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ABSTRACT OF THE DISSERTATION

Silicon-rich Nitride as a versatile and highly non-linear CMOS compatible material platform.

by

Alex Friedman

Doctor of Philosophy in Electrical Engineering (Photonics)

University of California San Diego, 2022

Professor Yeshaiahu Fainman, Chair

Silicon based photonic devices and systems are bringing a wealth of new capabilities
and will continue towards large scale adaption in a variety of applications such as chip-chip
communication. Such optical interconnects rely upon modulators as one of the key backbones
in the interconnect link. Despite the growing importance of such interconnects however, CMOS

compatible platforms still predominately utilize carrier dispersion-based modulators. Such

Xii



modulators rely upon the plasma dispersion effect in which changes in electron and hole
concentrations drives a change in the refractive index of the junction region of typically a PN
or PIN junction device. This approach while a clearly successful one, has a number of
drawbacks such as its undesirable impact on not only the real but also imaginary part of the
refractive index, but also typically results in high propagation losses, with higher modulation
speeds requiring higher dopant concentrations and thus resulting in further loss increases. The
optimal candidate for modulation then has is likely electro-optic modulators as utilizing the
Pockels effect, based on the second order nonlinear susceptibility can enable pure real part
changes in the refractive index. The most commercially successful electro-optic modulator
being the commonly available, typically bulk, lithium niobate modulators. While materials
such as lithium niobate, barium titanate, and others, can result in large changes in refractive
index, and thus make efficient modulators, these materials are not compatible with the CMOS
process flow. As such applications which strictly utilize CMOS process flows in tapeouts still
mostly utilize carrier dispersion-based modulators.

In this thesis we will discuss Silicon rich nitride as a material platform. Why it is
interesting, how it could bring new and powerful capabilities to a CMOS process flow, and why
it deserves further exploration and adoption. We will discuss how Silicon-rich Nitride can be
utilized in a variety of nonlinear applications, from modulation to optically bistable operation.

Our research has focused on exploring nonlinearities in a material platform readily
compatible with CMOS process flows. Specifically, our research has centered around Plasma
Enhanced Chemical Vapor Deposition (PECVD) based silicon rich nitride films. It has been
shown in literature that such films can exhibit a wide range of refractive index values ranging

from stochiometric films as low as approximately 1.87 up to as high as 3.1 and that such changes
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in refractive index are reflective of its change in silicon concentration and nonlinear parameters.
Such work in literature has shown that increases in silicon concentration result in increased
second and third order nonlinear susceptibilities ¥ and ) respectively. In this thesis we
have focused on exploring these nonlinearities in high refractive index CMOS compatible
PECVD films. Our work has restricted itself to utilizing such fabrication flow, including low
temperature deposition and annealing processes, in order to understand how such films, if

adopted into CMOS process flows, could provide new and unique capabilities.
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INTRODUCTION

The search to identify novel nonlinear optical materials compatible with CMOS
manufacturing process to enable various on-chip Si-Photonic applications remains an area of
active research. The second order (¥®) nonlinearity is not only the strongest among optical
nonlinearities but also far more versatile and is used in electro-optic modulation and switching,
frequency up/down conversion, and parametric processing. In the past years studies in literature
have focused on exploiting materials which exhibit large second order nonlinear susceptibilities
such as lithium niobate as well as high-k ferroelectric perovskites such as barium titanate. These
approaches have resulted in efficient electro-optic devices driven by a need for solutions in
particular applications, however, there remains a challenge in their integration into the CMOS
process. The natural choice then would seem to be silicon; however, being a centro-symmetric
material, it does not exhibit a second order nonlinear susceptibility and has limited power handling
capabilities in non-linear optics applications in telecommunication spectral range due to its large
two-photon absorption (TPA) coefficient. For modulation and switching then, many applications
still rely upon carrier dispersion-based techniques where changes in electron and hole
concentrations drive a change in refractive index; however, such techniques can only achieve
limited speeds and typically produce large excess losses due to the increasing high dopant
concentrations needed. An alternative approach is to exploit and engineer optical nonlinearities in
an existing CMOS compatible Silicon Nitride (SiN) material platform. Specifically, Silicon-rich
Nitride (SRN) films were demonstrated to have low loss, high refractive index with enhanced
second (¥®) and third (y®) order nonlinear susceptibilities and minimal TPA at
telecommunication wavelengths. As such our approach has been to investigate the usage of such

films, to find how effectively they can be utilized in a variety of nonlinear devices and systems,



with the goal in mind demonstrating that if adopted into the CMOS process flow, requiring

minimal changes, that silicon-rich nitride films could be a valuable addition and bring pure real

part modulation to the CMOS platform. What follows is a brief summary of the content of this

work:

Chapter 1: We explore the deposition technique and resulting properties of PECVD based

silicon-rich nitride films

Demonstrate that low temperature PECVD techniques can result in low loss
silicon-rich nitride films with refractive indices as high as 3.1

Characterize the RF permittivity of such films

Discuss the tensorial nature of ¥® and ¥ in Silicon-rich Nitride
Characterize the y® and y® of Silicon-rich Nitride

Characterize the maximum safe operating voltage (breakdown field) of these

PECVD silicon-rich nitride films

Chapter 2: We demonstrate and explore optical bistable operation in PECVD Silicon-rich Nitride

Demonstrate optical optically induced resonance shift with a linear dependance on
on-chip optical power

Demonstrate thermally induced resonance shift with a linear dependance on
temperature

Compare Optically and Thermally induced resonance shifts

Measure the time response of the optically induced resonance shift to show that
the effect is thermal in nature.

Demonstrate optical bi-stability showing there is a region of input optical powers

where two different output powers are possible.



Demonstrate optically bi-stable operation and show the ability to switch between

two stable optical states.

Chapter 3: We present a systematic evaluation of Silicon-rich Nitride Modulator design and

tradeoffs

Discuss the full expansion of the nonlinear polarizability in an arbitrary material
Show how linear electro-optic modulation can be achieved with a heterodyne gain
utilizing a combination of ¥ and ¥ in silicon-rich nitride and present the
derived expression for the various contributions to the change in refractive index
Present a proposed structure for the electro-optic modulator based on a set of
GSG electrodes and shield layer

Discuss the tradeoffs between TE and TM operation

Present the analysis for the performance of a TM operated phase modulator based
on the proposed structure

Present the analysis for the operation of the proposed phase modulator for use as
an intensity modulator in both a ring resonator (resonant) and Mach Zehnder
(non-resonant) configurations

Discuss the trade-offs inherent in ring resonator intensity modulator designs
Discuss the trade-offs inherent in Mach Zehnder intensity modulator designs
Discuss how such a PECVD Silicon-rich Nitride modulator compares to other
material platform and modulation techniques as well as which of them are

compatible with CMOS process flows



CHAPTER 1 - THE DC-KERR EFFECT IN SILICON-RICH NITRIDE

Background

The search for ever more efficient devices to power the next generation of optical
interconnects has long been a driving force behind research in nonlinear optics. Recent studies
have focused on exploiting the lithium niobate on insulator platform [1] as well as high-k
ferroelectric perovskites such as barium titanate (BaTiOs) [2] in order to realize more efficient
electro-optic switches, however, the low refractive index, relative to silicon, and high RF
permittivity remain a challenge for these platforms. Furthermore, the strong push towards CMOS
compatible fabrication has continued to drive interest in CMOS compatible alternatives for
realizing electro-optic switches. The natural choice would be to use a material (or its variant) and
an effect that is already available as part of the current silicon photonics platform, such as the
plasma dispersion or the DC-Kerr effect. Plasma dispersion-based switching is a commonly
utilized technique in the Silicon-On-Insulator (SOI) platform; however, for many applications an
ultra-low energy per bit metric is required making all-phase modulation desirable.

An alternative to directly utilizing silicon is to engineer optical nonlinearities in existing
CMOS compatible materials. An attractive candidate for this is non-stoichiometric silicon nitride,
and in particular Silicon-rich Nitride. A variety of deposition techniques, including but not limited
to Inductively Coupled Plasma Chemical Vapor Deposition (ICP-CVD), Plasma Enhanced
Chemical Vapor Deposition (PECVD), and Low-Pressure Chemical Vapor Deposition (LPCVD)
have all been used to demonstrate low loss SRN film with enhanced second and third order
nonlinear susceptibilities (y® and y®)) [3, 4, 5]. Using these deposition techniques, silicon-rich
nitride (SRN) films have demonstrated efficient four-wave mixing where in the case of ultra-

silicon-rich nitride ¥ coefficients as high as 1.02 x 10"*® m?/\V? have been demonstrated [4, 6].



By comparing this to recent work [7] in silicon where DC-Kerr based modulation was
demonstrated using a y® of 2.45 x 10%° m?/\V/?, the conclusion is that ultra-silicon rich nitride has
a variety of highly desirable characteristics for electro-optic switching and the exploration of the
DC-Kerr effect in this platform deserves consideration.

In this manuscript we will discuss how SRN possess several advantages which make it a
strong candidate for practical switching applications. Specifically, we report a PECVD grown SRN
film with a refractive index of 3.02 at 1500nm and experimentally demonstrate a ¥ as high as
(6 + 0.58) x 101 m?/V2. Additionally, we make the argument in favor of PECVD based deposition
of SRN over other deposition methods as a technique readily available in CMOS process flows for

realizing highly nonlinear SRN films for electro-optic switching applications.

