


N × N optical switching, optical FGPA, passive spectrometers, field-programmable

optical filters, etc.
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CHAPTER VIII

OPTICAL BISTABILITY IN INTEGRATED OPTICAL

CAVITIES

8.1 Viewpoint

Use of nonlinear properties of optical materials is inevitable for all-optical signal

processing applications [105]. In general, nonlinear optical coefficients such as the

third order nonlinear susceptibility (χ3), in common integrated photonic materials,

i.e., silicon (Si) and silicon nitride (Si3N4), are relatively weak and can be neglected

in low field intensity limits [106, 107]. Nevertheless, in high-Q microresonators with

small effective mode volumes, the field intensity (and optical power density) can reach

a rather high level such that nonlinear effects become significant even at modest

input powers. Optical bistability in passive optical resonators, as one manifestation

of nonlinear effects, has long been of interest as a simple mechanism to manipulate

light with light. This phenomenon has been observed and carefully studied in various

material platforms and different types of integrated resonators including one/two-

dimensional PhC resonators, microdisk, and microring resonators [108, 109, 110, 111,

112, 113, 114, 115]. It has been shown that the interplay between the heat generation

due to optical absorption at resonance wavelength and the shift in the resonance

wavelength of the resonator caused by the thermo-optic effect of the resonator material

can result in a hysteretic behavior and a positive feedback process which can lead to

optical bistability. Thermal bistability is especially important in Si photonics due to

the widespread use of Si on the device layer for integrated photonic structures. In most

of the reported Si photonic devices to-date, thermal bistability relies on the nonlinear

optical absorption processes, i.e., two-photon absorption (TPA) and the subsequent
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free-carrier absorption (FCA). Thermal-bistability can also be achieved through linear

absorption in optical resonators [116]. However, in both cases of thermal-bistability,

the threshold field density in the resonator is very high. This severely limits the use

of optical bistability to form practical nonlinear integrated photonic devices in Si. In

this work, I propose and demonstrate low-power thermal-bistability in Si photonic

resonators with moderate Qs (e.g., 10k) based on amplification of the heat generated

by linear absorption using Joule-heating [117]. In the designed device, a reverse-biased

pn-junction is integrated with a nanobeam PhC resonator. The illumination of the

depletion region of the pn-junction by the incident light results in photo-generated

carriers through linear absorption in Si. These carriers are swept by the electric

field (due to the reverse bias) and are collected at the two sides of the pn-junction

device [118, 119, 120, 121]. Such photocurrent, though small, once accompanied by a

large reverse bias can considerably increase the heat generated per absorbed photon

via Joule-heating to substantially reduce the optical power threshold for achieving

optical bistability. My experimental studies show that the photocarriers are induced

mainly by the linear optical absorption in the device. The proposed approach can

be exploited to design ultralow power optical transistors, optical memory elements,

and ultrasensitive sensors [122, 123, 124, 125]. In addition to its contribution to

heat generation, the photocurrent can be monitored in an external electronic circuit

to generate a negative feedback signal (i.e., adjusting the reverse bias voltage) to

stabilize the bistable features against the random variations of the environmental

conditions (e.g., temperature).

8.2 Photonic Crystal Nanobeam Cavity Design

The PhC nanobeam resonator used in this study is designed and fabricated in a

silicon-on-insulator (SOI) substrate with a 250 nm-thick Si layer on a 3 µm buried
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oxide layer. The resonator comprises a symmetric resonant region sandwiched be-

tween two symmetric PhC mirrors. The resonant region and the PhC mirrors consist

of a number of air holes with their centers located in a one-dimensional (1D) periodic

lattice with lattice constant a (see Figure 44(a)). These air holes are etched in a Si

rib waveguide with a width of w sitting on a 50 nm-thick pedestal. The radii of the

air holes in the mirror regions are equal to rm, while the radii of the air holes in the

resonant region are different from each other and they are optimally engineered to

maximize the quality factor. The overall structure is symmetric around its center.

