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• h-factor	climbed	to	23
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A. 250	Summary	for	FA9550-14-1-0215	(YIP)
With photonic devices being fundamentally challenged to deliver strong light-matter-interactions, we set out to
explore devices, materials, and effects that allow increasing this weak interaction. In this context we explored
emerging materials with remarkable high index tunability such as Graphene or TCO materials, we considered
resonators and showed devices based on microrings, Fabry-Perots, plasmon, photonic crystal-based resonators. Here
the focus was to consider the Purcell enhancement, namely volume reduction in addition to Q enhancement. Beyond
cavities, a main task was to define scaling laws for nanophotonic devices to include lasers, modulators, detectors,
and all-optical switching devices. Together with IBM we investigated heterogeneous integrated III-V on-Silicon
nanolasers and LEDs for optical interconnects. We also solved the laser rate equations, and showed that carbon
materials can exhibit ultra-fast switching due to the short intrinsic lifetime. We then explored Purcell enhancements
in 2D material nanocavities and showed that a monomer performs equally well as a dimer for 2D material emission.
We developed an ITO material process to deliver ENZ behavior. We used this then to design ultra-compact 2x2
routing switches in Silicon photonics. We next demonstrated an electrical-driven plasmon light source based on
inelastically scattering electrons operating on Silicon at room temperature. Lastly, we used the coincidence
properties of leaky-integrate-and-fire neurons to show a neuromorphic engine to directly identify mirror symmetry
of images. Taken together, we developed new materials, explored physical effects, and demonstrated nanophotonic
devices all with high relevance to the mission of the Air Force such as communication and image processing.

B. Scholarly	Work	Summaries
 

Fundamental Scaling Laws in Nanophotonics 
The success of information technology has clearly demonstrated that miniaturization often leads to unprecedented 
performance, and unanticipated applications. This hypothesis of “smaller-is-better” has motivated optical engineers 
to build various nanophotonic devices, although an understanding leading to fundamental scaling behavior for this 
new class of devices is missing. Here we analyze scaling laws for optoelectronic devices operating at micro and 
nanometer length-scale. We show that optoelectronic device performance scales non-monotonically with device 
length due to the various device tradeoffs, and analyze how both optical and electrical constrains influence device 
power consumption and operating speed. Specifically, we investigate the direct influence of scaling on the 
performance of four classes of photonic devices, namely laser sources, electro-optic modulators, photodetectors, and 
all-optical switches based on three types of optical resonators; microring, Fabry-Perot cavity, and plasmonic metal 
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nanoparticle. Results show that while microrings and Fabry-Perot cavities can outperform plasmonic cavities at 
larger length-scales, they stop working when the device length drops below 100 nanometers, due to insufficient 
functionality such as feedback (laser), index-modulation (modulator), absorption (detector) or field density (optical 
switch). Our results provide a detailed understanding of the limits of nanophotonics, towards establishing an opto-
electronics roadmap, akin to the International Technology Roadmap for Semiconductors. 

Monolithic III–V on Silicon Plasmonic Nanolaser Structure for Optical Interconnects 
Monolithic integration of III–V semiconductor lasers with Si circuits can reduce cost and enhance performance for 
optical interconnects dramatically. We propose and investigate plasmonic III–V nanolasers as monolithically 
integrated light source on Si chips due to many advantages. First, these III–V plasmonic light sources can be directly 
grown on Si substrates free of crystallographic defects due to the submicron cavity footprint (250nm×250nm) being 
smaller than the average defect free region size of the heteroepitaxial III–V material on Si. Secondly, the small 
lateral and vertical dimensions facilitate process co-integration with Si complementary metal-oxide-semiconductor 
(CMOS) in the front end of the line. Thirdly, combining with monolithically integrated CMOS circuits with low 
device capacitance and parasitic capacitance, the nano-cavity optoelectronic devices consume orders of magnitude 
less power than the conventional lasers and reduce the energy consumption. Fourthly, the modulation bandwidth of 
the plasmonic light-sources is enhanced to significantly higher than conventional lasers due to enhanced photon state 
density and transition rate. In addition, we show that these device performance are very robust after taking into 
account the surface recombination and variations in device fabrication processes. 

