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In cavity-based optomechanical platforms, the coupling between the optical modes
of a cavity and the vibrational modes of a mechanical resonator is mediated by ra-
diation pressure. High contrast gratings (HCGs) have attracted a lot of interest for
such platforms because they offer a way to make high reflectivity (> 99.5%), low
mass mirrors. In its simplest form, a high contrast grating is a high index dielectric
slab that has been patterned with sub-wavelength scale features to create a peri-
odic modulation of the refractive index in one or two dimensions. Optomechanical
platforms also need these low mass reflectors to act as mechanical resonators with a
high mechanical quality factor Q. Stressed silicon nitride on silicon has emerged as
a leading candidate for such devices because these films possess mechanical quality
factors in excess of 10°. Due to the stress that these silicon nitride films are under, 2D
HCGs end up being more tolerant of the microfabrication process than their 1D coun-

terparts. Additionally, those based on a symmetric 2D photonic crystal lattice are



expected to be insensitive to the polarization of light at normal incidence. This thesis
looks at the performance of 2D silicon nitride HCGs, as well as examines some of the
properties of stressed silicon nitride films that limit their performance. We present
a new method to separate transmission losses from dissipative losses in an HCG and
find that dissipative losses are not the dominant factor in limiting the reflectivity
of 2D HCGs. Our results also show that a slight anisotropy in the refractive index
of stressed silicon nitride films can make these HCGs birefringent, thereby breaking
the degeneracy between polarization eigenmodes when the HCGs are used as the end

mirror in an optical cavity.
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Chapter 1 Introduction

The field of optomechanics deals with the interaction between light and physical
objects through radiation pressure. Optomechanics has received a great deal of atten-
tion in recent years because of its potential for application to precision accelerometry
[1] chip-scale optical signal processing [2], and fundamental research [3]. There have
been comprehensive reviews of the field published recently [4, 5], including one di-
rected to potential applications of optomechanics [6]. Cavity optomechanics is a
subset of this field that focuses on the coupling between the optical modes of a cavity
and the vibrational modes of a reflective mechanical resonator within the cavity. A
popular platform for cavity optomechanics is the so-called “membrane-in-the-middle”
arrangement where a reflective membrane serves as the mechanical resonator and is
placed within a high finesse optical cavity. In these configurations, it is possible to
tune the cavity so as to cool a vibrational mode of the membrane down to the ground
state [7].

The focus of this thesis is on a platform slightly different from membrane-in-the-
middle systems. Instead of placing a partially reflecting membrane within a high
finesse optical cavity, a highly reflective membrane (R > 99%) is used as one of the
end mirrors of a high finesse Fabry-Pérot cavity. The mechanical response of the high
reflectivity membrane can be modeled as a mass on a spring. When incident light is
coupled into the cavity at a wavelength that undergoes a multiple of 27 phase shift
per round trip, there is a build up of optical power within the cavity. The circulating

optical power in turn exerts a force on the membrane through radiation pressure. As



one can see, the ideal optomechanical element for such a platform has high reflectivity,

low mass, and a high mechanical quality factor Q.

Fixed mirror ~ Movable
mirror

Fabry-Perot

Figure 1: The reflective membrane in Fabry-Pérot cavity can be modeled as a mirror
on a spring.

1.1 Cavity Optomechanics and HCGs

In earlier work, freestanding Bragg mirrors [8] and coated cantilevers [9, 10] have
been used as the movable mirror in Fabry-Pérot cavities. High contrast gratings offer
another way to make low mass, high reflectivity mirrors. In its simplest form, a
high contrast grating is a dielectric slab that has been patterned with sub-wavelength
scale features to create a periodic modulation of the refractive index in one or two
dimensions.

Early work on high contrast gratings (HCGs) focused on devices with periodicity
in just one dimension [11, 12]. The 1D index modulation was created by pattering
thin (thickness < ), high index (n > 2) films so as to leave behind rectangular

segements of the high index material spaced apart at regular intervals. The space



high index material

I'(int:

low index material

Figure 2: Illustration of a 1D and a 2D high contrast grating.

between these fingers was filled by air, vacuum, or some suitable low index material.
By changing the geometry of these devices (width of the fingers or spacing between
the fingers), it is possible to engineer them to function as broadband reflectors [13]
or as narrowband transmission filters [14].

Owing to their high reflectivity and light weight, high contrast gratings have
attracted interest in the field of optomechanics. However, for millimeter sized silicon
membranes, the frequency of the fundamental vibrational mode is not high enough to
push Fabry-Pérot cavity optomechanical systems into the resolved sideband regime.
Stressed silicon nitride on silicon has emerged a leading candidate for such systems.
Like silicon, stressed silicon nitride has low optical absoprtion and is compatible with
standard microfabrication processes. Unlike silicon membranes, these films are under

great tension and, consequently, have mechanical modes with much higher frequencies.



This advantage comes without any drawback in terms of mechanical losses. Low stress
silicon nitride on silicon (SiN,) is known to exhibit excellent mechanical quality factors
(@ > 10°)[15] and the high stress version (stoichiometric SizN,) exhibits Qs an order
of magnitude higher [16].

In previous work, our group fabricated 1D HCGs on low stress silicon nitride
membranes [17] and, using a Fabry-Pérot cavity [18], optical cooled of one of the

membrane’s vibrational modes down to 7'~ 1K.

1.2 Optical Properties of Silicon Nitride and Impact on HCG Performance

This thesis looks to expand on our group’s prior work with 1D HCGs in two ways.
The first is the fabrication of membrane reflectors based on symmetric, 2D photonic
crystal (PhC) patterns, which theory suggests are insensitive to the polarization of
light at normal incidence. The benefit of such devices is that they overcome one clear
limitation of 1D HCGs - their polarization sensitivity. The other benefit of 2D HCGs
has to do with device yield. 2D HCGs are much likelier to survive the fabrication
process than their 1D counterparts when PhC patterns get larger than 75um x 75um.
In particular, we found that for 2D HCGs with 300um x 300um PhC patterns, the
yield was over 90% (only 5 out of 75 devices lost). 1D HCGs with a quarter of these
dimensions (75 the area) had a yield of only 50% [18].

Another type of HCG that would be interesting for cavity optomechanics exper-
iments is a reflector whose spectral response at normal incidence features a sharp
reflection peak, i.e., a reflector with a high optical Q. High contrast gratings can be

designed to have sharp Fano resonances [19] and such gratings would be particularly



useful in arrangements where the HCG is used as one of the end mirrors in a laser
cavity. The asymmetry of Fano resonances would create a similar asymmetry in the
round trip gain profile of the laser, thereby making it possible to ensure that the out-
put of the laser is always blue-detuned relative to the peak of the gain profile. Such
a laser, in principle, should be capable of cooling the vibrational modes of its own
end mirror, i.e., those of the high Q reflector. These HCGs offer another practical
advantage. Reflectors with higher optical Qs can ensure single mode operation of the

lasers with longer cavity lengths.

@)
OR®)
§ é Mechanical Mechanical
O - Damping Gain
e dF/dx >0 dF/dx >0
O
T O
88
¥ o
L

Cavity Length of Laser

Figure 3: The force exerted by radiation pressure on the end mirrors of a laser cavity
depends on the round trip gain profile of the laser. When an HCG with a high
optical Q is used as one of the end mirrors, the round trip gain profile is defined,
almost entirely, by the spectral response of the HCG. The graph above shows how
the force on a high Q reflector changes with the length of the laser cavity. If the
cavity length is tuned to ensure that the oscillating mode is blue-detuned, the HCG
sweeps out a path similar to the one depicted above.

The performance of the HCGs mentioned above depends critically on the optical

properties of the silicon nitride films from which they are fabricated. As will be



shown in later chapters, a slight anisotropy in the refractive index of silicon nitride
can make 2D HCGs polarization sensitive, thereby breaking the degeneracy between
the polarization eigenmodes of a Fabry-Pérot cavity formed with these devices. With
regard to high Q reflectors, it is well established that optical losses, in the form of both
scattering and absorption, limit the attainable optical Q [20]. Therefore, there is an
important need in the field for techniques to determine the effect of index anisotropy

and optical losses on the performance of high contrast gratings.

1.3  Goals and Objectives

The primary goal of this thesis is to study how the optical properties of stressed
silicon nitride films impact the performance of 2D HCGs. The work presented in

subsequent chapters is focused on three objectives:

e Presenting a new method to precisely determine the reflectivity, transmittance,

and losses (scattering + absorption) in high contrast gratings.

e Determining the mechanism responsible for breaking the degeneracy between
polarization eigenmodes in Fabry-Pérot cavities where 2D HCGs are used as

one of the end mirrors.

e Differentiating between scattering losses and absorption losses in high contrast

contrast gratings.



1.4 Outline of Thesis

The current section, chapter 1, offers a brief introduction to the field of cavity
optomechanics and provides some context for why high contrast gratings are an at-
tractive element for Fabry-Pérot cavity optomechanical systems. The is followed by
a brief discussion of the of advantages of stressed silicon nitride films in order to
motivate further study of this material system and its optical properties.

Chapter 2 starts by going over a commonly used method to determine mirror
reflectivity from measurements of the cavity finesse. Following this, we lay out how
information from the cavity reflection signal can be used to arrive at precise estimates
for transmission and loss (scattering + absorption) in an HCG. This chapter concludes
with some remarks about limitations to using the cavity reflection signal when working
with metrastructure reflectors.