The resonant region has 15 pairs of air holes while each mirror section contains five

air holes. The number of air holes for the two mirrors is chosen to ensure a decent

coupling Q (Qw) between the resonator and the inline waveguide at the two terminals

of the device.

Figure 44: (a) A 3D schematic of the nanobeam PhC resonator; (b) Normalized band
diagram of the periodic mirror regions showing a photonic band gap in the range 181
THz < f < 204 THz (for a = 330 nm, the corresponding wavelength range is 1469
nm < λ < 1656 nm ); (c) The field profiles of the first (λ1 = 1579.71 nm) and the
second (λ2 = 1609.95 nm) TE resonant modes of the device in (a) with mode volumes
of 0.97(λ1/nsi)

3 and 1.36(λ2/nsi)
3 respectively;(d) Tabulated air-hole radii calculated

via the TL technique for the resonant region in part (a).
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Given the geometrical dimensions of the substrate, the width of the waveguide

is chosen at w = 700 nm to support a propagating mode in the desired wavelength

range (i.e., 1469 nm < λ0 < 1656 nm) well below the light lines. The lattice constant

is set to be a = 330 nm. This choice will place the edge of the Brillouin zone (i.e.,

κ = π/a, where κ is the normalized propagation constant) far from the edge of the

radiation zone (i.e., 2π/λ0) to reduce the radiation loss [126]. The photonic bandgap

of the PhC in the mirror section is adjusted by setting the air hole radius to rm = 100

nm to place the desired resonance wavelength at the center of the photonic gap (see

Figure 44(b)). In order to maximize the radiation Q (Qr) of the resonant region

(i.e., minimize the radiation loss), the transmission line (TL) technique (detailed in

[127]) is used to design the air holes in the resonant region such that the spatial

profile of the resonant mode (see Figure 44(c)) meets all the requirements for low

radiation loss explained in [128]. The calculated air hole radii for the resonant region

are tabulated in Figure 44(d). A commercially available finite-difference-time-domain

(FDTD)-based software package (i.e., Lumerical) is used to obtain the actual mode

profiles as well as the estimates of the optical Qs of the resonant modes of the device

shown in Figure 44(a). Figure 44(c) shows the magnitude of the electric field for the

first and the second TE (electric field in the x − y plane in Figure 44(a)) modes at

λ1 = 1579.71 nm and, λ2 = 1609.95 nm (with Si refractive index nsi = 3.46). To

separately estimate the Qr and Qw of these modes, the structure is simulated with

(a) fifteen and (b) five PhC lattice periods in the mirror regions. Simulations suggest

that the leakage power from the fifteen-period mirrors is negligible (i.e., Qw → ∞),

and the estimated Qs of Q1 = Qr1 ≈ 1.36 × 106 and Q2 = Qr2 ≈ 3.77 × 105 for

the first and the second modes, respectively, are mainly limited by the radiation loss

(note that the material loss is neglected due to its negligible effect on Q at the selected

wavelengths). Moreover, Qs of Q1 = Qw1 ≈ 48000 and Q2 = Qw2 ≈ 3700 (i.e., Qs are

limited only by the coupling loss to the input and output waveguides) are estimated
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for the first and the second modes, respectively, when the five-period mirrors are

used. By comparing the values of Qr and Qw obtained for each mode, I conclude

that under a practical design for achieving reasonable coupling to the input/output

waveguides, the Q of each mode will not be limited by the radiation Q, and they

will be defined by the coupling Q (i.e., Qw). To complete the design of the structure,

two focusing grating couplers are added on the input and output rib waveguides for

out-of-plane coupling of the input and output of the overall device to the input laser

and the output detector, respectively [129]. These gratings are designed using the

conventional techniques and for the sole purpose of characterizing the device.