Integrated Nanocavity Plasmon Light Sources for On-Chip Optical Interconnects 
Next generation on-chip light sources require high modulation bandwidth, compact footprint, and efficient power 
consumption. Plasmon-based sources are able to address the footprint challenge set by both the diffraction limited of 
light and internal laser physics such as plasmon utilization. However, the high losses, large plasmonic-momentum of 
these sources hinder efficient light coupling to on-chip waveguides, thus, questioning their usefulness. Here we 
show that plasmon light sources can be useful devices; they can deliver efficient outcoupling power to on-chip 
waveguides and are able to surpass modulation speeds set by gain-compression. We find that waveguide-integrated 
plasmon nanocavity sources allow to transfer about ∼60% of their emission into planar on-chip waveguides, while
sustaining a physical small footprint of ∼0.06 μm2. These sources are able to provide output powers of tens of
microwatts for microamp-low injection currents and reach milliwatts for higher pump rates. Moreover, the direct 
modulation bandwidth exceeds that of classical, gain compression-limited on-chip sources by more than 200%. 
Furthermore, these novel sources feature high power efficiencies (∼1 fJ/bit) enabled by both minuscule electrical
capacitance and efficient internal photon utilization. Such strong light−matter interaction devices might allow 
redesigning photonic circuits that only demand microwatts of signal power in the future. 

Monolithically Integrated III-V NanoLED on Si for Optical Interconnects 
With the recent advances in nanoscale light sources, there is a tantalizing opportunity to integrate optical 
interconnects monolithically on Si CMOS. However, one key issue is whether the output power of the nanoscale 
sources is sufficient for next generation optical interconnect technology. The output power of such miniscule-sized 
sources is, at best, orders of magnitude lower than the conventional lasers with a size of hundreds of microns. We 
analyze this question and envision that high-speed interconnects (~40 Gbps) using these emerging sources is 
possible for inter-chip communication with the following realistic assumptions: (i) 70% optical coupling efficiency 
from the nano-LED into the waveguide, (ii) a light emission efficiency of EQE of ~20% with a photon energy of ~1 
eV, (iii) a low-loss (0.3 dB/cm) SOI waveguide yielding <10% loss for waveguide transmission of 1 cm distance, 
(iv) an ultra-low capacitance photodetector, e.g. Ge metal cavity photodiode (30 aF) with high efficiency (50%
EQE), and (v) 0.3V circuit drive voltage. These result in a required emitter power of 125 photons/bit, corresponds to
an energy per bit of <200 aJ, and a LED drive current of 5 µA for 40 Gbps data rates. The average optical power in
the waveguide is 0.8 µW, which is a factor of 102 -103 smaller than that required for the state-of-the-art integrated
chip source. In cases where higher optical power is needed, multiple LEDs can be used in parallel. If optoelectronic
circuits are to reach integration densities comparable to electronics of the 1990, high power dissipation leads to
thermal budget constrains during operation. This demands the device energy-per-bit functions to be reduced to the
sub-femtojoule per-bit regime.
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Plasmonic Optical Modulator based on Adiabatic Coupled Waveguides 
In atomic multi-level systems, adiabatic elimination is a method used to minimize complicity of the system by 
eliminating irrelevant and strongly coupled levels by detuning them from one another. Such a three-level system, for 
instance, can be mapped onto physical in form of a three waveguide system. Actively detuning the coupling strength 
between the respective waveguide modes allows modulating light propagating through the device, as proposed here. 
The outer waveguides act as an effective two- photonic-mode system similar to ground- and excited states of a 
three-level atomic system, whilst the center waveguide is partially plasmonic. In adiabatic elimination regime, the 
amplitude of the middle waveguide oscillates much faster in comparison to the outer waveguides leading to a 
vanishing field build up. As a result, the middle waveguide becomes a “dark state” and hence a low insertion-loss of 
8 dB is expected to keep when achieving the modulation depth as high as 70 dB despite the involvement of a 
plasmonic waveguide in the design presented here. The modulation mechanism relies on switching this waveguide 
system from a critical coupling regime to adiabatic elimination condition via electrostatically tuning the free-carrier 
concentration and hence the optical index of a thin ITO layer residing in the plasmonic center waveguide. This alters 
the effective coupling length and the phase mismatching condition thus modulation in each of outer waveguides. 
Our results show a modulator energy efficiency as low as 40 atto-joule per bit and an extinction ratio of 50 2 dB. 
Given the miniscule footprint of the modulator, the resulting lumped-element limited RC delay is expected to exceed 
200 GHz. Such expected performance is a direct result of both the unity-strong tunability of the plasmonic optical 
mode in conjunction with utilizing ultrasensitive modal coupling between the critically-coupled and the adiabatic 
elimination regimes. Taken together, this new class of modulators paves the way for next-generation both energyand 
speed conscience optical short-reach interconnects. 