Theory

As introduced in the previous section, plasma-dispersion is commonly utilized for
modulation and switching applications in silicon; however, this technique produces, an often un-
desirable, change in the imaginary part of the refractive index as well as the real part [8]. An
alternative to plasma dispersion is to utilize the Pockels effect [9], such as is exploited by Lithium
Niobate modulators [1]. However, due to central crystal symmetry silicon does not possess a y .
As an alternative to this, the DC-Kerr effect has recently been demonstrated in Silicon utilizing a
p-i-n junction configuration [7]. This has been demonstrated to be an effective method for realizing
electro-optic modulation in silicon. However, its realization has currently been limited to p-i-n
junction configurations as a means of overcoming the challenges of engineering efficient overlap
of the electric field with the optical mode within a semiconductor. The i-th component of the

refractive index modulation, 4n; due to DC induced Kerr effect is given by,
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where Ispy, Nyeq, )(i(f,zl, Ejdc, and EZJ¢ represent the overlap factor, the unperturbed

material index of the “Ith” polarization, “ijkl” tensor component of the y®, the jth and kth
component of the applied electric field, respectively. The utilization of electrodes in a top-down
configuration, with a grounded substrate, results in an applied electric field (Ejdc) which is

predominately aligned normal to the thin SRN film which along with isotropic material symmetry

allows equation 1.1 to be reduced to equation 1.2.
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It should further be noted that for SRN’s material class only certain tensor components will

be non-zero, additionally due to our choice to utilize a TM- polarized optical mode the only

participating non-zero tensor component is the )(3(,3)33- It is evident that with this approach we can

achieve electro-optic switching in any material platform regardless of its crystal symmetry, as long
as the given material has a large enough combination of x( and high electric breakdown field
strength. However, in SRN the overall change in the material index is often a combination of both
second and third order contributions, due to the Pockels and DC-Kerr effects respectively, even if
the second order contributions are often small [5]. As such an accurate estimate of the x® requires
consideration for the contributions of both these terms due to the presence of a non-zero x. For
these reasons, SRN becomes a very attractive candidate. Specifically, it has been shown in
literature that SRN thin films can exhibit very high third order nonlinear susceptibilities, even
larger than that of silicon itself [5], have a higher breakdown field [10], while remaining a low loss

dielectric waveguiding material [11,12]. It is for this reason that SRN deserves strong



consideration as a candidate platform for electro-optic switching. In the following, we carry out
electro-optic measurements of the nonlinear optical response of these films used as a wave guiding

material.

Design and Fabrication

In this work we choose to utilize a bus-coupled racetrack ring resonator and a TM-
polarized optical mode to carry out electro-optic characterization of the all-normal components of
the SRN film’s susceptibility tensors (see Fig 1(a)). Details of the PECVD SRN film deposition
are outlined in our previous work [13]. In parallel we also prepared samples of Au-SRN-Au
capacitors in order to confirm the safe operating range of electric fields for these films. From these
measurements we confirm our films to be safe for application of fields up to 1.2x108 \//m, which
is in line with electric field breakdown strength measurements that have been carried out on SRN
films with similar silicon compositions [14] and approximate our films RF permittivity to be
9.0578. Ellipsometric measurements performed at a wavelength of 800 nm confirm our films to
increase in refractive index when they undergo rapid thermal annealing (RTA) at 300°C [15].
Furthermore, ellipsometry results confirm the refractive index to be 3.01896 at 1500nm, the
methods of which are the same as in [13]. Our device architecture uses a 320 nm thick PECVD
SRN device layer on top of a 3 um wet thermal oxide on a silicon handling wafer. The device
consists of a point-coupled racetrack ring resonator with a bend radius of 45 um and straight arm
sections of 250 um. All such resonators have a waveguide width of 450 nm and coupling gaps
ranging from 100 nm to 400 nm. The device geometry is written by electron beam lithography in
a 400 nm thick fox-16 soft mask followed by dry etching using reactive ion etching in an Oxford

P100 etcher. After etching, the remaining fox-16 is removed using 1:10 Buffered Oxide Etchant



diluted in D.l. water. The devices are then cladded with a 1 um thick layer of PECVD SiOa.
Electrode traces 30 um wide with a 10 um separation are then patterned on top of the top clad
using an AZ1512/SF9 bi-layer soft mask and DC sputtering of gold in a Denton 635 sputtering
system. These samples then undergo RTA at 300°C in a forming gas ambient for 15 mins. The

devices are then diced to expose the edge facets of the waveguides.
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Figure 1: (a) Optical microscope image of our point coupled ring resonator with electrode width and
spacing marked with white arrows and text overlay. (b) Scanning Electron Microscope image of the point
coupler region of a racetrack ring resonator with the FOX-16 on top of the post etched waveguides. (c)
Schematic breakdown of the phase shifter design shown as a cutout. Note that the substrate of the sample
is also grounded. (d) Simulation Results for the mean value of the Applied Field Ex and Ez components
versus voltage inside the waveguide core.

The electrode design plays an important role in our study, as we wish to be able to attribute
our measurements to specific tensor components, in order to do this, we need to ensure a uniform
and directional distribution of the applied DC electric field. Figure 1(c) shows the electrode design
while figure 1(d) shows simulation results demonstrating that by using a wide central trace along
with grounding the sample substrate the applied field distribution can be made to have as much as
a 3 order of magnitude difference between the in-plane and out-of-plane applied fields. This allows
us to uniquely attribute our electro-optic measurements of the TM-like polarized optical mode to

the x 3., tensor component.



Characterization Technique and Experimental Results

For characterization we use a fiber coupled input, free-space output setup with a tunable
Agilent 8164B CW source which has a wavelength span of 1465 nm to 1575 nm [5]. Electrical
probes are used to contact the electrical pads (see figure 1.1(a)) applying voltage from a Keithly
Source Meter 2400 with a maximum voltage range of +210 V.

To characterize the DC-Kerr effect, transmission spectra measurements are taken as a
function of applied voltage. Using these spectral measurements, the shift in resonant wavelength
versus voltage can be extracted. This measurement of resonant wavelength shift (AA,.s) versus

voltage can then be related to the change in effective index (An,sf) on a first order approximation
using equation 1.3 below as a ratio of the group index (n,) and the resonant wavelength (4,.s)

scaled by the modulated length of the ring (L,,,4) as a fraction of total length of the ring (Lotar),

440 um and 782.74 um respectively [16,17]. An important note is that as was discussed

previously, our choice to use electrodes in a top-down configuration ensures we have an all-vertical

applied field. Thus, when these measurements are carried out for a TM-like optical mode this
(3)

allows us to attribute our measurements entirely to the all-normal type )(5%)3 and x3335 -

Aneff Lmod — AAres (1 3)
ng Ltotal Ares .

The results of these measurements are shown in figure 2 (a) - (c). These measurements are
used to determine ng; and )(g?% by fitting for the change in effective refractive index as a
function of applied field using Lumerical mode simulations to solve for the effective refractive
index of the guided mode as function of change in spatial dependent material index for the

waveguide core. This spatial dependent material index is derived from modeling of the applied

field within the waveguide core as a function of applied field using Lumerical Device. In this way



a best fit optimization is done to determine ng and )(é‘?% from the measurements, the results of

which can be seen in figure 2(c).

The propagation loss of the circulating mode can be seen extracted from figure 2(a) by
fitting the measured response to the Lorentzian equation as in [13,17] and results in an in-
waveguide propagation loss of 3.41 dB/cm for the TM-like polarization. This is done by
performing a best fit optimization in order to fit the experimental results to the analytical formula
for an all-pass ring resonator shown in [16]. Additionally, the free-spectral range of the racetrack
resonator is found to be 0.756 nm which corresponds to a group index of 3.803 [13]. The results
of the TM-like active optical measurements of resonant wavelength shift versus voltage can be
seen in figure 2(b) with figure 2(c) showing the resulting change in effective index versus voltage
using equation 3. Figure 2(c) shows the fit for ng and )(3(,?33 resulting in values of (14.5 + 1.4)
pm/v and (6 + 0.58) x 10°*® m?/V? respectively. In figures 2(b) and (c) we observe a clear quadratic
dependence of the change in resonance wavelength, and change in effective index, on the applied

voltage with the minima point displaced from the origin due to the presence of a non-zero )(523)3 in

as grown SRN films. The uncertainty in the y® and y® is primarily due the relative wavelength
accuracy of the tunable Agilent 8164B CW source used in our measurements. The relative
wavelength accuracy of our Agilent 8164B CW source is + 3 pm, resulting in an uncertainty in

Aneff of + 1.35x 10-5.
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Figure 2: Above the top cladding there are electrodes 220 um in length on each of the two straight arm
sections. All measured data is operated in the TM polarization for a 320 nm thick 450 nm wide SRN
waveguide. (a) Measurement of the transmission versus wavelength along with the best fit for a single
resonance showing the propagation loss of the circulating mode. (b) Shift in resonance wavelength in
pico-meters versus applied voltage. (¢) Change in effective index versus applied voltage along with the

best fit results resulting in a )(5?3 of (14.5 + 1.4) pm/v and a )(é??,g of (6 + 0.58) x 101 m?/\V2,

Comparing these results to other works in literature [12,18-22] we find our SRN film to be
in line with predictions made in the literature based on the relationship between a SRN film and
the ¥ it will exhibit [4]. Additionally, we find the ¥ of our films to exceed that of Silicon.
Furthermore, the clear shift in the minimum point in change in refractive index versus voltage
confirms the presence of a combination of second and third order nonlinearities as shown in the

fitting results.
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Conclusion

In this work we have presented a PECVD based SRN film with a refractive index of 3.02
at 1500 nm, achieved an in-waveguide propagation loss of 3.41 dB/cm for the TM-like polarized
optical mode. We have also shown that SRN films, in contrast to highly nonlinear materials such
as BaTiOs [23], can retain a low RF permittivity of 9.0578 when deposited using PECVD.
Additionally, in this work we have maintained all processing steps at a temperature of 350°C or
below. While it is true that lower-loss highly nonlinear SRN films have been demonstrated in
literature, existing work has primarily focused on LPCVD and ICP-CVD [12,24,25]. In
comparison to these techniques PECVD has a major advantage, readily available compatibility
with CMOS process flows and maintains a low thermal budget compared to LPCVD, which are
typically deposited at temperatures as high as 800°C and undergo long annealing processes at
temperatures as high as 1200°C.

Using the DC-Kerr effect we have experimentally measured the X§§;3 of our SRN film to
be (6 + 0.58) x 107*° m?/V2 for the TM-like polarized optical mode in the presence of a vertical
applied field. The DC-Kerr effect in SRN is used as an optical phase shifter for tuning of a ring-
resonator device. This technique can offer an alternative mechanism for employing optical phase
shifters in SRN films. Furthermore, PECVD SRN is a highly tunable material which allows a
designer to control its refractive index [4], thermo-optic coefficient [13], as well as second and
third order nonlinear susceptibilities [3-5] while maintaining low loss and two photon absorption
with breakdown field strengths superior to that of silicon [4]. Additionally, when processed using
PECVD, a low thermal budget can be maintained using a deposition technique readily available in

CMOS process flows. As such, SRN is a very promising material platform which deservers further
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exploration for on chip applications towards highspeed electro-optic switches, analog transmitters

and microwave photonics.

Supplementary topic: Tensor Analysis of the Quadratic Electro-optic Effect.

Below a more complete expansion showing the terms omitted from the expansion of the
nonlinear polarizability can be seen below. Note that here subscripts denoting the tensorial nature
of x®@ and x® have been suppressed.

