interferometers. These

detectors have only recently reached sensitivities down to the zeptometer scale, on the

same order as as gravitational waves [20]. These detectors are limited by shot noise

at low laser power and by radiation pressure force noise at high laser power. Shot

noise originates from the discrete number of photons incident on, and the number of
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charge carriers in, the detector. Conversely, the radiation pressure force noise results

from the impacting flux of photons on the mirrors. These boundaries are related

to the standard quantum limit (SQL). This limit originates in quantum optics from

the two quadratures composing the in-phase (real) and out-of-phase (imaginary)

amplitudes of the electric field measured simultaneously with equal precision [21,22].

Lately, LIGO and other mechanical detectors have been attempting to improve their

sensitivity by generating squeezed states of light, using a nonlinear, potassium titanyl

phosphate (PPKTP) crystal [23]. These squeezed states are able to measure one of

the quadratures with great accuracy while increasing the uncertainty in the other.

Scaling-down techniques in recent decades have led to fabrication of on-chip op-

tomechanical devices having masses on the order of picograms and whispering gallery

mode (WGM) resonators on the order of microns [17, 24, 25]. WGM were first wit-

nessed in St. Paul’s cathedral where whispering acoustical modes appeared around

the circumference of the circular cathedral when a sound source was placed next

to and directed tangential to the wall [26]. These WGM were attenuated less than

that of the sound propagating spherically from the source. Optical WGM can be

contained in microdisks, bottles, toroids, and other circular fabricated devices us-

ing materials transparent in the spectrum being investigated. These optical WGM

resonators have long photon lifetimes and are used to couple to nearby mechani-

cal devices and breathing modes. The long photon lifetime of the WGM leads to

the photons being able to interact with the nearby mechanics for a long amount

of time, yielding enhanced mechanical sensitivity compared to that of the single-

photon sampling in laser interferometry. The resulting WGM optical phase and

resonant frequency are shifted by the adjacent mechanical motion. The radiation

pressure of the WGM also has the ability to drive or dampen a coupled mechanical
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resonator, depending on whether the laser is blue or red detuned from the cavity

resonant frequency [21]. These properties are not exclusive to WGM resonators, but

extend to other geometries as well, such as photonic crystal cavities [27], Fabry-Perot

etalons [28, 29], and electronic microwave cavities [30].

The size of the WGM resonator and mechanics are bound by a couple of different

factors, the first being the optomechanical coupling coefficient, G (Hz/m). The

coupling is described as

ω(z0 + z) ≈ ω(z0) +Gz, (1.3)

where G is defined as

G =
∂ω(z0)

∂z
. (1.4)

Here ω(z0) is the unperturbed optical resonant frequency, ω(z0 + z) the shifted op-

tical resonance due to the mechanical movement, and z is the mechanical displace-

ment. Hence, G is the shift in optical resonance per mechanical displacement. For

WGM radial breathing modes, G is written as ω(z0)/R, as opposed to ω(z0)/L for

Fabry-Perot cavities, where R is the radius of the WGM cavity and L is the mirror

separation distance of the Fabry-Perot cavity. For WGM resonators of more complex

geometries, G cannot be determined as elegantly but requires simulations [31]. It is

necessary to increase G as much as possible to increase the mechanical sensitivity.

The devices examined in this thesis are composed of a 38 μm diameter disk

adjacent to a torsional resonator, which varied in the flange width (that is, the edge

width of the mechanical device directly adjacent to the microdisk). Both of the

resonators are comprised of 220 nm thick crystalline silicon, supported by 2 μm

etched silicon dioxide. The disk acts as a WGM trapping photons around its edge,

while the thermal fluctuations of the torsional resonator perturb the optical resonance
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in the same way a spring-loaded movable mirror perturbs a Fabry-Perot cavity. A

scanning electron microscope (SEM) image of one of the devices studied is seen in

Fig. 1.2. In previous experiments, a single-mode, tapered, dimpled, optical fiber

attached to a forked fiber holder was lowered and coupled to similar microdisks [18].

In this study, a single-mode, tapered, optical fiber was attached to an arched fiber

holder, and then lowered onto the disk.

Figure 1.2: SEM image of one of the devices studied having a flange width of 3 μm.
The torsional resonator is labeled as τl being the torsion rod length, τw the torsion
rod width, pl the paddle length, pw the paddle width, fl the flange length, and fw
the flange width. 130 nm beneath the torsional resonator is a microdisk which acts
as a whispering gallery mode. The flange width varied between the three torsional
resonators studied while all other dimensions were kept constant.
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1.3 Calibrating Optical Modes

In order to sense the mechanical movement of the torsional resonator being studied,

an optical resonance possessing a high quality factor must first be found. This quality

factor is defined as

Qopt = ωcavτ = ωcavκ
−1, (1.5)

where ωcav is the resonant optical frequency of the cavity, τ is the photon lifetime,

and κ is the cavity decay rate defined as the inverse of the photon lifetime. κ is

comprised of two components, κex being the loss rate due to coupling and κ0 being

the loss rate from other lossy sources. Conventionally, a mode having a quality factor

greater than one is a high Q mode. The decay rate can then be described as

κ = κex + κ0. (1.6)

In order to describe the photons inside the cavity, input-output theory must be

consulted [32], which allows determination of the electric field amplitude, â, inside

the cavity. â has a decay rate of κ/2 and has an equation of motion of [21]

˙̂a = −κâ/2 + iΔâ+
√
κexâin +

√
κ0f̂in, (1.7)

where âin is the input field from the laser and f̂in is the quantum noise in the system.

The laser is detuned off of the cavity’s resonance by

Δ = ωL − ωcav. (1.8)
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Here ωL is the laser frequency. The frame of motion chosen for this formulation

rotates at the same rate as the laser frequency

âorig = e−iωLtâhere (1.9)

and is normalized to the input power as

Pin = �ωcav〈â†inâin 〉 (1.10)

where 〈â†inâin〉 is the average rate of photons coming into the cavity, âorig is the

original stationary frame of motion, and âhere is the rotating frame of motion. The

light coupled back into the fiber waveguide is [19]

âout = âin −
√
κâ. (1.11)

To consider the classical case, the average must be taken of the field amplitude,

which can be thought of as the time dependent amplitude of the electric field inside

the cavity. For the classical case, the quantum noise in the system is eliminated

(〈f̂in〉 = 0). Considering the separate steady state case gives an electric flux of zero

( ˙̂a = 0). This gives the overall average electric field amplitude as [33]

〈â〉 =
√
κex〈âin〉

κ/2− iΔ
. (1.12)

The next step is to formulate an equation of the optical transmission after the light

has coupled into the WGM, which will be used in the end to fit optical resonances

and extract various properties (Qopt, κ). The ratio of the average output to input
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field is the transmission amplitude t,

t =
〈âout〉
〈âin〉 , (1.13)

the square of which is the power of transmission through the fiber, T ,

T = |t|2, (1.14)

which the same as the signal from the photoreceiver. Substituting Eq. 1.12 into

Eq. 1.11 obtains

〈âout〉 = 〈âin〉 − κex〈âin〉
κ/2− iΔ

, (1.15)

which can be used to solve for the transmission amplitude

t =
(κ0 − κex)/2− iΔ

(κ0 + κex)/2− iΔ
. (1.16)

The fiber transmission is now

T =
κ2
0/4− κexκ0 + κ2

ex/4 + Δ2

κ2/4 + Δ2
, (1.17)

which can be simplified using Eq. 1.6 yielding

T = 1− κexκ0

κ2/4 + Δ2
. (1.18)

However, when the fiber is touching the resonator, optical scattering reduces the

transmission. From these scattering losses, an amplitude reduction factor of T0 < 1



CHAPTER 1. INTRODUCTION 11

is necessary, giving

T = T0

(
1− κexκ0

κ2/4 + Δ2

)
. (1.19)

This equation can then be fitted to the optical resonance where κ and from that,

Qopt, can be extracted. While κ can be found from Eq. 1.19, it is not possible to

differentiate between κ0 and κex, unless the same optical resonance is compared with

the tapered fiber hovering at varying distances above the microdisk.

1.4 Calibrating Mechanical Modes

A mechanical mode can be studied after finding a high-Q optical resonance with the

laser tuned to the side of the optical resonance. In order to extract the mechanical

properties of the device from a given mechanical mode, a model must be made from

the basic mechanics, from which, various mechanical properties can be extracted.

The following proof is from [34]. The devices being investigated are torsional and

can be modeled as a simple harmonic oscillator. For a particular mechanical mode,

the governing equation for the time dependent displacement out of plane of the

sample, x(t), is a simple differential equation,

ẍ(t) +
Ωn

Qmech,n

ẋn(t) + Ω2
nxn(t) =

F (t)

meff,n

(1.20)

where Ωn is the resonant angular frequency of the nth mode, an effective mass for

the nth mode meff,n, a mechanical quality factor of Qmech,n, and a driving force F (t).

