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I. Introduction 
 

This report summarizes achievements in Dr. Adibi’s research group at Georgia Institute of Technology 

under the program supported by grant number FA9550-15-1-0342. This report mainly covers major 

achievements from September 1, 2017 until August 31, 2018 with brief descriptions. Achievements in the 

previous years of the program are reported in the annual progress reports for similar periods ending in 2016 

and 2017. For brevity, only the details of the recent progress after the last report is presented here along 

with a short summary of the previous achievements. Detailed information also can be found in the recent 

publications or can be directly requested from Dr. Adibi.  

 

The goal of this AFOSR-supported research was to develop efficient, low-power, and high speed 

nonlinear photonic material and device platforms for nonlinear optical signal processing that could 

potentially enable the concept of optical logic. Considering the limited nonlinear response of the available 

CMOS-compatible materials (e.g., silicon (Si) and silicon nitride (SiN)) for integrated nanophotonic 

structures, realization of new material platforms and device architectures for realization of competent 

nonlinear devices with reasonable performance is an urgent need. This important fundamental task took 

most of the resources of this program. Consequently, the program resulted in a solid framework for 

enabling on-chip nonlinear optical processing using an arsenal of hybrid CMOS-compatible material 

platforms and a series of optimized device architectures. While the duration of the program did not allow 

the eventual formation of the “optical logic” structures, the findings of this program can go far beyond the 

logic concept and enable urgently needed nonlinear integrated photonic structures for state-of-the-art 

applications like reservoir computing, neuromorphic computing, frequency comb generation, stimulated 

Brillouin scattering (SBS)-based structures for nonlinear signal processing and laser stabilization, 

nonlinear plasmonic and photonic sensing, and many others. Indeed, over a period of three years, this 

program resulted in 5 solid material and device platforms with unique features, for the first time: 1) multi-

layer Si/SiN/SiC (silicon carbide) material platform for nonlinear optics, quantum photonics, and 

optoelectronic applications (including the demonstration of the coupling modulator architecture for low-

power wideband devices), 2) a hybrid material platform formed by integration of phase-change materials 

(PCMs) with Si/SiN for miniaturized ultra-low-power optoelectronic and nonlinear photonic devices 

(including the demonstration of bistability on-chip), 3) a hybrid active material platform formed by 

integration of two-dimensional transition metal dichalcogenides (2D TMDCs) with CMOS-compatible 

substrates (e.g., Si and SiN) with the possibility of forming lateral heterostructures through a simple 

annealing process for the formation of active and nonlinear devices (e.g. light emitters and detectors), 4) an 

integrated photonic/phononic material and device platform for nonlinear devices based on combined 

acoustic and optical waves (e.g., SBS-based devices), and 5) an integrated material platform based on an 

engineered array of plasmonic nanostructures for sensing and nonlinear optics on chip (including 

demonstration of second harmonic generation (SHG) and sensing of chiral molecules). In addition to the 

results of this program, each material/device platform can enable several new devices for a wide range of 

applications (some of them listed above). As such, this program was very productive in providing a solid 

framework for multiple new programs in the area of integrated photonics for active, passive, and nonlinear 

applications. The research in this program has resulted in over 20 journal papers (9 journal papers in 

2018), 25 conference papers (11 in 2018), and 20 invited conference and seminar talks (9 In 2018). The 

list of the publications that resulted from this research program is included at Section III.  

 

In the first two years of this program, we studied different fundamental nonlinear mechanisms, 

materials, and device platforms that enable efficient nonlinear optical signal processing platforms. During 

this period, we developed the infrastructure for the analysis, design, optimization, fabrication, and 

characterization of the envisioned materials and devices. This resulted in the development of different 

simulation tools, fabrication processes, material integration schemes, and characterization tools for 
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nonlinear integrated photonic materials and devices. The main challenge in the development of a photonic 

nonlinear signal processing platform, which can surpass the performance of the conventional signal 

processing architectures based on digital electronic approaches (in terms of processing speed and power 

consumption) is the lack of on-chip efficient nonlinear mechanisms/materials. Therefore, to overcome this 

fundamental challenge, a good portion of our effort in this program was focused on identifying and 

development of new nonlinear all-optical mechanisms and alternative material platforms, which can 

mitigate this challenge and enable next generation nonlinear photonic devices for signal processing. While 

we could not get to the full demonstration of a nonlinear processing device for nonlinear signal processing 

in this program, we believe that the long-term impact of the achievements of this fundamental research will 

considerably overwhelms the advantages of demonstration of nonlinear processing devices in conventional 

material platforms with mediocre performance measures (that do not surpass those of digital electronic 

signal processing approaches).  

 

In addition to the completion of work on the material platforms in the first two years (especially the 

SBS-devices), we focused in the third year on two material and device platforms for nonlinear devices 

namely, 1) 2D TMDCs with lateral heterostructures for adding nonlinearity and active properties to 

integrated nanophotonics, and 2) integrated photonic devices with unprecedented performance based on 

SiC, which can enable more efficient nonlinear photonic devices and also provide prospects for development 

of the necessary building blocks for chip-scale quantum computing. These two platforms are discussed in 

details in the rest of this report while briefly discussing the completion of the work of the first two years 

(for which separate reports were submitted in earlier years).  

 

II. Research Accomplishments 

II.A. Overview of the continuation of the research from previous annual reports 

Our research in this program has been focused on developing new platforms for low-power and fast 

nonlinear photonic devices, which can harbor the development of new nonlinear signal processing 

platforms. In this approach, our work has been focused on multiple facets aiming at developing new hybrid 

engineered material and device platforms and the study of their fundamental properties for enabling 

ultrafast, low-power, and miniaturized devices and systems for nonlinear signal processing on chip (e.g., 

for optical computing, frequency comb generation and manipulation, and digital logic).  

 

Figure 1 shows an overview of some of the main accomplishments initially reported in the first two 

years (and some completed in the third year). We continued on the development of functional hybrid 

material platforms for high-speed optoelectronic devices (Figure 1(a)), plasmonic nonlinear photonic 

devices, especially second harmonic generation (Figures 1(b) and 1(c)), integrated photonic structures for 

comb generation based on dispersion engineering (Figure 1(d)), lateral heterostructures in 2D TMDCs for 

nonlinear and quantum photonic applications (Figure 1(e)), novel nonlinear devices through integration of 

PCMs with integrated photonic structures (Figure 1(f)), and a new integrated photonic/phononic platform 

for realization of SBS on chip. Each one of the resulting platforms can enable a series of devices/systems 

for nonlinear photonic applications with the potential to considerably improve the performance measures of 

the state-of-the-art structures. 