8.3 Fabrication

The PhC nanobeam resonator along with the input/output focusing grating couplers

(designed to have a peak coupling efficiency at around 1600 nm) are fabricated on

an SOI wafer with a 250 nm thick Si layer. A 110 nm layer of hydrogen silsesquiox-

ane (6% HSQ from Dow Corning) is spin-coated on the sample as the resist, and

the patterns are defined through electron-beam lithography (EBL). After developing

the sample in 25% tetramethylammonium hydroxide (TMAH) at an elevated tem-

perature of 40 ◦C, the device Si layer is etched with an etch-depth of 200 nm in an

inductively-coupled-plasma (ICP) chamber. This step leaves a 50 nm pedestal on the

sample, which is selectively removed around the grating coupler areas. The sample

is then covered with 10 nm of silicon oxide (SiO2) through atomic layer deposition.

The metallurgical pn-junction in the middle of the nanobeam structure is formed by

successive ion implantation steps to achieve concentrations of ≈ 6 × 1017 cm−3 on

the resonator region (75As+ and 49BF2+ species) and ≈ 1020 cm−3 on the contact

regions. This level of doping increases the material loss in the Si layer to α = 3.35

cm−1 at the telecommunication wavelength [46]. The drop in Q of the designed
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nanobeam resonator due to the additional material loss is estimated through the per-

turbation theory using the obtained mode profiles shown in Figure 44(c) [130], and

the calculated values are ≈ 9000 and ≈ 3500 for the first and the second TE modes,

respectively. The patterned polymethyl methacrylate (PMMA from MicroChem) re-

sist (thickness ≈ 2 µm) is used as the implantation mask in all doping steps. In the

next step, dopants are electrically activated by annealing the sample at 950 ◦C for

240 seconds in a rapid thermal processing (SSI RTP) system. For the metallization

layer, titanium (as an adhesion layer) and copper are sputtered successively on an-

other patterned layer of PMMA resist (thickness ≈ 3 µm) and lifted off with the aid

of a sonication bath. The optical micrograph of the device along with the scanning

electron micrograph (SEM) of the resonator region is shown in Figures 45(a) and

45(b), respectively. The nanobeam is connected to the feeding waveguide at both

ends of the resonator.

Figure 45: (a) Optical micrograph of the fabricated device showing the copper pads
on a 50 nm thick pedestal around the PhC nanobeam resonator as well as the 400
µm long inline feeding waveguide along with the focusing grating couplers at the two
ends. (b) False-colored SEM of the fabricated PhC nanobeam resonator (taken before
metallization). The purple and green colors represent the n-type and p-type regions,
respectively.
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The focusing gratings at the two ends of the feeding waveguides facilitate the

input/output coupling of light to/from the device. The optical field propagating

inside the waveguide couples into and out of the PhC nanobeam resonator through

the mirror regions at the two ends of the resonator.

8.4 Characterization

To characterize the device, the output light of a CW tunable laser (Agilent 81682A)

is launched into a cleaved single mode fiber through an in-line polarization controller.

The fiber is mounted on a stage equipped with XYZ micro-positioners as well as

a rotation/tilt compensator. The fiber is then aligned so that its outcoming light

is focused on the input grating coupler. Similarly, the output light from the chip

is collected through the output grating coupler with a similar cleaved fiber and fed

directly into a detector (Thorlabs PDB150C 800 nm− 1700 nm). The chip is placed

on a temperature controlled stage with the temperature set at 25 ◦C. Figure 46 shows

the normalized transmission spectrum of the device, which is obtained by sweeping the

laser wavelength from 1510 nm to 1640 nm at the rate of 5 nm per second. To have a

good signal-to-noise ratio, the output power of the laser is set to its maximum-over-

sweep value, i.e., 354 µW . The measurement is repeated with the laser power set at a

much lower level of 5 µW . Since the later measurement results in the same lineshape

for both resonances, I conclude that the nonlinear loss sources have negligible effect

on the measurement with the higher laser power, and all observed effects are due to

linear phenomena. For normalization, the obtained transmission spectrum is divided

to that of a reference device (fabricated on the same chip) that consists of similar

grating couplers and waveguides with no PhC nanobeam resonator in the middle

(with the same overall device length).