(a) P=e{x®+xPE +yPEE
(b) E=Eq+E,=Eq+Ee " +E" e/t
Thus
©  Priectrostaticz = €oX P [2EE* + E5.]
Prockets = €oX P [2EqcEe ™" + 2By E"e/*"]
Pope = €ox @ [E2e/20t 4 Erei2et]
Pgiectrostatics = EOX(s) [Egc + 6EE*E,]
Pierr = €ox®[3E2E* e/t + 3EE* e/¢t]
Ppc—err = EoX(3)[3E§cEe_jwt + 3E£CE*ejwt]
Perisye = 60)((3)[3Echze_j2wt + 3Ech*29j2wt]

ﬁTHG = EoX(3)[E3e_j3wt + E*gejswt]

(a) Expansion of the Polarizability up to third order contributions. (b) Assumed Electric
field distribution as a summation of a low frequency (relative to the optical mode) contribution
and the optical mode written as a Bloch wave. (¢) Resulting expansion of the nonlinear terms of
the polarizability organized and labeled to show what effect each set of terms results in. Pay special

attention to the similarity between the quadratic electro-optic effect and the Pockels effect terms.
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In the above expansion the overall electric field has been modeled as a summation of the
optical wave and an electro-static field. The Optical Mode has then been expressed as a Bloch
wave along with its complex conjugate. Relevant terms in this expansion, such as the Ppc_gerr
term can then be related to an index change in material index by refactoring that individual term
to appear as an effective first order change in linear susceptibility, which is the related to a change
in refractive index by n? = €, = Y + 1 . Doing so and re-introducing the subscripts for the

tensorial nature of this phenomena, we can arrive at the following.

©)

_ 3Tsrn Xijki dc -dc

d)  Any=—"Xijx1— EE
lLeq

Due to symmetry and imposed field conditions:

(3)

_ 3TsrN Xijji pdc?
€ An;=— Zi,j?quj

(d) The change in linear refractive index due to the DC-Kerr term in the general case. Note
the subscripts (i,j,k,l) can be 1,2, or 3 and are used to refer to one of the three coordinate axis (x,y,
or z). The term Iz is the model overlap factor with the Silicon-Rich Nitride material. (€) Given
the restrictions on the applied field distribution imposed by our choice of electrodes the applied
electro-static field contains a single vector component, and this allows us to simply the expression
as shown.

(d) shows the resulting expression for the change in refractive index due to the DC-Kerr
effect in the general case of a material with a )(i(f',zl under an arbitrarily oriented electro-static field

for an optical mode of a given polarization. Part (e), shows a simplified form of the equation for

the geometry explored in this manuscript in the Silicon-Rich Silicon Nitride material platform.

Supplementary Topic: Extraction of RF Permittivity and Breakdown Field
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In order to properly characterize the Silicon-Rich Nitride thin films it is important to
determine the RF permittivity and carry out some preliminary measurements of the breakdown
field of the SRN thin films. First, it would be an advantage to have the Silicon-rich Nitride thin
films exhibit as low of an RF permittivity as possible allowing for efficient application of the
applied electric field. Second, the higher the breakdown field the higher the potential change in
linear refractive index achieved. In order to determine both parameters we fabricate parallel plate

capacitors of two different areas using a 150nm thick layer of our Silicon-rich Nitride thin film.
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Figure 3: (a) Schematic breakdown of the test structure used to extract the RF permittivity. Capacitance
vs voltage measurements are performed using an Agilent B1500A semiconductor device analyzer.
Thickness ‘d’ = 150nm. (b) Capacitance [pF] vs Voltage [V] at 100 kHz along with a fitting for the

relative permittivity showing a value of 9.0578. (c) Confirmation of the fitting where the effective length
[um] of one pad is extracted based on fitting the other pad for its relative permittivity. As can be seen the
fitting is good using either method and show similar results.

Here, one can see the extraction of the RF permittivity of the film, done by performing a
capacitance vs voltage measurement using an Agilent B1500A semiconductor device analyzer.
The results for 700um x 700um and 800um x 800um square pads simultaneously fit to extract the
RF permittivity. The relative length of one pad is fit based on the results extracted from a single
pad, which serves to confirm our measurement. From this fitting we find the RF permittivity to be

9.0578, which is a little less than the linear refractive index squared. This is an important result as
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it confirms that despite have a high linear refractive index and third order nonlinear susceptibility,
these films still exhibit a relatively low RF permittivity.

We utilize a current (1) vs voltage (V) measurement to determine the point of maximum
safe electrical field strength for our Silicon-rich Nitride thin films. I-V measurements were used
both pre- and post-anneal (at 300°C) by increasing the voltage until the current spikes to the pre-
set compliance. From these preliminary measurements we concluded that annealing these films
does improve the maximum safe field point, with post anneal being 1.2 x 108 [V/m] as opposed to

8.3 x 107 [V/m] pre-anneal.
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Figure 4: Current [A] vs voltage [V] up to the point of breakage plotted on a semilog scale both pre- and
post- anneal at 300°C. As can be seen, annealing of these films does improve the maximum safe electric
field strength with post annealing is 1.2 x 108 [V/m] as opposed to 8.3 x 107 [V/m] pre-annealing.

Supplementary Topic: The effects of annealing on Silicon-rich Nitride

Building upon the demonstration of electric field induced second harmonic generation in
Silicon-rich Nitride thin films from [5] we set out to further increase the silicon content of these
films. As before we deposit these films using plasma enhanced chemical vapor deposition
(PECVD), making sure to remove the ammonia flow from the process we settle on a recipe with a
silane to N2 gas flow ratio of 2.25. With this we deposit 320nm thick films of Silicon-rich Nitride

onto a 3um wet thermal on silicon substrate. Due to the fact that these devices will eventually be
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clad with a PECVD SiO: layer it is important to understand the effects that annealing in forming
gas will have on our thin films, furthermore annealing any PECVD deposited dielectric is an
important step in achieving true high quality thin films. Therefore, the effects of annealing in a

forming gas ambient are quantified as a function of annealing temperature.
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Figure 5: A plot of Linear refractive index at a wavelength of 800nm using ellipsometry as a function of
annealing temperature. All films where deposited at the same time at 350°C. These films were then
individually annealed for 15 mins in a forming gas ambient at the listed temperature. As expected,
increasing the annealing temperature beyond the deposition temperature results in an increase in the linear
refractive index [11].

In all of the above cases the annealing is done for 15 mins in a forming gas ambient at the
given temperature. As expected, annealing of Silicon-rich Nitride above its deposition temperature
for PECVD films results in an increase in the linear index of the film. From this data we can
conclude that we can anneal these films at 300°C for 15mins in forming gas in order improve the
general quality of our eventual SiO> top cladding as well as our Silicon-rich Nitride thin film,
without significantly effecting the linear refractive index of the films. With this confirmation we
will then follow the same process flow as shown previously in [1], finishing by annealing our 1um

SiO2 top cladding layer for 15mins at 300°C in a forming gas ambient.
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Supplementary Topic: Electrode Design

The design of the electrodes is chosen to ensure a uniform and highly directional field
distribution. This is important because it will allow us to conclusively relate our measurements to
a specific combination of tensor components in Silicon-Rich Nitride.

As can be seen in figure 6(a), we choose to electrode traces 30um wide separated by 10um
along with a grounded substrate. By maximizing the width of the electrode traces as well as
choosing a thickness for the SiO2 top clad we can ensure a highly uniform and predominately
vertical applied field distribution within the waveguide. Here we chose to utilize a 1um SiO2 top
cladding balancing the need for low loss waveguiding with applied field strength within the
waveguide core. The electrode width and spacing was chosen to be 30um and 10um respectively,

for a waveguide width of 400nm. The applied field distribution is determined by modeling in

Lumerical Device.
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Figure 6: (a) A schematic breakdown of the phase shifter design shown as a cut out. The goal of this
design is to have the applied field distribution to be as uniform and directional as possible. The electrode
traces are 30um wide electrode and separated by 10 um. These electrodes are patterned using liftoff from
an AZ1512/SF9 soft mask and dc sputtering in a Denton 635. (b) Plot of the mean value of the Applied
Field Ex and Ez components versus voltage inside the waveguide core.

In figure 6(b), you can see the magnitude of the applied field distribution as a function of
in-plane position vertically centered in the waveguide. From this plot we see that the in-plane
component is more than three orders of magnitude smaller than the out of plane component. Due

to this large difference between the in-plane and out-of-plane applied field components, second
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order processes dependent on the in-plane applied field component can’t contribute. Additionally,
the squared dependence on applied field allows third order contributions to be safely ignored as
there is a six-order difference in magnitude of its contribution as compared to that of the out-of-
plane applied field.

The fact that we can safely ignore the in-plane applied field, and its effect on the refractive

index, allows for us to conclude that the only two non-zero and participating tensor components

of the third order nonlinear susceptibility are )(S)M and )(%3, see figure 7.
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Figure 7: In isotropic media the above tensor components are the 21 non-zero elements. The subscripts 1,
2, and 3 represent the three-principle axis ‘i’, ‘j’, and ‘k’. From our design of the electrodes we can
conclude that any terms with mixed contributions from the applied field, labeled as ‘Edc’ along multiple
axis can be neglected in our measurements. Furthermore, it is important to understand that the largest

tensor component is expected to be the X§§)33 component as it should be a summation of the three other
non-zero, unigue tensor components. More details on this can be found in [1].

Supplementary Topic: The interplay between ¥ and ¥ and its effect on An

The other sections here have focused primarily on the third order contributions; however,
in general materials can exhibit both second and third order susceptibilities, depending on a
materials crystal symmetry. For example, as-grown silicon-rich nitride has been shown to exhibit
a second order nonlinear susceptibility which increases with increasing silicon content. As a result
of this, the resulting An in such a material must be modeled as equation S3 below rather than as a

purely quadratic change as is the case in centro-symmetric materials such as silicon.
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In general, the change in refractive index of a material is the summation of all contributions
from all higher order susceptibility terms across all tensor components. Depending on the material
in question some of the tensor components may be zero and furthermore, depending on the
orientation of the applied electric field others may not contribute.

