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Final	Report

High-Performance Sub-Lambda Silicon 

Plasmonic Modulator	
Volker	J.	Sorger		

for	

Dr.	Gernot	Pomrenke	(AFOSR)	

Personal	Highlights	
• About	1100	Citations	per	Year	(2017	forecasted)
• h-factor	climbed	to	23
• Broke	the	5500	Citations	barrier
• Filed	9x	Patents
• Delivered	75x	invited	talks	at	Conferences	and	Top	Institutions
• Won	8x	prestigious	Awards
• Early	Tenure	Promotion
• Nominated	to	be	Division	Chair	for	OSA	‘Photonics	and	Optoelectronics’
• Invited	to	serve	at	SPIE	Symposium	and	Scholarship	Committee
• Nominated	to	be	Editor-in-Chief	of	Nanophotonics
• Served	on	over	30x	Conference	Committees
• 3T:	started	2nd	Optics	student	chapter	for	SPIE	at	GWU,	Published	2x	papers	at	STEM	conferences

A. 250	Summary	for	FA9550-14-1-0378
In this effort we focused on electro-optic modulators, as they perform a key function in data communication.
Furthermore, modulators also show potential in photonic analogue computing; for instance they could be used as
analogue optical tuning element in photonic neuromorphic computing providing non-linearity of the perceptions
output. In this program, we delivered a holistic performance-tradeoff analysis of modulators to date. We showed
how critical physical parameters such as the active material, the optical mode overlap, the optical mode
confinement, and the material broadening determine the modulator performance. We find that the strong binding
energy in 2D materials enables efficient absorption in charge-driven modulators, while TCOs are unique candidates
for phase-shifters. In short, we develop a set of guiding principles for attojoule-per-bit efficient transfer functions.
We also find that the small mode overlap of 2D materials outperforms Silicon due to strong index modulation.
However, we experimentally demonstrate the optimizing the optical mode for 2D materials by squeezing the mode
area using slot-plasmon waveguides, delivers record-efficient modulators requiring just 100’s of aJ/bit. We further
show that the plasmonic metal is also critical to form the electrical capacitor right over the active device region and
to deliver small contact resistances – a challenge that photonic modulators needs a tradeoff design. Further, we
reveal the impact of a cavity feedback on EOM and EAMs, and show how the tradeoff between loss and feedback
can be harnessed. We experimentally demonstrate a hybrid plasmon Graphene-based modulator just requiring 0.5V
to switch on a silicon platform.

B. Scholarly	Work	Summaries
 

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. 

Publications 
#Citations 5532 

h 23 

Table 1. Publication summary. 
 Source: Google Scholar 
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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- long ¼ 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=m 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. 
 
Ultra-compact Graphene-based Electro-optic Modulators on a Silicon-on-Insulator Platform 
Electro-optic modulators (EOM) convert electronic signals into high bit-rate photonic data. Its on-chip design plays 
an important role for the integration of electronic and photonic components for various types of applications, 
including photonic computing and telecommunication. Graphene is an emerging material allowing the design of 
ultra-compact EOMs due to its extraordinary electro-optic properties, addressing the trade-offs between a high 
bandwidth and modulation strength. Two Graphene-based EOM designs are presented for (a) an absorption and (b) a 
phase-shifter device. The high performance Graphene-based absorption modulator is analyzed numerically 
demonstrating an extinction ratio and insertion loss of 7.77 dB/µm and 0.75 dB, respectively. This sub-wavelength 
compact (0.78λ long) absorption modulator is capable of a broadband operation over 500 nm bandwidth. The 
second design, a Mach-Zehnder modulator formed by push-pull Graphene-based phase shifter, exhibits an insertion 
loss of ~2.7 dB/µm with a 5.6 µm arm shifter length operating at telecom wavelength (1.55µm). These EOMs 
performance results have the potential to become essential building blocks for optical interconnects in future 
integrated optoelectronic systems. 
 
Silicon Plasmon Modulators: Breaking Photonic Limits 
Emerging communication applications anticipate a photonic roadmap leading to ultra-compact photonic integrated 
circuits. The objective is to design integrated on-chip electro-optic modulators (EOM) that can combine both high 
modulation efficiency and low switching energy. While silicon-based EOMs have been demonstrated, they have 
large device footprints of the order of millimeters as a result of weak non-linear electro-optical properties. By 
deploying a high-Q resonator the modulation strength can be increased, however with the trade-off of bandwidth. 
Here we review some of our recent work and future prospects of hybrid plasmonic EOMs. We demonstrate a high- 
performance ITO-EOM in a plasmonic silicon-on-insulator (SOI) hybrid design. Remarkably, results show that an 
ultra-compact (3λ) hybrid EOM deploying enhanced light- matter-interactions (LMI) is capable of delivering an 
extinction ratio (ER) of about 1 dB/μm. This is possible due to a change of the ITO’s extinction coefficient by a 
factor of 136 leading. Furthermore, a metric to benchmark electro- absorption modulators is provided, which shows 
that silicon Figure 1. In this paper we focus on a hybrid integration technique low-loss, CMOS compatible Silicon-
on-Insulator (SOI) with (LMI) plasmonics, which allows synergistic design via multi-functional utilization of the 
deployed metal. Plasmonics has potential for high-end switching nodes in future integrated hybrid photonic circuits. 
 
Review and perspective on ultrafast wavelength-size electro-optic modulators 
As electronic device feature sizes scale-down, the power consumed due to on chip communications as compared to 
computations will increase dramatically; likewise, the available bandwidth per computational operation will 
continue to decrease. Integrated photonics can offer savings in power and potential increase in bandwidth for on hip 
networks. Classical diffraction-limited photonics currently utilized in photonic integrated circuits (PIC) is 
characterized by bulky and inefficient devices compared to their electronic counterparts due to weak light–matter 
interactions (LMI). Performance critical for the PIC is electro-optic modulators (EOM), whose performances depend 
inherently on enhancing LMIs. Current EOMs based on diffraction-limited optical modes often deploy ring 
resonators and are consequently bulky, photon-lifetime modulation limited, and power inefficient due to large 
electrical capacitances and thermal tuning requirements. In contrast, wavelength-scale EOMs are potentially able to 
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surpass fundamental restrictions set by classical (i.e. diffraction-limited) devices via (a) high index modulating 
materials, (b) non resonant field and density of-states enhancements such as found in metal optics, and (c) 
synergistic on chip integration schemes. This manuscript discusses challenges, opportunities, and early 
demonstrations of nanophotonic EOMs attempting to address this LMI challenge, and early benchmarks suggest that 
nanophotonic building blocks allow for densely integrated high-performance photonic integrated circuits. 
 