Electrically-driven carbon nanotube-based plasmonic laser on silicon 
Photonic signal processing requires efficient on-chip light sources with higher modulation bandwidths. Today’s 
conventional fastest semiconductor diode lasers exhibit modulation speeds only on the order of a few tens of GHz 
due to gain compression effects and parasitic electrical capacitances. Here we theoretically show an electrically-
driven carbon nanotube (CNT)-based laser utilizing strong light-matter-interaction via monolithic integration into 
Silicon photonic crystal nanobeam (PCNB) cavities. The laser is formed by single-walled CNTs inside a combo-
cavity consisting of both a plasmonic metal-oxide-semiconductor hybrid mode embedded in the one dimensional 
PCNB cavity. The emission originates from interband recombinations of electrostatically-doped nanotubes 
depending on the tubes’ chirality towards matching the C-band. Our simulation results show that the laser operates 
at telecom frequencies resulting in a power output > 3 (100) µW and > 100 (1000)’s GHz modulation speed at 1 × 
(10 × ) threshold. Such monolithic integration schemes provide an alternative promising approach for light source in 
future photonic integrated circuits. 

Testbeds for Transition Metal Dichalcogenide Photonics: Efficacy of Light Emission Enhancement in 
Monomer vs Dimer Nanoscale Antennae 
Monolayer transition metal dichalcogenides (TMDs) are materials with unique potential for photonic and 
optoelectronic applications. They offer well-defined tunable direct band gaps in a broad electromagnetic spectral 
range. The small optical path across them naturally limits the light−matter interactions of these two-dimensional (2-
D) materials, due to their atomic thinness. Nanoscale plasmonic antennae offer a substantial increase of field
strength over very short distances, comparable to the native thickness of the TMD. For instance, it has been
demonstrated that plasmonic dimer antennae generate hot-spot field enhancements by orders of magnitude when an
emitter is positioned exactly over the middle of their gap. However, 2-D materials cannot be grown or easily
transferred, to reside midgap of the metallic dimer cavity. Hence, it is not plausible to simply take the peak intensity
as the emission enhancement factor. Here we show that the emission enhancement generated in a 2-D TMD film by
a monomer antenna cavity rivals that of dimer cavities at a reduced lithographic effort. We rationalize this finding
by showing that the emission enhancement in dimer antennae depends not on the peak of the field enhancement at
the center of the cavity but rather from the average field enhancement across a plane located beneath the optical
cavity where the emitting 2-D film is present. We test multiple dimer and monomer antenna geometries and observe
a representative 3-fold emission enhancement for both monomer and dimer cavities as compared to the intrinsic
emission of chemical vapor deposition (CVD)-synthesized WS2 flakes. This finding suggests facile control and
enhancement of the photoluminescence yield of 2-D materials based on engineering of light−matter interactions that
can serve as a testbed for their rapid and detailed optical characterization.

DISTRIBUTION A: Distribution approved for public release.
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Indium-Tin-Oxide for High-performance Electro-optic Modulation 
Advances in opto-electronics are often led by discovery and development of materials featuring unique properties. 
Recently, the material class of transparent conductive oxides (TCO) has attracted attention for active photonic 
devices on-chip. In particular, indium tin oxide (ITO) is found to have refractive index changes on the order of 
unity. This property makes it possible to achieve electrooptic modulation of sub-wavelength device scales, when 
thin ITO films are interfaced with optical light confinement techniques such as found in plasmonics; optical modes 
are compressed to nanometer scale to create strong light-matter interactions. Here we review efforts towards 
utilizing this novel material for high performance and ultra-compact modulation. While high performance metrics 
are achieved experimentally, there are open questions pertaining to the permittivity modulation mechanism of ITO. 
Finally, we review a variety of optical and electrical properties of ITO for different processing conditions, and show 
that ITO-based plasmonic electro-optic modulators have the potential to outperform diffraction limited devices. 