Chapter 3 presents data from cavity experiments and connects these results to
the optical properties of silicon nitride. The first part of the chapter looks at the
polarization sensitivity of 2D high contrast gratings. The discussion is focused on
how the separation and orientation of polarization eigenmodes in a Fabry-Pérot cavity
with a 2D HCG change with wavelength. The latter half of this chapter is devoted
to the results of experiments intended to separate the different components of optical
loss (transmission, scattering, absorption) by using the method developed in chapter
2.

In chapter 4, the experimental results are reconciled with predictions from theory

and simulations. The chapter begins by introducing a toy model of an HCG in



order to capture the effect of an anisotropic refractive index on cavity measurements.
However, this simple model does not account for any of the observed trends as a
function of wavelength. This index anisotropy is then incorporated into simulations
of HCGs, the results of which exhibit good agreement with experimental data. The
chapter concludes with a discussion on using simulations to arrive at an estimate for
the absorption loss and then using this estimate to distinguish between the amount
of scattering and the amount of absorption in high contrast gratings.

The final chapter, chapter 5, summarizes the results of this thesis and ties it in
with the implications they have for experiments in cavity optomechanics. The thesis
concludes by suggesting some directions for future work and offers ideas on how to

improve device performance.



Chapter 2 Determination of Reflectivity, Transmittance, and Loss

Fabry-Pérot cavities offer a simple way to precisely measure the reflectivity of
an uncharacterized reflector. By scanning the wavelength of incident light or or by
changing the cavity length, one can measure the change in light transmitted by the
cavity. The linewidth of this signal and, therefore, the cavity finesse depend on the
total optical losses from the cavity. The term loss includes transmission through the
mirrors, as well as losses due to absorption and scattering. If the characteristics of one
of the mirrors in a Fabry-Pérot cavity are known, then a lumped term corresponding
to the sum of all optical losses from the other mirror can be determined with a high
degree of precision (R = 1 - X optical losses).

The clear drawback of this method is that a measurement of the cavity finesse
allows one to only measure the reflectivity of a mirror. However, for high contrast
gratings, particularly those used in optomechanics systems, it is important to be able
to separate the different types of optical losses (transmission, scattering, absorption)
from one another. Without such information, one cannot ascertain whether device
performance (high reflectivity) is limited by material absorption or whether improve-
ments in fabrication might be able to reduce scattering losses in a meaningful way,
for example.

As we will show later in this chapter, cavity measurements generate more data
than is normally used when simply determining mirror reflectivity. By recording the
normalized peak of the cavity transmission signal and the normalized dip of the cavity

reflection signal, one can separate HCG transmission from scattering and absorption



losses.

2.1 Determining Mirror Reflectivity from Cavity Finesse Measurements

A simple optical cavity is shown in figure 2. Light incident from the left is coupled
into the cavity, which results in a build up of circulating optical power inside the
cavity. A portion of this circulating power is transmitted through the flat mirror
and exits the cavity propagating to the right. As the frequency of incident light is
varied, sharp peaks are observed in the cavity transmission signal when the phase

accumulated per round trip through the cavity is a multiple of 2.

N-2 N-1 N N+1 N+2
+ Fabry-Perot ‘|| """)

Vopt

Figure 4: (left) Fabry-Pérot cavity showing light incident from the left and exiting the
through the flat mirror as the cavity transmission signal. (right) Cavity transmission
as a function frequency vy

The linewidth of the cavity transmission signal, Av,,, is related to the free spectral

range (FSR) and finesse (F) of the cavity.

C
FSR = 1
2Lcavity ( )
F
Finesse = o (2)
Vopt
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An estimate of the optical losses from the cavity can be determined from a mea-

surement of the cavity finesse F'.

B 27
X optical losses

(3)

Each mirror is defined by a reflectivity (R, Rs), a transmittance (73,75), and a
lumped term that captures the sum of all scattering and absorption losses (1 —e™27 +
1 — e72?) in the cavity. The terminology here is borrowed from Siegman [21] and
it should be noted that e~ represents the amplitude attenuation after one reflection
while e=27 represents the intensity attenuation after one reflection. Therefore, 1—e=27
represents the fractional loss from both scattering and absorption upon reflection. For
small losses, which is the case for the high contrast gratings discussed in this thesis,
1 — e™? =~ 2v. Therefore, the optical losses from the cavity are given by the sum of

11,271, Ty, 27y,. Equation (3) can be recast as:

P 2w
T +27 + T + 27

RI,T].] — £ 2

|:| 'I_r'-'.ll'n'!'_l,l

Rr'-'.ll'”_l_,l RE.‘ T_}‘] — e 2

Incident

Figure 5: A hemispherical Fabry-Pérot resonator. The net signal propagating from
the input face of the first mirror is cavity reflection signal (Reuiry). The cavity
transmission signal is denoted by Tequyity -

11



However, the sum of all optical losses from each individual mirror is given by
1 — Roirror, Where R0 is the reflectivity of the particular mirror. Hence, the
cavity finesse in terms of the reflectivity of the cavity mirrors is given by:
27

==+ 0-m o

If a Fabry-Pérot cavity is formed from two low loss reflectors, one whose reflectivity
is known, then the reflectivity of the other mirror can be determined with a high
degrees of precision from the linewidth of the cavity transmission signal. However,
knowledge of the cavity finesse is not sufficient to distinguish between outcoupling
losses and dissipative losses. As figure 3 makes clear, this arrangement generates more
information than simply the linewidth of the cavity resonance. It will soon be shown
that additional data from cavity experiments can be used to separate transmission

from scattering and absorption losses.

2.2 Cavity Transmission and Cavity Reflection Signals

When the wavelength of light incident on a Fabry-Pérot resonator is scanned across
a cavity resonance, a response similar to that shown in figure 6 is observed. Rcquity
and Tiqity represent the total power reflected and transmitted by the Fabry-Pérot
resonator as a function of wavelength, respectively.

Consider a cavity similar to the one in figure 5, but where all the characteristics
of the input coupler, i.e., the curved mirror, are known (Ry,77,271). It can be shown

that in order to determine T3, and 27, one need only the normalized minimum of the

12
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w
|

cavity
2 — - Tcavity
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0 I | | I |
1556.030 1556.035 1556.040 1556.045 1556.050

A (nm)

Figure 6: Excerpt of experimental data showing the change in Reqpity and Teguity as a
function of wavelength.

cavity reflection signal (R,,;,) and the normalized maximum of the cavity transmission
signal (Tynaz), both of which occur on resonance. (See Appendiz A for a full derivation
relating R and Tpa. to characteristics of the cavity mirrors.).

For ease of presentation, 2I" will be used to denote the sum (2y; + 27,). If 2v; is
already known, it is a simple matter to determine 2+ from 2I". 2I" merely represents
the total round trip scattering and absorption loss in the cavity. The derivation in
Appendix A established that the minimum of the normalized cavity reflection signal
(Romin) is related to the properties of the cavity mirrors through the relation:

2
Ryin = (%) (=11 + T 4 2T)° (6)
Equation (4) can be rewritten to give an expression for the round trip absorption

and scattering loss:
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Substituting (7) in (6) yields:

R — (1 - E>2 (8)

T = %(1 + Rmm) (9)

The derivation in Appendix A also established that the properties of the cavity
mirrors are related to the normalized peak of the cavity transmission signal (7},4z)

through the expression:

F 2
Tmaa: = (_) T1T2 (10)
m
2
T\ T,
T — o max 11
= () (1)

Substituting equation (9) in equation (11) gives:

T T,
T, = (L) __fmaz 19
? (F>1i\/Rmm (12)
Finally, one can obtain an expression for the round trip absorption and scattering

loss by substituting equations (9) and (11) in equation (6):
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7T 1 - Rmm - Tmax
2 = [ —= 13
Therefore, given R,,in, Tz, and cavity finesse F', one can determine 77, Ty, and

2I" from equations (9), (12), and (13), respectively.

2.3 Practical Limits and Considerations

There is one obvious complication to using the above expressions to determine the
transmittance of the mirrors and the round trip loss due to scattering and absorption
in the cavity. The equation for the transmittance of the input coupler, equation (9),
yields two solutions. However, this technique is intended to be used in situations
where the reflectivity, transmittance, and disspative losses of one of the mirrors is
already known. Depending on which mirror is the uncharacterized mirror, this am-
biguity can be resolved by comparing the output of either equation (9) or equation
(11) to the transmittance of the mirror whose properties are already known.

The real source of caution when using this approach is to remember that the above
analysis assumes perfect mode matching between the input beam and the excited
cavity mode, which is usually the fundamental transverse spatial mode. In other
words, the analysis assumes that the parameters of the beam (waist size, wavefront
curvature, and transverse spatial profile) coupled into the cavity are perfectly matched
to those of the excited cavity mode.

In practice, poor mode matching can be remedied (a) by changing the position

or power of the converging lens that focuses light onto the input coupler or (b) by
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changing the cavity length so that the parameters of the excited cavity mode match
those of the incident beam. Poor mode matching can also occur because of distortions
in the spatial profile of light that is coupled into the cavity. Such distortions can be
minimized by reducing the number of optical elements upstream of the cavity or
by ensuring that the input coupler does not introduce significant artifacts to light
coupled into the cavity.