As a result of the linear dependence of An on applied electric field due to the second order
nonlinear susceptibility and quadratic dependance on applied electric field due to the third order
nonlinear susceptibility, the minima of the An curve is shifted from Ov. In other words, materials
which have a y® will exhibit asymmetry in their measured An(V) response unlike centro-
symmetric materials such as silicon which will exhibit a purely quadratic (and thus symmetric)
An(V) response. This is because for one polarity of applied electric field the contributions from
1@ is of the opposite polarity to that of the contributions from y® until they eventually cancel
each other out after which contribution from y®) overcomes y®. On the other hand, for the
opposite polarity these two contributions add up as they have the same sign in their contribution

to An.
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CHAPTER 2 — OPTICAL BISTABILITY IN PECVD SILICON-RICH NITRIDE

Background

Research towards optical logic components is an ongoing area of interest and optically bi-
stable devices have been of keen interest in such research as they can provide a fundamental
building block for optical logic gates [1-3]. In the past, optical bistability has been shown in silicon
devices [4-9]; however, silicon nitride has become an attractive candidate for nonlinear optical
processes due to its low-loss nature, low two-photon absorption, and as has more recently been
shown, the capability to exhibit an enhanced third order nonlinear susceptibility. Existing work in
literature exploring optical bistability in silicon nitride ring resonator devices has primarily focused
on stoichiometric to low refractive index silicon nitride [10], both exploring the possibility of a
Kerr based ultra-fast optically bistable ring resonator for use as a memory element [11] as well as
in a variety of other novel applications such as for a photonic thermometer where thermo-optic
bistability is exploited for temperature sensing [12]. In past work by the author’s [13], as well as
others in the literature [14-18], we have shown how by controlling the conditions during
deposition, high silicon content silicon-rich nitride films can be deposited by PECVD and shown
that these films exhibit enhanced second and third order nonlinear susceptibilities, thermo-optic
coefficient, and refractive index while maintaining many of the benefits of silicon nitride films.
Such films have been used in a variety of manners in literature such as for optical parametric
amplifiers [19], for soliton-effect optical pulse compression [20], as well as pushes towards the
fabrication of even higher composition films such as low temperature plasma-deposited
dichlorosilane-based ultra-silicon-rich nitride films [21]. A useful overview of the various forms

of silicon-rich nitride as a highly nonlinear CMOS platform can be found in [17].
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In this manuscript we demonstrate and characterize thermo-optic bistability in a PECVD
SRN with a refractive index of 3.02 at 1500nm for use as an optically bi-stable element. We
compare optically induced resonance shifts to thermal heating induced shifts, as well as
characterize its time response. Specifically, we determine the thermo-optic coefficient of our
PECVD SRN film to be (2.12 + 0.125)x10#/-C by examining the optically induced resonance
shift. We experimentally demonstrate bi-stable optical switching and measure the time response
of the device showing the relaxation time to be approximately 18.7us. Finally, we make an
argument for high refractive index PECVD SRN for use as optically bistable material in computing
and sensing applications such as thermal sensing. Utilizing high refractive index PECVD SRN
films for a variety of applications provides significant benefits over traditional utilization of low
index or stoichometric nitride films [12] due to the much larger thermo-optic coefficient and higher

confinement waveguide while maintaining a low loss guiding layer and negligible TPA [22].

Design and Fabrication

In this manuscript we characterize the thermo-optic properties of high refractive index
PECVD SRN, demonstrating thermo-optic bistability in an all-pass ring resonator device operating
in a TM- mode. It has been shown in the literature [10, 23] that when a laser of sufficient optical
intensity is coupled on resonance into the cavity of a ring resonator, the absorbed portion of that
optical intensity results in a change in temperature of the cavity which via the thermo-optic effect
results in a shift of the resonant wavelength of the cavity. Modeling the change in refractive index
resulting from a given optical power has been shown in [10-12, 23]. The relation between the

intensity of the optical wave in the cavity and the self-induced change in refractive index, An in
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time, t through induced temperature change and the film’s thermo-optic coefficient is reproduced

from Ref. 10 below:

dAn An
? = Ana - t_c (21)

Here An, and t. are defined as, the linear accumulation term and the characteristic time

constant respectively.

_dandTla

An
a 2pCp

(2.2)

where %, I, a, p, and C, are the thermo-optic coefficient, Intensity, absorption coefficient,

density, and specific heat respectively,

2
)
¢ 4k

(2.3)

where R and k are defined as the mode radius and thermal conductivity respectively. In the
above p = 2.2g/cm?, Cp= 0.76 J/gK, k = 0.0014 W/cmK are taken from literature references
[10,12], while the mode radius R is taken to be the bend radius of the ring resonator cavity, 45um.

The characteristic time constant t. is both taken from measurements performed in section 5 and
fit along with the unknowns Z—;l and a, which is constrained by the overall propagation loss

measured in section 3.

In this work we will explore this effect in high refractive index PECVD SRN,
characterizing the thermo-optic coefficient by optical shift measurements as well as comparing it
to a measurement of chip temperature. We will then perform time response measurements,
estimate the relaxation time and deduce that it is indeed a thermal effect, as well as use this effect
to demonstrate bi-stable optical switching.

Details of the PECVD SRN films deposition are described in our previous work [13]. Our

device consists of a 311nm thick PECVD SRN device layer deposited onto 3um of wet thermal
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oxide on a silicon handling wafer. Our device design consisting of an input and output grating
couplers along with a 45um bend radius all-pass ring resonator is patterned into the SRN device
layer using electron-beam lithography of a 150nm thick HSQ soft mask. The developed HSQ
mask is then used to transfer the device structure into the SRN device layer using reactive ion
etching in an Oxford P100 etcher. After etching any remaining HSQ is removed using 1:10
buffered oxide etchant diluted in DI water. The devices are then clad with 1.5um of PECVD SiO..
Figure 8 below shows an optical microscope image of our SRN all-pass ring resonator device
consisting of a 45um bend radius ring with a width of 385nm coupled to a bus waveguide of width

385nm separated by a gap of 100nm.

Figure 8: Optical microscope image of the PECVD SRN 45um bend radius all-pass ring resonator device.

Low-power Characterization

The transmission spectra from our SRN ring resonator device is first measured at low input
optical powers in order to demonstrate that the spectra is symmetric at low input powers as well
as determine the propagation loss and group index of our ring resonator device. To do so we couple
an Agilent 81980B tunable laser to the input grating coupler and measure the output power using

a Newport 918D-1G-OD3 detector connected to digital to analog converter and storage in the
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computer. We can then determine the transmission spectra by sweeping the wavelength of the
Agilent tunable laser source and measuring the output power over time using the laser’s output
trigger to calibrate the wavelength at each moment along the measurement (more details on the

measurement method can be found in our past work [13]).
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Figure 9: Normalized transmission spectra at low input power for the SRN ring device operating in the
TM-like mode. Shown is a fitting for the transmission spectra’s line shape we determine the propagation
loss to be 3.38dB/cm for a group index of 3.522 + 0.156.

Figure 9 shows the resulting normalized transmission spectra for the SRN ring resonator device
operating in the TM-like mode. By fitting the transmitted optical spectra to a well-known line
shape function, as in [24-25], using a root mean square fitting we can determine the propagation
loss of the circulating mode, the group index, and the self-coupling coefficient of the bus
waveguide. The results of the root mean square fitting of a single resonance can be seen as the blue
dashed line in Figure 2 corresponding to a group index of 3.522 + 0.156, note that the FSR which
is measured to be 2.38nm corresponds to a group index of 3.677 while a fitting of the single
resonance on indicates as low as 3.3657, such uncertainty is considered in the margins of error
presented on the fitted parameters as proper analysis of the resonances is harder in the nonlinear

regime. A propagation loss of 3.38 dB/cm is found, with a self-coupling coefficient of 0.957 and
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a cross-coupling coefficient of 0.291. From this we estimate the field enhancement factor (FE) to
be 5.1867 [10-12]. Additionally, it is important, to note that this loss value is the propagation loss
of the mode circulating in the ring and thus includes all forms of loss such as bending, scattering,
and absorption losses. Additional information on typical loss values in silicon-rich nitride films by
the authors past works can be found in [13,14] with a more comprehensive view [17] as well as
discussion on the usage of post-process annealing in LPCVD silicon-rich nitride films in [22]. As
can be seen from these results under low input powers the line shape is symmetric indicating
negligible contribution from self-induced thermo-optical bistability. Additionally, comparing
these results to that of straight waveguides connected by grating couplers of the same design we
estimate the insertion loss per grating coupler to be ~9.5dB.
Resonance Shift

Work in literature [4, 26] has shown that high optical intensities can result in bi-stability in
a variety of in-waveguide configurations from Bragg gratings [27] to ring resonator devices [5].
Unlike in Si where competing effects contribute, the well-documented negligible nature of TPA
[17, 22] in silicon-rich nitride films at C-band allows measurements of optical shift to be attributed
to temperature changes through the thermo-optic effect driven by linear absorption of a portion of
the cavity intensity. The absorption coefficient induced by TPA is linearly dependent on the
intensity while the resonant wavelength shift, as shown in equation (1) is dependent on the product
of the absorption coefficient and the intensity in the steady state, resulting in a nonlinear relation
between the TPA coefficient and resonant wavelength shift in its general form. As such the
absorption which results in resonance shift seen here can be attributed to the linear absorption term
which is a combination of various forms of absorption including material as well as interface state

absorption, determining the exact contributions from each possible effect being beyond the scope

26



of this work. Regardless, in a ring resonator device on-resonance light is coupled into the cavity
where absorption induced heating increases the temperature of the ring causing a resonance shift
due to the thermo-optic effect. In this section below we will compare measurements from optically
induced resonant shifts to that of thermally heating the chip using a thermo-electric cooler (TEC).
First, we demonstrate how this effect can induce a resonant wavelength shift in a ring resonator as
a function of input optical power and creates an asymmetry in the line-shape of the resonator.
Figure 10 below shows the transmission spectra of the 45um SRN ring resonator device as a

function of input optical power.
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Figure 10: (a) Transmission spectra of a 45um SRN ring resonator for the corresponding on-chip powers
in (b). Notice how at the lowest laser power presented the asymmetry is reduced and as the laser power
increases the resonant wavelength red-shifts and the resonance becomes increasingly asymmetric. (b)
Measured resonant wavelength vs chip power in mW along with a fit line showing a shift coefficient of
91.98 pm/mW for a loss coefficient of 0.5dB/cm. (c) Transmission spectra of a 45um SRN ring resonator
as a function of stage temperature from 250C to 450C. (d) Measured resonant wavelength versus
temperature.