In this setup, the resonator was not actuated remotely meaning the driving force is

purely thermomechanical. Each small volume element dV of a harmonic oscillator

at �x has a mass element of dm = ρ(�x)dV , which corresponds to a potential energy
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element of

dU =
1

2
ρ(�x)ω2

n|an(t)�rn(�x)|2dV (1.21)

where an(t) is the function governing the time dependence of the resonator’s motion,

ρ(�x) is the position dependent density and �rn(�x) is the displacement for the nth

mode. From this, the total energy over the entire volume is

U =
1

2
Ω2

n|an(t)|2
∫

ρ(�x)|�rn(�x)|2dV (1.22)

U =
1

2
Ω2

n|an(t)|2meff,n (1.23)

with meff,n defined as

meff,n =

∫
ρ(�x)|�rn(�x)|2dV. (1.24)

The normalized mode shape �rn(�x) chosen is at the point of maximum displacement,

coinciding with the edge of the mechanical resonator next to the optical microdisk,

seen in Fig. 1.2. For another choice of normalization at �x0, the following equation

can be consulted

meff,n(�x0) =

∫
ρ(�x)|�rn(�x)|2dV
|�rn(�x0)|2 . (1.25)

The effective mass can be related to the effective moment of inertia by using the

small angle approximation, θ ≈ z/(l/2) where l is the total length of the torsion

paddles. For all of the torsional resonators studied in this thesis, l = 4.99± 0.01 μm

and is seen in the vertical direction in Fig. 3.5. The 0.01 μm error associated with l is

inherent in the SEM. The effective moment of inertia can be related to the effective
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mass as

Ieff,n =
l2

4
meff,n (1.26)

A similar differential equation to Eq. 1.20 can be made for torsion [34],

θ̈(t) +
Ωn

Qmech,n

θ̇n(t) + Ω2
nθn(t) =

τ(t)

Ieff,n
. (1.27)

Taking the Fourier transform of Eq. 1.20 (1.27) and solving for xn(Ω) (θn(Ω)) yields

xn(Ω) =
F (Ω)

meff,n(Ω2
n − Ω2 − iΩΩn/Qmech,n)

(1.28)

and

θn(Ω) =
τ(Ω)

Ieff,n(Ω2
n − Ω2 − iΩΩn/Qmech,n)

. (1.29)

The displacement can be related to force by using a susceptibility term, χ(Ω), as

x(Ω) = χ(Ω)F (Ω), (1.30)

resulting in

χz(Ω) = (meff,n(Ω
2
n − Ω2 − iΩΩn/Qmech,n))

−1 (1.31)

and

χθ(Ω) = (Ieff,n(Ω
2
n − Ω2 − iΩΩn/Qmech,n))

−1. (1.32)

However, the experimental data collected from the spectrum analyzer is not displace-

ment, but power spectral density, which is voltage squared normalized by bandwidth:

Sexp
vv (f) =

V (f)2

BW
(1.33)
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where Sexp
vv is the experimental power spectral density in volts, V (f) is voltage, and

BW is the bandwidth. This power spectral density can then be fitted to extract the

mechanical properties of the torsional resonator, as is shown below.

The power spectral density has two contributions, one on resonance Szz(f) (Sθθ(f)),

a noise floor Snf
zz (Snf

θθ), and a conversion term α (β) of units [V2/m2] ([V2/rad2]).

The noise floor is the extracted sensitivity of the device.

Sexp
vv (f) = α(Snf

zz + Szz(f)) (1.34)

Sexp
vv (f) = β(Snf

θθ + Sθθ(f)) (1.35)

The power spectral density can also be gathered from the mean-square displace-

ment, as seen in [34],

〈z2n(Ω)〉 =
1

2π

∫ ∞

0

Szz(Ω)dΩ (1.36)

which can be related as before with the susceptibility by the thermal force

Szz(Ω) = |χ(Ω)|2SFF (Ω). (1.37)

This force SFF (Ω) has only thermal contributions and is constant over the entire

spectrum [34]

Sth
FF = 4kBTmeff,n

Ωn

Qmech,n

. (1.38)

Substituting this in to find the power spectral density function,

Szz(Ω) =
4kbTΩn

meff,nQmech,n((Ω2 − Ω2
n)

2 + (ΩΩn/Qn)2)
(1.39)
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Sθθ(Ω) =
4kbTΩn

Ieff,nQmech,n((Ω2 − Ω2
n)

2 + (ΩΩn/Qn)2)
(1.40)

or in terms of frequency,

Szz(f) =
kbTfn

2π3meff,nQmech,n((f 2 − f 2
n)

2 + (ffn/Qmech,n)2)
(1.41)

Sθθ(Ω) =
kbTfn

2π3Ieff,nQmech,n((f 2 − f 2
n)

2 + (ffn/Qmech,n)2)
. (1.42)

This can then be substituted into Eq. 1.34 (1.35) to obtain the final equations

Sexp
vv (f) = α

(
Snf
zz +

kbTfn
2π3meff,nQmech,n((f 2 − f 2

n)
2 + (ffn/Qmech,n)2)

)
(1.43)

Sexp
vv (f) = β

(
Snf
θθ +

kbTfn
2π3Ieff,nQmech,n((f 2 − f 2

n)
2 + (ffn/Qmech,n)2)

)
. (1.44)

A more thorough derivation can be found in [34].

After the mechanical data is collected, either of the above equations can be sim-

plified into the below equation

Sexp
vv (f) = y0 +

Afn
Qmech,n[(f 2 − f 2

n)
2 + (ffn/Qmech,n)2]

(1.45)

where the fitting parameters are y0, fn, Qmech,n, and A. After fitting, Qmech,n and fn

are easily extracted from the optimal fit parameters and the noise floor/sensitivity

is obtained by

noise floorz =

√
y0kBT

2π3Ameff,n

(1.46)

noise floorθ =

√
y0kBT

2π3AIeff,n
(1.47)

with T = 300 K for room temperature, meff,n is calculated from the mode shape in
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finite element modeling (FEM) simulations (as presented in Sec. 4.3), and Ieff,n is

calculated from meff,n as seen in Eq. 1.26. It’s worth noting that all equations for out

of plane modes can be used for in plane modes as well.

Another property, which can be found from using both a mechanical resonance

and the particular side of the optical resonance at which the mechanical data was

obtained, is the optomechanical coupling coefficient, G. Eq. 1.4 can be expanded as

G =
∂ω(z0)

∂z
=

∂ω(z0)

∂V

∂V

∂z
(1.48)

with ∂V
∂z

being
√
α, α being the conversion factor first seen in Eq 1.34 [25]. ∂ω(z0)

∂V

can be found by finding the inverse slope of the side of the optical resonance, in the

frequency spectrum, at which the mechanical resonance data was gathered. For this

particular setup, a New Focus 1811 photoreceiver was used which amplifies its AC

output 4x more than its DC output. The end equation is then

G =
∂V
∂z

4 ∂V
∂ω(z0)

. (1.49)

The optomechanical coupling coefficient can be combined with the zero point

fluctuation amplitude, xzpf, to obtain the single photon/phonon coupling rate, g0,

where [21]

g0 = Gxzpf (1.50)

and

xzpf =

√
�

2meffΩm

. (1.51)
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xzpf can also be thought of as the spread of the position in the ground-state,

〈0|x̂2|0〉 = x2
zpf. (1.52)

Many thanks to Callum Doolin and Bradley Hauer for helping me with the deriva-

tions as well as programming the optical and mechanical fits.

1.5 Basis for Using a Photon STM

Cavity optomechanics applied to torsional devices has been seen in highly mechani-

cally sensitive devices before [17], but an ultra-high vacuum (UHV, 10−11 mbar) envi-

ronment is necessary for future applications such as electronic beam, molecular, and

atomic deposition. The UHV chamber also offers high thermal stability from room

temperature down to liquid helium temperature and is mechanically isolated from

its environment. Samples can also be made in electronic beam deposition chambers

and transfered into the P-STM chamber without breaking vacuum via an existing

vacuum “suitcase”. In the future, a torsional resonator could be mechanically actu-

ated remotely through an alternating magnetic field by the deposition of magnetic

thin-film permalloy and possibly manipulate magnetic states using alternating and

constant magnetic fields.

The UHV chamber used in the study previously employed a Createc STM, and

was chosen for the foundation for this study since it could be retrofitted with a

tapered optical fiber using an arched fiber holder, as seen in Fig. 1.3. This tapered

optical fiber would replace the STM tip and be used for coupling light into the

microdisk. A computer generated image of a tapered fiber next to a microdisk and

torsional resonator is seen in Fig. 1.4. After mounting a tapered fiber, some of the
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innate STM features could still be used, such as scanning the surface optically instead

of electrically. The device was dubbed a photon STM (P-STM) since an STM was

used as the basis of this study and photons were being used to couple into the sample.