The two pronounced peaks in the collected spectrum in Figure 46 are related to

the two supported resonant modes of the PhC nanobeam resonator. The first TE
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mode at 1598.8 nm features a loaded-Q (QL) of ≈ 8900. The second TE mode at

1627.3 nm is closer to the bandgap edge and exhibits a larger spatial extent along the

resonator and consequently experiences a stronger coupling from and to the feeding

waveguides (Figure 44).

Figure 46: Normalized transmission spectrum of the PhC nanobeam resonator in
Figure 45. The inset shows a closer look at the linewidth around the first mode. The
designed photonic bandgap of the PhC mirrors covers the range 1469 nm < λ < 1656
nm.

The measured QL for this mode is ≈ 3200. The actual resonance wavelengths

are slightly higher than the simulated ones owing to the thin deposited silica on the

sample. The measured transmission of the resonator at the first and second reso-

nance wavelengths are 0.047 and 0.76, respectively. With the symmetric resonator-

to-input/output waveguide coupling regions, the resonator transmission at resonance

is given by T (ω0) = (QL/Qw)2 [130]. From this relation, the experimental Qw values

can readily be calculated to be 41000 and 3670 for the first and the second modes,

respectively which are in good agreement with the predicted values from the FDTD
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simulations. A calibrated optical head power sensor (Agilent 81624A) is used to

measure the actual power coupled into the input fiber and the power collected at

the output fiber in the reference device. From such measurements, the sum of the

coupling loss of the input grating coupler and the propagation loss in the feeding

waveguide region is estimated to be ζ ≈ 6.6 dB at the first resonant wavelength (i.e.,

1598.8 nm). This loss is of interest in the calculation of the optical power that enters

the resonator input. The Ec = (Qw/ω0)Pout expression is then used to estimate the

total stored electromagnetic energy in the resonator (Ec) for different laser output

powers [130]. In this expression Pout is the waveguide output power (see Figure 44(a))

which is estimated by measuring the power in the output fiber of the actual device

and normalizing it to the propagation losses (i.e., ζ). Plots in Figure 47 show the

transmission spectrum of the device around the first resonant mode for different laser

excitation powers with no reverse bias applied to the pn-junction (the corresponding

resonator energies are provided in the legend). It is seen that for the applied laser

power levels, the resonance wavelength and the lineshape are preserved. This ob-

servation suggests that the nonlinear absorption mechanisms are not present at zero

reverse-bias.

To observe the effect of the applied reverse bias of the pn-junction device, the

transmission spectrum of the device is monitored under different reverse-bias voltages,

and the results are shown in Figure 47(b). In this measurement, the laser wavelength

is swept from shorter to longer wavelengths. As shown in Figure 47(b), the Lorentzian

lineshape of the resonance is no longer preserved for bias voltages larger than 22V .

The observed redshift in the resonance wavelength for smaller voltages (i.e., Vr <

22V ) is attributed to the carrier dispersion property of Si, which is triggered by the

depletion of the majority carriers in the p and n regions [46]. Once the applied bias

voltage exceeds 22V , the resonance linewidth becomes lopsided, and the resonance

peak experiences an even bigger redshift; this is not explicable only through the carrier
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dispersion property of Si. As seen in Figure 47(b), the resonance lineshape in this

regime broadens and features an abrupt jump on the right side (higher wavelength) of

the peak. This behavior is known as the peak dragging which is directly linked to the

bistability condition [131]. This characteristic can be explained by considering both

the thermo-optic effect in Si (dnsi/dT = 1.86× 10−4K−1 [132]) and the Joule heating

mechanism due to the induced photocurrent in the device. Once the laser wavelength

reaches the vicinity of the resonance wavelength (from the left side) the optical field

in the resonator generates a finite photocurrent. The associated dissipated electric

power increases the device temperature, which in turn results in a small redshift in

the resonance wavelength. This redshift in the resonance wavelength tends to reduce

the optical field in the resonator and hence, it limits the photocurrent generation. As

the laser wavelength is swept to longer wavelengths, the thermo-optic effect can no

longer catch up with the Joule heating effect. Consequently, this negative feedback

process turns into a positive one. The abrupt jump in the spectrum is where this

condition manifests itself.