Roadmap on Atto-Joule per Bit Modulators 
Electro-optic modulation performs the conversion between the electrical and optical domain with applications in 
data communication for optical interconnects, but also for novel optical compute algorithms such as providing non-
linearity at the output stage of optical perceptrons in neuromorphic analogue optical computing. While resembling 
an optical transistor, the weak light-matter-interaction makes modulators 105 times larger compared to their 
electronic counterparts. Since the clock frequency for photonics on-chip has a power-overhead sweet-slot around 
10’s of GHz, ultrafast modulation may only be required in long-distance communication, but not for short on-chip 
links. Hence the search is open for power-efficient on-chip modulators beyond the solutions offered by foundries to 
date. Here we show a roadmap towards atto-Joule per bit efficient modulators on-chip as well as some experimental 
demonstrations of novel plasmon modulators with sub-1fJ/bit efficiencies. Our parametric study of placing different 
actively modulated materials into plasmonic vs. photonic optical modes shows that 2D materials overcompensate 
their miniscule modal overlap by their unity-high index change. Furthermore, we reveal that the metal used in 
plasmonic-based modulators not only serves as an electrical contact, but also enables low electrical series resistances 
leading to near-ideal capacitors. We then discuss the first experimental demonstration of a photon-plasmon-hybrid 
Graphene-based electroabsorption modulator on silicon. The device shows a sub-1V steep switching enabled by 
near-ideal electrostatics delivering a high 0.05dB/V-µm performance requiring only 110 aJ/bit. Improving on this 
design, we discuss a plasmonic slot-based Graphene modulator design, where the polarization of the plasmonic 
mode matches with Graphene’s in-plane dimension. Here a push-pull dual-gating scheme enables 2dB/V-µm 
efficient modulation allowing the device to be just 770 nm short for 3dB small signal modulation. Lastly, comparing 
the switching energy of transistors to modulators shows that modulators based on emerging material-based, 
plasmonic-Silicon hybrid integration perform on-par relative to their electronic counter parts. This in turn allows for 
a device-enabled two orders-ofmagnitude improvement of electrical-optical co-integrated network-on-chips over 
electronic-only architectures. The latter opens technological opportunities in cognitive computing, dynamic data-
driven applications system, and optical analogue compute engines to include neuromorphic photonic computing. 
 
A deterministic guide for material and mode dependence of on-chip electro-optic modulator performance 
Electro-optic modulation is a key function in optical data communication and possible future optical computing 
engines. The performance of modulators intricately depends on the interaction between the actively modulated 
material and the propagating waveguide mode. While high-performing modulators were demonstrated before, the 
approaches were taken as ad-hoc. Here we show the first systematic investigation to incorporate a holistic analysis 
for high-performance and ultra-compact electro-optic modulators on-chip. We show that intricate interplay between 
active modulation material and optical mode plays a key role in the device operation. Based on physical tradeoffs 
such as index modulation, loss, optical confinement factors and slow-light effects, we find that bias-material-mode 
regions exist where high phase modulation and high loss (absorption) modulation is found. This work paves the way 
for a holistic design rule of electro-optic modulators for on-chip integration 
 
2D material-based mode confinement engineering in electro-optic modulators 
The ability to modulate light using 2-dimensional (2D) materials is fundamentally challenged by their small optical 
cross-section leading to miniscule modal confinements in diffraction-limited photonics despite intrinsically high 
electro-optic absorption modulation (EAM) potential given by their strong exciton binding energies. However the 
inherent polarization anisotropy in 2D-materials and device tradeoffs lead to additional requirements with respect to 
electric field directions and modal confinement. A detailed relationship between modal confinement factor and 
obtainable modulation strength including definitions on bounding limits are outstanding. Here we show that the 
modal confinement factor is a key parameter determining both the modulation strength and the modulator extinction 
ratio-to-insertion loss metric. We show that the modal confinement and hence the modulation strength of a single-
layer modulated 2D material in a plasmonically confined mode is able to improve by more than 10x compared to 
diffraction-limited modes. Combined with the strong-index modulation of graphene the modulation strength can be 
more than 2-orders of magnitude higher compared to Silicon-based EAMs. Furthermore modal confinement was 
found to be synergistic with performance optimization via enhanced light-matter-interactions. These results show 
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that there is room for scaling 2D material EAMs with respect to modal engineering towards realizing synergistic 
designs leading to high-performance modulators. 
 
Active material, optical mode and cavity impact on nanoscale electro-optic modulation performance 
Electro-optic modulation is a key function in optical data communication and possible future optical compute 
engines. The performance of modulators intricately depends on the interaction between the actively modulated 
material and the propagating waveguide mode. While a variety of high-performance modulators have been 
demonstrated, no comprehensive picture of what factors are most responsible for high performance has emerged so 
far. Here we report the first systematic and comprehensive analytical and computational investigation for high-
performance compact on-chip electro-optic modulators by considering emerging active materials, model 
considerations and cavity feedback at the nanoscale. We discover that the delicate interplay between the material 
characteristics and the optical mode properties plays a key role in defining the modulator performance. Based on 
physical tradeoffs between index modulation, loss, optical confinement factors and slow- light effects, we find that 
there exist combinations of bias, material and optical mode that yield efficient phase or amplitude modulation with 
acceptable insertion loss. Furthermore, we show how material properties in the epsilon near zero regime enable 
reduction of length by as much as by 15 times. Lastly, we introduce and apply a cavity-based electro-optic 
modulator figure of merit, Δλ/Δα, relating obtainable resonance tuning via phase shifting relative to the incurred 
losses due to the fundamental Kramers-Kronig relations suggesting optimized device operating regions with 
optimized modulation-to-loss tradeoffs. This work paves the way for a holistic design rule of electro- optic 
modulators for high-density on-chip integration.  
 
2D Materials in Electro-optic Modulation: energy efficiency, electrostatics, mode overlap, material transfer 
and integration  
Here we discuss the physics of electro-optic modulators deploying 2D materials. We include a scaling laws analysis 
showing how energy-efficiency and speed change for three underlying cavity systems as a function of critical device 
length scaling. A key result is that the energy-per-bit of the modulator is proportional to the volume of the device, 
thus making the case for submicron-scale modulators possible deploying a plasmonic optical mode. We then show 
how Graphene’s Pauli-blocking modulation mechanism is sensitive to the device operation temperature, whereby a 
reduction of the temperature enables a 10x reduction in modulator energy efficiency. Furthermore, we show how the 
high index tunability of Graphene is able to compensate for the small optical overlap factor of 2D-based material 
modulators, which is unlike classical Silicon-based dispersion devices. Lastly we demonstrate a novel method 
towards a 2D material printer suitable for cross- contamination free and on-demand printing. The latter paves the 
way to integrate 2D materials seamlessly into taped-out photonic chips.  
 
Temperature Dependence of a Sub-wavelength Compact Graphene Plasmon- Slot Modulator  
We investigate a plasmonic electro-optic modulator with an extinction ratio exceeding 1 dB/⎧m by engineering the 
optical mode to be in-plane with the graphene layer, and show how lowering the operating temperature enables 
steeper switching.  
 