 

Throughout this program, the potentials of several material systems for realization of nonlinear signal 

processing devices and systems were studied. In addition to forming hybrid material and device platforms 

using more conventional materials (e.g., Si and SiN), we have investigated the formation of new hybrid 

platforms using new materials such as lithium niobate (LiNbO3) [1, 2] and SiC [3, 4]. On the device side, 

we have used new approaches for making devices in both the conventional and new material platforms to 

improve the nonlinear response. We also have developed fast and efficient nonlinear plasmonic devices 

including devices for efficient nonlinear SHG based on quasi-phase matching in plasmonic nanoantenna 
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arrays (Figure 1(b)) [5] and demonstration of ultra-fast hot-carrier-induced nonlinearity with exceptional 

nonlinear amplitude and phase responses [6, 7, 8].  

We have also continued our efforts on developing new mechanisms and material platforms for low-

power nonlinear functionalities such as nonlinear signal generation and nonlinear switching including lateral 

heterostructures in 2D TMDCs (Figure 1(e)), low-power all-optical phase-transition in PCM nanoparticles 

(Figure (1(f)), and the low-threshold optomechanical nonlinearity in devices based on coupling between the 

resonant optical and acoustic modes in optomechanical structures as well as SBS in Si waveguides and 

resonators (Figure (1(g)).  Our research in this areas has been reported in several recent publications 

[9,10,11,12]. 

 

Figure 1, An overview of the research accomplishment supported by this program. (a) high-speed 

optoelectronic devices on hybrid material platforms, (b) Efficient phase-matched SHG in plasmonic 

nanoantenna structures, (c) ultra-fast hot-carrier nonlinearity in plasmonic nanostructures, (d) visible comb 

signals based on dispersion engineering in different material platforms (e.g., SiN, and LiNbO3), (e) two-

dimensional TMDC alloys and heterostructures, (e) nonlinear bi-stability in hybrid SiN and PCM nanoparticle 

structures, and (g) low-power SPS nonlinearity in waveguide and resonator-based SiN devices.  
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II.B. Development of a high-quality SiC material and device platform for nonlinear photonic devices 

SiC is a unique semiconductor material for optoelectronic applications as it provides a wide transparency 

window; strong thermal, mechanical, and optical properties; and relatively high second-order and third-

order nonlinearities. The large indirect bandgap (> 2.2 eV) and high index of refraction (~ 2.6) of SiC allow 

to develop low-loss and compact integrated optoelectronic devices over a wide wavelength range from 

visible to mid-infrared (IR) [13]. In addition, the possibility of achieving low-loss and high quality-factor 

(Q) waveguides and resonators in SiC along with its relatively high third-order nonlinearity [14,15,16] 

enable to develop low-threshold nonlinear photonic devices for applications such as optical switching [17] 

and frequency comb generation [18]. Crystalline SiC has recently attracted attention for nonlinear and 

quantum optics applications, as it can harbor optically-active defects (i.e., vacancies) that can be employed 

as solid-state ‘qubits’ [19,20] for various nonlinear photonic (for all-optical signal processing) as well as 

spintronic and quantum information applications. Both optically-pumped [21] and electrically-pumped [22] 

SiC single-photon sources have been demonstrated at room temperature with high brightness and photo-

stability.  

 

To enable such nonlinear application of SiC, we have developed a high-quality 3C- SiC-on-insulator 

(SiCOI) integrated photonic material platform formed by wafer bonding of crystalline 3C-SiC to a silicon 

oxide (SiO2)-on-Si substrate. We also have developed a unique process in the SiCOI platform for 

minimizing the effect of lattice mismatch during the growth of SiC on Si through polishing after bonding. 

This results in a high-quality SiCOI platform that enables microring resonators with record-high quality 

factors (Qs). The resulting SiCOI platform enables us to develop a wide range of nonlinear applications in 

integrated optics, including SHG, parametric down conversion, and nonlinear comb/soliton generation. At 

the same time, the semiconductor nature of SiC enables to realize tunable optoelectronic devices to achieve 

reconfigurable nonlinear photonic devices.  

 

II.B.1. Development of a high-quality SiC material platform 
Among three common polytypes of crystalline SiC, namely 4H, 6H and 3C, only cubic (3C) SiC can be 

epitaxially-grown on a Si substrate [23,24], which makes it compatible for integration with electronic 

devices. Several research groups have demonstrated integrated photonic devices (e.g., microcavities) on 

thin-film 3C-SiC [25,26,27,28,29,30,31,32,33,34], where the Si substrate is partially undercut to achieve 

photonic devices with light confinement in the SiC layer. However, such suspended devices suffer from low 

optical quality, low yield, and low reliability because of their fragile mechanical structures. The low optical 

quality is mainly due to the low optical quality (i.e., high-loss) of the SiC transition layer, which is caused 

by the high density of the defects due to the large Si/SiC lattice mismatch. 

 

One solution for development of a high-quality 3C-SiC photonic material platform with mode 

confinement in the SiC film is to use a SiCOI structure. Previous efforts for forming high-quality SiCOI 

platforms have been focused on developing thin films from highly pure 6H/4H-SiC bulk wafers using the 

smart-cut technique [35, 36]. However, none of the previous attempts has resulted to a high-quality SiCOI 

platform. 

 

In this program, we have used an optimized low-temperature hydrophilic bonding process [37,38] 

(developed through a previous AFOSR-funded project) to transfer an 800 nm-thick layer of 3C-SiC, 

epitaxially grown on a Si substrate, onto a 4 µm-thick thermally-grown SiO2 layer on a Si substrate. The 

process can readily yield a high-quality SiCOI platform for integrated photonic devices without the need 

for undercutting the substrate or adopting high-loss processes. The SiC film is flipped through the bonding 

process, and the lower-quality SiC transition layer will be on the top of the transferred film in the SiCOI 

platform, and it is removed by chemical mechanical polishing (CMP). After polishing only 100 nm from 

the top of the SiC film on the SiCOI platform, we achieve a factor three reduction in the surface roughness 
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of the 3C-SiC film, me  asured using atomic force microscopy (AFM). This process enables us to achieve 

low-loss waveguides (loss <1.7 dB/cm) and high Q resonators (Q>242,000) [39], which are the best reported 

results for SiC devices to-date. 