A Sub-λ-Size Modulator Beyond the Efficiency-Loss Limit 
Electrooptic modulators (EOMs) are key devices in performing the conversion between the electrical and optical 
domains in data communication links. With respect to a road map for photonic computing, future EOMs are required 
to be highly scalable, should feature strong modulation performance, and must not consume much power during 
operation. In light of these requirements, here, we investigate indium–tin–oxide (ITO) as an electrooptic switching 
material. The results show that ITO is capable of changing its extinction coefficient by a factor of 136. Utilizing 
these findings, we analyze an ultracompact (i.e., sub-λ long 1310 nm) electroabsorption modulator based on a 
plasmonic MOSmode design. In our analysis, we investigate the performance, i.e., the extinction ratio and insertion 
loss of the device as a function of various geometric parameters of the device. The optimized device is 0.78 long and 
features an extinction ratio and on-chip insertion loss of about 6 dB/um and 0.7 dB, respectively. Furthermore, we 
suggest a metric to benchmark electroabsorption modulators and show that silicon plasmonics has potential for high-
end switching nodes in future integrated photonic circuits. 

A compact plasmonic MOS-based 2×2 electro-optic switch 
We report on a three-waveguide electro-optic switch for compact photonic integrated circuits and data 5 routing 
applications. The device features a plasmonic metal-oxide-semiconductor (MOS) mode for enhanced light-matter-
interactions. The switching mechanism originates from a capacitor-like design where the refractive index of the 
active medium, Indium-Tin-Oxide, is altered via 10 shifting the plasma frequency due to carrier accumulation inside 
the waveguide-based MOS structure. This light manipulation mechanism controls the transmission direction of 
transverse magnetic polarized light into either a CROSS or BAR waveguide port. The extinction ratio of 18 dB (7) 
dB 15 for the CROSS (BAR) state, respectively, is achieved via a gating voltage bias. The ultrafast broadband fJ/bit 
device allows for seamless integration with Silicon. 

On-chip Integrated All-Optical Fast Fourier Transform: Design and Sensitivity Analysis 
The Fast Fourier Transform (FFT) algorithm is a universal function in signal processing. It characterizes the 
magnitude and phase of a signal, or is used in combination with other operations to perform more complex 
computations such as convolution and correlation. Electronic FFTs are limited by serial processing and the charging 
of wires resulting in delay and data processing bottlenecks. A fiber optical temporal FFT has demonstrated high data 
bandwidth enabled by wavelength division multiplexing and delays only limited by the propagation of the optical 
signal. Thus, the delay can be significantly improved when integrated photonics is being used instead. Here we show 
a design of an optical FFT in Silicon photonics and analyze its performance with respect to variations in phase and 
amplitude. We discuss the impact of the deployed devices on the FFT’s transfer function’s quality defined by the 
transmission output power as a function of frequency, detuning phase, optical delay (loss). Our results show that the 
instability of the phase delay critically depend on the correct probe frequency and temperature, but can be relatively 
stable  using heaters considering state-of-the-art Silicon photonics process conditions. We further show how loss 
imbalances in the deployed interferometers can be design-compensated via added delay lines. This on-chip FFT is 
anticipated to handle 2.56 bit/s per single wavelength channel.  A temporal FFT capable of 103 times higher data 
rates enables real-time nonlinear cyclostationary and convolutional processing, and with applications in optical 
electromagnetic signal environmental surveillance. 

Towards On-Chip Optical FFTs for Convolutional Neural Networks  
Convolutional neural networks have become an essential element of spatial deep learning systems. In the prevailing 
architecture, the convolution operation is performed with Fast Fourier Transforms (FFT) electronically in GPUs. 
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The parallelism of GPUs provides an efficiency over CPUs, however both approaches being electronic are bound by 
the speed and power limits of the interconnect delay inside the circuits. Here we present a silicon photonics based 
architecture for convolutional neural networks that harnesses the phase property of light to perform FFTs efficiently. 
Our all-optical FFT is based on nested Mach-Zender Interferometers, directional couplers, and phase shifters, with 
backend electro-optic modulators for sampling. The FFT delay depends only on the propagation delay of the optical 
signal through the silicon photonics structures. Designing and analyzing the performance of a convolutional neural 
network deployed with our on-chip optical FFT, we find dramatic improvements by up to 102 when compared to 
state-of-the-art GPUs when exploring a compounded figure-of-merit given by power per convolution over area. At a 
high level, this performance is enabled by mapping the desired mathematical function, an FFT, synergistically onto 
hardware, in this case optical delay interferometers.