Figure 10 shows a measurement of the transmission spectra, sweeping the laser’s
wavelength at a continuous sweep speed of 5nm/s. From these measurements the resonant

wavelength of the ring resonator can be seen to have a linear dependence on the chip power. From
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these spectral measurements the shift rate is determined to be 91.98 pm/mW. Following methods
laid in [10] by assuming that the absorbed optical intensity in the cavity creates an increase in
temperature which shifts the resonant wavelength. Using this method we fit the shift in resonant
wavelength vs chip power for the thermo-optic coefficient, absorption coefficient, and the thermal
relaxation time. Constraining the absorption coefficient to be less than the measured propagation
loss measured in Section 3, as this measured value is a combination of all forms of loss in the ring
cavity, we determine the thermo-optic coefficient to be (2.12 + 0.125)x10* /oC. It is important to
note that due to inherent uncertainties in the absorption coefficient the uncertainty as estimated
from the optical shift is larger than that estimated by stage temperature. Second, we measure the
transmission spectra as a function of stage temperature, comparing it to the measurement versus
chip power. Figure 10(c) shows the measured transmission spectra for stage temperatures from
250C to 450C. From these measurements the resonant wavelength of the ring resonator can be seen
to have a linear dependence on stage temperature from which we can estimate the thermo-optic
coefficient to be (2.18 + 0.09)x10*#/oC. Comparing these two measurements of the thermo-optic
coefficient we find good agreement in the estimated coefficient. Additionally, it is important to
note that it is more challenging to fit for the parameters of interest in the nonlinear regime due to
deformation in the resonance and it would be useful for a future work to explore this space further

for example as a function of sweep speed of the laser in addition to chip-power.

Time Response
In this section we will measure the temporal response of the self-induce thermo-optic effect
in order to demonstrate that it is indeed thermal in nature, as well as estimate the specific thermal

relaxation time of our SRN ring resonator device. As we demonstrated in the previous section, the
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resonant wavelength of the ring resonator shifts as a function of optical power. In order to measure
the temporal response of our device we modulate the intensity of the input optical wave using a
pulsed sawtooth wave of increasing frequency in the range of 1kHz to 150kHz, with a delay of
10ms between pulses to allow time for the cavity to relax back to equilibrium. When the
wavelength of the laser is fixed at the maxima between resonance positions, the transmitted optical
power simply tracks the sawtooth wave of the input, which we refer to as a baseline. Next we set
the resonant wavelength detuned by +40pm from the resonant wavelength of the device
(1576.6nm). Since increasing optical power during the ramp of the sawtooth causes the filter
resonance to red shift past the set laser wavelength, the optical transmission power will show a
sudden drop followed by its increase again until the end of the ramp when the output optical power
will drop reaching the baseline. After the sawtooth ramp ends and it returns to the initial optical

power the resonator returns to equilibrium (i.e., baseline) over a period of thermal relaxation.
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Figure 11: Transmission as a function of time for the ‘baseline’ curve as well as the ‘near resonance’ case
for ramp ‘frequencies’ from 1kHz up to 150kHz.

Figure 11 shows a measurement of the transmitted optical power normalized to the

transmission at t=0, for the baseline and near resonance case for frequencies from 1kHz to 150kHz
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measured using a Hewlett Packard 11982A lightwave converter and a Tektronic TDS3014C digital
oscilloscope. As can be observed from Figure 11, at lower frequencies, such as in the 1kHz
measurement, there is a sharp drop in the transmitted power around t=500us as expected and then
at t=1000us when the sawtooth returns to its initial state there is another sharp drop as the cavity
returns to equilibrium. As the frequency of the ramp is increased it becomes clear that after the
sawtooth returns to its initial state the cavity requires a relaxation time of ~18.7us to return to

equilibrium. If we compare this to the photon lifetime of a 20,000-quality factor ring resonator

25, 28], t,, = —ZQ, which is ~33ps we find this clearly indicates our measured relaxation time
p w
0

corresponds to thermal relaxation confirming this as a thermo-optic shift.

Bi-stable Optical Switching

In the previous sections we have demonstrated optically induced thermo-optic shifts in a
PECVD SRN ring resonator determining the thermo-optic coefficient to be (2.12 + 0.125)x10#/oC
and the confirmed this to be due to a thermo-optic effect by time response measurements. Finally,
in this section we utilize the SRN ring resonator device to demonstrate that the transmitted optical
power as a function of input power exhibits a bi-stable regime which is used to demonstrate bi-

stable optical switching.
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Figure 12: (a) The transmission spectra of the ring resonator device at two different input powers, in black
3.98mW (6dBm), and in teal 20mW (10dBm). Notice how as the input power is increased the resonance
becomes more asymmetric and the resonance point red shifts. (b) Transmitted optical power as a function
of input optical power demonstrating how there is a region of input power, from approximately 10mw, to
16mW, where multiple solutions are possible. Depending on the way the input power is scanned the
transmission can be in either of the branches and be either stable (green loop) or unstable (dashed light-
blue lines).

The left-hand plot in figure 12 shows an example of the transmission spectra of the ring
resonator device at two different on-chip optical powers, 0.45mW (Piaser=6dBm) in black and
1.12mW (Piaser=10dBm) in teal. As shown in previous sections, as the input power is increased the
resonance becomes more asymmetric and the resonance red shifts. The right-hand plot in Figure 5
is taken by positioning the laser red-shifted from the resonant wavelength at 0.45mW
(Piaser=6dBm) by +40pm, the transmitted optical power is then measured as a function of input
power. The input power is first swept upwards from the minimum power 0.45mW (Pjaser=6dBm)
to the maximum power of 2.8mW (Piaser=14dBm), then the input power is swept downwards from
2.8MW (Piaser=14dBm) to 1.12mW (Piaser=10dBm), after which the input power is linearly looped
from 1.12mW (Plaser=10dBm) to 1.78MW (Piaser=12dBm) to 1.12mW (Plaser=10dBm) three times
before finally being swept downwards from 1.12mW (Piaser=10dBm) to 0.45mW (Pjaser=60Bm)
again. As can be seen by the black connecting lines between the teal datapoints, outside of the

1.12mW to 1.78mW region of on-chip input power the on-chip output power is stable. Inside this
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region the power can jump between two bi-stable states. Additionally, if the input power is swept
upwards from the below this bi-stable region upwards into it, the output power can be placed in a
stable state in the upper branch. If the input power is swept from this state upwards above the
maximum of the bi-stable region and then back downwards it can be switched into a stable state
in the lower branch. Finally, if the input power is swept downwards from this position below the
bi-stable region and then back upwards it can be again placed into a stable state in the upper branch.
Using this methodology, we demonstrate bi-stable optical switching, showing a 0,1,0,1,0,1 bit
sequence, using a control sequence at the input power. The switching is performed by either

‘pulsing’ the input power or lower, and then returning the input power to the bias state with a finite

AP;, differential of 0.4dB.
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Figure 13: (a) Normalized transmission as a function of time for a °0,1,0,1,0,1° bit sequence. The two
stable output states can be switched between using a control sequence on the input power that begins and
ends at the same power level with a finite AP, differential of 0.4dB. (b) Input power showing the control

sequence as well as the AP;,, differential of 0.4dB.

The result of these measurements can be seen in figure 13 as normalized transmission over time
for the 0,1,0,1,0,1 bit sequence, where each ‘bit’ is held for 120s, and each sample point is averaged
for 10ms. As the result shows it is possible to stable switch between the two branches shown in

Figure 12 using a control sequence and once switched the output is stable in the new state with

32



10dB of extinction achieved between the two states. Although as we have demonstrated this is a
result of the thermo-optic effect, and so speed is limited, it is still a useful demonstration of the
ability to cleanly switch between the two bi-stable states and the required input optical power in a
high refractive index PECVD SRN all-pass ring resonator and through novel architectures and
control schemes such as that in [29, 30] the interplay between this thermally induced effect and
the Kerr effect can be explored to develop an ultra-fast bi-stable device.

Conclusion

Optically bi-stable devices are of keen interest for development of optical logic components as
well as potentially for other devices such as photonic thermometers [12]. In the past, optical
bistability was shown in silicon devices. However, with growing interest in use of silicon nitride
devices due to their low loss and negligible TPA, it becomes interesting to explore their ability to
realize optical bistability. In recent years it has also been shown that by enhancing the silicon
content in silicon nitride films, the second and third order nonlinear susceptibilities as well as the
thermo-optic coefficient are increased while maintaining a variety of benefits from stoichiometric
silicon nitride, such as the negligible TPA. Despite this however, research into optical bistability
and devices design to exploit it have not significantly adopted high silicon content SRN films
despite their advantages.

In this manuscript we have presented a study of self-induced thermo-optic bistability in PECVD
SRN. We have shown that such PECVD SRN films achieve low propagation loss of 3.07dB/cm
and determined the thermo-optic coefficient to be (2.12 + 0.125)x10%/oC by a comparison of
optically induced resonance shift and thermal heating. time response measurements were
performed which demonstrate a relaxation time of 18.7us at up to 150kHz. Finally, we

demonstrated bi-stable optical switching showing that there exists a bi-stable region between
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10dBm and 12dBm in which two possible output power states are possible which can be either
stable or unstable. PECVD SRN has the potential to enhance optically bi-stable devices by
enabling more sensitive temperature sensors due to its enhanced TOC, as well as potentially open
new avenues for Kerr based optical bistability if used in an add-drop configuration [11]. In this
manuscript we have explored the thermo-optic portion of bistability in PECVD SRN
demonstrating it to have significant advantages over stoichiometric nitride based approaches.
PECVD SRN is a promising material platform which deserves further research into utilizing it for
Kerr based potentially ultrafast bistability and how that interacts with its slower thermo-optic

bistability [31].
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CHAPTER 3 - A SYSTEMATIC EVALUATION OF SILICON-RICH NITRIDE ELECTRO-OPTIC
MODULATOR DESIGN AND TRADEOFFS