  

Figure 2 shows the 

fabrication process flow of 

our SiCOI platform based on 

transferring of a thin 3C-SiC 

layer from the Si substrate 

onto a low-refractive index 

SiO2 (thickness: 4 µm) on a 

Si substrate. A thin layer of 

3C-SiC is epitaxially grown 

on a Si substrate (NOVASiC 

SA) and then is polished 

using chemical-mechanical 

polishing (CMP) to reduce 

the surface roughness and 

thinned-down the SiC layer 

thickness to the desired 

thickness (e.g., 800 nm) (Fig. 2(b)). A 30 nm-thick SiO2 layer is deposited on the SiC film after CMP using 

atomic layer deposition (ALD). The SiC wafer is then bonded to a Si wafer with 4µm of thermal-oxide 

through a wafer-scale low-temperature (300 °C) hydrophilic bonding process (Fig. 2 (f)). Finally, the Si 

handle layer of the SiC wafer is removed using a combination of Bosch dry-etching process and potassium 

hydroxide (KOH) wet etching (Fig. 2 (g)). Figure 2 inset shows a photo of the developed 2 inch by 2 inch 

SiCOI platform with nearly 100% yield.  

 

Figure 3 (a) shows the 

cross-section of a SiC-on-Si 

sample before the bonding 

process. We can clearly observe 

large defects (voids) at the 

SiC/Si interface. These 

interfacial defects are formed at 

the transition layer during the 

SiC layer growth (epitaxy) due 

to the large lattice and thermal-

expansion-coefficient 

mismatches of Si and SiC, 

which in turn, result in a low-

optical-quality deposited film at the first few 100’s of nm of the grown SiC film (i.e., transition layer) [40]. 

As it can be seen from the cross-sectional SEM images, the SiC layer after the initial after-growth CMP has 

an average thickness of 800 nm (thickness variation ~ 100 nm). Figure 3 (b) shows the cross-section SEM 

image of a SiCOI sample, where the SiC layer is on the top of the buried oxide (BOX) layer ( similar to a 

commercial silicon-on-insulator (SOI) wafer, with SiC instead of Si as the device layer). While the thickness 

of the SiC layer has not changed in this process, the SiC film is flipped upside down, and the SiC transition 

layer is now on the top of the SiCOI platform. 

   

Figure 2, Fabrication process flow of the SiCOI material platform. (a) Piece #1, 

a prime Si wafer. (b) Epitaxial growth of 3C-SiC with top surface smoothened by 

CMP, leaving a 3C-SiC film with an average thickness of 800 nm (thickness 

variation ~ 100 nm). (c) Deposition of a 30 nm SiO2 layer using ALD. (d) Piece 

#2, a prime Si wafer. (e) Wet oxidation to grow 4 μm of thermal SiO2. (f) Piece 

#1 and piece #2 are bonded using a low-temperature hydrophilic bonding process. 

(g) Removal of the Si handle layer using Bosch process and KOH wet etching. 

Inset: A photo of the bonded SiCOI piece. 

(b) (a) (c) 

(d) (e) 

(f) (g) 

Figure 3, (a) Cross-sectional SEM image of the original 3C-SiC-on-Si sample. 

The average thickness of the SiC film is 800 nm. (b) Cross-sectional SEM 

image of the SiCOI sample. The average thickness of the SiC film maintains 

as 800 nm. The thickness of the BOX layer is 4 μm. (c) Top view SEM image 

of the broken edges of the SiCOI sample along the SiC crystal directions. 

 

(a) (b) (c) 
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To monitor the quality of the 

SiC/Si transition layer, we conduct 

transmission electron microscopy 

(TEM) on a SiCOI lamella etched and 

transferred onto the TEM grid by 

focused ion beam (FIB) incorporated 

with a micro-manipulator and SEM. 

Figure 4 (a) shows the zoomed-out 

view of the SiCOI lamella. It shows 

the cross-sectional structure of the 

SiCOI sample. The platinum (Pt) layer 

on top of SiC is to protect its surface 

from being exposed to the ion beam. 

The line-shape patterns shown in the 

region where SiC exists stem from the 

diffraction of electrons due to the 

defects of the SiC lattice. It is clearly 

shown that the density of the diffraction pattern becomes much higher when it approaches the top of the 

SiCOI lamella where the transition layer sits. Figure 4 (b) shows a zoomed-in view of this transition layer 

at the atomic scale; it clearly shows a high density of defects as well as stacking faults in the SiC crystal. 

The transition layer has high-density defects, which will cause scattering and absorption of light inside the 

material. However, when it comes to the other side of the SiC film (i.e., the bottom of the SiC layer in the 

SiCOI lamella), as shown in Figure 4(c), SiC atoms are uniformly stacked. We also perform AFM 

measurement on the grown SiC at Si/SiC interface (now on the top of the SiCOI platform) to analyze the 

root-mean-squared (RMS) roughness (σ) of the device top surface. We measure σ ~ 1.33 Å with a range 

from -4.538 Å to 5.152 Å, which is close to the surface roughness of ultra-low-loss Si3N4 [41]. However, 

the 2D AFM scan of the top layer of the SiCOI sample (which is the SiC/ Si interface layer) shows a 

roughness of σ = 7.25 Å with a range from -2.5 nm to 3.5 nm, which is 5-7 times higher than that of the top 

layer of the original sample. This large roughness mainly comes from lattice dislocations at the SiC/Si 

interfacial layer.  

 

To reduce the scattering losses from the Si/SiC interfacial layer, we use CMP (Entrepix, Inc) to reduce 

the roughness of the top layer of the SiCOI sample. The 2D AFM scan after the final CMP shows that the 

σ has decreased from 7.25 Å to 2.47 Å with range from -8.824 Å to 9.963 Å (reduced by a factor of three). 

 

To assess the optical quality of the developed SiCOI platform after and before the CMP step, we 

fabricated different microresonator devices (designed for C-band telecom wavelength range, i.e. ~1550nm) 

on the SiCOI platform before and after the last CMP process. We use alumina (Al2O3) as a hard mask 

patterned by electron beam lithography (EBL) with negative resist flowable oxide (FOX, Dow Corning) 

and SiC dry etching using reactive-ion etching (RIE) with a fluorine-based plasma chemistry (CHF3/O2). 

Our developed process is simpler, and provides good etching selectivity and better side-wall roughness’s as 

compared to the previously reported approaches based on using metal masks [42, 43].  