Imperfect mode matching manifests through excitation of higher order transverse
modes of the cavity. When the wavelength of incident light, or the cavity length, is
swept to cover one free spectral range, higher order modes will register as peaks on the
cavity transmission signal albeit at frequencies slightly offset from the fundamental
transverse mode. However, it is possible to use data that registers the excitation of
higher order modes to compensate for their effect on the measured values of R,,;, and

Tnae Of the fundamental mode.

2.4 Cavity Configurations

The technique presented in the previous sections was described in very general
terms. The principal interest of this thesis to measure R, T, and 2 for high contrast
gratings. In order to do so, one would simply construct a cavity similar to the one in
figure 5, but where a high contrast grating is used in place of the flat mirror and where
the curved mirror is one whose properties (Rgiciectrics Laictectrics 2Vdielectric) are already
known. As has been established, this information in conjunction with the normalized
minimum of the cavity reflection signal (R,,;,) and the normalized maximum of the

cavity transmission signal (7, ) is sufficient to determine the reflectivity, transmit-
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tance, and dissipative losses of the other mirror, i.e., the high contrast grating.

The hemispherical cavity described above, where an HCG takes the place of the
flat mirror, can be used in one of two configurations - one where the dielectric mirror
is used as the input coupler (below left) and one where the HCG is used as the input

coupler (below right).

Dielectric Dielectric
mirrar mirror
R dielectrics TdiE|EE|:I'iE R dielectrics TdiE|ECtI'iE
H@G H@G
I:‘l‘ HCGr THCG R HCGJTHCG

Figure 7: Alternate configurations for cavity measurements

2.4.1 HCG Input Coupler

From the perspective of assembling cavities for experiments, this configuration is
easier to work with. Since the HCG is very thin, as compared to a dielectric mirror, it
is a trivial matter to focus the incident beam down to its waist just inside the cavity.
This makes it possible to achieve good mode matching between the incident beam
and the fundamental transverse mode of the cavity.

However, this configuration has one significant drawback, a drawback that is par-
ticular to high contrast gratings. To ensure good mode matching to the fundamental

transverse mode of the cavity, light transmitted into the cavity by the input coupler
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needs to have a clean Gaussian profile. However, it was found that the HCGs we used
introduced a fair amount of distortion to transmitted light, especially at wavelengths
near the mirror’s peak reflectivity. In other words, at these wavelengths, the trans-
verse spatial profile of light entering the cavity is not Gaussian and, consequently, this
leads to the excitation of higher order modes in the cavity. Since there is less light
coupled into the cavity that is mode matched to the fundamental, the transmission
maximum at resonance will be lower than the expected. Since there is also a smaller
than expected buildup of circulating power in the fundamental transverse mode, the
reflection dip measured at resonance will be higher than for the case of ideal mode
matching.

The distortion introduced into transmitted light by the HCG affects the cavity
reflection signal in another way. The cavity reflection signal is actually the superposi-
tion of two waves - incident light that is promptly reflected off the input coupler and
light circulating in the cavity that is transmitted through the input coupler. Distor-
tion in the latter affects the measured value of R,,;,, thereby reducing the accuracy

of measurement in this configuration.

2.4.2 HCG Output Coupler

The only real drawback to this configuration, from a practical standpoint, is that it
can be tedious to position the curved dielectric mirror such that light transmitted by
it is mode matched with the fundamental traverse mode of the cavity. However, there
are some advantages to using this cavity arrangement. Since high quality dielectric

mirrors with low loss and low distortion are readily available, the incident beam is
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less likely to pick up significant distortion on its way through the dielectric mirror
(input coupler) and into the cavity. Although the HCG distorts transmitted light,
this has no effect on cavity transmission signal, which is simply a measurement of the
total intensity transmitted by the cavity in the forward direction.

The second benefit of this arrangement is that it allows one to quickly determine
the proper sign in front of v/R,.;, in equation (9) because the transmittance of the
dielectric mirror is already known. With this information in hand, values for the
HCG transmittance (T3), as well as the the round trip scattering and absorption loss

(2I'), can be determined from equations (11) and (13).

2.5 Summary

This chapter presented an overview of a commonly used method to estimate R for
a high reflectivity mirror (R ~ 1). This technique only needs to be supplemented by
measurements of T}, and R,,;, in order to distinguish between transmittance from
scattering and absorption losses in a high reflectivity mirror.

While there are some practical advantages to using a cavity where the HCG is
the input coupler, these advantages are likely erased because the HCG introduces
a good amount of distortion to transmitted light in the wavelength range where its
reflectivity is the highest. Although the second arrangement, where the HCG is used
as the cavity’s output coupler, can be a challenge to assemble and tune, it imposes

no artificial limit on the quality of mode matching that can be attained.
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Chapter 3 Measurement of HCG Performance

As mentioned in the first chapter, there is an interest in 2D HCGs because they
are better able to withstand the fabrication process, thereby making it possible to
fabricate devices with much larger areas. From the standpoint of cavity optomechan-
ics, there is an interest in fabricating polarization-insensitive broadband reflectors,
as well as narrowband (high @) filters. Attaining high cavity finesse is particularly
important for optomechanics experiments and so most of our focus is on designs
where the HCG reflectivity approaches unity. Making use of cavity reflection signal
in the manner suggested by the previous chapter makes it possible to measure the
reflectivity, transmittance, and loss down to a hundredth of a percent.

The first part of this chapter focuses on the unexpected polarization sensitivity of
2D HCGs based on symmetric photonic crystal patterns. In particular, Fabry-Pérot
resonators formed using these HCGs supported two nondegenerate polarization eigen-
modes and the orientation of these eigenmodes changed with wavelength. The latter
half of this chapter presents results from the new measurement technique. Estimates
for the transmittance of the dielectric mirror are shown to have good agreement with
the known values for this mirror. This information is then used to determine Txcq

and 2T".

3.1 HCG Fabrication

2D high contrast gratings were fabricated by first growing a 600nm thick film

of low-stress silicon nitride on silicon (100). A 4 x 4 array of windows were then
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etched from backside of the wafer up to the silicon nitride film to leave behind 16 sus-
pended membranes. Using e-beam lithography, 2D photonic crystal patterns (square
- 300um x 300um or circular - d = 300um) were written onto photoresist, which
was later developed to leave behind a mask. Finally, reactive ion etching was used to
transfer the 2D photonic crystal patterns to the center of their respective membranes.
All 16 membranes on a chip had a 2D photonic crystal pattern. The patterns had
slightly different lattice parameters from one another and the parameters were chosen

specifically to obtain broadband reflectivity in the telecom band.

Figure 8: (left) SEM images showing the photonic crystal pattern inscribed within a
circular region of the membrane. (right) Close up of a few unit cells of the lattice.

3.2 Cavity Experiments

Initial experiments focused on determining the reflectivity from on measurements
of the cavity finesse. The new 2D HCGs were used as the flat mirror of a hemispherical
Fabry-Pérot resonator and a broadband dielectric mirror (Reyrpature = H0mm) was
used for the curved mirror. The dielectric mirror was chosen such that it had a
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reflectivity significantly higher (1 — R = 1.6 * 10~%) than what was expected for any
of the individual HCGs over the wavelength range of interest (1520nm — 1600nm).
As a result, the linewidth of a cavity resonance, or any other measure of cavity

performance, was limited by the optical losses of the HCG.
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Figure 9: Setup of cavity experiment used to determine the reflectivity of HCGs.

A laser, tunable over the telecom band, was used to excite the modes of the cavity.
Since these measurements were made with a long cavity (Lecavity = Reurvature), light
coupled into the cavity only needed to be swept over a small frequency range (tens of
MHz) in order to measure the linewidth of a cavity resonance. An electro-optic phase
modulator was used to put sidebands on the output of the laser and the cavity was
tuned to couple to one of the sidebands. By driving the electro-optic phase modulator
with the output of a voltage-controlled oscillator (VCO), the sidebands were made
to sweep out a range in frequency space. Since the VCO was driven by a voltage
ramp, the frequency of the sidebands varied linearly with time. A 2 volt ramp was
supplied to the VCO, which corresponded to a frequency sweep of about 150 MHz or
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a wavelength scan covering 12pm in the C-band.

A second electro-optic phase modulator was used to put a set of low, fixed-
frequency sidebands (tens of MHz) on the output of the first EO phase modulator.
This was done in order to establish a frequency reference on the cavity transmission
signal. The cavity transmission signal is recorded on an oscilloscope and is recorded as
a function of time. The frequency of the sideband that couples to the cavity is swept
in a linear manner over that time frame. By determining the separation between
the two, fixed-frequency sidebands produced by the second EO phase modulator,
one can convert the cavity transmission signal from a function of time to a function
of frequency. Depending on the strength and linewidth of the transmitted signal,
carrier-sideband separations of 10 MHz, 20 MHz, or 30 MHz were used as frequency
references.