Identifying Mirror Symmetry Density with Delay in Spiking Neural Networks 
The ability to rapidly identify symmetry and antisymmetry is an essential attribute of intelligence. Symmetry 
perception is a central process in human vision and may be key to human 3D visualization. While previous work in 
understanding neuron symmetry perception has concentrated on the neuron as an integrator, here we show how the 
coincidence detecting property of the spiking neuron can be used to reveal symmetry density in spatial data. We 
develop a method for synchronizing symmetry-identifying spiking artificial neural networks to enable layering and 
feedback in the network. We show a method for building a network capable of identifying symmetry density 
between sets of data and present a digital logic implementation demonstrating an 8x8 leaky-integrate-and-fire 
symmetry detector in a field programmable gate array. Our results show that the efficiencies of spiking neural 
networks can be harnessed to rapidly identify symmetry in spatial data with applications in image processing, 3D 
computer vision, and robotics. 

Graphene-based solitons for spatial division multiplexed switching 
Spatial division multiplexing utilizes the directionality of the light’s propagating k-vector to separate it into distinct 
spatial directions. Here, we show that the anisotropy of orthogonal spatial solitons propagating in a single graphene 
monolayer results in phase-based multiplexing. We use the self-confinement properties of spatial solitons to increase 
the usable density of states (DOS) of this switching system. Furthermore, we show that crossing two orthogonal 
soli- tons exhibits a low (0.035 dB) mutual disturbance from another enabling independent k-vector switching. The 
efficient utilization of the DOS and multiplexing in real space enables data processing parallelism with applications 
in optical networking and computing.  
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2.2 Nonlinear Optimization
Nonlinear optimization is crucial computational function in a wide array of applications [23], yet it poses sig-

nificant challenges to conventional computers. Current approaches use iterative methods to converge to suc-
cessively optimal solutions, and this means their applications are limited to slow timescale problems. Nonlinear
optimization is at the heart of model predictive control (MPC) [24, 25], an optimal way to control dynamical sys-
tems. MPC is used in the chemical industry to control chemical processing plants [26], where reaction timescales
can be made very long, and in the finance industry to control long term portfolio optimization [27].

2.3 Generalized Neuromorphic Computing
Neuromorphic computing is generally applicable to both deep learning and any other neural network task.

Neural networks can be programmed to solve nonlinear optimization problems, as shown over 30 years ago [28].
Therefore, high-performance neuromorphic hardware could potentially enable generalized tools for low-latency
optimization routines.

State-of-the-art neuromorphic electronics are forced to target applications in the kHz regime (e.g. object
recognition) [13, 29] and low MHz regime (e.g. brain simulation) [30]. To achieve the required number of inter-
connects and weighted additions, electronic neuromorphics must adopt some form of time-division multiplexing.
This limitation stemming from the properties of metal interconnects creates a trade-off between the number of
neurons (i.e. scalability) and bandwidth [12]. Performance improvements to generalized neuromorphic comput-
ers could have far-reaching impacts in deep learning and nonlinear optimization; however, bringing neuromorphic
processing to ultrafast (> 1012 MAC/s) and ultra efficient (< 10 15 J/MAC) regime would require a fundamen-
tally different approach to interconnection and weighted addition. The proposed Nanophotonic Neuromorphic
Computing program takes up this challenge (Fig. 1).

3 Neuromorphic Photonics
WDM Weighted Addition–The Photonic MAC A key innovation of our approach is an analog photonic imple-
mentation of weighted addition. This departure from the state-of-the-art digital MAC operation increases the
performance of our processor.
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Figure 4: A photonic neuron using wavelength-division mul-
tiplexing. a) Conceptually, a neuron computes xi (t + t) =

f

n

PN

j
wi jxj(t)

o

; where x is the neuron state, f is the neu-

ron transfer function, and wi j is the connection weight from
neuron j to neuron i . b) In the photonic implementation, in-
puts at distinct wavelengths –1; –2; –3 enter a photonic weight
bank with a transmission function T (–), thereby applying indi-
vidual weights w1 = T (–1); w2 = T (–2); : : :. A photodetector
then provides the sum of these signals, which then drives a
modulator whose electro-optic transfer function corresponds to
y = f (x).