λ-Size ITO and Graphene-Based Electro-Optic 2 Modulators on SOI 
One of the key devices that convert electronic signals into high bit-rate photonic data is the electro-optic modulator 
(EOM). Its on-chip design plays an important role for the integration of electronic and photonic devices for various 
types of applications including photonic computing and telecommunication. Recently, indium tin oxide (ITO) and 
graphene have attracted significant attention primarily due to their extraordinary electro-optic properties for the 
design of ultra-compact EOMs to handle bandwidth and modulation strength trade-off. Here we show design details 
of a high-performance ITO-EOM in a plasmonic silicon- on-insulator hybrid structure. Results show that ITO is 
capable of changing its extinction coefficient by a factor of 136 leading to λ- short devices with an extinction ratio 
of about 1dB/μm. Further numerical device optimizations demonstrate the feasibility for an extinction ratio and on-
chip insertion loss of about 6 dB/μm and 0.25 dB, respectively, for a sub-wavelength compact (0.78 λ) EOM design 
using ITO. Utilizing graphene as an active switching material in a similar ultra-compact plasmonic hybrid EOM 
design yields enhanced light-matter interaction, in which extinction-ratio is 9 times larger than the insertion-loss for 
a 0.78 λ short device. Both ITO and graphene EOMs are capable of broadband operations (>500 nm) since no 
resonator is deployed. 
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Simulation of two-dimensional design of trench-coupler based Silicon Mach-Zehnder thermo-optic switch  
Optical switches are key components for routing of light transmission paths in data links. Existing waveguide-based 
Mach-Zehnder interferometer (MZI) switches occupy a significant amount of real estate on-chip. Here we propose a 
compact Silicon MZI thermo-optic 2×2 photonic switch, consisting of two frustrated total internal reflection (TIR) 
trench couplers and TIR mirror-based 90o waveguide bends, forming a rectangular MZI configuration. The switch 
allows for reconfigurable design footprints due to selected control of the optical signal being transmitted and 
reflected at the 90o crosses and bends. Our simulation results show that the switch exhibits a chip size of 42 µm × 42 
µm, the extinction ratio of ~14 dB, the rise and fall time of 20 µs and 16 µs, and the low switching voltage and 
power of 0.35 V and 26 mW, respectively. This device configuration can readily scale its pattern at the two-
dimensional directions, making them attractive for Silicon photonic integrated circuits. 
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•  Utilize strong light-matter-interaction 
•  Analyze and apply EOM laws 
•  Integrate Si-Photonics with novel materials. 
•  Switching Materials: TCO or Graphene 
Deliveries  
ü  Derived electro-optic modulator scaling vectors 
ü  Demonstrated Hybrid Plasmon Graphene Modulator on Silicon 
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Figure 10. The other Moore’s Law: Energy/bit vs. time for FETs and modulators. FETs are 
able to switch at the aJ/bit at the device level, but require high parasitic electrical connectors, 
which increase the energy-per-bit function by about 100x [62]. Optoelectronics is limited to 10-
100+ fJ/bit efficiencies, dramatically lagging electronic transistors performance, which 
illustratively highlights the weak light-matter-interaction. Applying the design physics criteria 
discussed in this work shows that 10’s of aJ/bit efficient devices are possible, when combining 
highly index-changing emerging materials with polaritonic modes while optimizing polarization, 
mode overlap, effective index, contact resistance, and capacitance. Our ITO and Graphene-based 
plasmon Silicon hybrid integrated devices already perform at the 100’s of aJ/bit level. Going 
beyond this level, one can introduce low Q-cavities and multi-gating schemes as discussed in 
Figure 9, or explore other stronger (steeper) switching materials such as quantum dots in 
conjunction with plasmonics or polaritonic modes. Having almost reached the long-standing goal 
of merging lengths scales of photonics and electronics, one can estimate the fundamental 
performance benefits of optics over electronics in data communication; the faster device speed 
enabled by only driving the sub-micrometer small photonic device capacitor (vs. the device and 
wire in electronics) allows for shorter RC delays, but also for lower dissipative energy 
consumption. In addition WDM offers data processing parallelism over electronics, thus 
resulting in an improvement factor of about 250x. This is just a device-level analysis, and a 
proper benchmark should include the link, and circuit level. The minimal fundamental switching 
energy is given by broadening effects such as temperature ‘smearing’ of the Fermi level of about 
a few kBT. 

V. J. Sorger, R. Amin, J. B. Khurgin, Z. Ma, S. Khan “Roadmap on Attojoule 
per Bit Modulators” arXiv:1710.00046 (2017) in review at J. Opt. 
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Figure 2. Scaling Laws of electro-optic modulators, answering the question whether scaling 
improves modulator performance similarly to transistor scaling. a, Electro-optic modulator 
schematic showing spatial dimensions and light propagation. b, We explore three device-
underlying cavity types; a ring resonator (RR) cavity with the waveguide width, !, and radius, !; 
a Fabry-Pérot (FP) cavity comprised of a dielectric material sandwiched by a pair of highly 
reflecting metal mirrors (reflectivities !!  and !! ); and a plasmon cavity formed by metal 
nanoparticle (MNP) embedded in a dielectric, where ! is the particle radius. The modulator 
scaling parameters are r (RR), l (FP), and ! (MNP) cavity. c-e, Cavity performance as a function 
of scaling. c quality (Q) factor, d optical mode volume, Vm, and e Purcell factor, Fp. While the 
general trend shows a reduced Q upon scaling, significant differences between the three cavity 
types exist. Parameters: propagation loss of a diffraction limited beam, !!=1.0 dB/cm used in the 
RR; Silver metal mirrors, !!" = 0.41+10.05i, the dielectric refractive index !!=3.0- i0.001, 
Silver conductivity !!"=6.3×107 mho/m, and the damping rate for the MNP to be !!=2.0×1015 

rad/s. Each cavity type shows a maximum Purcell factor given by the ideal optical confinement-
to-loss point. f, The energy efficiency of the modulator (E/bit) scales with ~(QFp)-1. Thus, 
improving the optical confinement helps to reduce the energy efficiency, while a higher Q offers 

Figures 
 

 
Figure 1. Enhancing Light-matter-interactions to enable atto-Joule efficient modulation. 
The orders-of-magnitude large device size of optoelectronic components compared to electronic 
counterparts can be addressed by either increasing the interaction time leading to high-Q devices, 
or by matching the optical-to-electronic wavelength such as in polaritonic (matter-like) modes. If 
millimeter large interferometer-based modulators are to be avoided, cavity-based modulators 
increase the interaction time by folding light spatially in space. Their spectral sensitivity, 
however, requires active thermal control, which is energy costly. Polaritonic modes, in contrast, 
performance an impedance matching realizing compact, energy efficient, and non-photon 
lifetime-limited fast switching. It is the latter that are discussed in this work, and we show 
experimental proof that the concept leads in 1st-generation devices switching at 100’s aJ/bit. 
Interestingly, the ratio of Q/Vmode (Vmode = optical mode volume) is the optical concentration 
factor, which fundamentally increases the light-matter-interactions, and is proportional to the 
Purcell factor.  
 
  

R. Amin et al.: Electro-optic modulators for high-density on-chip integration      7

state). Due to the fact that carrier accumulation can only 
be around 10 nm, the width of the slot beyond 20 nm will 
have little impact on confinement since only activated 
ITO contributes to the confinement factor with tuning. 
Our results show a highly confined structure (Figure 2E′). 
Also, the considerably larger dimension reduces the fabri-
cation complexity. The graphene slot consists of placing 
a single layer of graphene on top of the SiO2 substrate 
separated by a gating oxide of 5 nm. Then two metal pads 
form the slot structure. Here the gap is also 20 nm similar 
to the Si slot, which we have found previously to deliver 
high modulation performance [14]. We note that broader 
gap dimensions lead to higher order modes, lower optical 
confinement, and hence lower ER. This value (20 nm) can 
be understood from two aspects both relating to the fact 
that metallic confinement beyond 20 nm is not favorable: 
(a) the skin depth of plasmons at telecom wavelengths is 
about 20–30 nm, and (b) the Purcell factor reduces dra-
matically beyond 10  nm small plasmonic cavities due 
to high losses and field leakage [48]. Our results indeed 
confirm a modal confinement to the gap and a high field 
strength (peak |E|2), which is 4600 times higher com-
pared to the bulk case (Figure 2H′). Finally, for confine-
ment of light in the transverse direction and to obtain a 
dielectrically aided plasmonic mode for better modulation 
control, we choose the hybrid mode structures [15, 29, 49, 
50]. The hybrid Si mode comprises a metal and an oxide 
layer on top of a Si waveguide that is 200 nm thick. The 
results show a confined mode with most of the field being 
inside the oxide. The hybrid ITO mode is similar to the 
hybrid Si mode, with an added 10 nm layer of ITO between 
the oxide and Si layers [28]. The hybrid ITO structure is 
essentially a metal oxide semiconductor (MOS) structure 
with a 10 nm ITO layer inserted between the oxide and 
Si interfaces. With the metal on top and Si on bottom, it 
creates an optical capacitor. The gap (oxide + ITO) pro-
vides the means to store electromagnetic energy, leading 
to sub–wavelength optical guiding [50]. The strong energy 
confinement in the gap arises from the continuity of the 
displacement field at the material interfaces, which leads 
to a strong normal electric-field component in the gap [51]. 
The dielectric discontinuity at the semiconductor-oxide 
interface produces a polarization charge that interacts 
with the plasma oscillations of the metal-oxide interface; 
that is, the gap region has an effective optical capacitance. 
The hybrid graphene mode comprises a metal layer on top 
of a 10 nm oxide layer, and the graphene single layer is 
sandwiched inside the oxide. These are stacked on top of a 
Si waveguide with 200 nm thickness [10]. Both the hybrid 
ITO and graphene structures show reasonably high con-
fined modes and field enhancements of 46 and 63 times 