Figure 4, Zoomed-out TEM image of the SiCOI lamella. The line-shape 

patterns shown in the region where SiC exists are from the diffraction of 

electrons due to the defects of the SiC lattice. (b) Zoomed-in TEM image 

of the top surface of a SiCOI lamella (region A in (a), also known as the 

transition layer) where there is a high density of defects. Some of the 

regions with defects are indicated by white color. (c) Zoomed-in TEM 

image of the bottom layer of the SiCOI lamella (region B in (a)) where there 

is a low density of defects in SiC. 

 

(a) (b) (c) 
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Figure 5(a) shows example SEM of the fabricated devices on the SiCOI platform. Figures 5(b, c) show 

an example of the measured resonance spectru  m of a waveguide-coupled resonator on the SICOI platform 

after and before CMP process.  The comparison of the quality factor of the devices before and after CMP 

on our SiCOI platform shows an improvement in the intrinsic Qs of similar resonators on the SiCOI after 

the polishing to 126k (20 µm-radius micro-donut) as compared to 42k before CMP process (~three times 

improvement) [44]. This is in agreement with our AFM measurement for surface roughness on the SiC. We 

have also achieved Qs 

of 242k for microring 

resonators on the same 

platform.  

 

Furthermore, we 

demonstrated high-Q 

SiC resonators at IR 

and visible 

wavelengths by 

polishing down the SiC 

layer (~ 800 nm) on 

our SiCOI to 500 nm 

and 250 nm, 

respectively. We 

achieved a further 

reduction of surface 

roughness to 1.4 Å 

(compared to 2.5 Å), 

by an additional step of 

CMP, which is nearly 

the same as that of the 

original polished SiC 

surface on top of a 3C-

SiC-on-Si sample. We 

also demonstrated a 

Figure 5, (a) Top view SEM image of a 20 µm-radius micro-donut resonator-waveguide coupled region. 

The thickness of the device is 500 nm. (b) Transmission spectrum of a 20 µm-radius micro-donut resonator 

under TE polarization near 1550 nm wavelength. (c) Normalized transmission spectrum of the resonant 

mode at 1562.0 nm marked in (b), with experimental data and Lorentzian fitting shown in blue and red, 

respectively. The mode is near-critically coupled with an intrinsic Q of about 126,000.  

 

(c) (a) (b) 

Figure 6, The measured intrinsic Qs versus the outer radius of the microdisk resonators 

at (a) 1550 nm, (b) 780 nm, and (c) 650 nm wavelengths. Transmission spectrum of 

(d) 60-µm radius microdisk resonator at 1550 nm, (e) 20-µm radius microdisk 

resonator at 780 nm, and (f) 10-µm radius microdisk resonator at 650 nm. Normalized 

transmission spectrum of the resonant mode (g) at 1581.1 nm marked in (d) with an 

intrinsic Q of 242,000, (h) at 774.61 nm marked in (e) with an intrinsic Q of 112,000, 

and (i) at 652.52 nm marked in (f) with an intrinsic Q of 83,000. 
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series of microdisk resonators 

working at around 1550 nm on the 

500-nm thick SiC film as well as 

resonators working at around 780 

nm and 650 nm on the 250 nm-

thick SiC film. We demonstrated 

record-high Qs of 242,000 at 1550 

nm, 112,000 at 780 nm, and 83,000 

at 650 nm [45] (Figure 6). These 

results prove the unique 

capabilities of our SiCOI platform 

in form high-Q SiC resonators at a 

broad wavelength range. This 

platform sets the stage for the 

development of high quality factor 

SiC devices for nonlinear 

applications at both visible and IR 

wavelengths. We believe that the Q 

of the resonators on the SiCOI 

platform can be further improved 

by starting from a thicker SiC on Si 

film and removing more of the 

transition SiC layer (e.g. 500 nm as 

compared to 100 nm in this work) and by some adjustment in our etching process.  

 

We also demonstrated thermally-reconfigurable high-Q SiC microring resonators with integrated 

microheaters on a 3C-SiCOI platform. This platform offers an easy and reliable way for integration with 

electronic devices as well as great potentials for diverse integrated optics applications. We extracted a 

thermo-optic coefficient of around 2.67×10-5 /K for 3C-SiC from wavelength shift of a resonator heated by 

a hot plate. Finally, we fabricateed a 40 µm-radius microring resonator with intrinsic Q of 88,000 at infrared 

wavelengths (~1550 nm) after integrated with NiCr microheater. By applying current through the 

microheater, a resonance shift of 30 pm/mW was achieved in the microrings, corresponding to ~50 mW per 

π phase shift [46] (Figure 7). We have also designed more efficient and fast thermally reconfigured SiC 

structures, which will be tested soon, that take advantage of the high thermal conductivity of SiC to achieve 

very fast reconfiguration times (< 100’s ns) and considerably lower power consumptions, by directly 

integrating the heater on the SiC devices. Along with the thermally tunable SiC devices, we also have 

designed SiC reconfigurable devices based on carrier accumulation for much ultra-fast and low- power 

reconfigurable devices, in expense of slightly higher loss, and lower tuning dynamic range.  

 

II.C. Heterostructures in 2D TMDCs as a promising platform for nonlinear photonic devices 
As it was explained in the last annual report, 2D TMDCs provide specific advantages that make them a 

great alternative for demonstration of fast and efficient nonlinear photonic devices. The fast carrier 

dynamics of TMDCs along with their strong interaction with light and their high sensitivity of their effective 

refractive index to modulation of carrier density enable efficient all-optical nonlinear processing based on 

both second-order and third–order nonlinearities. Our focus on development of nonlinear photonic 

structures based on 2D MDCs has been based on developing in-plane (i.e., lateral) 2D TDMC 

heterostructures (e.g. lateral quantum dots and quantum wells), which we expect to greatly enhance the 

nonlinear optical properties of the 2D TMDCs. We have developed a technique for selective area 2D TMDC 

composition modulation, which enables us to locally engineer the 2D TMDC material band structures and 

Figure 7, (a) The optical micrograph of microring resonator with the 

integration of microheater. Insets are the zoomed-in SEM image of the 

coupling region of the device and its transmission spectra showing an 

intrinsic Q of 88,000. (b) The experimentally measured transmission spectra 

of the microring resonator and (c) the numerical and experimental results of 

the resonance wavelength shift with different power dissipations. 