The output of the second phase modulator is sent through a circulator in order
collect to light reflected back from the cavity. Downstream of the circulator, a wedge
is used to combine infrared light from the tunable laser with red light from a HeNe
laser in order to produce a visible beam that co-propagates with the IR beam. Aside
from being useful for optical alignment, the co-propagating red light helps park the
laser on a membrane’s photonic crystal pattern, which is a tiny 300pum x 300um
target. When light from the HeNe laser is incident on the photonic crystal pattern,
a characteristic diffraction pattern in observed in the far field. A polarizer followed
by a half waveplate is placed after the wedge in order to control the polarization of
light incident on the cavity. Light transmitted by the cavity passes through a non-

polarizing beam splitter (NPBS). One beam is sent to a photodetector and picked up
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Figure 10: The second EO phase modulator generates two sidebands, which are offset
by 10MHz from the carrier. The sideband-sideband spacing of 20Mz is used to convert
the bottom axis of the oscilloscope trade from one of time to one of frequency. Based
on this frequency reference, the linewidth of the carrier above estimated to be 890kHz
full width at half maximum (FWHM).

on an oscilloscope. As shown in figure 10, the photodetector signal can be used to
calculate the linewidth of a cavity resonance. The other beam exiting the NPBS is
imaged on a CCD camera in order to visualize the excited transverse spatial modes

of the cavity.

3.3 HCG Reflectivity

Light incident on a Fabry-Pérot cavity, which is a mode-selective resonator, does
not couple to all possible transverse modes of cavity. The coefficients of finesse are
different for, and particular to, each excited mode. Therefore, if one is interested in
the reflectivity of an HCG under a Gaussian beam, the experiment must be tuned to

efficiently excite only the fundamental transverse mode of the cavity.
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The output of the first electro-optic phase modulator comprises a carrier and two
sidebands. The offset of the sidebands from the carrier varies linearly with time, thus
mimicking a frequency-swept light source. Therefore, a readout of the cavity trans-
mission signal contains information about the frequency response of the cavity. When
the frequency of one of the sidebands scans across a cavity resonance, a characteristic
Lorentzian lineshape will register on the cavity transmission signal.

The linewidth of cavity resonances was recorded at various wavelengths over the
wavelength range from 1540nm — 1580nm. The reflectivity of the HCG outside
these wavelengths was too low to generate a strong cavity transmission signal. For
this HCG, the narrowest cavity resonance linewidths occurred between 1550nm and
1560nm and ranged from 3MHz to as low as 0.80MHz. The FSR of the cavity was
measured to be 3.13GHz, which corresponded to a cavity length of 49.5mm. The
coefficient of finesse of the cavity was determined from equation (2) and the results

are illustrated in figure 11.
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Figure 11: (left) Calculated coefficients of finesse over wavelengths from 1550nm-
1560nm. (right) Corresponding cavity resonance linewidths.

Since the reflectivity of the dielectric mirror is known, equation (5) can be used
to determine the reflectivity of the HCG from the estimated cavity finesse at various
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wavelengths. The reflectivity calculated in this manner was compared to the results
of a simple transmission test where incident light was focused onto the HCG and the
fraction of light transmitted was measured. As figure 12 makes clear, straightforward

measurement, of light transmitted by the HCG is not a good barometer of HCG

performance.
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Figure 12: (left) Calculated HCG reflectivity over the wavelengths from 1550nm-
1560nm. (right) Comparison between cavity experiments (Rpyce) and simple trans-
mission measurements (1 — Tyog)-

3.4 Nondegenerate Polarization Eigenmodes

When the cavity is tuned to excite only the fundamental transverse mode, reso-
nances should be separated from each other by the free spectral range of the cavity.
However, as the results in figure 13 show, cavity resonances were observed in pairs of
closely spaced peaks. The separation between the resonances in each pair was small
(tens of MHz) compared to the FSR of the cavity (3.13GHz). The occurrence of
two closely spaced resonances could be explained by either excitation of higher order
transverse modes of the cavity or birefringence in one of the mirrors.

A CCD camera was used to monitor the transverse spatial profile of light exiting

26



o
o
3
<
1

I
o
]

20

10-4

Cavity Transmission
PD Signal (mV)
T

1400 1450 1500 1550
Offset Frequency (MHz)

24
22 ®

18
16 —
14 —
12 —

8 e

Separation Between
Cavity Resonances (MHz)

I I I I I I
1550 1555 1560 1565 1570 1575

Wavelength (nm)
Figure 13: (top) Cavity transmission signals measured at various wavelengths. (bot-

tom) Frequency offset between closely spaced cavity resonances as a function of wave-
length.

the cavity. The excitation of any higher order transverse modes would be visible on
the video output of the CCD. Video did not reveal much coupling, if any, to higher
order modes when the wavelength of incident light source was swept across a free
spectral range. In order to be certain that this was the case, Pound-Drever-Hall
laser frequency stabilization [22] was used to lock the frequency of the sidebands

output from the first electro-optic modulator to each cavity resonance. The cavity
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transmission signal had a Gaussian profile regardless of which resonance in a pair of
closely spaced peaks the laser was locked to. In other words, the cavity supported
two fundamental transverse modes that were offset from each other by only tens of
megahertz. This separation was significantly smaller than the free spectral range of
the cavity, which was approximately 3GHz. This suggested that one of the cavity

mirrors was birefringent.
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Figure 14: Oscilloscope trace of the cavity transmission signal when circularly po-
larized light is incident on the cavity. The insets show the transverse profile of the
transmitted beam when the laser was locked to the corresponding peak.

In earlier experiments, the dielectric mirror was paired with a flat mirror of known
reflectivity and characterized using a cavity. Those experiments did not reveal closely

spaced resonances like those seen in figure 13. This leaves the HCG as the only poten-
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tial source of birefringence even though the 2D HCGs fabricated were, theoretically,
expected to be polarization insensitive. To identify the orientation of two possible
polarization eigenmodes, the laser was locked to each resonance and a polarizer placed
between the cavity and a downstream power meter. By rotating the polarizer and
recording the output of the power meter, the fraction of power in the transmitted
beam at different angles was charted (see figure 15). The eigenmodes were found to
be linearly polarized and were inclined at 20.5 degrees with respect to the horizontal

and vertical axes.

Figure 15: The cavity was locked to each of two closely spaced cavity resonances.
The power in the transmitted signal was analyzed in increments of 10 degrees using
a polarizer and the results recorded on a polar plot.

The eigenmodes also had different linewidths. By changing the polarization of
incident light to match the orientation of one of the eigenmodes, it was possible
to excite only that particular eigenmode during a sweep of the wavelength. The
eigenmode inclined at 20.5 degrees from the vertical axis had a narrower resonance
linewidth. The respective linewidths at 1556nm were found to be 0.66 + 0.006 M H z
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and 0.83 £ 0.015M H z, respectively.

3.5 Short Cavity with HCG Output Coupler

To make measurements using the new technique presented in chapter 2, the exper-
iment setup in figure 9 was modified in two ways. First, the cavity was reconfigured
to use the HCG as the output coupler of the systems. Additionally, instead of using
a cavity length close to the stability boundary (Legwit, = 50mm), the cavity length
was reduced to below a millimeter. Care was taken to ensure that the spot size of
the fundamental transverse mode on the HCG for the short cavity was the same as
it was for the long cavity.

The reduction in cavity length practical advantages. The separation between
the mirrors was reduced to around 0.4mm, which corresponded to a free spectral
range in excess of 300GHz. In other words, in the telecom band, resonances for
a given eigenmode were spaced apart by approximately 3nm in wavelength space.
For such high FSRs, electro-optic phase modulators were no longer needed to create
a frequency-swept light source. The tunable laser, which was capable of executing
wavelength sweeps over the range from 1500nm-1620nm, was instead directly used as

the frequency-swept source.

3.5.1 HCG Reflectivity

As was done for the long cavity, the linewidths of cavity resonances at various
wavelengths were measured. This was done for both polarization eigenmodes and the

corresponding coefficients of finesse and HCG reflectivities are shown in figure 17.
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Figure 16: (left) Normalized cavity transmission signal over the wavelength range
from 1520nm - 1600nm. (right) Raw cavity transmission and reflection signals around
1556nm, the region of highest reflectivity.
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Figure 17: (left) Cavity finesse as a function of wavelength for both polarization
eigenmodes. (right) Inferred HCG reflectivity over the range from 1553nm - 1563nm.

One difference that stands out between the results for the short cavity compared
to those for the long cavity (see figure 11) is that higher coefficients of finesse were
obtained with the short cavity. Since the same set of mirrors were used in both
experiments, one should expect both cavities to have the same finesse since the finesse
is merely a function of the total optical losses from the cavity.

There are some factors that would explain such a discrepancy. One is that despite
our best efforts, the spot size of the excited mode at the HCG was different in both
experiments, which resulted in electric field profiles that ”saw” different numbers

of photonic crystal unit cells. The other is that excited modes for the two cavities
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were excited on different portions of the same photonic crystal pattern, one portion
presumably having fewer imperfections than the other. Although the divergence in
results is perplexing and worthy of additional study, the purpose of our work to was
to determine an upper limit for HCG performance in a practical setting. The results
from the short cavity establish that the 2D HCGs are capable of attaining reflectivities

~ 99.9%.

3.5.2 Properties of Polarization Eigenmodes

Since the same elements were used in the short cavity as were used in the long
cavity, the short cavity too supported closely spaced polarization eigenmodes. The
wavelength separation between the each pair of eigenmodes was measured. In order
to compared these results with those from the long cavity, the respective eigenmode
mode separations are rewritten in terms of the difference in phase shift imparted by
the HCG to each of the eigenmodes(Ag).