We utilize wavelength-division multiplexing (WDM)
to perform weighted addition computations [31–34].
WDM makes it possible to utilize the enormous band-
width of photonic waveguides [35] by assigning a dis-
tinct wavelength to each signal. This technique has
been used extensively in modern fiber optic commu-
nication systems and in the present context, allows a
single waveguide to simultaneously carry hundreds of
signals originating from different neurons. Weighted
addition of WDM signals can be performed by using
a series of closely packed optical filters with tunable
resonances, and a parallel “addition” operation can be
performed by routing parallelized WDM signals onto a
single photodetector. This photodetector outputs an
electrical current representing the sum of total power,
thereby doing the equivalent of “accumulation” without
dissipating energy.

3.1 Photonic Neurons
In a neuromorphic architecture, a neuron performs

the following functions: 1) Interprets multiple incoming
signals through weighted addition; 2) Applies a nonlin-
ear transfer function; 3) Transmits the result to multiple
destination neurons. Figure 4(a) illustrates these func-
tions. Figure 4(b) shows how they are implemented by
a photonic neuron [36]. The input and output neural signals to the photonic neuron (PN) are all-optical, resulting
in efficient long-range communication.
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(#14/528,392): Silicon-Based, Broadband, Waveguide-Integrated Electro-Optical Switch. 
(#14/941,100): Integrated nano-cavity plasmon laser light-sources. (IBM jointly filed). 
(#62/146,590) 2D material-based Spiral Solar Cell. 
(#62/461,889) Image Symmetry Detection via leaky-firing Spiking Neuromorphic Networks. 
(#62/463,217) Graphene Sot-waveguide based Electro-optic Modulator.  
(#62/553,440) 2D Material Printer. 

Sorger Lab: Reflection & Outlook 
Summarizing our achievements over the last 3 year, we obtained the most holistic understanding of 
nanoscale light sources, electro-optic modulators, and other switching devices to date. Using this 
knowledge, we demonstrated attojoule-per-bit efficient modulators, and explored novel physical 
effects such as electron tunneling for plasmon creation. 

 From here we are interested in the following directions; (i) to explore non-linearities in 
modulators for neuromorphic computing (see figure on right), (ii) to demonstrate on-demand 
quantum sources on-chip, (iii) to develop a TCO-based low-loss phase shifters on Silicon together 
with AIM Photonics, (iv) to demonstrated the first NP-complete oracle in Si-Photonics, and (v) to 
explored quantum-dot nanophotonic modulators and sources. (see proposals in slides below)    
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Nanophotonic Scaling Laws 
i.e. Is smaller = better?

Device Methodology 

Cavity Scaling Laws  
Case: Modulator 
For laser and detector Liu, et al. Sci. Rep. (2016) 

Conclusions 
• Cavity quality (Purcell factor) impacts device performance
• Nanophotonic Device Performance scales generally ~(Vmode/Q)
• The laser threshold scales inversely with Purcell effect.
• Optical Non-linear devices have a stronger Q-dependency.
• The speed depends on both electrical RC-delay and the cavities 

photon lifetime (i.e. high-Q does not help).  
• 100’s aJ/bit modulators are possible for small optical modes.

K. Liu, S. Sun, A. Majumdar, V. J. Sorger, “Fundamental Scaling Laws in
Nanophotonics” Nature: Scientific Reports, 6, 37419 (2016)
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Nanoscale Light Lasers and LEDs 

Poly Si à Toperation = 96C > CMOS 
Metal  à Toperation = 65C < CMOS 

Nanocavity 2D Material Exciton Interaction 

Monolithic III-V Plasmon-Laser Plasmon Nanolaser to-waveguide coupling & Temperature 

Collaboration 
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Collaboration - N. Li, K. Liu, D. K. Sadana, V. J. Sorger, “Monolithic III-V on Silicon 
Nanolaser structure for optical Interconnects” Sci. Rep., 5, 14067 (2015). 
- Sorger et al. Optica  (in preparation) 

Carbon-based Silicon-Photonics Laser 

K. Liu, V. J. 
Sorger, 
“Electrically-driven 
Carbon nanotube-
based plasmonic 
laser on Silicon” 
Opt. Mat. Exp. 
(2015). M. H. Tahersima, “Testbeds for Transition Metal 

Dichalcogenide Photonics: Efficacy of Light Emission
Enhancement in Monomer vs. Dimer Nanoscale 
Antennas”, ACS Phot. (2017).  