(a) 

(b) 

(c) 
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design heterostructures with the desired profile. In the last annual report, we reported our achievement on 

development of ternary 2D TMDCs (MSxSe2-x) alloys with desired composition through the sulfurization 

of selenide-based TMDCs (i.e., MSe2) as well as our effort on development of heterostructures based on 

lithography-defined (E-beam lithography) selective masking of the TMDCs during the sulfurization 

process. We also reported the issue of the crack formation in the converted (i.e., composition modulated) 

TMDC caused by the conversion-induced strain. Following this effort, we have carefully studied the 

fundamental causes of the crack formation and found the relation of the defects in the initial TMDC (here 

MoSe2) monolayers on the crack-formation process. Furthermore, we used an arsenal of different 

characterization techniques (e.g., Raman, Low-temperature photoluminescence (PL), and scanning 

transmission-electron microscopy (STEM)) along with theoretical studies based on density function theory 

(DFT) to study the conversion process. By studying the difference between the conversion process in the 

CVD (chemical vapor deposition)-deposited and exfoliated monolayers MoSe2 samples (with different 

growth condition), we found that the defects play an important role in the conversion process. This not only 

provides a better understanding of the process for the development of the 2D TMDC heterostructures, but 

enables us to use defect engineering as a tool to achieve a better control over the composition and the 

geometry of the designed TMDC heterostructure devices.  

 

II.C.1. Overview of the TMDC alloying and heterostructure development  

Alloying of TMDCs has long served as a key technique for tuning their optoelectronic properties [47, 48]. 

Indeed, in ternary TMD alloys (i.e., MX’2xX2(1-x) or M’xM1-xX2; M, M’: transition metals and X, X’: 

chalcogens), tuning the composition ratio (i.e., x) enables customizing the bandgap of 2D materials, offering 

specifications that binary crystals (i.e., MX2) fail to provide.  In addition to the rudimentary bandgap tuning, 

alloying methods based on the post-growth composition modulation of binary crystals have found unique 

applications in the synthesis of lateral heterostructures with arbitrary shapes and dimensions [49, 50]. 

 

Our two-step alloying approach employs a standard CVD method for synthesis of monolayer TMDC 

composed of metal M and chalcogen X 

(e.g., MoSe2 crystals) (first step) 

followed by a high temperature 

exposure to a different chalcogen (X’) 

to incorporate foreign atoms (e.g., S) 

into the host lattice of the MX2. The 

chalcogen substitution (i.e., 

sulfurization or selenization) step is 

done using a high-temperature 

annealing process under a chalcogen 

vapor ambient in a dedicated furnace 

[51]. The degree of the sulfurization 

can be controlled by adjusting 

sulfurization process temperature and 

time to achieve alloys with different 

stoichiometry (Figure 8(a)).  

 

The SEM inspection of several 

independently converted samples 

consistently confirms that more than ~ 

90 % of the converted MoS2 monolayer 

crystals are entirely cracked (Figure 

8(b)). The formation of the cracks can 

Figure 8, (a) (b) PL spectroscopy representing continuous tuning of the 

light emission energy (or the bandgap) between individual emission lines 

corresponding to pristine MoS2 and MoSe2. Similar tuning effect can be 

observed via Raman spectroscopy. (b) Crack formation in converted MoS2 

monolayer crystals (SEM of an entirely cracked flake). (c,d) Experimental 

demonstration of the lithography-assisted approach for fabrication of lateral 

heterostructures (e.g., MoS2-MoSe2); (c) optical image of the structure and 

(d) Raman measurements across the line shown in (c). 

(a) (b) 

(c) (d) 
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be attributed to the post-alloying strain caused by lattice constant mismatch between MoS2 and MoSe2 and 

the thermal-expansion (in the high temperature conversion process) (leading to a total stress of 4% to 5%) 

along with the reduces critical strain of MoS2 (down from 11% to less than 4%) by the pre-existing 

defects/cracks in the initial 2D material (and those generated during the conversation process). The 

calculations based on Griffith method [52] show that defect sizes in the range of 1 nm (corresponding to a 

few atom vacancies) can lead to cracks with strains as low as 4%. Our initial TEM study of the MoSe2 

samples show that the initial CVD MoSe2 has a relatively high density of such defects. In the next section, 

we will explain how this challenge can be addressed.  

 

We have also developed an alternative lithography-assisted approach for the realization of lateral 

heterostructures based on selective compositions modulation. In this approach, using standard lithography 

techniques combined with deposition methods (e.g., e-beam evaporation), parts of a pre-grown 2D TMDC 

film are protected with a mask and unprotected regions are selectively converted into a different 2D material 

(using the indirect alloying method explained in previous sections). Our experimental results demonstrate 

the possibility of achieving lateral MoSe2/MoS2 HSs based on selective area composition modulation of a 

pre-grown MoSe2 crystal (Figure 8(c, d)). The proposed lithography-based approach enables to 

deterministically form lateral heterostructures with intended lateral dimensions and position. These features 

are essential for integration of 2D heterostructures in hybrid optoelectronic devices using mainstream 

CMOS fabrication processes. Moreover, the application of nanolithography techniques (e.g., EBL) enables 

to fabricate quantum-confined lateral heterostructures with fine feature sizes (< 10 nm). 

  

II.C.2. Fundamental study of the role of the defects in the development of 2D TMDC alloys and 

heterostructures 

Despite the diverse extent of 

current studies, the role of native 

defects in the alloying of 

monolayer TMDCs has remained 

largely unexplored. In the 

post-growth alloying approach, 

the presence of native defects in 

the starting host crystal may 

affect the details of the alloying 

process as well as the ultimate 

properties of ternary crystals 

synthesized via the post-growth 

alloying approach. Since we 

synthesize MoS2xSe2(1-x) films 

using the post-growth alloying 

method, the quality of starting 

MoSe2 films has a significant 

influence on the obtained 

properties of alloys as well as on 

required sulfurization 

parameters.  