The two polarization eigenmodes are very close to each other in frequency space
and, therefore, satisfy the same multiple of 27 phase shift per round trip. Therefore,
if one eigenmode has a resonance at \; and the the other eigenmode has a nearby

resonance at Ag,

2 Lcavi 2 Lcavi
ot 4% Deavity + ¢y =21 2% Leavity + by (14)
/\1 )\2

Rearranging the terms gives an expression for the difference in phase shift (Ag)

imparted by the HCG to the two eigenmodes:
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A¢ = 47T * Lcavity |:)\_ - )\_:| (15)
1 2

A¢ can expressed in terms of the wavelength separation between orthogonal eigen-

modes (as measured in the case of the short cavity),

41 % Legui
Ap = Tty A2 — A4 (16)

or in terms of the frequency separation between orthogonal eigenmodes (as mea-

sured in the case of the long cavity).
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Figure 18: Difference in phase shift imparted by the HCG to the eigenmodes based
on data from both the long (Leqyity = 49.5mm) and short cavity (Legpity = 0.42mm)

Using the above relationships, data for eigenmode separation as a function of

wavelength for both the long cavity (in terms of MHz) and the short cavity (in terms
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of nm) can be converted into an inferred difference in phase shift imparted by the
HCG to each of the polarization eigenmodes.

While there is agreement between the two data sets, this does not help determine
the source of birefringence in the HCG. In addition to the wavelength-dependent
difference in phase shift imparted by the HCG upon reflection, it was also observed
that the orientation of the eigenmodes varies with wavelength. Figure 19 catalogs

how the orientation of the linearly polarized eigenmodes changes with wavelength.
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Figure 19: Orientation of the linearly polarized eigenmodes relative to the horizontal
and vertical axes.

3.5.3 “Anomalous Peak”

In figures 16, 17, 18, and 19 there is a conspicuous lack of data for the wavelength
range between 1562nm and 1570nm . This lack of data can be explained by figure
20. This shows the results for an experiment where a Gaussian beam was focused
onto the HCG and transmission through the grating was recorded on a power meter.
What stands out in this graph is the presence of a narrow transmission peak within

a region of high reflectivity.
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Figure 20: Normalized transmission of a focused beam through the 2D HCG. When

this HCG is used as the end mirror in a Fabry-Pérot cavity, the coefficient of finesse
drops below 100 for values of transmission over 6%.

All of the data in figures 16, 17, 18, and 19 were derived from cavity measurements.
When the finesse drops below 100, the linewidths of the cavity resonances become
very broad (> 50MHz in the long cavity) and peaks of the cavity transmission signal
become very small. The net effect is that the characteristic Lorentzian lineshape gets
“washed out.” As the crude measurement in figure 20 makes clear, it is very difficult
to pick up any cavity resonances over the wavelength range from 1563nm to about

1568nm. Consequently, there is no data from cavity measurements over this range.

3.6 Separation of HCG Transmittance from Scattering and Absorption Loss

In order to determine the transmittance and loss due to the HCG, the minima
in the normalized cavity reflection signal (R,.,) and the maxima in the normal-
ized cavity transmission signal (T,.,) were tabulated. R, and T, for the near

vertical polarization eigenmode are shown in figure 21 below. These data, coupled
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with information about the cavity finesse, was used to arrive at an estimate for the
transmittance of the cavity’s input coupler, i.e., the curved dielectric mirror. Since
this mirror’s optical losses were already known (1 — Rgieiectric = 1.6 x 1071), both
solutions to equation (9) were evaluated against this predetermined value. As il-
lustrated by the graph on right in figure 21, the second solution to equation (9)
(Tuietectric = (1 — v/Ryin)) shows much better agreement with the known value for

the optical losses of the dielectric mirror.
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Figure 21: (left) Ryin and T4, for the near vertical polarization eigenmode. (right)
Possible solutions for Tyiciectric: (NOTE: Optical losses (transmission + absorption +
scattering) from the dielectric mirror are known to be = 0.00015.)

With the proper solution for Tgeqric in hand, the transmittance of the HCG
was be determined from equation (11) and the sum of all round trip scattering and
absorption losses 2I" calculated from equation (13). In the region of highest HCG re-
flectivity, optical loss due to transmission is on the same order as loss due to scattering
and absorption. As the next chapter will show, further reductions to absorption loss
primarily boost HCG reflectivity without much, if any, effect on HCG transmittance.

In other words, it unlikely that Rycq can be pushed past 99.95%.
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Figure 22: Optical losses from the HCG are separated into HCG transmittance and
a lumped quantity that captures the total scattering and absorption loss.

3.7 Summary

It is clear that low stress silicon nitride membranes patterned with a 2D photonic
crystal lattice indeed function as high-reflectivity, broadband mirrors. However, these
devices were not insensitive to polarization as predicted. The reflectors exhibit a very
small amount of birefringence, which is only detectable because of the high reflectivity
of the HCGs. In a device with a slightly lower reflectivity, the linewidths of the two
polarization eigenmodes would be large enough that they would overlap with one
another and register as only a single peak in the cavity transmission signal.

There are two possible sources for the HCG’s birefringence. The most obvious
one is that the fabrication process introduces some asymmtery into the 2D photonic
crystal pattern. The other possibility is that the refractive index of silicon nitride is
not isotropic. A small anisotropy in the membrane’s refractive index could introduce
birefringence much in the same way it does for a bare dielectric material. Arguing

in favor of the second possibility is the fact that the orientation of the polarization
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eigenmodes changes with wavelength. As we will show in the subsequent chapter, the
source of birefringence in these 2D HCGs is decidedly the result of anisotropy in the
refractive index of stressed silicon nitride.

Finally, by using the HCG as the output coupler in a short cavity, it was shown
that the components of optical loss in a cavity could be separated from one another.
Estimates for the transmittance of the dielectric mirror, the transmittance of the
HCG, and the round trip losses from the cavity were determined by a simple extension
of cavity experiments commonly used to measure mirror reflectivity. Furthermore,
these results illustrate that HCG performance is not solely limited by scattering and
absorption losses. Although these losses cannot be separated by the current technique,
there is potential for simulations to aid in separating scattering losses from absorption

losses, as will be shown in the next chapter.
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Chapter 4 Effect of Index Anisotropy and Dissipative Loss

4.1 Anisotropic Refractive Index in Stressed Silicon Nitride

The curved dielectric mirror used in cavity experiments presented in the last
chapter was initially characterized in the same manner as the HCG. In other words, a
Fabry-Pérot cavity consisting of the curved dielectric mirror and a flat reference mirror
(of as high or higher reflectivity) was used to determine the sum of all optical losses
(1 — R) from the curved dielectric mirror. No nondegenerate polarization eigenmodes
were observed at any point during this process. Therefore, one is left to conclude
that it is something in the HCGs that breaks the degeneracy between the polarization
eigenmodes in a Fabry-Pérot cavity where a 2D HCG is used as an end mirror.

One possible source for this phenomenon is a slight anisotropy in the refractive
index of the stressed silicon nitride film on which our 2D HCGs were fabricated. To
potentially arrive at an analytic solution that captures the behavior described above,
we develop a toy model that introduces a mechanism to impart the phase shifts
referenced in equation (14). The simplest construction that accomplishes this is a
compound element consisting of a perfectly transmitting wave retarder and a high

reflectivity mirror.

4.1.1 Toy Model HCG

A Fabry-Pérot cavity comprising the toy model HCG is shown in figure 23. The
wave retarder portion of the toy model has a fast axis aligned with the x-axis of the

system and the mirror portion of the toy model is characterized by complex reflection
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and transmission coefficients p, and 7y, respectively. The difference in phase shift
imparted by the wave retarder per pass is denoted by ¢. Linearly polarized light
is incident on the first mirror (p;, 71), a portion of which couples into the cavity
and leads to a build up of circulating intensity (I ). A fraction of the circulating
intensity exits the cavity (Iy.qns) and corresponds to the cavity transmission signal.
The electric field of the incident field is oriented at an angle # with respect to the
X-axis.

cavity mirrors —___ Lo
+(/2

Figure 23: Cavity where the HCG is modeled as a compound element consisting of a
perfectly transmitting wave retarder and a high reflectivity mirror.

This cavity features polarization eigenmodes oriented along the x- and y-axes of
the system. Therefore, the effect of the x- and y- components of the incident field can

be treated separately. In the steady state, the x-component of the circulating field
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just in front of the first mirror inside the cavity is given by:

Ecirc,a: - Z'TlEinc,x + grt,xEci'rc,x (18)

For the x-component of the circulating field, the round trip attenuation coefficient

is:

grt,:c — p1p2627lkLcavzty€_l¢ (19)

Substituting equation (19) into (18) gives the following expression for the Ei ¢,

iTl

Ecirc,a: - 1 — Gt
rt,z

Einc,a: (20)

To find an expression for the x-component of the electric field just outside the

second mirror, the phase of E.;... in equation (20) is simply advanced by e*Feavitye~

and then multiplied by the transmission coefficient of the second mirror giving:

_7—1 7—2 eikLcauity 67

- Grt,x

Einc,:c (21)

Etrans,:c =

The x-component of the normalized transmitted intensity is given by:

Itrcms,x _ ’ Etrans,:p |2
[l’nc,x ‘Einc,x ’2

(22)

If the the reflectivity and the transmittance of the mirrors are defined by R; =

lp112, Ty = |11|?, Ry = |p2|*, T = |12|?, equations (21) and (22) can be combined to
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given an expression for normalized transmitted intensity in terms of R, Ry, T} and

TQI

T,

T, = 23
1 + R1R2 — 2\/ RlRQCOS(ZkLcam‘ty — qb) ( )
A similar treatment of the y-component of the fields yields:
T\T:
112 (24)

T pr—
Y 14 RiRy — 2/ R Ryc08(2k Leayiry + ¢)

Cavity Transmission Signal for Short Cavity

Neormalized Transmission
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0.01}| l
. . J L . . + Ainnm
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155 1656.6 1556.8 1557.0

Figure 24: Plot of the calculated cavity transmission signal using the dielectric mirror
reflectivity of 0.99984 and cavity length L.y = 0.4mm. As an example, incident
light was assumed to be linearly polarized and oriented at 60° from the x-axis. For
illustration purposes, a smaller “HCG reflectivity” (0.99 vs. 0.999 actual) and larger
differential phase shift (0.4 vs. 0.02 actual) from the wave retarder were used in
calculations.