Figure 1.3: Preliminary computerized model of the P-STM viewed from the (a)
bottom and (b) top.

One of the applications of the P-STM was to use its scanning technique to obtain

an optical topography of the sample, instead of the typical electrical topography

generated by an STM. In order to obtain the optical topography of a sample using

a scanning technique, it is pertinent to first consult the conventional technique for

scanning with an STM. A conventional STM has a vertical piezo attached to a sharp

tip (conventionally tungsten) close to the sample (5-6 Å) with a bias voltage applied

between the tip and the sample. The equation governing the tunnel current, JT,

between the tip and the sample is [35]

JT ∝ (VT/s)exp(−Aφ1/2s) (1.53)

with φ being the mean value of the two electrode work functions, VT the applied volt-



CHAPTER 1. INTRODUCTION 19

Figure 1.4: A computer generated image of a tapered fiber next to a microdisk and
torsional resonator.
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age between the electrodes, s the gap between the electrodes, andA ≈ 1.025(eV )−1/2Å
−1
.

A particularly valued aspect of this equation is that for work functions of just a few

eV, a change of an angstrom of s yields a change of an order of magnitude in JT. A

diagram of an example STM can be seen in Fig. 1.5. The piezodrive is controlled by

the control unit (CU) which sends voltages Py and Pz to the piezo, thereby scanning

in the y-direction while maintaining a constant tunnel current through slight changes

in the z-direction. Using this method, an image representing the topography of the

Figure 1.5: Diagram of a conventional STM [35].

sample can be generated, given a constant work function, Vz(Vx, Vy). Thus for a

step in the sample at A in Fig. 1.5, a constant distance, s, is maintained between

the sample and the tip over the y distance of δ. While s is not usually known, the

changes in the work function for keeping a constant tunnel current are accompanied

by changes in s. This means that if the sample has an area of lower work function at

C, the tip is moved away from the sample at B. Maintaining φ separately, the signal,

Js, is gathered during scanning by changing the gap between the sample and the tip
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by Δs, illustrated in Fig. 1.5 and by the equation

Js = Δ(ln JT)/Δs ∝ φ1/2. (1.54)

While the P-STM used in this thesis does not have a “tunneling” aspect in the

conventional sense, the same idea can be applied optically using an arched tapered

fiber in place of the aforementioned tip and the tunnel current replaced by the optical

transmission.

The sample used was 220 nm of single crystal silicon on a sacrificial layer of

2 μm thick silicon oxide. After etching, the etched device layer is left with a 2

μm gap between it and the silicon substrate. When the fiber is close enough to

couple, the effective index of refraction of silicon (n ≈ 3.47) compared to that of

air/vacuum (n ≈ 1.00) would cause a change in the optical transmission of the fiber.

This method can be used to generate an optical topography image of the sample

and would greatly facilitate aligning the fiber to optical resonators. Such optical

topography images were not accurately obtained as of yet, due to time constraints,

the taper scanning within one wavelength of the device layer for sensing, and other

difficulties as documented in Section 3.5. With more time in the future, the obstacles

could be overcome.

This thesis first discusses how a single-mode tapered fiber was made and mounted

onto a custom fiber holder in Ch. 2. Ch. 3 explains how P-STM was built, after which

the tapered fiber on a fiber holder was attached and used to couple to the device,

yielding the optical and mechanical resonances. These resonances were later analyzed

and the mechanical properties extracted in Ch. 4. While higher vacuums, optical

topography by scanning the fiber, and coupling 10 μm disks were not possible due
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to time constraints, the setup was proven to successfully couple to 38 μm diameter

disks.



Chapter 2

Fiber Pulling

2.1 Theory of Fiber Pulling

Many optical resonator setups, especially those dealing with optical coupling to me-

chanical structures, require a waveguide or tapered fiber [36]. Its purpose is to couple

the light (1520 - 1570 nm) to a nanoscale optical resonator. In order to mount a fiber

in the P-STM, an arched holder was designed to hold the tapered fiber, in place of the

conventional STM tip, and had a diameter close to 18 mm, per the constraints of the

P-STM. Additionally, changes to the existing fiber pulling protocol were required.

To provide the needed evanescent field for coupling, the diameter of the taper

must be less than 1.1 μm for a wavelength of 1550 nm [37]. This is accomplished

by simultaneously heating and stretching the fiber lengthwise, which decreases its

diameter exponentially with the pulling length [38]. The process is also known as

“pulling” a fiber. The commonly used methods for doing this are by applying a CO2

laser [39] [40] or a flame which travels along the section of the fiber being tapered [38].

A CO2 laser heats proportional to the cross section of the fiber, therefore much

23
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attention must be given to controlling the laser power with the changing length

and diameter of the fiber [40]. A traveling flame heats relatively homogeneously

independent of cross section and was therefore used. A taper of a relatively small

length is needed in this setup, therefore a stationary flame was chosen, as opposed

to a one which travels along the fiber during the pulling process.

2.2 Pulling and Mounting a Tapered Fiber

For heating, a hydrogen torch whose gas is controlled by a Whitey 22RS4 needle valve

and a shut off valve is used. The torch is mounted on a three dimensional positioning

system, composed of two computer controlled linear stages driven by stepper motors

(Zaber T-LSM200A) for xy-positioning and a manual Mitutoyo micrometer for height

adjustment. The 20 cm range and 50 nm step size of the linear stages are controlled

either manually or by a computer. The Mitutoyo micrometer, having a range of 25

mm, is mounted to a right angle bracket which is then fixed to the two linear stages.

This setup gives repeatability for x, y, and z positions as well as the ability to quickly

move the torch away from the fiber after tapering. The fiber pulling and mounting

setup are seen in Fig. 2.1 and is the same pulling setup described in [37].

A 125 μm SMF-28e fiber of roughly 2 meters long is stripped of its protective

acrylic coating 2.5 cm from either end and 1 cm in the center. Both ends of the

fiber are cleaved using an Ericsson EFC 11-4 fiber cleaver, coated with index match

gel, and placed in mechanical fiber splicers. A New Focus Velocity 6330 diode laser

produces 1550 nm light for monitoring the fiber transmission during pulling which

is sent through the mechanical fiber splicer and the fiber to be pulled. The light is

attenuated by a variable optical attenuator and detected by a New Focus 1811 IR
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Figure 2.1: Fiber pulling setup with main parts identified.
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DC-125 MHz Low Noise Photoreceiver. A NI USB-6259 BNC DAQ card receives the

photoreceiver’s signal for monitoring of the fiber’s transmission.

The fiber is held in place using Newport fiber mounts, spaced 64 mm from each

other and equidistant from the torch between them. The torch is positioned 3.0 mm

downwards and 1.68 mm away in the horizontal direction from the center stripped

section of the fiber, between the fiber mounts. The fiber mounts are each secured to

the linear pulling stages by optical posts that can change the z-position of the fiber

mounts, assisting in fiber alignment. The two linear stages driven by stepper motors

(Zaber T-LSM100A), having 10 cm range and 50 nm single step size, are controlled

manually and by a local computer. The custom torch head used has a 0.13 mm

center inner diameter (ID), as opposed to 0.40 mm in the original version, both of

which are seen in Fig. 2.2.

Figure 2.2: Custom torch head with 0.13 mm inner diameter hole (left) and previous
torch head with 0.40 mm inner diameter (right)

Before pulling, the torch is moved a safe distance away from the fiber, lit, and

placed in the aforementioned pulling position. The fiber is pulled at 40 μm/s via the

Newport fiber-mounts on either side of the torch, while the transmission of the fiber

is monitored. The transmission changes and oscillates during the pulling process
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due to interference of modes in the fiber until only a fundamental mode exists. The

transmission is constant, when the pulling process is stopped, and the torch pulled

away from the fiber. If not, the fiber will break. An example of the fiber transmission

is shown in Fig. 2.3. Losses of 45% and greater were observed, which is much greater

than the 1% loss seen previously with this setup [37]. The greater losses are due to

the shorter taper length, specifically from the transition region being less gradual

between the original and tapered diameter of the fiber.

0 20 40 60 80

Time (s)

0

20

40

60

80

100

P
e
rc

e
n
t 

T
ra

n
s
m

is
s
io

n

Figure 2.3: Sample transmission of fiber while pulling. Total pulling time was 95
seconds. End transmission: 55%. The oscillation in transmission is from interference
of modes in the fiber, until the fiber is single mode at the very end.