 

 To study the effect of the 

defects on the conversion 

process, we perform our 

sulfurization process on both 

Figure 9, Synthesis of 2D ternary alloys via the chalcogen substitution. (a) 

Schematic representation of the alloying process. (b, c) Representative PL 

and Raman spectra, respectively, acquired from CVD-grown MoSe2 

monolayers sulfurized at various temperatures for 20 mins. Composition 

ratios (i.e., x) are marked on the PL spectra in (b). (d, e) The optical-

microscope images and (f, g) PL maps of a representative monolayer film 

before and after sulfurization (850 oC, 20 mins), respectively. (h) The SEM 

image of the MoSe2 film before sulfurization. (i) The SEM image taken from 

the bottom-right corner of the triangle after the sulfurization. 
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“CVD-grown” and “exfoliated” MoSe2 monolayers and compare the properties of obtained alloys. We 

expect that the difference between the defects type, density, and size in CVD-grown and exfoliated MoSe2 

monolayers should guide us to a better understanding of the sulfurization process. 

 

The PL spectroscopy performed on CVD-grown MoSe2 samples sulfurized at different temperatures 

(Figure 9(b)) demonstrates that sulfurization at 950 oC for 20 mins leads to the complete replacement of Se 

atoms by S atoms, converting the starting MoSe2 crystal (x = 0, PL peak ≈ 870 nm) into a MoS2 crystal (x 

= 1, PL peak ≈ 680 nm). Accordingly, sulfurization at lower temperatures (ranging from 700 oC to 950 oC) 

leads to the partial substitution of chalcogen atoms (i.e., 0 < x < 1) and the synthesis of ternary alloys. We 

also drew a similar conclusion from Raman spectroscopy (Figure 9(c)), where, the A1g Raman mode of the 

starting MoSe2 monolayer at 240 cm-1 gradually disappears, and the E1
2g and A1g modes of the MoS2 

monolayer at 381 cm-1 and 401 cm-1 emerge upon increasing the sulfurization temperature. We used the PL 

spectroscopy to estimate the composition ratio of MoS2xSe2(1-x) alloys synthesized at various sulfurization 

conditions (labeled in Figure 9(b)). [30] In addition, we employed the PL mapping before and after the 

sulfurization of CVD-grown MoSe2 monolayers (Figures 9(d)-(g)) to explore the spatial uniformity of the 

chalcogen replacement across the plane of the 2D material. As Figure 9(g) shows, for a sample sulfurized 

at 850 oC for 20 minutes, the PL map 

displays a relatively uniform PL 

emission profile (765 ± 5 nm, x ≈ 

0.45 ± 0.04), suggesting that the 

chalcogen substitution takes place 

uniformly across the entire plane of 

the 2D material. Our experiments 

showed that such a notable spatial 

uniformity is also achievable in 

MoS2xSe2(1-x) alloys with other 

values of x.  

 

 Figures 10(a-f) display the 

optical images, PL maps, and SEM 

images of an exfoliated MoSe2 film 

before (top row) and after (bottom 

row) sulfurization at 950 oC for 20 

minutes. The representative PL and 

Raman spectra of the sample are also 

shown in Figures 10(g) and 10(h), 

respectively. In these figures, the 

blue-shift of the PL peak as well as 

the emergence of two new Raman 

peaks (around 400 cm-1) prove the 

successful incorporation of S atoms 

into the lattice of exfoliated MoSe2 

films. The MoS2xSe2(1-x) alloys 

synthesized from exfoliated MoSe2 

crystals have two distinguishable 

differences compared to those 

synthesized from CVD-grown 

MoSe2 films. First, unlike CVD-

grown samples, the sulfurization of 

Figure 10, Alloying of exfoliated MoSe2. (a, b) Optical images of an 

exfoliated MoSe2, (c, d) The PL mapping of the sample, (e, f), the SEM 

images of the film, and (g, h) Representative normalized PL and Raman 

spectra of the sample, before and after the sulfurization process (950 oC, 

20 minutes). The dashed line in panel (a) outlines the monolayer region. 

The alloying process does not generate cracks in the exfoliated crystal. 

The inset of panel (g) displays x values obtained at different 

sulfurization times (temperature was fixed at 950 oC). The chalcogen 

substitution ratio in exfoliated samples saturates at x ≈ 0.45 after 20 

minutes of sulfurization, while that in CVD-grown samples saturates at 

x = 1 (complete saturation).  Scale bars represent 10 µm. 
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exfoliated MoSe2 films yields alloys with seamless structures without any cracks (Figure 10(f)). Using 

complementary experiments, we confirmed that the absence of cracks in alloys synthesized from exfoliated 

MoSe2 films is independent of the sulfurization temperature and the composition ratio. Second, the 

chalcogen exchange in exfoliated MoSe2 monolayers is more challenging than that in CVD-grown ones. 

For instance, sulfurization at 950 oC for 20 minutes enables near-complete chalcogen replacement in CVD-

grown MoSe2 monolayers (Figure 9), while an identical sulfurization condition leads to only 35-50 % 

chalcogen replacement in exfoliated monolayer crystals (Figure 10). Thus, to excel further chalcogen 

substitution in exfoliated MoSe2 films, the sulfurization process needs to be performed at temperatures 

above 950 oC, which is out of the reach of our experimental setup. Alternatively, we extended the 

sulfurization time to allow for more chalcogen substitution. However, as the inset of Figure 10(g) shows, 

the chalcogen substitution in exfoliated films saturates at x ≈ 0.45 after ~ 30 minutes of sulfurization at 950 
oC, which indicates that a temperature-driven mechanism governs the extent of the chalcogen replacement. 

Interestingly, under identical sulfurization conditions, a similar saturation effect occurs in CVD-grown 

samples, but the saturation point is at a significantly larger value of x ≈ 1 (the inset of Figure 10(g)). 

Therefore, we conclude that replacing chalcogen atoms in exfoliated MoSe2 monolayers is less efficient 

than that in CVD-grown samples. Considering consistent sulfurization conditions used for CVD-grown and 

exfoliated MoSe2 monolayers, we infer that the characteristic material properties of the host MoSe2 film 

play the primary role in the obtained attributes of the as-synthesized MoS2xSe2(1-x) alloys.  

 

 Our AFM analyses of CVD-grown and exfoliated MoSe2 films also revealed that, unlike exfoliated 

films, CVD-grown MoSe2 films contain large-scale defects with sizes typically ranging from several 

nanometers (nm) to ~ 100 nm. Such a span of the defect size can cause cracking under alloying-induced 

strain values as small as ~0.8%, corresponding to MoS2xSe2(1-x) alloys with composition ratios as small as 

x≈0.2. Therefore, we conclude that the presence of large-scale defects in the form of pre-existing cracks in 

CVD-grown MoSe2 films contributes to the formation of cracked alloys and the absence of such defects in 

exfoliated crystals yields seamless alloys without any cracks. A recent study [53] shows that the Griffith 

method overestimates the strength of defective 2D materials especially when the defect size is smaller than 

10 nm. Therefore, the range of defect sizes that we measured in CVD-grown MoSe2 films can generate 

cracks in alloys with x values even smaller than 0.2.  