K. Liu, N. Li, D. K. Sadana, V. J. 
Sorger, “Integrated nano-cavity 
plasmon light-sources for on-chip
optical interconnects” ACS 
Photonics, 3. 233-242 (2016). 
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ITO for ENZ Materials and Devices 

Critical Coupling 

C. Ye, K. Liu, R. Soref, V. J. Sorger,
Nanophot. (2015)

U.S. patent (#14/528,392): Plasmonic 
on-chip chip 2x2 switch.  

S. Sun, V. K. Narayana, Ib. Sarpkaya, J.
Crandall, R. A. Soref, T. El-Ghazawi, V. J. 
Sorger, IEEE Photonics Journal (2017).

Z. Ma, Z. Li, K. Liu, C. Ye, V. J. Sorger,
Nanophot. (2015)

Proposed 2x2 Switches based on ITO Hybrid Silicon Plasmonics 

Free-Carrier tunable TCO Material enabling ENZ 

C. Huang, S. Pickus, R. Lamond, Z. Li, V. J. Sorger IEEE Phot. J. (2013)

R. Amin, J. Khurgin, V. J. Sorger “Electro-
Absorption Modulator Performance Study:
Charge, Voltage, Energy and Bandwidth
Analysis” (in preparation)

Black arrow = experimental switching data 

ε1=0 
ENZ point 
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Proposal Option 1: 
On-Demand Single Photon Sources based on 

Quantum Tunneling on Silicon  

Inelastically scattering tunneling electrons are predicted to emit a photon 
(or plasmon) with up to 10% probability. This can be realized by biasing 
two Fermi-levels against each other creating a perfect inverted system. 
We recently demonstrated a silicon-based electrical driven, room-
temperature Silicon compatible light (plasmon) source.  

Based on these preliminary result we propose to, demonstrated single 
photon/plasmon creation on-demand by controlling the tunnel current 
accurately for application in quantum information processing. This device 
is novel because it is a novel light creation based-on quantum tunneling, 
allows to be electrical-driven, room temperature, Silicon compatible.  

d 

Sorger Lab (in preparation) 
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Proposal Option 2:  
ENZ TCO-based Phase-tunable Loss-Sensitive 

Silicon Hybrid Photonics 

Transparent conductive oxides (TCO) have shown to have a strong 
index change near ENZ. While many demonstration show absorption 
modulation (imaginary part, loss), Kramers Kronig relations anticipate 
a strong real-part modulation as well, a feature not demonstrated to-
date in integrated photonics with TCOs.  
 
We propose to establish a comprehensive TCO-based Hybrid Silicon 
photonics platform for loss-conscious phase-tuning. We explore linear 
phase shifters for MZI-type and cavity (ring)-based modulators, and 
phased-waveguide arrays for beam steering. This will be in 
collaboration with AIM Photonics Foundry, and NRL for AZO and other 
TCO material depositions. ITO will be processed in-house.   

Si ITO TE mode has a lowest IL ~4dB at carrier 
concentration 4E20, with device length of 20um, RC-
delay = 5GHz. Options (to reduce loss further): 
Change sputtering recipe (e.g. O2 concentration or RF 
bias to engineer broadening γ), or use different ITO 
target composition. We used In2O3/SnO2 (90/10).  

Hybrid Silicon-ITO Photonics Mode Comparison 

Sorger Lab, preliminary results (2017) 

Si/OX/ITO  

Si/OX/ITO  

air 

Si 
BOX 

Ox/ITO 

Select this mode 

TE 

TM 

Proposed Low-loss Phase-tunable Devices 

Proposed Process Flow 

γ = ε0ρω p
2
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Proposal Options 3 & 4: 
Nanophotonics-based Algorithms 

There are more than 2,000 non-deterministic polynomial time complete 
problems in our daily lives, such as the traveling salesmen problem. The 
time complexity of an algorithm defines the amount of time that the algorithm 
takes to be run and is a function of the input problem size. NP complete 
problems require exponential time complexity functions and are therefore 
compute demanding problems. A combinatorial graph problem with N nodes 
requires an execution time of 2N times the clock time when solved through 
brute-force computing. A 60 node graph for example takes 10 years to solve. 
 