Figure 47: (a) Measured transmitted power spectrum of the nanobeam resonator at
different laser output powers (PL) with the applied voltage of the pn-junction device
kept fixed (Vr = 0), (b) Transmitted power spectrum of the nanobeam resonator
at a fixed laser power (PL = 1.84 mW ) with varying reverse bias applied to the
pn-junction device.

I use a source measurement unit (SMU) (Keithley 4200-SCS) to measure the
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photocurrent generated in the pn-junction. In this experiment, the wavelength of the

tunable laser is slowly swept (at a rate of 500 pm/s) from 1595 nm to 1605 nm. This

range covers the first resonance wavelength of the nanobeam resonator. Different

curves in Figure 48(a) show the measured leakage current of the device at various

applied reverse-bias voltages as a function of the laser scanning wavelength. In this

study, the output power of the laser is fixed at 1.84 mW (corresponding to 403 µW

in the input waveguide).

Figure 48: (a) Measured pn-junction leakage current in the resonator region as the
laser wavelength is swept (the top and bottom horizontal axes are the sweeping time
and the corresponding laser wavelength, respectively). In these measurements the
laser power is kept fixed at PL = 1.84 mW . To clarify the speed of the wavelength
sweep, the sweeping time is also shown in the figure. (b) Measured photocurrent
generated for different laser powers (bias is kept fixed at Vr = 22 V ) as a function
of the sweeping time. The inset shows the photocurrent jump versus the laser power
(PL).

As it can be clearly seen, the leakage current rises at the wavelengths closer to the

resonance wavelength of the resonator because of the increased field density in the

resonator. Application of higher reverse bias voltages widens the depletion region,

which in turn modestly increases the photocarrier collection efficiency. In addition,

the generated photocarriers experience a stronger driving force under higher electric

fields. It is seen in Figure 48(a) that the generated photocurrent progressively in-

creases from ≈ 1.9 µA to ≈ 16 µA as the reverse-bias voltage increases from 22 V
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to 28 V . The leakage current (off-resonance) also rises with the reverse-bias voltage.

The plots in Figure 48(b) show that the photocurrent increases in response to the

successive increments in the laser power at a fixed reverse-bias voltage, i.e., Vr = 22

V . It is seen that by increasing the laser power from 354 µW to 1.84 mW , the pho-

tocurrent rises from ≈ 1.9 µA to ≈ 6.4 µA rather linearly (see the inset in Figure

48(b)). Combining the results in Figures 48(a) and 48(b), one can conclude that

for higher optical powers, the bistability occurs at lower reverse voltages. The linear

characteristic seen in the inset of Figure 48(b) suggests that the photocarriers are

generated mainly through the linear absorption mechanisms. Note that the required

input optical power (to achieve bistability) in the device can be reduced significantly

by improving the photocarrier collection efficiency and using a resonator with higher

Q.

8.5 Discussion

Although pure bulk Si has minimal linear absorption at telecommunication wave-

lengths, additional ion implantation, material defects, and also the mid gap surface

states, e.g., at the Si-air or Si-SiO2 interfaces, substantially contribute to the linear

absorption of Si-based nanostructures [133, 134, 135, 136, 137]. Following the ex-

pressions in Appendix 1, the linear and nonlinear absorption rates can be estimated.

Assuming a perfect collection of photocarriers, i.e., η = 1, the collective linear absorp-

tion rate is calculated to be γL = 2.9× 1010 s−1 when the stored energy is Ec = 402

aJ (corresponding to 397 µW input waveguide power and the resonator Q of 8900).