After pulling a tapered fiber, it is glued to an arched fiber holder, two of which

were designed and are shown in Fig. 2.4. The purpose of the fiber holder is to
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support the taper and to secure it in the P-STM for optical coupling. They were

designed to minimize weight, made with a groove running the curvature of the arch

to guide the fiber during mounting, and to fit the constraints of the P-STM. The

larger arched fiber holder was made to accommodate a longer taper while pushing the

constraints of weight and size supported by the P-STM. In the end, the larger arched

fiber holder was used. The arched holder is held and adjusted during the mounting

process by a Newport DS40 xyz linear translation stage with a right angle bracket

to fix a Proindustrial 124684 micrometer in the vertical direction. Another right

angle bracket is employed to attach the fiber holder to the Proindustrial vertical

micrometer. The fiber holder is secured to the bracket using a set screw. The

translation stage has ranges of 14 mm (x and y), 5 mm (z) and a resolution of 1

μm, while the micrometer has a range of 25 mm and a resolution of 0.01 mm. The

mounting setup and alignment of the arched holder is shown in Fig. 2.5.

Figure 2.4: Custom, larger arched fiber holder (center) with a 10 mm center gap,
compared to the previous, smaller fiber holder (lower-right) with a 5 mm gap. Both
holders have a groove running the curvature of the arch to guide the fiber during the
mounting process.

The arched holder is oriented such that its center coincides with that of the fiber

and aligned with its groove along the length of the fiber. A microscope for monitoring
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Figure 2.5: (a) Vertical and (b) horizontal alignment of the arched fiber holder.

the tension of the fiber and the position of the arched holder is attached in place

of the torch. The microscope is composed of an Optem Zoom 70XL lens system

on a 10X MPlan Apo long working distance objective, illuminated with an external

Metaphase MP-LED-150 microscope LED, and digitally encoded with an Edmund

Optics EO-5012C color USB webcam. The microscope with a tapered fiber glued to

the arched fiber holder is seen in Fig. 2.6(a).

Figure 2.6: (a) A mounted and glued tapered fiber with microscope, after which it
is placed in (b) a transport stage with a bell jar cover.

After the fiber holder is raised so that it barely contacts with the fiber on either
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side of the taper, the fiber is detensioned intermittently while the holder is raised

further. The raising action of the holder pushes the fiber upwards, bending the fiber

around the holder with a sharp curve at the center. Detensioning is needed to not

break the taper and increase the curvature of center taper. In the course of this

step, the microscope is remounted to a higher position on its micrometer, due to

the latter’s range limitation. After the fiber holder is raised high enough so that

the fiber lies tangentially to either of the highest points on the holder, as seen in

Fig. 2.7(c) and (d), it is glued using Devcon 5 Minute Epoxy Gel. The epoxy was

chosen for its short curing time and because it can be easily removed with acetone.

Following the solidification of the glue, the fiber is further detensioned and holder

raised until the fiber has fully wrapped around the holder and glued a final time for

stress relief. Images of the fiber during the mounting process can be seen in Fig. 2.7.

Next, the glued fiber is removed from the bare fiber splicers, coiled, and taped to

a transferring stage, seen in Fig. 2.6(b), which the fiber holder is transferred to as

well. The transferring stage is covered with a bell jar, which helps protect it from

airborne contaminants.

2.2.1 Modifications to Pre-Existing Fiber Pulling Procedures

While the pulling procedure for fibers with tapers on the order of centimeters was

performed with basically this system in the past, it needed many changes in not only

the pulling procedure, but in the hardware as well, since this setup had never been

used before to pull fibers with tapers less than a centimeter long or fasten them to

a curved holder.

The first step which needed to be overcome was pulling a taper of length less than

that of the center gap of the fiber holder. In order to accomplish this, a small hot-
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Figure 2.7: (a) Tapered fiber, slightly detensioned. (b) Center tapered fiber before
gluing. (c) Left and (d) right side of fiber with fiber holder before gluing. Scale bars
are 125 μm.

zone (heated length of the fiber while pulling) is required for shorter taper lengths.

This aspect is further described by the equation [41]

rt(zt) = rt0e
−zt/L0 , (2.1)

where rt0 is the initial radius of the fiber, rt(zt) is the end radius of the fiber, L0 is

the hot-zone length, and zt is the taper length. Since rt(zt) is bound by the radius

for a single mode (550 - 947 nm) and rt0 is 125 μm for the SMF-28e fiber used, zt

should be minimized, which means L0 needs to be made as small as possible while

still providing a relatively even taper. The 0.40 mm ID torch head’s hot-zone length

was too large for the short taper needed, even after reducing the flame size as much

as possible.
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Faster pulling speeds, from the typical 40 μm/s used previously, to 200 μm/s,

were used in an attempt to shorten the taper length, but yielded relatively the same

result as slower pulling speeds except with shorter pull times, as predicted by Eq. 2.1.

Oxygen was used in conjunction with hydrogen in an attempt to decrease the hot-

zone length with the 0.40 mm ID torch head, which did decrease the size of the flame

substantially, and therefore the hot-zone length, but the amount of oxygen needed

to hold the small flame size was extremely small and hard to control, even after

installing a needle valve. The small flame size was also not consistent enough in its

heating of the fiber to provide successful tapers.

Following these attempts, two changes were made concurrently. The fiber holder

was redesigned in an endeavor to make its center gap larger, while limiting its weight

so that it would not be too heavy for the attocube ANPz30 z-piezo in the P-STM

setup. The attocube has a weight limitation of 10 g which needs to accommodate not

only the fiber holder, but another piezo and the adjoining brackets. A new custom

torch head was machined with a 0.13 mm outlet, smaller than the initial torch head

used which had a 0.40 mm outlet. The combination of both of these was able to

surmount the taper length dilemma with one drawback: the larger fiber holder was

not as maneuverable on the P-STM.

The next obstacle which needed to be overcome was forming the fiber around the

arched fiber holder. Since the Newport fiber-mounts would be used to hold the fiber

in situ, a z-translational micrometer was employed to elevate the holder high enough

so that the fiber could encompass the entire arch of the fiber holder.

A two-stage gluing technique was used, with the fiber running tangentially to the

arch before gluing, to alleviate fiber strain. Strain on the fiber continued to heavily

degrade its transmission during the forming process between the gluing stages. The
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fiber was found to be more robust against this strain if it was not stripped of it acrylic

coating on the sections being glued to the holder. Hereafter, the center region of the

fiber stripped for tapering was constrained to be less than that of the arched gap of

the fiber holder.

In the end, a successful technique was made for tapering and mounting a single-

mode fiber which can be attached to the P-STM. Following, in 3, the P-STM was

constructed, the tapered, mounted fiber attached, and optical and modes coupled to.

Thanks to other members of Davis group, especially Bradley Hauer, Callum

Doolin, and Paul Kim for familiarizing me with pulling fibers and helping me come

up with a new procedure including the two-step gluing process. David Fortin’s help

was greatly appreciated in designing the new fiber holder and torch tip as well as

thinking of other possible ways to mount/pull a fiber for the P-STM setup.
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Experimental Setup

3.1 P-STM Setup

The P-STM is composed of a base, a movable independent head, and a removable

sample holder contained in a UHV chamber. A New Focus TLB-6300-LN laser

provides the necessary telecom wavelength light, which is sent into the chamber,

through the tapered fiber (made in Ch. 2) coupled to the device, and back out of

the chamber where it is detected. A telescope provides viewing for aligning the fiber

with the optical resonator. The original Createc STM was altered in a variety of

aspects to provide the necessary fiber coupling and greater robustness.

3.1.1 P-STM Base

The P-STM base is made of a sample holder stage and three coarse, stick-slip piezos,

and a two-part frame. Both parts of the frame are oxygen free copper with gold over

nickel coating. The two-part frame is held together with 316 stainless steel bolts.

The bottom frame is bolted to three posts (originally springs) which are secured

34
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similarly to the above inner cryostat.

The sample holder stage is pushed upward by a spring on the lower P-STM

frame, clamping the sample between itself and the upper P-STM frame. Pulling

down on the sample holder stage releases the sample holder. Both the sample holder

and sample holder stage have copper contacts mounted on PEEK (polyether ether

ketone) brackets for direct wiring to the sample, for future applications.

The base of the sample holder is of the same composition as the P-STM frame.

An aluminum top elevates the sample from the sample holder base and is attached

to the sample with double sided tape. For future UHV application, beryllium copper

clips can be bolted to the aluminum top, to substitute for the double sided tape.