Figures 24 and 25 show plots of the cavity transmission signal for two wavelength
ranges - 1556nm-1557nm and 1550nm-1560nm. With the exception of the values
used for the HCG reflectivity and the differential phase shift imparted by the wave

retarder, all other quantities corresponded to those from short cavity experiments.
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Figure 25: Similar to the plot in figure 24, but over a few FSR.

In order to fully account for the experimental data presented in chapter 3, the toy
model needs to predict how the difference in phase shift imparted to the eigenmodes,
how the orientation of the eigenmodes, and how the linewidth of the eigenmodes all
change with wavelength. With regard to the first trend, the difference in phase shift

imparted along the fast and slow axes is given by:

277-netwcwe—reta?"der 27Tnotwcwe—retarder
slow — ast — - 25
Brtns — B s v e (25)
2mt —retarder
(bslow - ¢fast ~ |: T w(we)\ clarde :| (ne - nO) (26>

If one assumes that (n. —n,) is constant over the wavelength range from 1550nm
to 1575nm, which is reasonable given the small range involved, the toy model predicts
that the difference in phase shift imparted to the polarization eigenmodes decreases

with increasing wavelength. This is the opposite of what is observed in figure 18.

43



Therefore, the model fails to account for even the one trend it would seem well suited

to explain.

4.1.2 RCWA Simulations

Stanford Stratified Structure Solver, or S* [23], a freely available simulation soft-
ware that uses rigorous coupled wave analysis (RCWA), was used to examine the
effect on HCG performance from a slight anisotropy in the refractive index of silicon
nitride.

Anisotropy in the refractive index of low stress silicon nitride was treated as a small
perturbation of the bulk refractive index. For computational simplicity, we assumed
that the stressed silicon nitride films were unaxial and that one of the ordinary axes
was normal to the plane of the film. This is a reasonable simplification given the
thickness of the HCGs (t = 560nm). Therefore, the orientation of the other ordinary
axis and the extraordinary axis is described by a simple rotation with respect to the
lattice vectors of the HCG’s photonic crystal pattern (see figure 26).

The starting point for simulations was to find a combination of index perturba-
tion and anisotropy rotation that fit experimental data at one particular wavelength.
Since the HCG has its highest reflectivity at 1556nm, this wavelength was chosen
as the starting anchor. Values for the index anisotropy in silicon nitride that best
approximate experimental results at 1556nm are as follows - refractive indices along
the fast and slow axes of 2.110 and 2.182, respectively, and a 41.5° rotation of the
principal axes of anisotropy with respect to the unit vectors of the photonic crystal

lattice (Ag, Ap).
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Figure 26: Model showing the relevant parameters used in simulations.

In order for a cavity formed from this HCG to sustain linearly polarized eigen-
modes, there must be two polarizations of incident light for which the reflected light
is linearly polarized at exactly the same angle. To determine the orientation of the
eigenmodes, the difference between the orientation of the electric field vector for the
incident field and the total field was calculated. The green portions in figure 27 show
regions where there is almost no difference between the orientation of the electric field
vectors of the incident field and the total field. There are only two values of incident
polarization (20°, —70°) for which there is no difference between the orientation of the
electric field vector for the incident field and the total field over the entire propagation
length z. Naively, one would assume that the eigenmodes would be oriented along
the principal axes of anisotropy. This was decidedly not the case. In fact, in order
to obtain eigenmodes at 20°, —70° for a 0.018 perturbation in the permittivity, the
principal axes of anisotropy need to be rotated by 41.5° with respect to the photonic

crystal lattice vectors (Ag, Ap).

45



Difference in Orientation of E-field vector

between E;,; and E,;

(Perturbation in ¢ = 0.018)

(Rotation of principal axes of anisotropy = 41.5 degrees)

mn
€ 0 0.2
)
< o 0.1
Y=
g% 0 0.0
S0
=
IS i 0.1
c =
oD -50
=S 0.2
1
O\

Z (um)

Figure 27: Graph of the difference in orientation between the electric field vector of
the incident field (fan ™" (££2¢)) and that of the total field (tan™"(££)). The electric

inc t

field was calculated for situations where an incident plane wave starts out at z = Oum,
propagates to the right, and encounters an HCG placed at z = 20um. Green signifies
regions where the orientation of the electric field vectors are nearly the same for both
the incident (Ejpncigent) and the total field (Eincident + Erefiected)-

Once the eigenmodes were identified, the electric field profile of the reflected wave
over the entire propagation length was determined for incident light whose electric
field vectors coincide with the orientation of the eigenmodes, i.e., are oriented at
—70° and 20°. The simulated results for the electric field of the reflected waves
at each eigenmode orientation are shown in figures 28(a) and 28(b). Slices of the
electric field at = Owm in figures 28(a) and 28(b) are plotted together in figure
28(c). Sinusoidal fits to the two field profiles are used to determine the difference in

phase shift imparted by the HCG to the two eigenmodes.
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Figure 28: (a), (b) Magnitude of the electric field for the reflected waves, which
propagate from right to left after encountering the HCG placed at z = 20um. (c)
Traces from (a) and (b) for x = Oum.
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The parameters for index anisotropy that fit experimental data at 1556nm were
passed into simulations at other wavelengths in order to determine how the orientation
of eigenmodes, the difference in phase shift imparted to eigenmodes, and the difference
in reflectivity of eigenmodes all change with wavelength. Calculations similar to
those laid out above were carried out for wavelengths at which there is recorded
experimental data. A comparison of simulations and experimental results is presented
in figures 29, 30, and 31.

With regard to the difference in phase shift imparted to eigenmodes, figure 29
shows that the trends from simulations match those in both the short cavity and the

long cavity experiments.
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Figure 29: Comparison between the experimentally measured difference in phase
shift imparted to orthogonal eigenmodes and the simulated difference in phase shift
imparted to orthogonal eigenmodes.

Simulations also captured the fact that the orientation of eigenmodes changes with
wavelength. Moreover, just like experimental data, the change in the orientation of

eigenmodes levels off at around 1553nm and increases linearly with wavelength from

1556nm to 1573nm.
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Figure 30: Change in the orientation of the electric field vector of eigenmodes as a
function of wavelength.

Finally, figure 31 compares simulated reflectivity for each eigenmode with the
corresponding results from short cavity experiments. The trends in simulations match

those seen in the experimental data although the results diverge at longer wavelengths.
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Figure 31: Change in the reflectivity of the HCG for the orthogonal eigenmodes.

The reasons for this divergence may partly be explained by the so-called “anoma-
lous peak” in figure 20. One deficiency of our simulations is that the excitation field
was assumed to be an infinite plane wave at normal incidence. However, any real

beam will have a finite spot size and the plane wave decomposition of such a beam
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will include off-normal components. As Foley et al. [14] have shown, plane waves
incident at oblique angles can give rise to narrowband transmission features just like
the one seen in figure 20. Therefore, we believe is it reasonable to expect some de-
viation between experimental results and simulations based on a single plane wave
incident at 90°, especially in the vicinity of the “anomalous peak.”

Although simulations replicate all the trends seen in experimental data, numerical
agreement is certainly not perfect. When one considers that simulations predict the
unique and unexpected trends observed in cavity experiments, it undoubtedly sug-
gests that index anisotropy holds at least some of the answer to why 2D HCGs based
on symmetric photonic crystal lattices are sensitive to the polarization of incident

light.

4.2 Separation of Absorption from Scattering

The coefficient of finesse is an important measure of cavity performance from the
standpoint of optomechanics. The higher the finesse, the greater the build up of
optical power circulating in the cavity and, therefore, the greater the force exerted
by radiation pressure on a moveable end mirror. Moreover, to achieve sideband
cooling of an optomechanical element, the linewidth of a cavity resonance, which is
related to the finesse, needs to be much smaller than the vibrational frequency of the
moveable mirror. Given the ready availability of high reflectivity dielectric mirrors,
the performance of Fabry-Pérot cavities formed from a dielectric mirror and an HCG
will likely be limited by the reflectivity of the HCG.

When 1 — Rycg >> 1 — Raielectric, €quation (5) simplifies to:
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2w
b= (1 - Ryuce) 27

Equating this expression for the finesse to that in equation (2) gives a relationship
between the linewidth of a cavity resonance and the reflectivity of the HCG at a

particular frequency.