Introduction
1. Introduction

Optical interconnects form a major part of the disruptive impact of integrated optical
systems in a variety of applications, and therefore have driven continued interest in finding the
next generation of optical modulators. Historically, high-speed optical modulators have relied
upon lithium niobate [1,2] where thanks to the lithium niobate on insulator platform VL, metrics
on the order of 1.8VVcm have been achieved [3,4], while in search of higher efficiencies other high-
k dielectrics have been considered such as barium titanate [5]. All of these materials have three
primary challenges:(i) they are in general not CMOS compatible making fabrication more
expensive compared to a CMOS process which can be done by a foundry, (ii) they have low
refractive indices compared to Silicon requiring larger waveguide cross-sections to achieve mode-
confinement, and (iii) they all have higher RF permittivity leading to smaller electric fields in the
same cladding at the same applied voltage. As a result many optical interconnects still utilize
carrier dispersion in silicon waveguides (VL = 3.5 Vcm, with an insertion loss of 9.2dB)) [6],
where excess propagation loss due to high dopant concentrations can limit performance, and so
there remains interest in a CMOS compatible alternative to such techniques that can disrupt optical
modulators in CMOS manufacturing. The issue remains, however, that most CMOS compatible
materials either do not exhibit a y®, or exhibit a negligible small one such as lower index silicon
nitride films. In recent years work in literature, including past work by the author’s [7], has
demonstrated that not only can Silicon-rich Nitride (SRN) films exhibit a non-zero ¥ but that

their refractive index [8, 9], thermo-optic coefficient [10], as well as y® and ¥ [11] are all
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enhanced with increasing silicon content which also holds in the case of low temperature plasma-
enhanced chemical vapor deposition-based SRN films [8,12]. In this manuscript, we will
undertake a systematic evaluation of the contributions from second and third order nonlinear
susceptibilities in arbitrary materials and formulate a case for a y©) based linearized electro-optic
modulator utilizing a form of heterodyne gain. We will then conduct a numerical study of such a
modulator, designing phase-type modulator based on our past works SRN film properties,
achieving VL, metrics from 1 to 2Vcm and V. L,a metrics of 116VdB as a phase modulator, or
as low as 1vcm in a push-pull Mach Zehnder Interferometer intensity modulator. We will then
explore the integration of such a phase-shift element into a ring resonator cavity as an intensity
modulator demonstrating that with proper cavity design and allowing for a degree of coupling
miss-match extinction ratios between 12dB and 20dB are achievable. Finally, we will conclude
with some discussion on the inherent tradeoffs with such a design and argue that a linearized y
based modulator, can serve as a viable CMOS compatible alternative to use materials lacking y®
nonlinearities, and as a pure phase modulator alternative to traditional plasma-dispersion
approaches in silicon.
Nonlinear Polarizability Analysis

We begin with a brief analysis of second and third order nonlinear optical effects in
nonlinear materials with emphasis on the presence of an applied external electric field. Here we

include consideration for effects of higher order nonlinearities, beyond that of y® alone, as

)

research has shown that most CMOS compatible materials lack a )((2 as a result of their crystal

symmetry [13-16]. Although this is an abbreviated discussion on the topic, a useful place to start
is through the induced polarization which can be written as follows [17]:

P(r,t) = € [x WE(r,t) + yPE*(r,t) + y®E3(r,t) +...]1 (1)
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In equation 3.1, the ¥, ¥ and y® represent the first, second and third order nonlinear
susceptibilities respectively, which are treated as tensors of rank two, three, and four, respectively.
This is a useful formalism because both modulation and wave mixing are understood as solutions
to the nonlinear form of Maxwell’s equation [17]. If we allow the total electric field E(r, t)to be a
sum of an optical wave (E,) and applied electric field (electro-static E;. and time-varying E,.),
we can derive expressions for the contributions to the nonlinear portion of the induced polarization,
grouping and simplifying terms based on their contributions. Below in equation 3.2, as an example,

we show three first terms of eq. 3.1 expansion, grouped and labeled with various nonlinear effects.

p,, _ Electrostatic Pockels SHG Electrostatic
= eo(AP[2EE" + E} ] + xP[2E4Ee /%t + 2E4 E"el®] + xP[E2e 7729t 4 E*2e/29%] 4 yO[EZ. + 6EE"Ey| '
+ XP[(3E%E + 3E2E*)e~J¥* 4 (3EZ.E* + 3EE*?)el"] + yP[3E . E2e 124t 4 3B, E*2ei29%] + yC)[E3e~130¢ 4 g3 30t])

Kerr effect and DC-Induced Pockels EFISHG THG

(3.2)

This represents a subset of the possible terms in the nonlinear polarizability, due to our
specific choice of terms in the total electric field and additionally the tensorial notation has been
suppressed here for simplicity. The terms present in this expansion relate to the various forms of
nonlinear processes that utilize the susceptibility as summarized in Table 1. Table 1 shows a
breakdown of the terms of the nonlinear polarization based on the combination of optical wave
and applied field present in the induced polarization. The items in this table can be thought of as
falling into one of two different categories: (1) Effects at the fundamental optical frequency —
Switching and modulation and (2) Effects at harmonic frequencies (including 0 frequency) — wave
mixing. Switching and Modulation based on the nonlinear susceptibility is typically thought to
comprise of the Pockels effect and the Quadratic Electro-optic effect, sometimes called the DC-
Kerr effect, where-as wave mixing comprises three and four wave mixing, active and passive.

However, terms such as the “EFI-SHG” (here EFI stands for electric field induced) and
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“Modulated SHG” blur this distinction and can allow methods for both enhancing second order
processes as well as analyzing third order nonlinearities via four-wave mixing. Importantly, if we
allow for a combination of electro-static E;. and time-varying E,. together with the optical E,,,

we can derive a term (last column in table 1) which allows for third order nonlinearity based linear

Table 1: A breakdown of the induced polarization.

@

Applied Field
x@
e
X(a,) 0 Edc Eac EacEdc
0 1@ Optical x® Optical
rectification rectification
“-_-.’ Fundamental Pockels Effect DC-Induced
g « Wave Pockels Effect
S
b= EFI-SHG Modulated SHG
=1 2w SHG .
(@]
) Effects
3w THG &

modulation. This is especially interesting to explore, as unlike y® which is dependent on crystal
structure, ¥ is present in all materials. In the remainder of this manuscript we will only consider
non-resonant electronic nonlinearities as this type of nonlinearity can respond at ultra-fast speeds
and is thus of interest for high-speed modulation and switching, as well as be useful for wave-
mixing applications [18]. In the following we consider the case of a material which has both y®
and x® tensors susceptibities (e.g. SRN), in the presence of an applied electric field which has
both an electro-static (Edc) and a time-varying ac (Eac) component. From this we derive an

expression for each combination to the change in refractive index showing them below in table 2

based on ¥ vs y®) and their combination in response to the applied Edc and Eac fields.
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Table 2: Second and Third order contributions to the change in refractive index

DC AC AC+DC
() (2)
@ Xij @ X
A é{c Z léls E]dc Angcz _ Z lé(;( E]ac
@ % "k % Tk Not Applicable
3 3 3)
x5 x5 3 3x;
3) ijjk 2 3) ijjk 2 3) l]]k
Anil(c = Z ol Ejdc Anfz(c = Z 2l Ejac Anfz(c+dc = Z EaCEdC
X(S) jk k ik k jk k

Table 2 reveals a few interesting features of such an arbitrary material. Specifically, for

such a material under the presence of an Edc and Eac field there will be of course a static “bias”

pr

change in refractive index represented by An,,. = A“dc2 + Andc ; however, there will also be a
: o o) ®)

modulated component of the change in refractive index represented by An,. = An%. + An%, +

At
n

c+ac- \f we are interested in constructing a linearized modulator utilizing a given materials

1@, as well as y® when the material possesses it, then analysis of the An,, term is important.

Additionally it should be noticed that the An*"mixed term has an extra factor of 2 compared

ac+dc

: : © ® :
with the non-mixed terms, An*_" and An%, . From these expressions and Table 2 the only

_ . . : . @) L .
contributing term that is not linear in Eac is the Anﬁ{f term, which is the reason third order

modulation is typically quadratically chirped, a problem for linear modulator design; however, the

term An? has two benefits. First, if we require the Edc >> Eac, a condition that will dictate the

ac+dc

degree of linearity, then the An* term is approximately linear in Eac, and additionally under

ac+dc

3 ®
such a condition it is naturally true that An)‘ & An*

Setrde Which allows us to ignore the

quadratically chirped term. Secondly, the An* term exhibits a natural form of what can be

ac+dc

thought of as a heterodyne gain. This term has a weak high-frequency field (Eac) and a strong low-
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frequency field (Edc) the product of which produce an effect at the high-frequency field’s
enhanced by the strength of the low-frequency field (Edc). While this will require the Edc field
strength to be high, it will allow the Eac field strength to be proportionally lower, this can be a
solution of interest in the CMOS case as 10’s of volts-dc can be acceptable whereas the AC voltage
is the one that needs to be as low as possible, even sub 1V in some cases. Figure 14 shows an
example of how by controlling the ratio of Eac to Edc the quadratic chirping in the resulting change
in phase can by removed. Note that as the Eac/Edc ratio increases so does the peak phase change

because the magnitude of Eac increases.

Normalized Phase Shift

80 100 120 140 160 180 200
Time [ps]

Figure 14: An example for a 10Ghz modulated Eac wave as a function of the fraction of Eac/Edc for a
fixed Edc of 1.22x108 VV/m. In the above plot the black dashed line represents the idealized case.

It is important to discuss the trade-off between y (® based Pockels modulation and this y )

based DC-Induced Kerr modulation. As has been derived previously in the literature there is a

: & @
general rule that the order of magnitude of y® and ¥ should be expected to be ); and );—2
at at
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respectively [17], where E; is the atomic electric field strength. This has the important implication
that we should expect effects based on ¥ to be weaker than those of y? because the order of
magnitude of their coefficients in general differ by the atomic electric field strength and thus an
effective y® induced by the presence of an applied dc electric field could only approach that of
the expected inherent y® when the applied electric field approaches that of E,;, in materials
whose ¥ @ originates from a crystal lattice dipole. Such a condition is of course not possible as
the breakdown field of a given material will in general be much lower than E,;, meaning that we
will reach the maximum strength of applied electric field before the combination of Y E,ica
is expected to be of the order of the inherent ¥ . While this may indeed be a limitation, in realistic
materials, especially CMOS compatible materials, the xy® tensor is often zero due to crystal
symmetry, in such cases this technique can still be useful as all materials have a non-zero
tensor. In SRN specifically the approach of combining y® and ¥ becomes very interesting
because the exact origin of the non-zero x in silicon-rich nitride is still not well understood. As
a result this general rule may not hold true for such a material, and consequently the general rule

for their ratio to be Eat may not apply. For example, if we define )(S)f = 3y®E,. and consider

our previous results in [7] then we find that at Edc = 1x108 V/m we have a XS%C of 180 pm/V

@
eff =

compared to the measured 14 pm/V inherent ¥® which indicates that for SRN a value of y
x@ is possible. For this reason, we will explore the design of a linearized modulator based on the
DC-Induced Kerr effect in SRN. It has been shown in literature in past work by the author [7] as
well as others [11] that PECVD SRN can exhibit refractive indices as high as 3.1 and has a

comparably enhanced x®. Additionally, silicon-rich nitride films are expected to have a high

breakdown field as well as low optical loss over a broader spectral range that Silicon [9, 11, 19].
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As the example calculation of a )(S)f shows, these unique properties can make SRN films very

attractive for CMOS manufacturing.