compared to their corresponding bulk cases, respectively. 
It is worthy to mention that the slot and HPP modes are 
comparably lossy without accounting for the material loss 
to contribute as a byproduct of tuning. As such, one intui-
tively would expect these to be suitable for EAM devices. 
However, there are also regions where the EOMs (real part 
index tuning) via phase shifting outperform bulk cases 
despite the high losses, as discussed below. It should also 
be noted that all the metal used for the modal simulations 
is gold (Au), which has a reasonably low ohmic loss at 
near IR wavelengths.

Key to the modulator performance such as ER is 
the amount of index change that can be obtained upon 
biasing the device. EO modulation or phase modula-
tion, i.e. the effective change of the k-vector of the light, 

0 0 0 0 ,gnk n k n kk k c nk
n n n
δ δ

δ δω ω δ
ω ω ω

∂ ∂ ∂= = = =
∂ ∂ ∂

 where ng is 

the group index in the corresponding structure. The phase 

change then becomes eff 0
2   ,gnn L nk LnΓ

π
∆φ ∆ Γ δ

λ
= = ε  

where Γ is the optical confinement factor and 

eff
. 

r

s dsΓ =
∫ ∫
ε

ε
ε

 The index change inside the modulator 

(∆neff) is then given by eff  .gnn n nΓ∆ Γ δ= ε  For discrete modu-

lation states this relationship can be expressed as the ratio 
of the altered active material index relative to its initial 
condition (∆nmat/nmat) multiplied by its modal confinement 
factor (Γ), relative modal permittivity enhancement (εΓ) 
and effective group index (ng), i.e. [31],

 
mat
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mat

g
nER n nnΓ

∆
∆ Γ∝ = ε

 
(1)

We note that the group index ng is inside the cross-
sectional structure corresponding to propagation in the 
longitudinal direction given by eff

eff .g
nn n λ
λ

∂
−

∂
=  Equation 

(1) applies for isotropic index materials, i.e. silicon and 
ITO-based structures in this work. Due to the unique EO 
nature of graphene and anisotropy of the indices (tensor), 
this simple equation insufficiently describes modulation 
performances in the graphene-based structures. The gra-
phene propagating energy index and group index need 
to be represented by directional tensor terms and solved 
for each component, which is, however, beyond the 
scope of this work and should be explored by research-
ers in the field. Here, we follow a similar approach for 
the graphene-based modes to the bulk cases in order to 
associate modulation effects relating to the modal illumi-
nation pattern and effective index change. The material 
index ratio change from Eq. (1) was previously discussed 
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in the relative permittivity (dielectric constant) δε, the cor-
responding change in the refractive index can be written 
as δn = δε1/2 ∼ δε/2ε1/2; hence, the refractive index change 
is greatly enhanced when the permittivity ε is small. The 
strongest modulation of both real and imaginary parts of 
refractive index occurs in the vicinity of ε ∼ 0, or “epsilon-
near-zero” (ENZ) condition. Low “background” dielectric 
constant of ITO allows the calculation of ENZ carrier con-
centration at telecommunication wavelength of 1550 nm 
using experimentally obtainable parameters (∼6 × 1020 
cm−3) [28]. Thus, a stronger modulation per unity carrier 
change is expected for ITO compared to silicon with a unity 
order change in refractive index under electrical gating, as 
has been recently demonstrated [10, 11, 27]. The effect of 
ENZ will be explored further below (Figure 1I and J).

The accumulated charge-induced index change in ITO 
and other TCOs is based on the plasma (Drude) dispersion 
of free carriers and hence is an “off-resonance” effect. On 
the other hand, the index (and absorption) change can 

also be induced by Pauli blocking of the interband (band-
to-band) transitions in many materials such as found in 
gated graphene [12–14]. The carrier accumulation in gra-
phene causes an upward (or downward if the carriers are 
holes) shift of the chemical potential and ensures a strong 
resonant change of both refractive index and extinction 
coefficient. This resonant change enables graphene to be 
suitable for both EO and electro-absorptive (EA) opera-
tions (Figure 1E, F, K, and L) up to the near infrared (IR) 
region of the spectrum [8, 9]. But the atomically thin 
thickness of single layer graphene produces a challenge 
for modulation, because of the miniscule optical confine-
ment factor, Γ, and the requirement for the electric field of 
the propagating wave to be in plane. The latter restricts the 
use of plasmonic modes where field lines always connect 
normal to the metal surface. Thus, placing graphene onto 
a “regular” flat surface plasmon polariton (SPP) wave-
guide will not introduce a high field overlap [33]. To take 
full advantage of the strong modulation potential of n 
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Figure 1: Material refractive indices and extinction coefficients vs. wavelength dispersion by varying carrier concentration, Nc for Si and ITO, 
and chemical potential, µc for graphene (A–F).
δn/δNc, δκ/δNc and δn/δκ vs. carrier concentration, Nc (for Si & ITO) and chemical potential, µc (for graphene) at λ = 1550 nm (G–L). The n-k 
vs. chemical potential, µc for graphene is shown as an inset of the graphene δn/δκ plot (L).
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in Figure 1. Next, we focus on the confinement factor 
first, then discuss obtainable effective index changes that 
govern the modulator operation. Our modulator bias anal-
ysis is based on selecting discrete bias points for all nine 
waveguides to obtain their corresponding effective indices 
(Figures 3 and 4, and see supplementary information).