The TPA and FCA absorption rates are also evaluated to be γTPA = 5.50 × 107

s−1 and γFCA = 2.46 × 107 s−1 for the same stored energy (see Appendix 1). It is

seen that the nonlinear absorption rates are much smaller than the collective linear

absorption rate. This result is consistent with the experimental observations detailed

in the characterization section. This confirms that the generated photocurrent in my
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experiments is mainly due to the linear absorption processes. It is worth noting that

in principle, the photocarriers due to TPA can also contribute to the photocurrent

(before non-radiative relaxation takes place). Such photocarriers can be generated in

high-Q/low-mode-volume cavities at low input optical powers as shown in numerous

studies [111, 112]. In such cases optical bistability can be achieved even at lower

input optical powers once the structure is integrated with a similar reverse-biased

pn-junction explained in the present work.
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CHAPTER IX

EPILOGUE

9.1 Brief Summary of Contributions

My thesis has been mainly focused on the design, implementation, and characteri-

zation of a series of essential integrated photonic elements that are urgently needed

for realization of complex integrated photonic systems on-chip using hybrid material

platforms. As discussed throughout the chapters, the use of multiple heterogeneous

materials can greatly enhance the optical functionality of the platform for photonic

applications. The first part of my work was dedicated to the Si/SiO2/SiN material

platform. In this part, a wideband interlayer grating coupler featuring very low inser-

tion loss for the aforementioned platform was demonstrated. The used methodology

for this design is readily applicable to other types of multilayer platforms.

As the second major contribution of my research, I developed a resonance-based

integrated electro-optic modulator on a multilayer material platform consisting of

a stack of Si, SiO2, and Si layers. The modulation mechanism is based on carrier

accumulation on the Si layers. This device benefits from a very small footprint and

exhibits modulation speeds in the 30 Gb/s range without sophisticated optimization.

Up to now, this demonstrated speed is the record-high for this type of modulators.

I further showed that modest optimization on the device can further increase the

modulation data rate up to ≈ 60 Gb/s. This modulator can be self-trimmed up to 1

nm by applying a dc voltage (the device is capacitive and draws negligible current).

This feature eliminates the need for power-hungry thermal-based trimming/tuning

methods and hence, can substantially decrease the overall power consumption of

the device. The demonstration of this modulator is only the first step in showing the
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potentials of this unique material platform, and a similar approach can be adopted for

realization of other functional devices and subsystems (e.g., filters, routers, switches)

with unprecedented performance and no need for power-hungry trimming techniques.

By utilizing the same Si/SiO2/Si platform, I also demonstrated the first integrated

field-programmable photonic device. This powerful yet simple-to-fabricate device al-

lows for large-scale integration, which is compatible with the existing fabrication

technology. This device opens up new possibilities for realization of functional pho-

tonic devices and systems featuring comparable functionalities to electronic FPGAs.

As a simple example, I used this building block to demonstrate a field-programmable

2× 2 optical switch.

Looking ahead, I also investigated the use of graphene in the hybrid material

platform to address some of the shortcomings of Si and SiN, especially in achieving

ultra-high speeds (beyond 100 GHz). My goal in this add-on part to my thesis was

to show the unique capabilities of the graphene-based hybrid materials (rather than

demonstrating the full system) to open up new areas of research in this field. For this

purpose, in Chapter 6, light-matter interaction between the electrons on an atom-thick

sheet of graphene and the optical field circulating in a silicon-based microdisk was

explored. In the presented device, infrared light was modulated through electrostatic

gating of the graphene sheet. This design is of great technological significance as it

paves the way for development of chip-scale photonic devices for ultrafast electro-

optical switching and modulation applications.

In the last part of my work, I demonstrated an optical bistable device in a Si-based

integrated photonic platform comprising a rather low-Q photonic crystal nanobeam

resonator with an embedded pn-junction. The bistable functionality of the proposed

device relies on the interplay between the generated heat due to the photocurrent

and the thermo-optic effect. This is in contrast to other Si-based bistable optical
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devices, which depend on heating through non-radiative relaxation of carriers (trig-

gered by nonlinear TPA and FCA processes). I demonstrated that the generated

photocurrent through linear absorption mechanisms is sufficient to achieve bistabil-

ity. The proposed Joule-heating mechanism is particularly of interest as it permits

the realization of optical bistability at comparatively low input optical powers. The

proposed mechanism allows for design and implementation of all-optical processing

systems and robust ultrahigh sensitive sensors at extremely low optical powers.