Phase Modulator Design

We begin by analyzing a fundamental building block such as a phase shifter element on its
own. Figure 15(a) shows a schematic cross-section of the proposed device structure. In the
structure an SRN waveguide is located on a SiO2 buried oxide layer. We then create a conformal
thin dielectric shield layer (e.g., deposited using ALD) followed by construction of gold (Au)
electrodes. Finally, the structure has a top cladding layer of SiO». This structure can be thought of
as the generic case of a device which lacks such a shield layer, the case where the shield dielectric
is SiO2 and a case where the left and right electrodes could also be placed directly onto the bottom
SiO; layer and then the center electrode formed after depositing a desired thickness of SiO,. We
consider the presented generic device in Fig. 2a as a useful layout for discussing important
tradeoffs of such designs. Firstly, the objective is to maximize the strength of the applied electric
field within the waveguide core while minimizing the induced optical loss, a trade-off which will
dictate the optimal device performance regime. One key parameter that will dictate the strength of
the applied field is the ratio of the relative permittivity of the shield layer to that of the SRN

waveguide layer.
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Figure 15: (a) Schematic cross-section of the proposed device structure. A Silicon-rich Nitride waveguide
sits on a SiO2 buried oxide layer. On top of the Silicon-rich Nitride waveguide is a thin dielectric shield
layer onto which Ground-Signal-Ground gold electrodes are formed. Finally, the top of the structure is
top clad with SiO2. (b) Image showing the TM optical mode for a 350nm thick, 450nm wide SRN
waveguide along with field lines for an applied electric field from the Ground-Signal-Ground (GSG) field
lines.

Therefore, if we utilize a thin cladding layer of low refractive index silicon nitride, which
is known to have an RF permittivity around 7.2 [20], to more closely match the RF permittivity of
the interface to that of the SRN waveguide core which we have previously measured to be 9.44
[7], we can increase the penetration of the applied electric field into the waveguide. However, the
trade-off is that utilizing a silicon nitride shield layer will reduce the refractive index contrast of

the waveguide core, reducing mode confinement and thus increasing induced optical loss due to

the proximity of the electrodes.
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Figure 16: (a) Effective Index of the TE-like and TM-like modes vs SiO2 ‘shield’ thickness. (b) Overlap
Integral of the TE-like and TM-like modes with the SRN waveguide core versus SiO2 ‘shield’ thickness.
(c) Effective Index of the TE-like and TM-like modes vs spacing from the electrode to waveguide
sidewall. (d) Overlap Integral of the TE-like and TM-like modes with the SRN waveguide core versus
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spacing from the electrode to waveguide sidewall. (e) Propagation Loss vs electrode to sidewall spacing
for the TE-like and TM-like modes.

In general the use of an intermediate dielectric shield layer between the waveguide core
and the metal electrodes is a necessity due to optical losses from metals; however, once introduced
the mismatch in RF permittivity between the intermediate dielectric shield layer and the waveguide
core will “shield” the higher RF permittivity waveguide core from the applied electric fields
reducing the strength of the field within the nonlinear medium. The solution then is to utilize a
material which matches the RF permittivity of the silicon-rich nitride core; however, when
considering practical materials often the RF permittivity and the refractive index increase in
tandem. For example, at ~7.2 silicon-nitride [20] has an expected RF permittivity closer to that of
SRN however it has a higher refractive index of 1.8 to 1.95 compared to the 1.45 of SiO, which
has an RF permittivity in the range of 3.75 to 4.45 [21, 22]. The result of this is that in a realistic
CMOS compatible material stack with limited choices for dielectric shield layers there is a tradeoff
between the strength of the applied electric field and the loss of the optical mode from the lower
modal confinement of a higher refractive index cladding layer. In the design of the phase shift
element in this study we will use SiO> as the shield layer in order to mitigate excess loss from
modal deconfinement. This means that since the shield layer is the same material as the cladding
it serves as a physical spacer rather than any additional RF permittivity matching. Our proposed
structure will be based on the expected x® and ¥ values for silicon-rich nitride films of similar
refractive index in literature such as 14 pm/V and 6x10°*® m?/v? from our past work [7] with a good
review in [23]; we will utilize the measured RF permittivity from that work as well [7]. Figure
15(b) shows a COMSOL model of the TM optical mode for a 350nm thick 450nm wide Silicon-
rich Nitride waveguide along with the applied electric field lines from the ground-signal-ground

(GSG) electrodes. Utilizing COMSOL and Lumerical we simulate the electrical and optical fields
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of the structure as a function of both the electrode to waveguide sidewall spacing as well as the
thickness of the shield layer and optimize the width and height of the waveguide to minimize
excess at 500nm thick and 350nm wide and assume a SiO: shield layer. As in this case the shield
layer is assumed to be the same as the cladding, it serves simply as a physical spacer rather than
as both a physical spacer and permittivity matching. For these simulations as outlined in section
2, we will consider the case where the mean value of E,.in the core is as large as

1.22x108 V/m at peak value, taking results from COMSOL simulations.
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Figure 17: (a) A plot of the change in refractive index under the presence of a combination of AC and DC
field. In such a situation if we require that Edc >> Eac then we can write this as approximately 4An,. =

Anf{éz) + Angﬁﬁdc. (b) A plot of the require length for a 7 phase shift based on An,, as a function of
electrode to sidewall spacing and shield thickness. (c) A plot of lumped loss for a phase shifter with a
length of L, as a function of electrode to sidewall spacing and shield thickness. (d) From the change in

refractive index we can determine the metric VL. (e) While the metric V,,L,; is a commonly used metric

for such devices, a more comprehensive metric is VL« which includes loss and is thus in units of V-dB

instead of VV-cm.

Figure 16(a-b) shows the effective index and overlap integral of the TE-like and TM-like
modes as a function of shield thickness. In the case where the shield is simply the same as the

cladding it serves as a physical spacer predominately for the central electrode. As a result, at small
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shield thickness the TM-like optical mode gets pulled into the thin gap between the center electrode
and the waveguide core, increasing the effective index but decreasing the overlap with the SRN
layer. In figure 16(c-d) a similar effect occurs for the TE-like mode when the electrodes are brought
closer to the sidewall of the waveguide with the enhancement of the effective index, and
corresponding decrease in overlap integral, being smaller due to large gaps than the shield layer
thickness for the TM-like mode. The tradeoff of course is loss, which is shown in Figure 16(e):
when the electrode to sidewall spacing is reduced the loss increases. Naturally, the TE-like mode
experiences a faster increase in loss from bringing the electrodes closer to the side-wall were as
the TM-like case will see a faster increase as the shield thickness decreases. It is important to
revisit and note tensorial nature of y® and y® in light of these TE- and TM- like mode
polarizations. Specifically, the different tensor components are utilized depending on the
orientation of the optical mode polarization and the direction of the applied electric fields. As
discussed in section 2, the fundamental relation between second and third order nonlinearities, and
the presences of a non-zero ¥ in SRN, means that all else being equal a TM polarized optical
mode and vertically applied electric field will couple to the largest nonlinear susceptibility y

and y® tensor components and consequently, produce the largest change in refractive index. As

such in this manuscript we will focus on the case utilizing the )(g)% tensor component which

maximized the interaction between the TM-like optical mode and vertical applied electric fields.
Note, however, that a variety of other configurations could be explored in the future such as
combinations which use not-colinear tensor components for example an in-plane applied field and
a TM-like optical mode. Next, we investigate a specific design for TM-like mode phase
modulation using a device with electrode to sidewall spacings varying from 200nm to 600nm and

shield thickness varying from 100nm to 200nm. Fig. 17(a) shows the predicted An,. for these
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geometries for the case of applied voltages Vac and Vdc, 20v and 200v respectively. The trade-
off here is that at a fixed voltage smaller electrode to sidewall spacings result in larger applied
field strengths at a fixed voltage, and thus larger changes in refractive index. Similarly, decreasing
the shield layer thickness increases the applied field strength in the waveguide core at a fixed
voltage and thus increases the change in refractive index. From the change in refractive index
curves the minimum length required for a m phase shift (L,;) is determined as a function of
electrode to sidewall spacing and shield thickness in figure 17(b). As the shield thickness increases
the strength of the applied electric field in the waveguide core reduces thus requiring longer path
lengths to maintain a « phase shift. Using the lengths from figure 17(b) and the propagation loss
values discussed in figure 16(e) we generate predicted values for the insertion loss in figure 17(c)

reaching values as low as 3.1dB. Figure 17(d) then, shows the predicted VL, for each

corresponding design case under the condition that ? = 10. From this it is clear that we can

ac

achieve competitive VL, metrics, from 1 to 1.8VVcm. However, this is only a part of the story as a
comprehensive figure of merit should include the loss, so we define an additional figure of merit
to be V,L,a which results in a unit of VdB. Figure 17(e) shows such a figure of merit including
the loss in the analysis. The way to interpret such a figure of merit is to consider that at a VL«
of 37 VdB a 20Vpp AC voltage would have an insertion loss of 1.85dB. It is through a combination
of these two figures of merit that the design space, and tradeoffs between voltage, length, and
insertion loss can be understood. Based on these results then the following performance can be

achieved for such a SRN Modulator.
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Table 3: Example Possible Design Parameters

Vdc [V] Vac [Vpp] L [mm] IL [dB]
-200 -20 1 3.1
-200 -6.2 3.2 10

Table 3 shows the expected performance for our considered design. A clear trend in this
design then is a tradeoff between voltage and lumped loss, for example at a VL, of 2Vcm with a
6.2Vpp ac voltage we get 10dB or at 20Vpp we get 3.1dB. On the other hand we can achieve the

minimum 1Vcm V, L, metric at an insertion loss of 9.4dB.