2.2.1   Confinement factor and index tuning

For waveguide modes containing diffraction-limited mode 
(bulk) the modal confinement factor is given by the spatial 
field (E) ratio of the modal overlap of the active region, i.e. 
the material whose index is electrically being altered, rela-
tive to the size of the entire mode:

 

2
Bulk

Bulk 2
S

|E | dS
|E | dS

Γ
∫ ∫

=
∫ ∫  

(2)

A more comprehensive approach to define the modal con-
finement factor would be to define it with respect to the 
Poynting vector (|E × H | ) corresponding to the power flow 
in the entire structure. For a more straightforward and 
comparable approach, here we define the modal confine-
ment in terms of the overall electric field intensity (|E2 |) 

[50, 52]. Similarly, two-dimensional (2D) materials show 
their unique EO tunability when the electric field is in the 
lattice plane (i.e. in-plane), but not perpendicular to it 
(out-of-plane), due to the low polarizability in this direc-
tion [14]. Hence, the confinement factor to characterize 
the light-2D material interaction becomes

 

2
2-D

2-D 2
S

| | dS
| | dS

Γ
∫ ∫

=
∫ ∫

inE
E  

(3)

where Ein denotes the in-plane electric field, and E is the 
overall electric field. The latter is a critical requirement for 
2D materials, since their polarizability vanishes for out-
of-plane fields. Thus, simply placing a 2D material on a 
plasmonic waveguide surface will not lead to increased 
overlap factors despite the high field concentration near 
that metal-dielectric interface. In fact, this is a fundamen-
tal challenge of integrating 2D materials with plasmonics. 
A possible waveguide design, however, to overcome this 
bottleneck is a MIM-like slot waveguide with a graphene 
layer parallel to the slot field (Figure 2H). Starting with 
the silicon as the active material, the bulk mode has an 
overlap factor approaching unity (80%) for the modula-
tor on state at low carrier concentrations (Figure 3A). 
However, upon plasma dispersive biasing, the overlap 

Figure 3: Confinement factors of the modes from Figure 2 with tuning.
Confinement factors corresponding to the Si and ITO modes vs. carrier concentration (A) and confinement factors corresponding to the 
graphene modes vs. chemical potential (B). (i, ii) ITO slot at 1019cm−3 and 6 × 1020 cm−3, (iii, iv) ITO hybrid at 1019 cm−3 and 6 × 1020 cm−3, 
respectively. Ma, et al IEEE STQE (2017) 
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same sensitivity to the ring design. Thirdly, the question 
is whether a long linear device (i.e. larger capacitance) or 
more compact due to a cavity (but potentially photon life-
time limited) design has a higher modulation speed. The 
answer is that they are in fact equal, provided that the MZ 
is not parasitic capacitance limited as shown next. The MZ 
transit time (treat the MZ as a lumped element) is given by 

,g
d

n
T Lc=  and hence the transit-time limited bandwidth is 

3dB
trans trans

1 1 1( ) 0.44 .2 2MZ
g

vf T T n L Q= ⋅ ≈ = =  The cavity’s pho-

ton-limited bandwidth due to the long photon lifetime can 
be estimated via 3dB ring

1( ) ,2 ph
f Q

ν
πτ

≈ =  closing the above 

argument that the MZ and ring/FP cavity EOM have about 
the same modulation speed. For example, a modulator 
with a Q of 10,000 has a cutoff speed of about 34 GHz (for 
an EO coefficient of 300 pmV−1, and ER = 3 dB) [56].

We note that any slow-light effect used to increase 
the light-matter interaction for EO modulation can 
in principle be treated similarly to a cavity due to the 
increased photon interaction time with the active EO 
altered material, and we refer the reader to the tutorial 
on this subject by Khurgin [34]. However, the main differ-
ence between slow-light effects and a cavity is the spec-
tral limitation of the latter. This introduces limitations 
with respect to WDM-based applications. However, here 
we argue that the footprint overhead of the necessary 
 multiplexer/demultiplexer on-chip needs to be photonic 

(i.e. diffraction-limited photonics) and is therefore signifi-
cantly larger (millimeters) compared with the micro- and 
nanoscale modulator devices considered in this work. 
Hence, any WDM attempt would render the compactness 
of nanophotonic-based EOMs useless. A PIC utilizing such 
micro- and nanoscale EOM is therefore better suited with 
multiple point-to-point single-wavelength busses in paral-
lel, yielding a higher bit-flow density [57].

Given the above rationale that a cavity, or slow-light 
effect waveguide, provides extended photon interaction 
time feedback system, such a system should be mainly 
intended for EO applications rather than for EA. We note 
that cavities with extraordinary high Q factors have been 
demonstrated, even on-chip [58–60]. Since our consid-
ered active materials are somewhat lossy, and we are inter-
ested in scaled-down devices using micro- and nanoscale 
cavities, we therefore focus here on realistic (lossy) cavi-
ties only. If the corresponding losses are sufficiently large 
such that all the light injected into the cavity is absorbed 
along the propagation direction, there will be no forma-
tion of resonances. In other words, EA operations inside a 
cavity system do not offer any meaningful insights, since 
the absorptive nature of the cavity upon biasing pulls any 
Q factor of the cavity to 0. However, it is perceivable that 
there is a cavity-material combination over which some 
amount of Q could provide enhanced LMIs and should be 
studied by the community. Here we focus on the discussion 
of the EO aspects. The shift in resonance with the change 
in carrier concentration, i.e. tuning, ∆λ corresponds to 
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the change in the effective refractive index (real part), 
∆neff from the modal tuning properties section above. The 
loss also increases with tuning as a direct result from the 
Kramers-Kronig relations, and our aim is to optimize the 
ratio of obtainable tuning which improves ER relative 
to these incurred losses, i.e. FOMEOM-cavity = ∆λ/∆α. This 
change in the loss, ∆α is a function of the modal effective 
extinction coefficient change, ∆κeff. We note that with the 
introduction of a cavity other losses are also being added, 
but the fundamentally strong relationship is mainly corre-
sponding to the material and subsequent effective modal 
extinction coefficients. For better EO performances, it is 
typically desired that the tuning aspect should outweigh 
the losses concerned. This essentially means that we 
want to maximize ∆λ without making ∆α too large. It is 
apparent that we have to encounter the rising losses as 
a result of tuning, but we want to minimize this effect as 
much as possible for these cases. The ∆λ/∆α ratio for all 

the cavities are calculated and plotted with respect to the 
key tuning parameter changes, i.e. carrier concentration 
for Si and ITO structures and chemical potential for the 
graphene structures on the vertical axis and scaling of 
the cavities on the horizontal axis (Figure 6). To evaluate 
the results in the same scale, the cavity lengths are swept 
from 10 nm to 50 µm. The logarithm of the ∆λ/∆α ratio is 
plotted for a better dynamic range. Here, a negative value 
of the ratio signifies that ∆α is greater than ∆λ for those 
values. This essentially means that the losses overturn 
the tuning aspects for those levels, and the loss takes over 
in the cavity and EO modulation is limited. The mate-
rial models suggest monotonically decreasing functions 
for the real parts of the index, n for Si and ITO. The gra-
phene n is also decreasing in the n-dominant range. This 
necessarily means that the tuning of resonances can only 
blueshift the resonances at the start point in tuning. We 
also investigate the scaling aspects of the cavities utilizing 
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where Q denotes the Q factor of the cavity, R1 and R2 are the 
optical reflectivity of the cavity facets, Tloss is the fractional 
internal loss per pass and L is the length of the cavity. 
Silver (Ag) mirrors are used to form the FP cavity because 
the air reflection in ITO is rather low allowing only for 
weak feedback, lacking the necessary finesse. Hence, 
assuming near-normal reflection at the mirrors, the cor-
responding mirror reflectivity becomes
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The total loss in the cavity has two major compo-
nents – material loss and metallic loss. Material loss is 
due to the active material itself being lossy with consider-
able effective extinction coefficients. The use of metals for 
mirrors in the cavity does allow improved reflectivity, but 
the high extinction coefficient of metals incurs some inev-
itable loss in the system, especially in the small length 
limit. This metallic loss is due to the fact that trapped light 
inside the cavity can penetrate the metal mirrors based 
on skin depths at respective frequencies resulting in field 
penetration loss in the mirrors.
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where αabs is the absorption coefficient of the active mate-
rial, κD is the effective extinction coefficient of the active 
material and λ is the operating wavelength. αabs_total denotes 
the material loss, i.e. light absorption in the cavity, and αpen 
denotes the metallic loss due to field penetration into the 
mirrors. κD and κm are the extinction coefficients of dielec-
tric and metal materials, respectively, δs is the penetration 
or skin depth of the metal at a corresponding frequency of 
the trapped light at which the field magnitude drops to 1/e 
of the surface value and is given by 0 / ,s cδ λ πσ= ε  σ is 
the electrical conductivity in Ω−1m−1, and ε0 is the vacuum 
permittivity [48]. κm is high for metals, i.e. Ag in this case. 
The dominant mode in the cavity is found from the finite 

element method (FEM) simulations. The corresponding 
longitudinal mode order in the cavity is then found by 
m = 2neffL/λ [54]. In theory, the change in the resonance 
can be found by setting the longitudinal mode order from 
the off to on states; i.e. the shift in the wavelength for dif-
ferent states reflects the tunability of the cavity.