The coarse movement of the P-STM head containing the tapered fiber, is con-

trolled by three stick-slip piezos, each glued with Epotek H77 to a sapphire sphere on

its top and glued to the upper P-STM frame on its base. (Unless otherwise specified,

Epotek was the glue used everywhere on the P-STM.) The wire for the inside contact

on the stick-slip piezos was passed through protective PEEK tubing, between the top

and lower P-STM frame, and then through a hole in the upper P-STM frame, at the

base of each piezo. The outer contacts were wired at the base of each piezo. The

stick-slip motion of the sapphire spheres moves the bottom copper walking surface

of the P-STM head. Each part of the P-STM base is identified in Fig. 3.1.

3.1.2 P-STM Head Assembly

The P-STM head is comprised of an oxygen free copper disc with a retaining edge

having four hollow aluminum posts bolted on at the top. These posts serve as vertical

spacing, and are bolted to an oxygen free copper bracket. An attocube ANPz30 z-

piezo, used for lowering and raising the fiber as much as 5 mm, is bolted to the top
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Figure 3.1: The P-STM with the upper frame, lower frame, sample holder stage,
stick-slip piezos, head disc, small PEEK pin connector, large overhead PEEK pin
connector, and strain relief for the large overhead PEEK pin connector identified.
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copper bracket, the former of which is bolted to an intermediary aluminum bracket,

glued to a PT-Tube Piezo scanner with a max xy deflection of ± 16 μm and max z

deflection of ± 4.5 μm. The piezo is used for fine x and y movement with another

aluminum bracket glued to its bottom which is secured to the fiber holder using a set

screw. In wiring the head, a Macor (a machinable ceramic) connector bolted to the

top copper bracket was machined to hold pins which connect the individual Kapton

coated wires from the piezos and the wire loom via a small PEEK pin connector

(Omnetics Part Number A79624-001). All wires were soldered with 157 solder and

flux. The P-STM head can be seen in Fig. 3.2.

Figure 3.2: P-STM head with the fine piezo, attocube, and top Macor pin connector
identified. The four aluminum posts and lower copper disc are not present.
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3.1.3 Wiring the P-STM

Many difficulties were encountered when using the original wiring scheme of Kapton

coated wires for the entire P-STM. The Kapton coated wires would at times short,

from wires touching where the coating had worn away, or break, from the lack of

strain reliefs, especially at the large overhead PEEK pin connector. This, coupled

with the lack of organization of the wires seen in Fig. 3.3, led to rewiring the entire

P-STM with Cryoloom wire loom. Each wire loom has 12 pairs of Kapton coated

wires threaded in PEEK. Three looms ran from the overhead PEEK pin connector:

one to the P-STM base, one to the PEEK bracket on the sample holder stage, and

one to a small PEEK pin connector for the head. Another loom, mentioned previ-

ously, ran from another small PEEK pin connector to the Macor connector bolted

to the top of the P-STM head. The process of changing tapers on the P-STM was

greatly eased using this method, since the head could be completely removed by dis-

connecting the small PEEK pin connector. To strain relief the looms, narrow sheets

of aluminum were bolted to the lower P-STM frame and the large overhead PEEK

pin connector. Also, PEEK tubing was placed around the loom at the aluminum

sheets. Additionally, the looms were glued with Tra-Bond 215 to the small PEEK

pin connector for the P-STM head. The Tra-Bond presented an advantage over the

commonly used Epotek in this instance since it does not require baking to cure and

is still UHV compatible. The only remaining original Kapton coated wires ran from

the center contact of the coarse piezos, on the upper P-STM frame, to the local wire

loom and those previously mentioned running from the piezos on the P-STM head

to the top Macor pin connector.

The resistance (200 ohms) of the wires running the length of the cryostat changed

the time constant for the sawtooth wave sent to the attocube. The time constant



CHAPTER 3. EXPERIMENTAL SETUP 39

Figure 3.3: Wiring previously done with Kapton coated wires, which were later
replaced with wireloom, seen in Fig. 3.1.
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equation,

τ = RC, (3.1)

shows that for a given capacitance, changing the resistance of the circuit changes the

time constant and hence the sawtooth wave. This led to using a separate Accu-Glass

coaxial cable between the large overhead PEEK pin connector to a feedthrough at

the base of the cryostat.

3.1.4 P-STM Chamber

3.1.5 Telescope

In order to view the alignment of the taper and the sample to accomplish optical

coupling, a Questar QM100 telescope’s image is sent to a computer using a Lumenera

Lw235C 2.0 megapixel camera. The telescope’s angular deflection and height is

governed by a custom hinged platform and a Newport NRC 270 elevation stage. Also,

the telescope’s vertical and horizontal viewing angle can be controlled by another

Questar 53600 platform. The telescope’s position, relative to the P-STM in chamber,

can be seen in Fig. 3.4.

3.1.6 Optical Circuit

The optical circuit of the system contains a New Focus TLB-6300-LN laser connected

to a fiber polarization controller, which then sends the light to a variable optical

attenuator. After this, the light passes through an optical fiber feedthrough into the

chamber, through the taper, out of the chamber through another optical feedthrough,

and detected using a New Focus 1811 photoreceiver. The DC component from the

photo detector is sent to a National Instruments BNC-2110 DAQ card which is then
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Figure 3.4: The overall setup containing the Questar telescope with a camera used for
viewing the P-STM in chamber, through a glass port. The custom hinged platform,
the vertical translational stage, and the telescope’s platform are used for alignment
of the telescope.
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processed by LabView. The AC output from the photo detector is either sent to a

Hewlett Packard 8594E spectrum analyzer or a Zurich HF2LI lock-in amplifier. Both

the laser and the spectrum analyzer can be controlled locally or by LabView via a

GPIB-USB-HS Controller.

3.1.7 Preparing the P-STM for coupling

A fiber is first tapered and mounted, as described in Ch. 2, after which it is trans-

ported to the P-STM lab for installation. The P-STM head is removed from the

P-STM, the latter of which is hanging from the inner cryostat. The recently tapered

fiber is installed on the bottom of the P-STM head with a set screw and the fiber

directed through the center of the P-STM head disc. After this, the small PEEK pin

connector on the head is reconnected and the head re-installed.

Dangling from the base of the cryostat shell are LewVac single mode vacuum

compatible optical patch cables (FO-SM1300VC-1000), which have been previously

fusion spliced to a bare 125 μm SMF-28e fiber using an Ericsson FSU 995 PM Fusion

Splicer. The splices are protected with Kapton tape. The fiber from the taper is

spliced similarly to the fiber already spliced to the optical patch cables. The SMF-28e

optical fiber between each of the optical patch cables and the tapered fiber is used

as a sacrificial intermediary, so that during future splicing, its length will shorten

instead of that of the patch cable’s. Finally, the fiber holder is oriented such that

the plane of the arch is perpendicular to the line of sight of the telescope.

The sample holder is then inserted and the cryostat lowered into the chamber

with a copper gasket between the cryostat and the chamber. After bolting down the

cryostat, a BOC Edwards XDS 10 scroll pump is turned on and the vacuum measured

with a ConvecTorr P-type thermo-couple pressure gauge. When the pressure is
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3.0 × 10−3 mbar, a Varian TV301 Nav turbo pump is activated and the pressure

monitored both at the load lock chamber and P-STM chamber with ion gauges,

giving a vacuum down to 10−7 mbar.

3.2 Fabrication of Optical and Mechanical Res-

onators

The devices were fabricated from silicon-on-insulator with a 220 nm device layer of

single-crystal silicon on top of a 2 μm sacrificial layer of silicon dioxide with a handle

layer of amorphous silicon beneath. Patterning of the devices was done through

CMC IMEC using 193 nm deep UV lithography. Subsequently, the wafer was diced

and the chips released though a buffered oxide etch, removing 2 μm of silicon dioxide.

All of the optical microdisks studied had a diameter of 38 μm and the mechanical

devices investigated had a torsion rod length (width) of 0.13 (8) μm and a paddle

length (width) of 5.0 (0.5) μm. The difference in the three mechanical resonators

inspected varied in flange width (section of the paddle adjacent to the microdisk)

and changed from 0.5 μm (that of the width of the paddle) to 1.5 μm to 3.0 μm. The

flange length was kept constant at 0.2 μm and the gap between the torsional resonator

and the microdisk was 130 nm. SEM (scanning electron microscope) images of one

of the devices, with the dimensions shown, and the three different devices used are

seen in Fig. 1.2 and Fig. 3.5, respectively.

Thanks to Paul Kim for fabricating all of the chips and taking the SEM images

for me.
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Figure 3.5: SEM images of all three mechanical resonators with flange widths of (a)
0.5 μm, (b) 1.5 μm, and (c) 3.0 μm. (The flange is the section of the mechanical
resonator, nearest the optical microdisk.) Widths for all features are in the horizontal
direction with lengths in the vertical direction. Credit goes to Paul Kim for taking
these images.
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3.3 Coupling to an Optical Resonator

When the P-STM is in a sufficiently high vacuum (10−7 mbar currently), the tapered

fiber is moved to the xy position of the optical microdisk being investigated and

rotated above the sample, using the coarse piezos and a Createc STM-AFM program.