21
FSR

Aigs = | | (1= R (28)

As the reflectivity of the HCG approaches unity, small increases in HCG reflectiv-
ity lead to larger and larger gains in cavity finesse (or shorter and shorter resonance
linewidths). For example, increasing HCG reflectivity from 97.5% to 99.5% results
in a fivefold reduction in the resonance linewidth. However, an increase in HCG re-
flectivity from 99.5% to 99.9%, a smaller absolute improvement, results in the same
fivefold reduction in resonance linewidth. Given the potential for large improvements
in performance as Rycg — 1, it is critical to understand how different mechanisms
contribute to the optical losses in this regime. For example, if scattering is the dom-
inant source of loss, it can possibly be mitigated by refinement of the fabrication
process. Likewise, high absorption would weigh in favor of moving to a lower loss

material system like stoichiometric SigNy.

4.2.1 Effect of Absorption Loss on HCG Reflectivity

Simulations were carried out for two device designs. The parameters for the first,

a broadband reflector, were based on the geometry of fabricated devices presented
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Figure 32: Change in reflectivity, transmittance, and the normalized absorption loss
for a broadband reflector. (Device parameters: Aa = Ab = 1.508um, hole radius
= 0.569um, thickness = 560nm, n = 2.11)

in earlier chapters. The latter device was designed to function as a high @) reflector.
Figures 32 and 33 show the results of simulations for three different values of the
imaginary part of the refractive index k. These values of kK were drawn from literature
and primarily chosen for illustration purposes. The highest value, 1.5 % 1074, is taken
from Jayich [7], which measured x for a commercially available 50nm SiN x-ray
window. The middle value, 1.81 x 1075, is the average of the upper and lower bounds
on K obtained from measurements of low stress silicon nitride films grown at the
National Institute of Standards and Technology’s (NIST) nanofabrication facility [24].

The lowest value used in these simulations is taken from results reported in Wilson
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[16], which are for stoichiometric silicon nitride.

A ) e
e i
= —x=060x10"
= 064 — ko 1B 10
-— -4
S —— x=150x%10
D 04—
o
0.2 1
0.0 I I I I | |
1546.0 1546.5 1547.0 1547 .5 1548.0 1548.5 1549.0
A (nm)
Q40+ 05
= c
S 08+ S o4
.E' 0.6 — g 03
G 0.4 S 02
0.2 o
& 2 o
= 00 T I T I | 0.0
1545 1546 1547 1548 1549 1550 1545 1546 1547 1548 1549 1550
A (nm) A (nm)

Figure 33: Change in reflectivity, transmittance, and the normalized absorption loss
for a high @ reflector. (Device parameters: Aa = Ab = 1.310um, hole radius =
0.131pum, thickness = 321.4nm, n = 1.943)

These results suggest that increased absorption comes almost entirely at the ex-
pense of the reflectivity. In the case of the high @) reflector, the decrease in peak

reflectivity is also accompanied by a drop in the optical Q.

4.2.2 FEstimate of Scattering Losses

The previous chapter presented results from cavity experiments that determined
the reflectivity (Rpcq) and the transmittance (Theog) of an HCG, as well as a term

21" that captured the sum all scattering and absorption losses per round trip in the
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cavity. 2I" is defined as being equal to the sum (2ygieiectric + 27acc). While one could
go to the trouble of first determining 27geiectric and then using that value to find
2vuca, one could also simply estimate 2yycq from the relation 1 — Rycg — Thea.

The data from figure 31 can be presented in terms of the sum of all optical losses
(1 — R), thereby allowing one visualize how this quantity changes with wavelength.
What stands out in this figure is the disagreement between simulations and experi-
ment for wavelengths ranging from 1559nm to 1570nm. This disagreement, in and of
itself, is not necessarily troubling. After all, the data may simply reflect the presence
of scattering losses in this wavelength range. Rather, what is concern is that this dis-
agreement occurs in the in the vicinity of the so-called “anomalous peak” identified in
figure 20. Since our simulations assumed that incident field is an infinite plane wave
normal to the surface of the HCG, they do not capture the increased transmission
between 1562nm and 1570nm, as shown in figure 20. This is in clear contrast to the
graph in the bottom left corner of figure 32, which represents the response of sim-
ulated data. Therefore, comparing data from cavity measurements with those from
simulations will result in improperly attributing transmission losses to those due to
scattering.

The divergence between simulation and experiment is much less pronounced for
the “near horizontal” eigenmode. Consequently, it may be possible to extract some
useful information about scattering losses by comparing cavity measurements to re-
sults from simulations. Figure 35 plots two quantities for both experimental data
and simulation results. At the shorter wavelengths, there is good agreement between

the (1 — R) values in both cases. Unsurprisingly, this changes in the vicinity of the
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Figure 35: Comparison of different components of the optical loss in HCGs for the
near horizontal eigenmode.

Figure 35 also plots the value of of 2v5c¢ and the simulated absorption losses

for two different values of the imaginary part of the refractive index x. These values
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correspond to the upper and lower limits on x determined in reference [24] for low
stress silicon nitride membranes in the telecom band. Increases in the total optical
loss determined from experiments at 1559nm and 1562nm appear to coincide with a
commensurate increase in 2ygcqg. Since losses from absorption are expected to be
constant over much of this wavelength range, the upticks in 2ygce can possibly be
attributed to an increase in scattering losses. However, without accounting for the
effect of finite beam size and, therefore, the effect of off-normal plane wave compo-
nents, we cannot make any definitive statements about the loss due to scattering off

the HCG.

4.3 Summary

RCWA simulations in which a slight anisotropy was introduced into the refractive
index silicon nitrde were shown to track with experimental results. In particular, the
simulations fully captured various trends in the behavior of polarization eigenmodes
as a function of wavelength. The quality of the agreement between simulation and
experiment opens up the possibility of using HCGs to measure both the magnitude
and orientation of index anisotropy in thin film dielectric materials.

However, this success did not carry over to efforts to distinguish between scattering
and absorption losses. In contrast to real beams, which have a finite size and include
off-normal plane wave components, our simulations only considered the response of
HCGs to infinite plane waves at normal incidence. Consequently, the appearance
of narrowband transmission peaks within the high reflectivity region was missed by

simulations. Unfortunately, our approach to separating absorption from scattering
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losses hinged on good agreement between experiments and simulations because the
estimate for scattering losses is obtained by subtracting simulated absorption loss

from the measured total loss 2vgcq.
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Chapter 5 Conclusions and Future Work

5.1 Conclusions

The overall goal of this thesis is to examine how the optical properties of stressed
silicon nitride films affect the performance of high contrast gratings. In particular, we
looked at the performance of two types of 2D HCG designs — polarization insensitive,
broadband reflectors and narrowband transmission filters.

2D HCGs based on symmetric photonic crystal patterns are expected to be insen-
sitive to the polarization of light at normal incidence. Results from cavity experiments
showed that these HCGs, which were fabricated on low stress silicon nitride mem-
branes, exhibited polarization-dependent behavior. In Fabry-Pérot cavities that used
these HCGs as one of the end mirrors, the sensitivity to polarization manifested as
the breaking of degeneracy between polarization eigenmodes. We initially looked to
an intuitive toy model to introduce the phase shifts referenced in (14). This simple
model for membrane bifrefringence could not account for the results of experiments.
In particular, it could not explain following trends - the change in orientation of
eigenmodes, the change in eigenmode separation, or the difference in linewidths for
orthogonal eigenmodes - all as a function of wavelength. However, RCWA simula-
tions in which a small anisotropy was introduced into the refractive index of silicon
nitride replicated all these unexpected trends. Simulated parameters that best fit
experimental data suggested that our low stress silicon nitride films have refractive
indices of n, = 2.11 and n, = 2.13, as well as principal axes of anisotropy that are

rotated with respect to the photonic crystal lattice by 41.5°.
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The observed anisotropy in the refractive index of silicon nitride has implications
for the use of 2D HCGs in optomechanics experiments. One goal of our work is to use
HCGs as an end mirror in a laser cavity. The hope is to demonstrate a laser capable of
optically cooling one of its end mirrors. Breaking the degeneracy between polarization
eigenmodes could result in a laser that hops from one polarization eigenmode to the
other and back, thus complicating efforts to achieve optical cooling of the HCG. Until
one finds a way to reduce the anisotropy in silicon nitride films, 2D HCGs should be
designed to function as polarizing reflectors.

This thesis also sought to determine the contributions of different mechanisms
to optical losses in HCGs. When an HCG and a known reference mirror are used
to form a Fabry-Pérot cavity, the sum of all optical losses due to the HCG can be
determined from the linewidth of the cavity transmission signal. We showed that it
is possible to separate transmission losses from the sum of scattering and absorption
losses by using information from the cavity reflection signal. Although scattering and
absorption losses could not be separated from one another through cavity experiments,
we used simulations to estimate the expected loss due to absorption. The hope was
to extract an estimate for scattering losses by comparing the simulated absorption
losses with measurements of 2y - the total absorption and scattering loss due to
the HCG. However, due to the large discrepancies between theory and experiment
at longer wavelengths, we do not believe it is prudent to arrive at an estimate for
scattering based on this approach. We believe our simulations need to account for
off-normal plane wave components before scattering losses can be determined by

simply subtracting simulated absorption losses from measured values of 2ygcq.
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5.2 Future Work

5.2.1 Design and Fabrication

A natural extension of the work presented in this thesis is to fabricate HCGs on
stoichiometric silicon nitride. In addition to increasing their frequency of vibration,
it should also be possible to increase the reflectivity of HCGs.