We propose, to optically solve NP-complete problems, and will demonstrate 
an optical oracle based on cascaded directional couplers in Silicon 
photonics, for the solution of the Hamiltonian path problem. We will further 
investigate reconfigurability of the network via tuning the couplers.   

Photonics NP-Complete Solvers Photonic Spiking Neuromorphics for 
Mirror Symmetry Detection 

J. K. George, C. Soci, V. J. Sorger, " Identifying Mirror Symmetry with 
Delay in Spiking Neural Networks" arXiv: 1709.02684 (2017) 

Symmetry is relevant to artificial intelligence 
as a mechanism for reducing dimensions. 
Over dimensioning is a constant problem in 
learning algorithms where distance between 
vectors, and consequently the ability to 
distinguish data clusters, decreases rapidly 
as the number of dimensions increases. This 
has AF relevance for real-time data 
processing, deep-learning or quantum 
optimization. Such processes  

We propose, to demonstrate an optical image symmetry identification 
engine by utilizing the coincidence detection properties of neural-
networks based on spiking leaky-integrated-and-fire neurons in both 
optical and photonic platform. We propose that the power efficiencies 
of spiking neural networks can be harnessed to rapidly identify 
symmetry in spatial data with applications in image processing, 3D 
computer vision, and robotics.  

J. K. George, C. Soci, V. J. Sorger, ”Reconfigurable NP-Complete 
Oracle in Silicon-Photonics" (in preparation) 

laser pulses into the waveguide network that maps the topology of a graph with four nodes (or
towns). We then measure the time delay between the output pulses from the laser-written 
photonic circuit. If the Hamiltonian path exists, its delay equals the sum of the travel times
needed to visit all nodes of the network, which is made unique by design. Moving from
meters of optical fibers [22] towards the millimeter length scale, ultrashort laser pulses in the 
femtosecond time domain are required when interrogating the laser-written optical oracle. 
With this decrease in the physical device size and the reduction of the optical pulse width,
shorter execution times of the NP computational problems are possible. This first 
demonstration of a laser-written optical oracle on a robust integrated optics platform proves
the potential for reducing the solving time of computationally hard combinatorial problems
exploiting the parallelism of light propagation in downscaled optical networks. Thanks to the 
3D writing capability of our fabrication technique, further scaling of the network complexity
is possible by expanding the graph along the third dimension [32], which would allow new
designs with larger number of nodes and compactness. 

2. Oracle chip design

The topology of the laser-written optical oracle is shown in Fig. 1. The photonic chip models
the Hamiltonian path problem via a unidirectional graph containing four cascaded 2×2
directional couplers, where each coupler plays the role of a node (town), also acting as a
beam splitter to direct the light to other nodes. The various nodes are connected to each other
by waveguides. In this network, if we consider the central waveguide as input/output ports,
then there are three possible paths that can be traveled by a single injected optical pulse: path
A (dinput →Node 1 → d12→Node 2→ d23→Node 3→ d34→Node 4→doutput), path B
(dinput→Node 1→ d13→Node 3→ d34→Node 4→ doutput) and path C (dinput→Node 1→
d12→Node 2→ d24→Node 4→ doutput). To ensure unambiguous pulses arriving from the three
possible optical paths, a suitable delay selection for each node was performed corresponding
to path lengths of 99.5 mm, 100.9 mm and 102.3 mm for paths A, B and C, respectively. 

Fig. 1. Femtosecond laser-written optical oracle design. The photonic waveguide network mimics the 
topology of a network with four nodes or towns in which each town is a 3-dB directional coupler for a 

50:50 power splitting ratio.

Table 1 shows a summary of the various segment lengths that make up each of the three 
paths in the optical oracle. Each node (3-dB directional coupler) has path length of 9.52 mm
and dinput/output paths are 0.3 mm long. Assuming a refractive index of 1.5 [31], the first optical
pulse (pulse A) is expected to have an arrival time of 165.8 ps relative to propagation in free 
space. Under the same assumption, the expected arrival times for pulses B and C are 172.8 ps
and 179.6 ps, respectively. Related to downscaling and integration of the optical network, 
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