  

In addition to large-scale defects, TMD crystals are known to host point defects of various types and 

densities [54,55,56,57]. Such point defects may serve as atomic-scale sites from which the S atoms 

incorporate into the lattice of MoSe2 crystals, hence, promoting the chalcogen replacement during the 

sulfurization process. Therefore, probing point defects in the starting MoSe2 films can shed light on the 

atomic-scale details of the alloying process and help explaining the different chalcogen-substitution 

behaviors we observed in CVD-grown and exfoliated samples (i.e., the inset of Figure 10(g)). Point defects 

can be robustly probed via monitoring the optical states that they induce within the bandgap of an otherwise 

perfect semiconductor [58,59]. However, because of the strong thermal broadening, such mid-gap optical 

states should be monitored at low temperatures. Therefore, to explore the presence of pre-existing native 

point defects, we carried out low-temperature (~ 4K) PL spectroscopy on exfoliated and CVD-grown MoSe2 

monolayers (Figure 11), and, via analyzing defect bands, we explored the role of native point defects in the 

post-growth alloying of MoSe2 films. 

 

The low-temperature PL spectra of exfoliated MoSe2 films (Figure 11(a)) display two spectrally-

symmetric emission peaks at ~ 745 nm and ~ 760 nm associated with neutral excitons (Xo) and charged 

excitons (i.e., trions (T)), respectively. We measured a bonding-energy difference of ~ 30 meV between Xo 

and T that agrees with previous reports [60]. In addition to Xo and T emissions, we identified a spectrally-

asymmetric emission line at longer wavelengths that can be deconvoluted into multiple Gaussian lineshapes 

with emission energies ~ 0.15-0.2 eV below the Xo energy. We attribute these emission bands to the 
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radiative recombination of excitons trapped by 

defect  states in exfoliated MoSe2 monolayers, and 

we refer to them as defect-trapped excitonic 

emissions (Xd). This matches previous 

experimental observations and theoretical 

predictions based on DFT calculations, which 

suggest the formation of defect-induced mid-gap 

states ~ 0.2-0.3 eV away from the edge of the 

conduction/valance band in MoSe2 films [61]. We 

further verified the nature of the Xd emission via 

monitoring its integrated PL intensity as the power 

of the excitation laser changes (Figure 11(b)). Since 

the Xd emission stems from defect-mediated 

radiative recombinations, its emission intensity 

saturates at high excitation powers after defect 

states are fully populated with free excitons. Our 

experiments meet this expectation as the emission 

intensity of Xd displays a sub-linear dependence on 

the excitation power, manifesting the saturation of 

the PL intensity at high excitation powers. In 

contrast, Xo and T emission bands follow linear 

trends with no sign of saturation within the 

measured excitation power range.  

 

In comparison to exfoliated MoSe2 crystals, 

CVD-grown crystals display strikingly different 

low-temperature PL spectra (Figure 11(c)). In fact, 

in CVD-grown samples, the defect-mediated 

emission (i.e., Xd) overwhelms the entire PL 

spectrum, and the emissions of free excitons/trions 

only appear as weak peaks on the short-wavelength 

shoulder of the broad Xd band, as highlighted by 

the shaded oval in Figure 11(c). In addition, within 

our accessible range of the excitation power, we did 

not observe any saturation in the emission intensity 

at the Xd band of CVD-grown films. These 

collective observations suggest that the density of point defects in CVD-grown MoSe2 monolayers is 

significantly larger than that in exfoliated MoSe2 monolayers. 

 

To further study native point defects, we performed scanning transmission-electron microscopy 

(STEM) imaging on CVD-grown (Figure 12(a)) and exfoliated (Figure 12(b)) MoSe2 monolayers. To 

identify defect types and to estimate the areal density of defects, we relied on the image-intensity variation 

at atomic sites (Figure 12(c)). In STEM, the image intensity is proportional to the atomic number (Z) as 

well as the number atoms occupying a site. Thus, the chalcogen sites with two Se atoms (Z = 34) appear 

slightly brighter than the metal sites with only one Mo atom (Z = 42). Accordingly, using intensity mapping 

across atomic lines (e.g., Figure 12(c)), we first distinguish the chalcogen sub-lattice from the metal 

sublattice. Therefore, lattice distortions or defects can be immediately identified through deviation from the 

benchmark intensity profile shown in the left panel of Figure 12(c). For instance, as Figure 12(c) (middle 

panel) represents, the intensity at a single Se-vacancy (VSe) with only one Se atom is approximately half of 

Figure 11, Low-temperature (~ 4K) PL spectroscopy of 

defects in MoSe2 monolayers. (a) PL spectra obtained from 

a representative exfoliated MoSe2 sample. Excitation 

powers are marked on the spectra. Three emission lines 

marked on the spectra associate with neutral excitons (Xo), 

trions (T), and defect-trapped excitons (Xd). (b) The 

integrated PL intensities of Xo and T emissions 

demonstrate linear dependence on the excitation power, 

while a sub-linear trend governs the behavior of the Xd 

emission. (c) PL spectra obtained from a representative 

CVD-grown MoSe2 sample. Excitation powers are marked 

on the spectra. The defect-assisted emission dominates the 

PL spectra of CVD-grown samples, and Xo and T 

emissions only appear as weak peaks on the shoulder of the 

Xd emission. The shaded oval region highlights the 

approximate locations of Xo and T peaks. 
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the intensity at a chalcogen site  

that is occupied by two Se atoms, 

and the intensity at a double-Se 

vacancy (V2Se) drops to the 

background level because there is 

no Se atom at such atomic sites. 

Using this criterion, we analyzed 

STEM images and concluded 

that the VSe vacancy is the 

dominant defect type in both 

CVD-grown and exfoliated 

MoSe2 films. In addition to VSe 

vacancies, CVD-grown MoSe2 

films also host V2Se vacancies at 

a relatively lower density. We did 

not observe other types of point 

defects or any extended defects 

in either MoSe2 samples. 

