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Abstract

The optical properties of a material can be altered by structuring the material with features

on the order of the wavelength of interest. This patterning allows for materials to be designed

with a targeted optical property, which can be used for any number of potential applications.

The focus of this dissertation is a discussion on how the same fundamental principles of light

manipulation can be applied to multiple distinct objectives, ranging from interstellar to the

nanoscale. In the first section of the dissertation, there will be a discussion on how the

microscopic optical forces exerted on a metasurface lightsail propelled by a high-power laser

can be engineered via its optical properties to achieve passive self-stabilization, such that the

sail is trapped inside the drive beam. In the second section of this dissertation, there will be

a discussion on development of a large-scale nanofabrication technique of narrow (< 15 nm)

graphene resonators based on block copolymer lithography and how the characteristic scaling

laws of resonant graphene plasmons change for these narrow resonators. Additionally, there

is a discussion on some potential avenues towards incorporating these into more complex

optical designs. In the final section of the dissertation, a method to electronically change

the angle of thermal emission from a device based on graphene is discussed.
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Chapter 1

Introduction

Nanophotonics is a field of study focused on the interaction of light with materials at a length-

scale comparable to the light. Of particular interest is the ability of structured materials to

control these interactions, and consequently the magnitude, phase, and polarization of light

in the near and far-field [1–9]. This can be accomplished with nanostructuring of metals,

dielectrics, semiconductors, 2D materials, etc., though the exact mechanism behind the

interactions is material dependent. The field of nanophotonics has grown rapidly in recent

years due to the advancements in fabrication technologies and the proliferation of simulation

methods to solve Maxwell’s equations over arbitrarily complex structures, allowing for more

innovative methods to manipulate light beyond the conventional bulky optical components.

The interactions of light with a material comes fundamentally from its atomic composi-

tion, structure (crystalline, amorphous, etc.), and electronic properties [3, 10]. These various

effects can be summarized by the frequency dependent (also known as the dispersive) per-

mittivity

ϵ(ω) = ϵ′(ω)− iϵ′′(ω) (1.1)

where ϵ′ and ϵ′′ are the real and imaginary parts of the refractive index and ω is the frequency

of light. The permittivity of a material can also be given in relation to the free space per-

mittivity, ϵ0, by ϵ = ϵrϵ0, where ϵr is the relative permittivity of the material. Furthermore,

the permittivity is closely related to the refractive index of a material, n, via the relation

n =
√
ϵrµr (1.2)
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where µr is the relative permeability. All materials discussed in this work are non-magnetic

at the relevant frequencies (and the majority of materials fall under this category), so µr is

approximated as 1. A refractive index is generally used when considering Snell’s law type

calculations, whereas permittivity is used in Maxwell’s equation calculations. These optical

properties are based on the bulk material’s interaction with light, but the interactions with

light can be adjusted by additional structuring of the material [3–6]. The same way that

the atomic structure determines the optical properties of a material (graphite and diamond

are both carbon crystals, but the two materials are optically distinct), so too does the

macroscopic structure affect the optical properties of a material.

1.1 Metamaterials

In the simplest case, the optical properties of a structured material would become a weighted

average of the properties of the bulk material and vacuum (representing the removed sec-

tions), referred to as an effective medium. This effective medium can allow for a larger range

of optical “materials” and can include multiple materials in various ratios. The properties

of these composite materials are still fundamentally limited to what exists in nature as any

resultant refractive index will just be a ratio of existing material properties. The effective

medium approximation is valid under the assumption that while a material may be macro-

scopically heterogeneous as a mixture of materials, the electromagnetic field interactions

behave as though it is a homogeneous material[3].

That situation can change though if the strfffuctured material exhibits a resonance that

induces a new optical property in the constituent materials, breaking the homogeneity as-

sumption of the effective medium. The sub-wavelength structuring allows for the optical

properties to be dramatically altered to create a metamaterial or - for flat geometries meta-

surface. The base elements of these patterns are sometimes referred to as meta-atoms as

they behave similar to how the atom and its resonances form the basis of a material. No

longer limited to the atomic building blocks found in nature, these meta-atoms enable the

design of metamaterials with arbitrary optical properties [3, 6, 11].
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Metamaterials and metasurfaces can be made from many materials, such as dielectrics [4],

or metals [5]. Recent advances in nanofabrication as well as optical design tools have allowed

for the creation of metamaterials that can replace conventional bulky optics such as spherical

lenses[12], beam steerers[5], and mirrors [4] to more advanced optics with no conventional

counterpart such as holograms[13] or invisibility cloaks[9]. Metamaterials can be active as

well by incorporating materials that can dynamically change the optical properties of the

structure whether it is through mechanical [14, 15], temperature[16, 17], or electronic [18–20]

means.