Images of the fiber in the typical orientation for coupling are seen in Fig. 3.6. A

cropped version of the fiber outlined when above and when coupling to a 38 μm

diameter disk in chamber is seen in Fig. 3.7. For coupling to a microdisk, the taper

is placed along the edge of the disk, running tangentially. The taper is lowered

through use of the attocube, by applying separately and in order: a continuous

voltage, a stepped voltage, and an offset voltage. The continuous voltage provides

a repeated sawtooth waveform signal to the attocube, lowering the fiber steadily. A

stepped voltage sends one sawtooth signal to the attocube thereby lowering the taper

incrementally. An offset voltage is a constant DC voltage sent to the attocube which

directly changes the vertical position of the fiber by the smallest amount possible.

While approaching the sample, the fiber’s DC transmission is monitored though

National Instruments Measurement and Automation Explorer program and stopped

when the transmission decreases due to optical losses from the taper touching the

sample. The transmission after touching may be anywhere from 0 to 70 % of that

when not touching, due to optical scattering losses. If the transmission is too low

during contact (usually anything less than 40 percent), the offset may be decreased or

the fiber holder stepped up to reduce physical strain on the taper, reducing the optical

scattering, thereby regaining some of the signal. To check for optical resonances,

a LabView wavelength scanning program is run which scans the laser’s full range

(1519-1570nm) and monitors the DC optical signal. This scan is normalized with a

background scan in which the fiber is not touching or in proximity to the sample.
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An example of a normalized scan is seen in Fig. 3.8, the free spectral range is 6.1 -

6.5 nm (750 - 800 GHz).

3.4 Coupling to a Mechanical Resonator

To measure the resonance of the nearby mechanical structure after coupling to the

local optical microdisk, the optical spectrum is examined for high Q modes (Q > 1).

An example of such a mode is seen in Fig. 3.9. After selecting a high Q optical mode,

the laser is tuned to one of the mode’s high-sloped sides. Usually the red side of the

optical resonance provided greater sensitivity to mechanical modes, due to optical

heating. A spectrum analyzer was used for examining the AC optical signal in the

possible mechanical resonance range (1 - 10 MHz), using a 100 Hz bandwidth. When

searching for mechanical resonances in this range, the spectrum analyzer examined

200 kHz sections of the AC signal, scanning every 10 seconds. Each 200 kHz section

was scanned at least twice (20 seconds in total at least), to ensure accurate readings,

before examining the next section. A mechanical resonance is identified when a sharp

upwards spike is seen in the signal amplitude, as seen in Fig. 3.10. The upward shape

of the spike is from the amplitude of alternating component of the optical signal being

the largest on the mechanical resonance frequency. Moving away from the center of

the spike, the optical signal oscillates with less amplitude, since the tuning of the

signal is slightly off of the mechanical resonance.

Further fine tuning of the laser on a high Q optical resonance serves to find the

steepest slope of the optical resonance and increases the amplitude of the mechanical

resonance. Following, the optical signal is attenuated or polarization changes using

the variable optical attenuator or fiber polarization controller, respectively. The
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Figure 3.6: Pictures from the Questar telescope of the tapered fiber installed on the
P-STM (a) outside of chamber, while attempting to couple to a 10 μm disc, and (b)
in chamber, while coupling to a 38 μm diameter disc. The scale bars for each image
were drawn to the scale of the resonators on chip.
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Figure 3.7: Cropped image of the fiber outlined in black when (a) above and (b)
coupled to a 38 μm diameter disk in chamber. The scale bar applies to both images.
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Figure 3.8: Normalized, repeating optical resonances of a 38 μm diameter disk. Free
spectral range is 6.1 - 6.5 nm (750 - 800 GHz).

mechanical resonance is examined by a Zurich HF2LI lock-in amplifier by taking a

fast Fourier transform (FFT) of the mechanical mode. Typically the settings for the

FFT on the lock-in amplifier are a spectrum width of 230 kHz, a bandwidth of 2.5 to

10 kHz, and a sample rate of 230,000 samples/second gathering 4096 samples in total.

The bandwidth was chosen to be on par with the relaxation time of the resonance,

Qmech,n/(Ωn/2π). The lock-in was necessary since the spectrum analyzer could not

analyze and sned the mechanical resonance data fast enough to the computer, which

gave unreliable results upon further analysis. Other mechanical resonances can be

seen using the same method.
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Figure 3.9: Normalized, high Q (45,000) optical resonance of a 38 μm diameter disk.

Figure 3.10: Thermomechanical power spectral density of the lower frequency mode
in the 3.0 μm width flange torsional resonator from the lock-in amplifier, before
calibration.
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3.5 Difficulties Encountered

As mentioned before, the original Kapton wiring was completely replaced to overcome

the lack of strain reliefs and improve reliability. At one point a LewVac vacuum

optical feedthrough (FO-SM1300-16CF) broke, which was replaced by a custom built

feedthrough. The new feedthrough was comprised of half a vacuum compatible

optical patch cable which passed through both a PEEK tube and a 0.28 mm hole

in a blank port. The end of the patch cable was glued using Epotek H77 to the

PEEK tube and the cable itself was glued to the blank port. Strain relief has been

somewhat of a problem with the PEEK tubing and will be replaced in the future by

an aluminum one. Currently, the PEEK tubing is strain relieved by a clamp taped

to the blank port of the feedthrough. The engineered optical feedthrough cost less

than $50 for materials (as opposed to the market price of over $500 with a vacuum

compatible optical patch cable) and is seen in Fig. 3.11.

3.5.1 Viewing Microdisks Inside the Vacuum Chamber

The viewing of microdisks disks through the Questar telescope was an obstacle

throughout the experiment, especially when the P-STM was inside the chamber.

After transporting the P-STM into the chamber, multiple reflections in the glass

port between the telescope and the P-STM served to exacerbate this problem. The

sharp side viewing angle (rather than a directly downward one), has hindered de-

tailed viewing of smaller structures. The viewing area of the telescope when the

sample is 22 cm away in the chamber is 2 mm in width by 1.5 mm in height with a

depth of field of 40 μm. The resolution of Lumenera camera is 1616 x 1216 pixels

yielding 2 μm per pixel, equivalent to the resolution of the telescope. The difference
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Figure 3.11: Custom built, vacuum compatible, optical feedthrough. A clamp taped
to the blank port provides strain relief.
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between viewing in air and viewing into the chamber through a glass port can be seen

in Fig. 3.6 by the attempt to couple to a 10 μm disk in air and the lack of definition

when viewing into the chamber (coupling to a 38 μm diameter disk). A cropped

version of the fiber outlined when above and when coupling to a 38 μm diameter

disk in chamber is seen in Fig. 3.7.

To add to this difficulty, in the future when radiation shields are attached around

the P-STM for 4 K temperatures, lighting will be especially difficult using the tele-

scope, since the current light is supplied from a glass port behind the P-STM, oppo-

site of the telescope. The use of a camera to surmount this difficulty was proposed

before, with the initial plan being to incorporate a NanEye 1 mm CCD camera,

which would work in vacuum if the appropriate housing was built to hermetically

seal it. For optimal viewing of the fiber atop a microdisk, the camera would be

mounted on the P-STM head, between the fine piezo and the fiber holder, pointing

in the downward direction, focused on the fiber. As a test for proof of concept, a 3rd

Eye 520TVL FPV with a 9.5 mm CCD was bought, sealed in a custom aluminum

housing, and attached to electrical feedthroughs in a vacuum chamber. It was proven

to transmit clear images in a 10−3 mbar environment.

Next, an Awaiba NanEye GS camera with a CCD footprint of 3.4 mm x 3.4

mm was ordered which contained compound anti-reflection (AR) coated lenses. The

NanEye GS was used for its substantially smaller CCD (3.4 mm), which would easily

fit between the fine piezo and the fiber holder on the P-STM head, compared to the

3rd Eye 520TVL with a much larger CCD (9.5 mm).

The AR coating on the lenses was of an unknown composition and assumed to

not be UHV compatible, therefore new achromatic lenses were ordered without the

AR coating. The original design of a complex lens system was replaced by a single



CHAPTER 3. EXPERIMENTAL SETUP 54

aspherical lens which was encased in the original anodized aluminum housing, with

a spacer to add extra focal distance. (The anodized coating can be removed later.)

Another aluminum housing was made for the 3.4 mm CCD which threaded onto the

lens housing. Both housings went through a three stage Epotek gluing and baking

(110 ◦C) process, between which the camera was tested. The 3.4 mm CCD was

wired to a custom printed ribbon cable, copper etched on Kapton film, with a PEEK

intermediary connector, seen in Fig. 3.12. In the future, this ribbon cable will be

useful for wiring the camera through the fine piezo in the P-STM head.