 

Using the above criterion, 

we can count the number of VSe 

and V2Se vacancies across an 

imaged area, and we estimated 

the areal density of vacancies in 

CVD-grown and exfoliated films. Inspecting several samples from each MoSe2 type showed that the average 

density of VSe vacancies in CVD-grown and exfoliated films are ~ 1.23×106 µm-2 and ~ 0.42×106 µm-2, 

respectively. We also estimated a density of ~ 0.11×106 µm-2 for V2Se vacancies in CVD-grown monolayers. 

These estimated areal vacancy densities translate into 7.83% and 2.17% Se deficiencies in CVD-grown and 

exfoliated monolayers, respectively. Indeed, the Se deficiency in CVD-grown films is more than three times 

larger than that in exfoliated MoSe2 monolayers. Since our alloying approach relies on replacing Se atoms 

by S atoms, the unoccupied Se sites (i.e., Se vacancies) in starting MoSe2 crystals may serve as atomic sites 

from which S atoms enter the MoSe2 lattice. Thus, we speculate that the presence of Se vacancies lowers 

the barrier for the chalcogen substitution and mediates the alloying process. Accordingly, the sulfurization 

of CVD-grown MoSe2 films with abundant Se vacancies results in MoS2xSe2(1-x) alloys with x values larger 

than that in exfoliated samples with fewer native Se vacancies.  

 

To obtain further insight into the defect-mediated alloying mechanism, we collaborated with Reed’s 

group at Stanford University to performed density-functional theory (DFT) calculations. In our DFT studies, 

we consider that S atoms may incorporate into the host lattice of MoSe2 via occupying the pre-existing 

vacancy sites, which may serve as niches from which the alloying process initiates and further spreads 

throughout the lattice (Figure 13). However, our STEM analysis showed that the Se deficiency in host 

MoSe2 monolayers is limited to only 7.83% (in CVD-grown samples). Thus, a sustainable defect-mediated 

alloying process needs further generation of Se vacancies after the pre-existing vacancies are occupied by 

S atoms. Our calculations show that the energy barrier for the generation of Se vacancies is larger than the 

thermal energy provided during the high-temperature alloying process (i.e., KT ≈ 0.12 eV @ 950 ̊C), 

meaning that the thermal desorption of Se atoms is unlikely. However, our DFT calculations suggest that 

such an energy barrier can be supplied by the energy released upon the occupation of pre-existing Se 

vacancies by S atoms, which enables the chalcogen substitution to proceed beyond the level of pre-existing 

Se deficiencies.   

Figure 12, STEM analysis of native point defects. (a,b) High-resolution 

STEM images of representative CVD-grown and exfoliated MoSe2 monolayer 

films, respectively. Red and blue circles mark Mo and Se2 atomic sites, 

respectively. (c) Intensity profiles across the atomic lines highlighted in (a) 

and (b). Identical color codes are used in panels (a-c). Using the intensity 

profile (left profile), the Mo sublattice can be distinguished from the Se2 sub-

lattice. Accordingly, deviation from the reference intensities is used to identify 

vacancies on CVD-grown (middle profile) and exfoliated (right profile) 

MoSe2 sample. A few representative VSe and V2Se vacancies are marked on 

the STEM images. 
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As demonstrated in PL maps, our 

sulfurization process yields 

MoS2xSe2(1-x) alloys with spatially 

uniform compositions across the whole 

plane of 2D material, suggesting that a 

diffusion process assists the uniform 

distribution of S atoms within the plane 

of host MoSe2 monolayers. To 

computationally study this 

phenomenon, we considered (in 

collaboration with E. Reed at Stanford 

University) a two-step process in 

which a sulfur binds to a Se-vacancy 

site and then diffuses throughout the 

layer via exchanging position with Se 

vacancies. To estimate an energy 

barrier for this process, we performed 

nudged elastic band (NEB) 

calculations using DFT calculations 

[62]. Our estimation indicates that S 

atoms could be diffusing through the 

crystal, but the diffusion length (~20 

nm/√20 minutes) is not long enough to 

allow for the widespread sulfurization 

from a single vacancy site. Thus, a 

higher vacancy concentration throughout the sample could enhance the incorporation of S into Se vacancy 

sites and then subsequent diffusion of S atoms, leading to the nearly-complete sulfurization of the sample 

at elevated temperatures. In addition to Se vacancies, other types of defects such as edge sites (in both CVD-

grown and exfoliated films) and nanoscale pinholes (mostly in CVD-grown samples) may also serve as 

alternative channels for the incorporation of S atoms into the MoSe2 lattice. However, considering the short 

diffusion length of S atoms, we believe that such alternative channels play secondary roles in the alloying 

process. In fact, S atoms that enter the host MoSe2 lattice via the edge sites can diffuse to only a short 

distance from the edges (e.g., 20 nm), restricting the role of edge sites to only a confined region close to the 

periphery of relatively large MoSe2 films.  

 

In addition to native defects inherited from the synthesis processes of monolayer TMDCs, defects can 

be deliberately introduced via several techniques including plasma treatment [63], electron-beam 

irradiation, [64] and ion-beam irradiation [65]. Such artificial defect-generation methods can be employed 

to further tune the density and type of defects in binary TMDCs, offering an extra level of control over the 

defect-mediated alloying mechanism that we have studied in this program. 

 

  

Figure 13, DFT calculation of the vacancy-mediated diffusion. (a) 

The top view of four intermediate stages used in the NEB calculation 

of a S atom exchanging places with a Se vacancy. In the 4-formula 

unit cell of MoSe2, we replace one Se atom by S and remove a 

neighboring Se atom to create the vacancy to form Mo4Se6S. Purple, 

green, and yellow colors represent Mo, Se, and S, respectively. (b) The 

NEB energy barrier computed for the exchange of a S atom with a Se 

vacancy, as shown in the path illustrated in panel (a). Symbols 

represent computed values, and the line represents a quadratic fit to 

data points. (c) The temperature-dependent hopping rate computed 

using the 1.75 eV barrier height shown in panel (b). 
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[4] A. H. Hosseinnia, T. Fan, H. Moradinejad, N. Sodagar, S. Taghavi, A. A. Eftekhar, and A. Adibi, “Low-
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Conference, Seoul, South Korea, 2017.  

[20] H. Moradinejad, T. Fan, A. H. Hosseinnia, M. Sodagar, S. Taghavi, A. A. Eftekhar, and A. Adibi, 

“Optical modulation in hybrid integrated nanophotonic platforms,” Invited for presentation in IEEE 

Summer Topicals Meeting, San Juan, Puerto Rico, 2017. 
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