 eff ,ON eff ,OFF
2L n nm∆λ = −

 
(10)

3   Application space – electro-optic 
modulation

3.1   Cavity impact on electro-optic 
modulation

Utilizing resonances allows for a variety of advantages for 
modulators. Using a physical picture, the performance of 
an EOM is intimately tied to the ability to deliver strong 
LMI to modify an optical signal. The deployment of an 
optical cavity can thus enhance the LMI both spatially and 
temporally; spatially, a cavity concentrates the optical 
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where Q denotes the Q factor of the cavity, R1 and R2 are the 
optical reflectivity of the cavity facets, Tloss is the fractional 
internal loss per pass and L is the length of the cavity. 
Silver (Ag) mirrors are used to form the FP cavity because 
the air reflection in ITO is rather low allowing only for 
weak feedback, lacking the necessary finesse. Hence, 
assuming near-normal reflection at the mirrors, the cor-
responding mirror reflectivity becomes
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The total loss in the cavity has two major compo-
nents – material loss and metallic loss. Material loss is 
due to the active material itself being lossy with consider-
able effective extinction coefficients. The use of metals for 
mirrors in the cavity does allow improved reflectivity, but 
the high extinction coefficient of metals incurs some inev-
itable loss in the system, especially in the small length 
limit. This metallic loss is due to the fact that trapped light 
inside the cavity can penetrate the metal mirrors based 
on skin depths at respective frequencies resulting in field 
penetration loss in the mirrors.
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where αabs is the absorption coefficient of the active mate-
rial, κD is the effective extinction coefficient of the active 
material and λ is the operating wavelength. αabs_total denotes 
the material loss, i.e. light absorption in the cavity, and αpen 
denotes the metallic loss due to field penetration into the 
mirrors. κD and κm are the extinction coefficients of dielec-
tric and metal materials, respectively, δs is the penetration 
or skin depth of the metal at a corresponding frequency of 
the trapped light at which the field magnitude drops to 1/e 
of the surface value and is given by 0 / ,s cδ λ πσ= ε  σ is 
the electrical conductivity in Ω−1m−1, and ε0 is the vacuum 
permittivity [48]. κm is high for metals, i.e. Ag in this case. 
The dominant mode in the cavity is found from the finite 

element method (FEM) simulations. The corresponding 
longitudinal mode order in the cavity is then found by 
m = 2neffL/λ [54]. In theory, the change in the resonance 
can be found by setting the longitudinal mode order from 
the off to on states; i.e. the shift in the wavelength for dif-
ferent states reflects the tunability of the cavity.
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internal loss per pass and L is the length of the cavity. 
Silver (Ag) mirrors are used to form the FP cavity because 
the air reflection in ITO is rather low allowing only for 
weak feedback, lacking the necessary finesse. Hence, 
assuming near-normal reflection at the mirrors, the cor-
responding mirror reflectivity becomes

 

2
Ag eff

1 2
Ag eff

n n
R R n n

⎛ ⎞−
= = ⎜ ⎟⎜ ⎟+⎝ ⎠

! !
! !

 
(5)

The total loss in the cavity has two major compo-
nents – material loss and metallic loss. Material loss is 
due to the active material itself being lossy with consider-
able effective extinction coefficients. The use of metals for 
mirrors in the cavity does allow improved reflectivity, but 
the high extinction coefficient of metals incurs some inev-
itable loss in the system, especially in the small length 
limit. This metallic loss is due to the fact that trapped light 
inside the cavity can penetrate the metal mirrors based 
on skin depths at respective frequencies resulting in field 
penetration loss in the mirrors.
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where αabs is the absorption coefficient of the active mate-
rial, κD is the effective extinction coefficient of the active 
material and λ is the operating wavelength. αabs_total denotes 
the material loss, i.e. light absorption in the cavity, and αpen 
denotes the metallic loss due to field penetration into the 
mirrors. κD and κm are the extinction coefficients of dielec-
tric and metal materials, respectively, δs is the penetration 
or skin depth of the metal at a corresponding frequency of 
the trapped light at which the field magnitude drops to 1/e 
of the surface value and is given by 0 / ,s cδ λ πσ= ε  σ is 
the electrical conductivity in Ω−1m−1, and ε0 is the vacuum 
permittivity [48]. κm is high for metals, i.e. Ag in this case. 
The dominant mode in the cavity is found from the finite 

element method (FEM) simulations. The corresponding 
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can be found by setting the longitudinal mode order from 
the off to on states; i.e. the shift in the wavelength for dif-
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the following qualitative results: the cavity (i) allows for 
more compact device designs, (ii) increases modulation 
sensitivity, (iii) however, limits modulation speeds and 
spectral bandwidth, and (iv) allows for a reduction in 
power consumption [48]. Next, we discuss some of these 
qualitatively. The footprint of a cavity-based EOM can be 
lowered by a factor about equal to the resonators finesse 
compared to the MZ [55]. In brief, the lengths of the MZ 
and ring given by Lequiv−MZ = Q · λ/2ng, and Lring = 2R, where 
R and Q are the ring’s radius and quality factor, respec-
tively. Thus, the ratio of the lengths of the two EOMs is 
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of the resonator. Secondly, the sensitivity of the MZ is 
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what surprising, however can be seen by the following 

arguments: FWHM
1

2 ph
∆ν ∆ν

πτ
≈ =  with n 

gn
∆ν ∆
ν

≈  requires 

gn
Q∆ν = , where ∆νFWHM is the resonator linewidth, ng the 

group index, ∆n the modulated index (i.e. a function of 
applied voltage), and τph the photon lifetime in the reso-
nator. Since a single arm MZ requires an index change of 
∆n = λ/2L, extending the MZ length to be L = Q · λ/2ng the 

Q8:
The term “κM” 
has been 
changed to 
“κm”. Please 
check and 
confirm 

Q9:
“FEM” has 
been defined 
as “finite 
element 
method”. 
Please check

R. Amin et al.: Electro-optic modulators for high-density on-chip integration      13

same sensitivity to the ring design. Thirdly, the question 
is whether a long linear device (i.e. larger capacitance) or 
more compact due to a cavity (but potentially photon life-
time limited) design has a higher modulation speed. The 
answer is that they are in fact equal, provided that the MZ 
is not parasitic capacitance limited as shown next. The MZ 
transit time (treat the MZ as a lumped element) is given by 

,g
d

n
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3dB
trans trans

1 1 1( ) 0.44 .2 2MZ
g

vf T T n L Q= ⋅ ≈ = =  The cavity’s pho-

ton-limited bandwidth due to the long photon lifetime can 
be estimated via 3dB ring

1( ) ,2 ph
f Q

ν
πτ

≈ =  closing the above 

argument that the MZ and ring/FP cavity EOM have about 
the same modulation speed. For example, a modulator 
with a Q of 10,000 has a cutoff speed of about 34 GHz (for 
an EO coefficient of 300 pmV−1, and ER = 3 dB) [56].