Our efforts to estimate the scattering loss suffered from one major drawback - an
inability to fit experimental data to simulations of the reflectivity and optical losses
at all wavelengths. Our simulations assumed that the incident field was an infinite
plane wave. However, the plane wave decomposition of a Gaussian beam includes off-
normal components. When simulations of the broadband reflector described in the
previous chapter are run for off-normal plane wave components, we find that there is
a small narrowband transmission peak around 1566nm, just as was observed in figure
20. Fully accounting for off-normal plane wave components may make it possible to
obtain a better fit between experiment and simulation, thereby allowing one to use
simulated abosprtion losses to arrive at an estimate for loss due to scattering.

Conversely, by accounting for the effect of off-normal plane wave components at
the design stage, it is possible to find regions of parameter space where the response
of the HCG is largely unaffected by finite beam size. Our most recent set of devices
(see figure 36) were based on such a design and, at first glance, does not appear to

be exhibit any narrowband transmission features within the high reflectivity region.
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Figure 36: Normalized transmission of a focused beam through a new 2D HCG that
was fabricated from stoichiometric SizN,.

5.2.2  Metrology

The ability of simulations to replicate the trends in eigenmode behavior with re-
spect to wavelength point to the possibility of using HCGs to detect a slight anisotropy
in the refractive index of thin dielectric films. Our analysis from chapter 4 suggests
that it should be possible to determine not only the magnitude, but also the orienta-

tion of the principal axes of anisotrpy.

5.2.3 Optomechanics

A recent paper by Buters [25] suggests one potential application for the broadband
HCGs examined in this thesis. In particular, they considered a situation where the
separation between eigenmodes in a polarization nondegenerate Fabry-Pérot cavity
is equal to twice the mechanical frequency of the moveable mirror. When a probe

is detuned such that its frequency is exactly between two orthogonal polarization

61



eigenmodes, one can then use polarization as a knob to switch between cooling or
self oscillation of the moveable mirror. Buters et al. were limited by the fact that
they used an astigmatic dielectric mirror to create their polarization nondegenerate
cavity. Consequently, they had only a limited ability to tune the separation between
eigenmodes. As our results in figure 13 show, changing the separation between eigen-
modes over a few MHz is a simple matter of changing the excitation wavelength by a

small amount.
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Appendix A: Relating mirror parameters to the transmitted and reflected signals

e

it | L :
NI |

incident light

cavity — _— C.aViTy transmission
reflection signal signal
mirror 1 _
/ h¥ mirror 2 “
Ereﬂ Ecirc Etrans

Figure 37: Toy model of a Fabry-Pérot cavity. Each mirror is modeled as a compound
element comprising a lossy medium and a lossless reflector (T"+ R = 1). On each
pass through the lossy medium, the amplitude of the electric field is attenuated by
factors of e and e~ at mirrors 1 and 2, respectively. The dashed lines indicate
the planes at which the reflected, circulating, and transmitted fields are calculated.

Definitions

For the Fabry-Pérot cavity of length L.,, above, let the reflection and transmission
coefficients of the two lossless reflectors be given by rq,it1, ry,it;. These coefficients
are related to the respective reflectivites (R = |r1|?, Ry = |rs]?) and transmittances

(T = |it1|?, Ty = |its]?). Note that for the lossless reflector,

T12 =V 1— t12 (29)
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ro® = /1 — ty? (30)

The passive optical losses at each mirror can be defined with respect to e 7,
which represents the factor by which the amplitude of the electric field is attenuated
per pass through the lossy medium. Therefore, the amplitude of the electric field is

attenuated by a factor of e=2% after each reflection.

Circulating field

The round trip attenuation coefficient g,; of the cavity is given by

th — ,,f.l,r.2€2'lkLcav 6_22(71"1‘72) (31)

The electric field of the circulating power (just in front of the first mirror) is the
sum of two contributions - incident light that couples into the cavity through mirror
1 and the attenuated circulating power after one round trip through the cavity. In

the steady state,

Ecz'rc = Z.tllamc + grtEcirc (32>

The normalized electric field of the circulating power just in front of the first

mirror is

Ecirc Ztl e

Einc B 1- grt

(33)
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Transmitted field

To find the normalized electric field of the transmitted signal just outside the
second mirror, advance the phase of E.;.. by e*f<v and then multiply the result by

1€~ 2ty to account for transmission through mirror 2

Etrans _t1t26_(71+72)6ikl/wv

Einc o 1 — T1T26_2(71+72)e2ikLcav

(34)

Let us define T' = (71 + 72). Therefore, T" represents fractional amplitude of the
electric field after one pass through both lossy mediums.

Equation (34) can now be rewritten as

Etrans _t1t2€_F€ZkLcaU
E;.. 1 — ryrqe—2Te2ikLeav

(35)

The accumulated phase kL., can be expressed in terms of the frequency of the

wave,

2 2
71-Lcav - 7”/Lcaﬂu (36)
C

kLcow =
cav A

However, the free spectral range (vpsgr) of a Fabry-Pérot cavity is nothing but

C
2Lca'u

. The accumulated phase can now be rewritten as

TV

kLegy = (37)

VFSR

Recall that any arbitrary frequency v can be expressed in terms of a detuning dv
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from the free spectral range (vpsg)

VvV = NVFSR+5V (38)
where N is a natural number. Since N is a natural number, e®*leev and e?#Leav
simplify to

imdv

eFheor = (—1)Nevrsr (39)

2imdv

eQikLcaU — eVFSR (40)

Substituting (39) and (40) into (34) gives the transmission coefficient of the cavity

tCCL'U .

t t T imdv

B N —titge” 2evFsk

tcav - (_1> 2imdy (41)
1 —rirqeTevrsr

The transmittance of the cavity Teq, is simply |teay * t*cau|. By completing the
square for the term in the denominator and using the half angle formula, T,,, can be

written as:

T1T2€_F

_ -T2 T Aain2(_T0
(1 = ryree™ )2 + ryrge~Tdsin (Vls’;)

Tcav =

(42)

However, in equations (29) and (30), we defined ry? = /1 — T} and ry? = /1 — T5.

For a high finesse cavity, which features mirrors with low transmittance and low loss,
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r

1 —rirge™ simplifies to

1—rret=1—-y/1-T1\/1-To(1-T) (43)

1 —rrge 1 — (1 — %) (1 — %) (1-T) (44)

Collecting only the lowest order terms gives

FN

1-— rree = & <T1 + T2 + F) (45)

N | —

This term is nothing but half times the round trip optical losses and will be
denoted by €. Using this relation for € in equation (42) and noticing that ry, 79, and

e~T for a low loss cavity all approach unity, we get

VT,

€+ 4sin2(—y’;‘l”R)

Tear = (46)

But the cavity finesse F' is given by 27 divided by the sum of all optical losses, or
2¢. Therefore, e = %. At resonance, the cavity detuning v is zero and T¢,, reduces

to

F\?
Tcav = (_) T1T2 (47)
s

which is nothing but the maximum of the normalized transmission signal of the

cavity.
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Reflected field

The reflected field is the sum of two contributions - the promptly reflected beam
off mirror 1 and the fraction of the circulating power that is transmitted through
mirror 1 (to get this value, advance E. (from just to the right of the first mirror all
the way to the second mirror and back and then multiply by ie™"¢; to account for

transmission through mirror 1).

Erefl = 7anJinc + it1r2€2ikLmv6_i(71+272)Ecirc (48)

The normalized electric field of the reflected wave is given by

Ere Ecirc . ; —i
B, Mt (g) (ityrye®ther 7O 2)) (49)

Using the result from equation (33),

S

tl 26—F62ikLaw

refl r
=71y — .
Einc 1-— 7’17”26_1—‘62“‘7[’0‘“’

(50)

Using t;2 = 1 — r,? for the lossless reflector of the toy model gives the following

expression for the reflection coefficient of the cavity 7.4,

7,12 _ T1r26—F62szcav

(51)

Teav = -
1 — ryrye~Te2kLleay

Factoring 7, from the numerator leaves the term r, — roe™", which we now denote

as £&. We can simplify this term further in a manner similar what was done in (43).
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After collecting only the lowest order terms we have

(=T + Ty, + 1) (52)

r — 7’26_F ~

N | —

After incorporating the definitions for €, e?*Lev (equation (40)), and £ into equa-
tion (51), we can obtain an expression for the reflectivity of the cavity |reay * 7 canl,
which is nothing but R.,,. By completing the square for the terms in the numerator
and the denominator and then using the half angle formula, R.,, can be written as

£2 + 4T1r26_rsin2(—”6” )

s &

VFSR

cav — .
€2 + dryrasin?(

For a low loss cavity, rq, rs, and e~ all approach unity, giving

B &2 + 4sin’®( oy )

= VFSR 54

€2 + 4sin? (-0 (54)
VFSR

As noted earlier, ¢ = % and { = r; — roe l & %(—Tl + T3 + T'). Therefore, at

resonance (cavity detuning dv = 0) R, simplifies to R4, simplifies to

Ja 2
Reay = (%) (=T, + Ty +2T')? (55)

which is nothing but the minimum of the normalized reflection signal of the cavity.
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