Figure 3.12: Vacuum compatible 3.4 mm CCD camera wired to a custom ribbon
cable with a PEEK intermediary connector.

The focal distance between the lens and the CCD was evaluated with the help

of David Fortin and following, images of on-chip structures were taken using the

setup shown in Fig. 3.13, but progress was cut short. This stoppage was due to time

constraints and obtaining of mechanical resonances taking a higher priority. An

image of on-chip structures can be seen in Fig. 3.14 where the scale bar was obtained

from the physical dimensions of the alignment pattern. The alignment pattern, seen

as two “X”s on the top of Fig. 3.14, was made by deep UV etching, courtesy of Paul

Kim. A camera will still be needed in the future to image smaller microdisks and

allowing viewing when approaching cryogenic temperatures. The lighting for such
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a camera will come from local ceramic LEDs, mounted to the posts securing the

P-STM lower frame to the cryostat. Both the LEDs and the camera would be able

to be turned off to obtain lower temperatures and a heat resistor placed inside the

camera, in case lower temperatures raise the band gap energy enough to prevent the

CCD from working properly [42].

Figure 3.13: NanEye GS camera attached to USB controller board, examining a
sample chip.

3.5.2 P-STM Scanning

Many problems appeared when the setup was attempted to scan optical resonators,

using the optical scanning technique mentioned in Sec. 1.5. The major benefit of

this method is that small, 10 μm disks might be able to be imaged, which could

greatly ease fiber alignment when attempting to couple. A feedback loop using the

optical transmission was attempted for constant optical current by changing the

height of the taper relative to the sample through the center, fine piezo. One of the

obstacles with this method is trying to align the scanning plane of the fiber parallel
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Figure 3.14: Image of on-chip structures taken with the NanEye GS camera using
the setup in Fig. 3.13. Structures include an alignment pattern, along the top of the
image, composed of two “X”s, created by deep UV etching. One of the alignment
patterns can easily be seen in Fig. 3.15, for reference.

Figure 3.15: Image of on-chip structures taken with an optical microscope. An
alignment pattern of one “X,” created by deep UV etching, is clearly seen in the
center. Both this and a second alignment pattern is seen in Fig. 3.14.
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to the plane of the sample, since the tolerances are not high enough between the

P-STM base, P-STM head disc, and the fine scanning piezo on the P-STM head.

Plane subtraction is needed to account for this difference, which is done in software.

The previous STM’s fine scanning piezo was much shorter, having scanning areas

of 100 x 100 nm at most. These smaller areas, as opposed to 25 x 25 μm areas

scanned currently, did not require plane subtraction. While attempting to surmount

this problem, the taper was scanned in constant height mode, with the topography

image generated from the optical transmission. While optical topographies where

generated, as seen in Fig. 3.16, on-chip structures were not able to be observed. The

P-STM had to be extremely close to the sample, within one wavelength, in order for

the optical transmission to be affected by the silicon device/handle layer. At these

distances, stiction proved to be a major obstacle, meaning that when the taper was

close enough to couple, the taper would be attracted electro-statically to the sample,

where it would remain in contact during scanning. In the end, time was limited

to spend on scanning and it was decided to couple to larger disks through visual

alignment. Scanning using a constant optical transmission could still be possible, if

more time was given to develop the software for plane subtraction.

David Fortin was a great contributer in introducing me to the P-STM, wiring, de-

signing and machining various parts, assembling, LabView programming, and think-

ing of ways to couple optically. Fabrication of the sample and advice on coupling to

optical resonators was possible with the help of Paul Kim. Joe Losby was of great

help with the Zurich lock-in amplifier, etching samples, advice on vacuum systems

and coupling, and relaying his vast knowledge of nanofabrication. Allison MacDon-

ald and Hugh Ramp assisted in design of the optical circuit. Callum Doolin helped

with some of the LabView setup as well. Thanks to Roshan and the Wolkow group
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Figure 3.16: Scanned P-STM sample image obtained from changing optical trans-
mission at constant height. Left side of the image is forward scanning left to right,
while the right side of the image is backscanning right to left. Area scanned was 300
x 300 nm, scanned horizontally at 4.58 μm/s from top to bottom. On-chip structures
were not able to be imaged. The tapered fiber started touching the sample during
the lower half of the image and remained in contact for the duration, due to stiction.
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for use of their optical microscope and camera.



Chapter 4

Results and Discussion

4.1 Optical Modes

After the fiber was positioned for optical coupling, the wavelength spectrum of the

laser was scanned (1520 - 1570 nm) while recording the output transmission. Another

optical scan was taken as well, that of the background spectrum when the fiber was

well above the sample. The optical scan of the microdisk was normalized to this the

background spectrum for each of the three 38 μm diameter discs and can be seen

in Fig. 4.1. The wavelength spacing between the repeating optical modes in these

scans, also known as the free spectral range, was 6.1 - 6.5 nm (750 - 800 GHz).

4.1.1 Fitting and Extracting Optical Properties

The optical spectrum was examined at modes which appeared to have a high Q. High

Q modes are necessary to provide the greatest sensitivity to the nearby mechanics;

the steeper the slope on the edge of an optical resonance, the greater change in

transmission to the small optical AC signals caused by the nearby mechanics. These

60
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Figure 4.1: Optical resonances of the three 38 μm diameter microdisks adjacent to
torsional resonators with flange widths of (a) 0.5 μm, (b) 1.5 μm, and (c) 3.0 μm.
Each optical mode repeats throughout the spectrum and has a free spectral range of
6.1 - 6.5 nm (750 - 800 GHz).
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high Q modes (without the off-resonance transmission) were fitted with Eq. 1.19,

which was then used to find Q. The highest Q observed was 45,000 ± 700 with

a κ of 4.26 GHz. This optical mode can be seen in Fig. 4.2. The high frequency

oscillations, seen off resonance, is from optical interference, possibly from a less than

ideal optical splice, the taper itself, or other sources.

Figure 4.2: Highest Q optical resonance observed (green) with best fit (blue) from
Eq. 1.19, having a Q of 45,000. The high frequency oscillations, seen off resonance,
could be from a less than ideal optical splice, the taper itself, or other sources.

4.2 Mechanical Modes

The mechanical spectrum was detected with a spectrum analyzer with the laser de-

tuned to the side of one of the resonances similar to Fig. 4.2. During this sampling,

the chamber was pumped down already with the sample in the 10−7 mbar environ-

ment. Two mechanical resonances were seen in each mechanical device, with the

exception of the 0.5 μm width flange having only one. These resonances were from

thermomechanical motion and are seen in Fig. 4.3.
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Figure 4.3: Mechanical resonances plotted with the data in blue and the fits in red.
Flange widths and frequencies of (a) 0.5 μm and 2.23 MHz, (b) 1.5 μm and 2.03
MHz, (c) 1.5 μm and 4.68 MHz, (d) 3.0 μm and 1.89 MHz, and (e) 3.0 μm and 4.14
MHz.
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All of the resonators have a lower frequency mode (1.8 - 2.2 MHz) which is the

largest in amplitude out of the two possible resonances in each device. This is to

be expected since the lower mode is certainly a torsional mode, which is more easily

stimulated since the resonators are torsional. A wider flange increases the mass of

the resonator with the moment of inertia for the torsional mode, which in turn lowers

the frequency of both the higher and lower modes. Another point of interest is the

higher frequency mode in the 0.5 μm width flange was not seen. This is most likely

from the mode having less magnitude than that of the electrical system’s noise floor.

Mechanical resonances were not able to be seen at higher pressures due to the

tapered fiber loosing coupling with the microdisk when the pumps were turned off.

During coupling, the both the turbo and scroll pump were on. After coupling, the

pumps were turned off which caused the tapered fiber to loose contact (and coupling

as well) with the microdisk. The reason for the change is the fiber was adjusted to sit

on the sample when the pumps were turned on, but when the pumps were turned off,

the calibration distance between the P-STM and the sample changed slightly. This

slight change is distance was enough for the fiber to loose contact with the microdisk

it was coupling to. Even though coupling at a lower vacuum was not attained, it can

be hypothesized that at high pressures, the mechanical quality factor should decrease

along with the amplitude of the peak [17].

4.3 Simulated Mechanical Modes

In order to compare the experimental results to the simulations, finite element mod-

eling (FEM) using COMSOL was performed on each of the three mechanical res-

onators, using a template provided by Paul Kim and dimensions obtained from a
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SEM. The three lowest frequencies and mode shapes are seen in Fig. 4.4.