9.2 Future Directions

The material and device properties demonstrated in this thesis opens up several new

fronts for performing cutting-edge research in the field of integrated nanophotonics.

The achievable device performance in the hybrid material platforms is very encourag-

ing for realization of integrated photonic systems for practical applications. With the

goal of this research being a ground-breaking effort in demonstrating device capabili-

ties of CMOS-compatible hybrid material platforms, there is still several possibilities

to achieve higher speeds, lower power consumptions, lower operation power and more

compact devices compared to the world-record performance measures demonstrated

in this thesis. Some of the possibilities are as follows:

(a) It is rewarding to future optimize the geometrical dimensions of the interlayer

grating coupler for better coupling efficiencies. To reduce the overall footprint of the

device, the current methodology can be applied to optimize the device for shorter

taper regions similar to the architecture of focusing grating couplers.

(b) The modulation depth, the insertion loss, and the power consumption of the

electro-optic modulator demonstrated in this thesis can be highly enhanced. Such

improvements can be achieved by using a multilayer platform featuring a higher

optical quality. The use of fabrication techniques with higher precision can reduce the

size of the device. Also modest optimization on the doping profiles can be beneficial
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both for the lower power consumption as well as the operational bandwidth. Other

possibilities include the use of thin layers of high-k dielectrics (e.g., Al2O3) in place of

SiO2 as the buffer layer between the active Si layers of the hybrid material platform,

undercutting of this oxide layer and infiltration with electro-optic polymers, and the

use of graphene in place of Si.

(c) The design of the graphene-based modulator can be modified to achieve a

better performance. In particular, adding a second graphene layer as the second

electrode can significantly increase the operation bandwidth. Utilization of graphene

layers with lower defect density and development of the transfer technique conducive

to a lower residual contamination allows to take full advantage of the properties of an

ideal graphene sheet. Similar to the electro-optic modulator device, the use of higher-

Q microresonators (possibly on low-loss substrates such as SiN) greatly ameliorates

the modulator specifications.

(d) The bistable device introduced in Chapter 8 is very promising for sensing

applications. An external feedback circuit can be developed to stabilize the specifi-

cations of the device. The photonic device can also be optimized to reach bistability

at considerably lower optical powers.

(e) By combining the photonic elements demonstrated in the dissertation, it is

possible to develop a multi-channel modulator for dense wavelength division multi-

plexing (DWDM) or course wavelength division multiplexing (CWDM) applications

(similar to the architecture shown in Figure 2). Each channel can support binary or

other advance modulation formats such as QPSK. The demonstration of such intricate

systems requires many optimization efforts at various levels, which can form inter-

esting topic for future Ph.D. dissertations. Finally, the hybrid material platform is

an excellent candidate for demonstration of the future RF-millimeter-wave/photonic

information processing systems.
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APPENDIX A

DRY-ETCH RECIPES

Table 4 summarizes the gas flow rates, the plasma DC bias, and the RF power used

for the dry-etch process of SiN deposited through LPCVD. This recipe is used to etch

photonic device in 400 nm-thick SiN substrates. Since ZEP is use as the mask, etch

rate is measured for SiN as well as ZEP.

Table 4: Detailed parameters for LPCVD-deposited SiN.

Tool Oxford RIE
Gas type CF4 CHF3 Ar O2 Cl2 C8F8

Flow rate (sccm) 50 4 0 0 0 0
RF Power (W) 175
DC Bias (V) 190

Chamber pressure (Torr) 0.250
SiN Etch Rate (nm/min) ≈ 40
ZEP Etch Rate (nm/min) ≈ 20

Table 5 summarizes the gas flow rates, the plasma DC bias, and the RF power

used for the dry-etch process of thermally-grown SiO2. This recipe is used to remove

thin layers of thermal SiO2 from the surface.

Table 5: Detailed parameters for thin thermally-grown SiO2.