Intensity Modulator Design

In the previous section we discussed the design and performance of a phase modulator,
which provides important insight into the fundamental performance of the underlying device. We
will next discuss how such a phase shift element can be used as an intensity modulator by
embedding it into a ring resonator cavity or in a Mach Zehnder interferometer (MZI) configuration.
Both ring-resonator and MZI configurations have their own advantages and drawbacks which we
will discuss but they can be thought of as broadly representing the two categories of intensity
modulators, resonant and non-resonant respectively. As has been well reported in literature [24,
25] a ring resonator can be viewed as a form of a resonant filter, which when the resonant
condition, @oynatrip = M2, is satisfied light is lost from the transmission port while off resonant
light is allowed to pass. It is this condition that allows a phase-modulator embedded into the cavity
of a ring resonator to be realized as an intensity modulator, the phase introduced by the phase

modulator adds to the nominal roundtrip phase and changes the wavelength at which the nominal
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round trip phase plus the phase change from the modulator results in an integer multiple of 2.
The well-known expression for the transmission (T},) from an all-pass ring resonator is given by:

_a?-2racos(¢p)+r?
Tp " 1-2arcos(¢)+(ra)? ®)

Where r is the self-coupling coefficient of the bus waveguide, k is the cross-coupling
coefficient, a is the single-pass amplitude transmission, and ¢ is the single-pass phase shift. In the
idealized case the critical coupling condition can be shown to be when the coupled power is equal
to the power lost in the ring, or r = a. In figure 18 below we consider embedding the phase-shift
element from section 3 into a 45um bend radius ring resonator made of SRN. Additionally, we
consider the case where there is an unintende’ mismatch between the amplitude transmission
coefficient and the self-coupling coefficient of 0.05, as a typical value to account for fabrication
and design variation (based on our past experience) and where the phase modulator comprises 90%

of the cavity length, to accommodate the coupling region unperturbed by electrodes.
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Figure 18: (a) Simulated Transmission spectra and maximum shift in transmission spectra for a 45um
bend radius ring modulator assuming a 4,._, = 0.05 mismatch between the single pass amplitude
transmission coefficient and the self-coupling coefficient of the bus. (b) Extinction Ratio as a function of
electrode to sidewall spacing for shield thickness 100nm to 200nm. (c) Extinction Ratio as a function of
shield thickness for electrode-sidewall spacings from 200nm to 600nm.

Figure 18(a) shows the transmission spectra of the nominal device T'(¢) in black along the

expected shifted transmission spectra T (¢ + Ad,qx) due to modulated amplitude, An,.. Figure
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18(b) and(c) show the expected extinction ratio (ER), defined as the ratio T(¢ + A¢max)/T(P),
as a function of electrode to sidewall spacing and shield thickness respectively. Two general trends
can be observed in figure’s 18(b) and (c): increasing electrode to sidewall spacing decreases the
ER and increasing shield thickness decreases the ER. As long as the ring resonator is in the critical
coupling regime, increasing either the electrode to sidewall spacing or the shield thickness reduces
the ER by decreasing the strength of the applied field within the waveguide core. On the other
hand, as it has been discussed in Section 3, reducing the electrode to sidewall spacing or the shield
thickness increases the loss, in the case of a ring resonator this impacts the maximum achievable
quality factor. In turn a commonly used definition of the quality factor is the ratio of stored energy
in the cavity to energy dissipated per cycle and therefore is a measurement of the rate of decay of

energy in the cavity [26]. These two factors form a tradeoff which is visible in Figure 19(a) and

(b).
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Figure 19: (a) Quality Factor versus electrode to sidewall spacing for shield thickness 100nm to 200nm
(b) Photon lifetime limited bandwidth vs electrode to sidewall spacing for shield thickness 100nm to
200nm.
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Figure 19(a) shows the expected quality factor of a ring resonator with a A,._, mismatch
of 0.05 vs electrode to sidewall spacings for shield thickness from 100nm to 200nm. As mentioned
above, the reduction in quality factor for increasing loss (decreased electrode to sidewall spacing
or decreased shield thickness) can clearly be observed. As ring resonators are resonant cavities the
enhanced intensity contrast is a tradeoff with the ring-down time of the cavity which limits

response times. Using the quality factor vs electrode to sidewall spacing and shield thickness we

present the photon-lifetime limited bandwidth, , Where 7.4,y is the photon lifetime of the

TTcavity
cavity and related to the quality factor as Q = % [26, 27]. From figure 19(b) we observe that

increasing quality factor’s results in lower photon lifetime limited bandwidths, reaching as low as
~10Ghz for the largest quality factors. Additionally, there is a slight enhancement in photon
lifetime limited bandwidth at the smallest electrode to side wall spacings. Based on these results a
photon lifetime limit of 60Ghz requires a quality factor of 2000, which is naturally achieved at a
shield thickness of 100nm. Therefore, integrating our phase modulator into a ring resonator cavity
will allow ER’s of 10dB to 20dB and photon lifetime bandwidths of 60Ghz for Q factors of 2000.
We will next discuss the MZI configuration as a non-resonant alternative for intensity modulation.
Unlike the ring resonator, the MZI configuration being non-resonant does not have a photon
lifetime limit to its bandwidth instead it is limited by the capacitive load of the electrodes. Here
we consider an unbalanced MZI, with a mismatch length of 200um, and the phase modulator of
length L, from Section 3 in both arms. Figure 20(a) shows the simulated spectral response of such

an unbalanced MZI in the nominal case T'(¢).
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Figure 20: (a) Simulated Transmission spectra and maximum shift in transmission spectra for a MZI with

an imbalance length of 200um along with electrodes of the L,, length from section 3 in both arms driven

in push-pull. (b) A plot of the V,.L, metric versus electrode to sidewall spacing and shield thickness. (c) A
plot of the VL& metric versus electrode to sidewall spacing and shield thickness.

In the case of the MZI by controlling the relative phases introduced into both arms we can
form an intensity modulator. In this case we will consider the push-pull configuration where the
electrical driving signal of the two arms is r out of phase with each other. The resulting V,,L,, and
V.L,a metrics are shown in figures 20(b) and (c) respectively. The analysis here is a fairly
straightforward extension of the phase modulator, as figure 20(a) shows a full = phase shift in the
spectra is achievable and the corresponding figures of merit clarify that the in addition to
converting the phase modulator into an intensity modulator, we have cut the V,;L,; in half, achieving
values of 0.5Vcm to 0.9Vem as a result of utilizing pushpull operation. The primary trade-offs in
such an MZI design are primarily ones of compactness and are discussed next. Unlike the ring
resonator configuration which can be made as small as twice the bend radius of choice, the MZI
here requires electrode lengths of L, which is 1mm, or longer. The trade-off here then is that we
cut the V. L,, metric down as low as 0.5Vcm in the push-pull MZI but the longer electrode’s relative
to these in the ring resonator as well as being driven in push-pull mode, will likely to lead to a
parallel set of capacitances, relative to the phase modulator. This leads the MZI configuration to

have the largest capacitance of the three configurations discussed. For example, if we compare our
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results to literature, such as that of lithium niobate on insulator devices [3], we find that SRN Mach
Zehnder can achieve a VL, between 0.5 to 0.9Vcm while lithium niobate on insulator devices
achieves values in the range 1.8Vcm; however, if we compare to only CMOS compatible
techniques such as a depletion type silicon modulator [6] we find values in the range of 3.5Vcm.

In table 4 below we have summarized a comparison of various modulator platforms from literature.

Table 4: A comparison of Modulator Performance

VL, IL RF Bandwidth CMOS Reference
[Vem] | [dB] | Permittivity
This work 1 1.55 9.45 20 to 60Ghz yes -
Depletion 35 9.2 N/A ~20Ghz yes [6]
type Silicon
Lithium 1.8 2 28 ~ 15 Ghz no [3]
Niobate on
Insulator
Hybrid 2.7 18 not stated > 70 Ghz no [4]
Lithium
Niobate on
Silicon
Silicon on 0.23 not 100 - 3000 ~20 Ghz no [5]
BTO thin-film stated

These techniques range from lithium niobate on insulator to hybrid Silicon on barium
titanate (BTO) thin-film approaches. Of these various approaches the silicon on BTO thin-film
achieves the clear best VL, metric; however, being a silicon on BTO thin-film device requires
post-processing and is not in general CMOS compatible. Additionally, the large nonlinearities that
allow for low voltage’s are in general smaller when used for wave-mixing. Of the approaches in
the table, our result and the depletion type silicon modulator are the only two that can be clearly
defined as CMOS compatible material stacks. Our numerical study shows that SRN DC-Induced
Kerr modulators can achieve competitive VL, metrics and being a low temperature PECVD

process it can bring new capabilities to CMOS compatible platforms.
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Discussion and Conclusion

Traditionally electro-optic modulators have relied upon second order nonlinearities,
utilizing the Pockels effect; however, materials that exhibit non-zero x(® tensors are generally not
CMOS compatible. Meanwhile y©) based modulation has typically been seen as un-attractive due
to a much weaker nonlinearity exhibited by most materials as well as the quadratic nature of the
effect. In this manuscript we have undertaken a systematic evaluation of electro-optic
nonlinearities in a generic material and then made the case that the unique combination of y® and
x® exhibited by SRN makes it a good candidate for capacitive y©) based electro-optic
modulation. We have shown that SRN can achieve VL, metrics as low as 1Vcm in a MZI
configuration and extinction ratios as high as 18dB in a ring resonator configuration all utilizing a
CMOS compatible material platform. Additionally, we addressed the traditional drawback of
quadratic chirping in y® based modulators by showing that the superposition (Eac + Edc) and
proper choice of the Eac/Edc ratio can not only linearize the change in optical carrier phase but
can also be seen as a heterodyne gain amplification of a weak Eac field by a large Edc field. While
for some applications utilizing a non-CMOS device such as a lithium niobate on insulator
modulator can be acceptable, there is a need for CMOS compatible alternatives to such devices.
As it stands now if a designer is limited to CMOS processing due to a desire to utilize cost effective
tape outs then they are primarily limited to carrier dispersion-based modulators in silicon. In this
manuscript we have argued that adoption of a y®) based modulator can provide additional utility
to such CMOS platforms and that SRN is a good candidate for such adoption. PECVD based
silicon nitride films are already widely utilized in CMOS tape outs, and as has been shown in the

past by the authors [7, 8], with proper tuning of gas flow ratios a high refractive index PECVD

54



SRN film can be achieved under otherwise the same processing conditions. In this manuscript we
have shown that the unique advantages of high confinement guiding in a low RF permittivity high
x®) and low loss in such a platform makes it an attractive candidate for integration into standard
CMOS process flows. Further exploration of linearized y® based modulators in a variety of other
CMOS compatible material platforms can provide new and unique capabilities and deserves
further investigation.
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