Figure 4.4: FEM simulations of the mechanical modes in torsional resonators with
flange widths of (a) 0.5 μm, torsional mode, with frequency 6.017 MHz; (b) 0.5
μm, in-plane mode, with frequency 7.099 MHz; (c) 0.5 μm, out-of-plane mode, with
frequency 10.119 MHz; (d) 1.5 μm, torsional mode, with frequency 5.419 MHz; (e)
1.5 μm, in-plane mode, with frequency 6.863 MHz; (f) 1.5 μm, out-of-plane mode,
with frequency 10.119 MHz; (g) 3.0 μm, torsional mode, with frequency 4.762 MHz;
(h) 3.0 μm, in-plane mode, with frequency 6.548 MHz; and (i) 3.0 μm, out-of-plane
mode, with frequency 9.668 MHz.

While the resonant frequencies of the FEM simulations deviate greatly from the

experimental results, conclusions may still be drawn between them. The inverse

relationship between flange width and the fundamental torsional mode frequency

still exists in the simulations. Given the approximately the same optomechanical

coupling for both modes, it makes sense that the lowest frequency mode has the
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highest amplitude since it is the most easily excited. Assuming relatively the same

optomechanical coupling for each mode and that the easiest thermomechanically

stimulated mode would be a torsional one, it is fair to state that the lower frequency

mode seen in each device is a torsional mode. The higher frequency mode, is probably

the in-plane mode, not only since it is the next mode in higher frequency, but the

next higher frequency modes are much greater in frequency (∼6 compared to ∼9

MHz). These deviations of the experiment from the simulations are probably from

the difference in the fabricated device compared to the computerized ideal (e.g. from

undercutting, slanted sidewalls, SEM has resolution down to 10 nm).

4.4 Thermomechanical Calibration

The mechanical resonances were fitted using Eq. 1.45, as described in Sec. 1.4. The

fits can be seen in Fig. 4.3 with the extracted mechanical properties in Table 4.1

and the angular properties in Table 4.2 (the angular properties are only listed for

the torsional modes). It should be noted that since the simulated modal frequency

(Ωsim
n ) is at most 2.5 times greater than the experimental modal frequency (Ωexp

n ), it

is possible that the effective mass is at most 6.35 times greater than the values listed

in the below tables. COMSOL calculated the simulated modal frequency from both

the effective mass and the effective spring constant, Ωsim
n =

√
keff/meff which means

that the effective mass, the effective spring constant, or both, may be off by a factor

as great as 6.35.

The optomechanical coupling coefficient, G, was found using the methodology at

the end of Sec. 1.4, where the side of the optical resonance, at which the mechanical

data was obtained, was linearly fitted and the slope extracted. This was combined
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Table 4.1: Calibrated Properties of the Torsional Resonators

Flange Width meff Ωexp
n /2π Ωsim

n /2π Qmech

√
Snf
zz

(μm) (fg) (MHz) (MHz) (fm Hz−1/2)

0.5 420 2.23 6.02 600 ± 8 300 ± 20
1.5 1500 4.68 6.86 7100 ± 200 280 ± 7
1.5 490 2.03 5.42 450 ± 5 200 ± 10
3.0 1700 4.14 6.55 2400 ± 50 220 ± 10
3.0 610 1.89 4.76 510 ± 5 200 ± 10

Table 4.2: Calibrated Angular Properties of the Torsional Resonators

Flange Width Ieff Ωexp
n /2π Ωsim

n /2π
√
Snf
θθ

(μm) (μm2 pg) (MHz) (MHz) (nrad Hz−1/2)

0.5 2.6 2.23 6.02 120 ± 6
1.5 3.0 2.03 5.42 81 ± 5
3.0 3.8 1.89 4.76 80 ± 5

with the conversion factor, α, and the 4x amplification of AC output inherent of the

New Focus 1811 Photoreceiver accounted for, as seen in Eq. 1.49. The zero point

fluctuation amplitude, xzpf, was found using Eq. 1.51. This value was then used to

calculate the single photon/phonon coupling rate, g0, through Eq. 1.50. The values

of the optomechanical coupling coefficient are seen in Table 4.3.

As expected, xzpf scaled with device mass and resonant frequency. The optome-

chanical coupling coefficient, G/2π was greatest for the larger flange widths since the

longer edge allowed for greater optical mode overlap. This trend is reflected in g0 as

Table 4.3: Optomechanical coupling properties

Flange Width Ωexp
n /2π Ωsim

n /2π xzpf G/2π g0
(μm) (MHz) (MHz) (fm) (MHz/nm) (Hz)

0.5 2.23 6.02 95 ± 0.6 0.82 ± 0.02 78 ± 2
1.5 4.68 6.86 35 ± 0.6 1.8 ± 0.05 63 ± 2
1.5 2.03 5.42 92 ± 0.5 2.7 ± 0.07 250 ± 6
3.0 4.14 6.55 58 ± 0.2 69 ± 2 4000 ± 10
3.0 1.89 4.76 85 ± 0.3 82 ± 3 7000 ± 200
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well. In comparison, a different mechanical resonator design with a flange width of

1.5 μm and an optical microdisk diameter of 10 μm, gave G/2π to be 82 MHz/nm,

similar to that of the torsional mode in the 3.0 μm width flange, seen here [18]. While

the 3.0 μm flange width devices should have greater coupling than the 1.5 μm ones,

the 38 μm diameter optical disks, investigated here, a smaller disk could perhaps

give greater coupling from increased optical mode overlap.

Callum Doolin provided great assistance in fitting and troubleshooting the data,

especially in determining the optomechanical coupling coefficient. Bradley Hauer’s

help was greatly appreciated in fitting and extracting all parameters.
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Conclusion

5.1 Summary and Directions for Future Work

Using an existing STM, a P-STM was built which required augmenting the exist-

ing STM with an entirely new head, enhancing the sample holder, and completely

rewiring the setup. In order to couple to optical resonators, a new fiber holder was

engineered and a tapered fiber pulled and mounted, necessitating changes to the cur-

rent fiber pulling setup. Following installation of the tapered fiber onto the P-STM

and transferring the P-STM to a HV (10−7 mbar) environment, coupling was accom-

plished to multiple microdisks of 38 μm in diameter where optical quality factors as

high as 45,000 ± 700 were seen. The optical modes of the microdisks were able to

couple to each of the adjacent torsional resonators, through which up to two mechan-

ical modes per resonator were discerned. Following a thermomechanical calibration

of each resonance, sensitivities as low as 200 ± 10 (fm Hz−1/2) and Qmech as high as

7,100 ± 200 were observed on different resonances. Angular sensitivities as low as 80

± 5 (nrad Hz−1/2) were observed as well. FEM simulations of the torsional resonators

69
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helped identify which modes were seen and suggest that the lower frequency modes

are torsional whereas the higher modes are in-plane. Optomechanical coupling as

high as 82 ± 3 MHz/nm was observed as well as a zero point motion of 35 ± 0.6 fm

was inferred on other devices.

While the setup was successful in observing mechanical modes, many improve-

ments can be made. Coupling to smaller resonators was difficult given the optical

alignment of the fiber to the microdisk requiring viewing with a telescope through

a glass port, where multiple reflections inhibited detailed viewing. Scanning of the

optical topography was limited since the taper was required to be within one wave-

length of the sample, maintaining a constant optical transmission by adjusting the

height of the taper through the center, fine piezo. This would allow mapping the

surface of the sample from the shifts in height of the taper, and would potentially

allow coupling to 10 μm disks, which might yield greater optomechanical coupling.

Stiction and changes in the software for plane subtraction required more time than

was currently available, but scanning remains a future possibility. Another possible

improvement is installing a camera directly above the tapered fiber, between the fiber

holder and the fine, center piezo. The camera, together with local ceramic LEDs,

would make viewing of the sample possible when the radiation shields are attached

in the future, for liquid helium temperatures.

UHV is possible (10−11 mbar) if the apparatus was baked-out and any leaks

in the chamber sealed. A UHV environment will be better at not only keeping

a sample clean long term, but has the possibility of performing electronic beam,

molecular, or atomic deposition. Liquid He temperatures are also possible, but since

a shield is required around the P-STM in order to do so, new lighting must be made

available using local ceramic LEDs. Different optical and mechanical resonators
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could be investigated including a torsional resonator with magnetic permalloy thin-

film deposited on one of its paddles. This would not only posses the ability for remote

actuation, but can also be used as a highly sensitive mechanical platform for magnetic

state manipulation. This actuation and manipulation would be accomplished by

applying a variable magnetic field beneath the sample with a dither coil, measured

with a Hall Probe, and using a static field through a magnet placed in chamber

moved with an already present arm.

In short, not only were mechanical resonances observed with high sensitivity, but

the P-STM holds a great amount of future possibilities.
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