We note that any slow-light effect used to increase 
the light-matter interaction for EO modulation can 
in principle be treated similarly to a cavity due to the 
increased photon interaction time with the active EO 
altered material, and we refer the reader to the tutorial 
on this subject by Khurgin [34]. However, the main differ-
ence between slow-light effects and a cavity is the spec-
tral limitation of the latter. This introduces limitations 
with respect to WDM-based applications. However, here 
we argue that the footprint overhead of the necessary 
 multiplexer/demultiplexer on-chip needs to be photonic 

(i.e. diffraction-limited photonics) and is therefore signifi-
cantly larger (millimeters) compared with the micro- and 
nanoscale modulator devices considered in this work. 
Hence, any WDM attempt would render the compactness 
of nanophotonic-based EOMs useless. A PIC utilizing such 
micro- and nanoscale EOM is therefore better suited with 
multiple point-to-point single-wavelength busses in paral-
lel, yielding a higher bit-flow density [57].

Given the above rationale that a cavity, or slow-light 
effect waveguide, provides extended photon interaction 
time feedback system, such a system should be mainly 
intended for EO applications rather than for EA. We note 
that cavities with extraordinary high Q factors have been 
demonstrated, even on-chip [58–60]. Since our consid-
ered active materials are somewhat lossy, and we are inter-
ested in scaled-down devices using micro- and nanoscale 
cavities, we therefore focus here on realistic (lossy) cavi-
ties only. If the corresponding losses are sufficiently large 
such that all the light injected into the cavity is absorbed 
along the propagation direction, there will be no forma-
tion of resonances. In other words, EA operations inside a 
cavity system do not offer any meaningful insights, since 
the absorptive nature of the cavity upon biasing pulls any 
Q factor of the cavity to 0. However, it is perceivable that 
there is a cavity-material combination over which some 
amount of Q could provide enhanced LMIs and should be 
studied by the community. Here we focus on the discussion 
of the EO aspects. The shift in resonance with the change 
in carrier concentration, i.e. tuning, ∆λ corresponds to 
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where Q denotes the Q factor of the cavity, R1 and R2 are the 
optical reflectivity of the cavity facets, Tloss is the fractional 
internal loss per pass and L is the length of the cavity. 
Silver (Ag) mirrors are used to form the FP cavity because 
the air reflection in ITO is rather low allowing only for 
weak feedback, lacking the necessary finesse. Hence, 
assuming near-normal reflection at the mirrors, the cor-
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The total loss in the cavity has two major compo-
nents – material loss and metallic loss. Material loss is 
due to the active material itself being lossy with consider-
able effective extinction coefficients. The use of metals for 
mirrors in the cavity does allow improved reflectivity, but 
the high extinction coefficient of metals incurs some inev-
itable loss in the system, especially in the small length 
limit. This metallic loss is due to the fact that trapped light 
inside the cavity can penetrate the metal mirrors based 
on skin depths at respective frequencies resulting in field 
penetration loss in the mirrors.
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where αabs is the absorption coefficient of the active mate-
rial, κD is the effective extinction coefficient of the active 
material and λ is the operating wavelength. αabs_total denotes 
the material loss, i.e. light absorption in the cavity, and αpen 
denotes the metallic loss due to field penetration into the 
mirrors. κD and κm are the extinction coefficients of dielec-
tric and metal materials, respectively, δs is the penetration 
or skin depth of the metal at a corresponding frequency of 
the trapped light at which the field magnitude drops to 1/e 
of the surface value and is given by 0 / ,s cδ λ πσ= ε  σ is 
the electrical conductivity in Ω−1m−1, and ε0 is the vacuum 
permittivity [48]. κm is high for metals, i.e. Ag in this case. 
The dominant mode in the cavity is found from the finite 

element method (FEM) simulations. The corresponding 
longitudinal mode order in the cavity is then found by 
m = 2neffL/λ [54]. In theory, the change in the resonance 
can be found by setting the longitudinal mode order from 
the off to on states; i.e. the shift in the wavelength for dif-
ferent states reflects the tunability of the cavity.
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Utilizing resonances allows for a variety of advantages for 
modulators. Using a physical picture, the performance of 
an EOM is intimately tied to the ability to deliver strong 
LMI to modify an optical signal. The deployment of an 
optical cavity can thus enhance the LMI both spatially and 
temporally; spatially, a cavity concentrates the optical 
field by “folding-back” photons interacting with the mod-
ulated optical index and stores photons in time inside the 
cavity. The effect of a cavity for a modulator can be com-
pared to a linear device (e.g. MZ, EAM), and one can reach 
the following qualitative results: the cavity (i) allows for 
more compact device designs, (ii) increases modulation 
sensitivity, (iii) however, limits modulation speeds and 
spectral bandwidth, and (iv) allows for a reduction in 
power consumption [48]. Next, we discuss some of these 
qualitatively. The footprint of a cavity-based EOM can be 
lowered by a factor about equal to the resonators finesse 
compared to the MZ [55]. In brief, the lengths of the MZ 
and ring given by Lequiv−MZ = Q · λ/2ng, and Lring = 2R, where 
R and Q are the ring’s radius and quality factor, respec-
tively. Thus, the ratio of the lengths of the two EOMs is 
given by the equation in Figure 5, where F is the finesse 
of the resonator. Secondly, the sensitivity of the MZ is 
actually equal to that of the ring EOM, which is some-
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plasmon metal further 
acts as a electrical 
contact and heat sync. 
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Graphene Plasmon Slot Modulator 

Au 
Contact 

Grating 
Coupler 

Slot 

Z. Ma, M. Tahersima, S. Khan, V. J. Sorger,  
“2D material-based mode overlap engineering 
 in electro-optic modulators” IEEE STQE (2016)  
 
Z. Ma, H. Hong, H. Dalir, V. J. Sorger, (in preparation)  

V. J. Sorger, R. Amin, J. B. Khurgin, Z. Ma,  
S. Khan “Roadmap on Atto-Joule per Bit  
Modulators” arXiv:1710.00046 (2017) 

Demonstration of Graphene  
Plasmon Modulator 

ER = 1.2dB/um  
(single layer graphene) 

Design Features 
Amode = 0.01 (λ/2)2 
Strong EO Modulation = 1.2dB/um 
In-Plane benign mode design 
Option to Interface w/ Silicon 
Small capacitance à E/bit + 
Speed 
Compact footprint 
Not photon-lifetime limited 

Slot Waveguide shows smallest Mode Area 

Temperature Impact on Switching Steepness  

R. Amin, J. 
Khurgin,  
V. J. Sorger (in 
preparation) 
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Proposal:  
Quantum Dot-based Plasmon Waveguide 

Modulators and Sources on Silicon Photonics 

R. Amin, J. Khurgin, V. J. Sorger “Electro-Absorption 
 Modulator Performance Study: Charge, Voltage, Energy  
and Bandwidth Analysis” in preparation, (2017) 

Nanotechnology 21 (2010) 145307 R K Kramer et al

Figure 1. Two layer assembly of QD patterns. (a) EBL pattern the
PMMA-coated metallic substrate, treat with plasma etch; deposit
thiol and biotinylated DNA, deposit 6-mercapto-1-hexanol (MCH) to
act as a spacer and expose biotin groups at the surface; deposit
streptavidin-coated QDs; remove PMMA by immersion in
dichloromethane. (b) AFM image of sparsely functionalized QDs on
a gold substrate. The surfaces roughness is characterized as
approximately 1 nm, and single QDs are ∼17 nm in diameter.
(c) Control AFM scan of a gold film.