Tool Oxford RIE
Gas type CF4 CHF3 Ar O2 Cl2 C8F8

Flow rate (sccm) 0 24 15 0 0 0
RF Power (W) 200
DC Bias (V) 420

Chamber pressure (Torr) 0.035
SiO2 Etch Rate (nm/min) ≈ 25

Table 6 summarizes the gas flow rates, the plasma DC bias, and the RF power

used for the dry-etch process of crystalline Si. This recipe is used to etch photonic
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devices on Si substrates. HSQ is used as the mask. The etch rate is measured for Si,

HSQ, and thermally-grown SiO2.

Table 6: Detailed parameters for thin crystalline Si.

Tool Plasma-therm ICP
Gas type CF4 CHF3 Ar O2 Cl2 C8F8

Flow rate (sccm) 0 0 0 0 50 0
RF1 Power (W) 125
RF2 Power (W) 75

DC Bias (V) 460
Chamber pressure (Torr) -
Si Etch Rate (nm/min) ≈ 70− 75

HSQ (nm/min) ≈ 16.8
Thermal SiO2 (nm/min) ≈ 11.6

Table 7 summarizes the gas flow rates, the plasma DC bias, and the RF power

used for dry-etch process of SiO2 deposited through PECVD. This process is used to

open up deep via holes in the PECVD SiO2 cladding layer. In such processes, Cr can

be used as a hard mask as well as an etch stop. Etch rates for SiO2, Cr, Si, ZEP and

PMMA are provided.

Table 7: Detailed parameters for thick PECVD-deposited SiO2.

Tool Plasma-therm ICP
Gas type CF4 CHF3 Ar O2 Cl2 C8F8

Flow rate (sccm) 0 0 4 4 15 16
RF1 Power (W) 400
RF2 Power (W) 400

DC Bias (V) 800
Chamber pressure (Torr) -

SiO2 Etch Rate (nm/min) ≈ 260
Cr (nm/min) < 60
Si (nm/min) ≈ 180

ZEP (nm/min) ≈ 500
PMMA (nm/min) ≈ 600
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APPENDIX B

TWO-PHOTON ABSORPTION AND FREE-CARRIER

ABSORPTION EFFECTIVE MODE VOLUMES

The nonlinear absorption rates depend on the resonator mode profile (E(r)) as well

as the stored energy, i.e., Ec. The TPA rate (γTPA) can be estimated through the

following expressions [109]:

γTPA(Ec) = ΓTPA
βSic

2

n2
SiVTPA

Ec,

VTPA =

(∫
n2(r)E2(r)dr

)2∫
n4(r)E4(r)dr

,

ΓTPA =

∫
Si
n4(r)E4(r)dr∫
n4(r)E4(r)dr

.

(31)

In Equation 31, βSi = 8.4 × 10−12 mW−1 is the TPA coefficient of Si [8]. In Si with

a reverse-biased pn-junction the effect of intrinsic free-carriers is minimal. However,

the FCA due to the free carriers induced by TPA can be significant. Similarly I have

the following expressions for FCA rate (γFCA) [109].

γFCA(Ec) = ΓFCA
τσSiβSic

3

2n3
Si~ω0V 2

FCA

E2
c ,

V 2
FCA =

(∫
n2(r)E2(r)dr

)3∫
n6(r)E6(r)dr

,

ΓFCA =

∫
Si
n6(r)E6(r)dr∫
n6(r)E6(r)dr

.

(32)

In Equation 32, τ denotes the free-carrier lifetime, which strongly depends on the

free-carrier density as well as the surface effects (for the purpose of my calculations,

τ ≈ 0.5 × 10−9 s is assumed [110]), σSi = 14.5 × 10−22 m2 is the free-carrier cross

section, and ~ω0 is the photon energy [46]. The field profiles obtained through the

FDTD method are used to calculate the TPA and FCA effective mode volumes and
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the geometric coefficients in Equations 31 and 32 for the first resonant mode of the

nanobeam resonator in Chapter 8 (VFCA−M1 = 3.28(λ1/nSi)
3, ΓFCA−M1 = 0.998,

VTPA−M1 = 4.63(λ1/nsi)
3, ΓTPA−M1 = 0.992).
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