were fabricated and the assembly process tested. Successful
QD functionalization, ranging from large scale (4 × 4 µm2)
down to small scale (0.1×0.1 µm2) binding sites, demonstrates
the scalability and control of the process down to only
a few QDs (inset figure 2(a)). High resolution scanning
electron microscopy (SEM) images reveal individual QD
resolution of the intended binding sites and allow for an
analysis of QD density and quality of the functionalization
process (figure 2(a)). We verified the optical quality of
functionalized QDs by exciting them optically below the
band gap energy. Indeed we found the characteristic red

Figure 2. Functionalization of DNA-directed self-assembled QDs.
(a) Scanning electron microscope image of a 5 × 5 array of
successfully patterned QDs of variously sized square binding sites.
Pattern feature lengths are 4 µm, 2 µm, 1 µm, 500 nm, 250 nm and
100 nm. Inset: a patterned 100 nm square area of functionalized QDs
(dashed line indicates the intended binding site). (b) Functionalized
CdSe QDs show photoluminescence under optical excitation
(λpump = 488 nm) below the band edge as red glowing areas in a
confocal microscope image. Scale bar: 30 µm.

emission of CdSe quantum dots as a bright signal in contrast to
unfunctionalized areas (figure 2(b)). Detailed pattern features
in this fluorescence image are poorly resolved due to limited
spatial resolution and detection sensitivity of our imaging
system and not protocol limitations. That is, an SEM scan
arguably shows sharp functionalized QD features down to the
deep sub-micrometer level (figure 2(a)).

Figure 3(a) verifies a square law behavior for the average
number of QDs functionalized in the various square sized
patterns. The QD numbers and the error bars scale with the
square of the feature length and 1/

√
n, respectively, where n

is the average number of QDs per pattern size. We have used
a Matlab® image segmentation program to locate and count
the number of QDs within squares. For a square with an area
greater than (0.5 µm)2, individual QDs could not be resolved
while viewing the entire square. However, partial images of the
square up to QD resolution were obtained to gain information
about the QD packing density. The algorithm was developed
to count QDs in randomly selected 100 nm square areas of
a partial image providing an average density output, which
was subsequently multiplied by the total functionalized area of

3
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Figure 3. A (Matlab) algorithm was implemented to analyze scanning electron microscope images of functionalized QDs in differently sized
binding sites. (a) The total number of QDs for various pattern sizes, which shows quadratic polynomial behavior. (b) Average QD density of
various pattern sizes from arbitrarily selected (100 nm)2 areas within each pattern size. The maximum possible QD density was
34 QDs/(100 nm)2. Average QD density was calculated from a set of ten arbitrarily (random) selected 100 nm square areas within each
pattern size. The error bars represent the span of the collected data. (c) Maximum, minimum and modal (most commonly repeated) QD
densities versus feature length from random (100 nm)2 areas within the central regions of patterns. Inset, (500 nm)2 pattern. (d) QD density
versus pattern length near the edges of the smaller patterns as defined by the outermost dot. Inset, (500 nm)2 pattern. The QD density
increased with reduction of pattern length. Towards the edges, QDs tended to clump together, making the distances between them very small,
but QD density was still low. In the innermost region, QDs were more uniformly distributed. (e) Average distance between QDs per pattern
sizes.

the square. The total functionalized area was estimated from
an image of the entire square and characterized by grayscale
numerical pixel value (image segmentation). The algorithm
output an approximation of the total number of functionalized
QDs in the square.

For an analysis of the QD density, arbitrarily selected
100 nm square areas within each pattern size were selected
(figures 3(b)–(d)). While the average QD density increased
with increasing pattern size in squares with a feature length
less than 1 µm, larger squares show nearly constant average

4

Low Broadening (γ) improves Performance Charge-Driven EAM Performance 

Quantum Dots have the lowest broadening (γ) 
à  Least amount of switching voltage (V) 
à  E/bit = ½ CV2 

Quantum Dots (QD) have become of 
commercial grade such as used in display 
technology. QDs are also nearly perfect 2-
level systems, resulting is a small broadening 
(γ). This means, that the required voltage for 
switching a QDs state is very small. 

We propose, to explore QD-based nanophotonic devices on a Silicon-platform. For 
instance, we will demonstrated the first plasmonic QD-based electro-optic 
modulator requiring only 100’s of attojoule per bit. In fact, we aim to show the first 
single-quantum dot modulator where the active device region is just 10’s of 
nanometer small, rivaling a modern FET. This project could also demonstrate 
efficient single quantum sources integrated in plasmonic-slot waveguides in Silicon 
photonics platform. 

Quantum Dot  

Nanotechnology 21 (2010) 145307 R K Kramer et al

Figure 1. Two layer assembly of QD patterns. (a) EBL pattern the
PMMA-coated metallic substrate, treat with plasma etch; deposit
thiol and biotinylated DNA, deposit 6-mercapto-1-hexanol (MCH) to
act as a spacer and expose biotin groups at the surface; deposit
streptavidin-coated QDs; remove PMMA by immersion in
dichloromethane. (b) AFM image of sparsely functionalized QDs on
a gold substrate. The surfaces roughness is characterized as
approximately 1 nm, and single QDs are ∼17 nm in diameter.
(c) Control AFM scan of a gold film.

were fabricated and the assembly process tested. Successful
QD functionalization, ranging from large scale (4 × 4 µm2)
down to small scale (0.1×0.1 µm2) binding sites, demonstrates
the scalability and control of the process down to only
a few QDs (inset figure 2(a)). High resolution scanning
electron microscopy (SEM) images reveal individual QD
resolution of the intended binding sites and allow for an
analysis of QD density and quality of the functionalization
process (figure 2(a)). We verified the optical quality of
functionalized QDs by exciting them optically below the
band gap energy. Indeed we found the characteristic red

Figure 2. Functionalization of DNA-directed self-assembled QDs.
(a) Scanning electron microscope image of a 5 × 5 array of
successfully patterned QDs of variously sized square binding sites.
Pattern feature lengths are 4 µm, 2 µm, 1 µm, 500 nm, 250 nm and
100 nm. Inset: a patterned 100 nm square area of functionalized QDs
(dashed line indicates the intended binding site). (b) Functionalized
CdSe QDs show photoluminescence under optical excitation
(λpump = 488 nm) below the band edge as red glowing areas in a
confocal microscope image. Scale bar: 30 µm.

emission of CdSe quantum dots as a bright signal in contrast to
unfunctionalized areas (figure 2(b)). Detailed pattern features
in this fluorescence image are poorly resolved due to limited
spatial resolution and detection sensitivity of our imaging
system and not protocol limitations. That is, an SEM scan
arguably shows sharp functionalized QD features down to the
deep sub-micrometer level (figure 2(a)).

Figure 3(a) verifies a square law behavior for the average
number of QDs functionalized in the various square sized
patterns. The QD numbers and the error bars scale with the
square of the feature length and 1/

√
n, respectively, where n

is the average number of QDs per pattern size. We have used
a Matlab® image segmentation program to locate and count
the number of QDs within squares. For a square with an area
greater than (0.5 µm)2, individual QDs could not be resolved
while viewing the entire square. However, partial images of the
square up to QD resolution were obtained to gain information
about the QD packing density. The algorithm was developed
to count QDs in randomly selected 100 nm square areas of
a partial image providing an average density output, which
was subsequently multiplied by the total functionalized area of
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