1.2 Plasmonics

One popular method in nanophotonics to manipulate light is through the use of a surface

plasmonic resonance, a hybridization of a photon and charge carrier oscillation. A surface

plasmon is an electron density wave traveling across the interface of a dielectric/heavily

doped material (traditionally a metal, but other materials may satisfy the conditions as dis-

cussed below) boundary as shown in Figure 1.1. When light with an appropriate wavevector

interacts with the interface, the electromagnetic wave will cause electrons to form a charge

oscillation that travels across the surface, generating electromagnetic fields in the doped

material and dielectric [10, 21]. Plasmons can also be excited in the bulk doped material,

referred to as bulk plasmons, but these plasmons are significantly shorter lived than their

surface counterparts and are not considered in this work. In the most general case, a surface

plasmon can be formed from the propagating mode on the interface between a semi-infinite

conductor and dielectric, though more complex geometric configurations are possible (such

as metallic nanoparticles surrounded by a dielectric).

For this general case, the surface plasmon can be solved using Maxwell’s equations when

excited with transverse magnetic (TM) polarized light, though only the essential steps will

be shown here. We start with Maxwell’s equations

∇ ·D = ρext, (1.3)
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Figure 1.1: Cartoon schematic of surface plasmon at the interface of two materials. The
field profile is shown with the plasmon (q) assuming ϵ1 is a dielectric and ϵ2 is a metal

∇×H =
∂D

∂t
+ Jext, (1.4)

∇× E = −∂B

∂t
, (1.5)

∇ ·B = 0, (1.6)

where H denotes the magnetic field, B denotes the magnetic induction, E denote the elec-

tric field, D denotes the electric displacement, and ρext/Jext denote the free charge/current

densities.

For TM polarized light, the solutions to the electric and magnetic fields can be written as

follows,

Ej(x, y, z, t) = (Ej,xx̂+ Ej,zẑ)e
−κj |z|ei(qx−ωt) (1.7)

Bj(x, y, z, t) = Bj,yŷe
−κj |z|ei(qx−ωt) (1.8)

where the index j = 1,2 denotes the medium, κj is the z component of the wavevector, q is

the x component of the wavevector (due to continuity at the interface, q1 = q2 = q), and ω

is the frequency of light. The wavevector components must additionally satisfy the following

condition

κ2
j + q2 = ϵj(

ω

c
)2 (1.9)

By taking into account that there must be continuity of the tangential components of the

electric and magnetic fields at the interface (z=0), i.e.

E1,x = E2,x (1.10)
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B1,y = B2,y (1.11)

and substituting our equations of the TM field into Maxwell’s equations, it is possible to

arrive at the following set of simplified equations:

E1,x = E2,x, (1.12)

ϵ1
κ1

E1,x =
ϵ2
κ2

E2,x, (1.13)

From these equations and some linear algebra not shown, the dispersion relation of the TM

can be solved to return the result as follows

ϵ1
κ1

+
ϵ2
κ2

= 0 (1.14)

For the electromagnetic wave to be confined to the surface, the real part of κj must

be positive. It follows then, from the result in Eq. 1.14, that the real parts of ϵ1 and ϵ2

must be of opposite sign. The classic example satisfying this relation is that of a dielectric

(Re[ϵdielectic] > 0) and a metal (Re[ϵmetal] < 0), but these are not the only potential materials

that can satisfy this relation. One such example would be that of monolayer graphene, a 2D

material with some unique electro-optical properties[21]. It is important to note that while

this simple geometry allows for an analytic solution to the plasmonic resonance, Maxwell’s

equations can fully describe any complex geometry and the resultant behavior. For more

complex plasmonic structures, commercial software that can calculate Maxwell’s equations

self-consistently at various points in space and time can be used to accurately simulate the

optical response.

1.3 Graphene

Graphene is a single layer hexagonal lattice of sp2-bonded carbon atoms, which gives rise to

unique optical, mechanical, electronic, and thermal properties which have studied in great

detail in recent decades [21]. Graphene was first properly isolated and characterized by

Andre Geim and Konstantin Novoselov in 2004 using the ”Scotch tape” technique to produce
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high quality monolayers of graphene from bulk graphite by peeling them off the surface with

tape[22]. Other techniques have since been developed for the creation of monolayer graphene,

including Chemical Vapor Deposition (CVD), which can grow large (> 1 cm2) areas of high

quality graphene[23].

In this work, we will be focusing on the optical properties of graphene which are fully

encompassed within graphene’s band structure and the resultant surface conductivity. The

band structure for graphene can be derived from the tight-binding model [21] and at low

energies, the band structure is linear and has zero band gap. Due to the lack of a band gap,

it is possible for the graphene to be neutral and have a zero energy Fermi level, referred to as

the charge neutral point (CNP), where graphene behaves more like a dielectric. However, by

adding or removing charge carriers, the graphene will have a net doping (p-doped or n-doped

depending on the sign of the charge carrier) and become much more conductive, behaving

more like a metal. There are many methods for doping graphene, but a simple method is

to create a capacitor with graphene acting as one of the electrodes [24, 25]. By applying

a voltage bias between the top and bottom electrodes, charges of opposite sign will build

up on the electrodes, doping both materials. For most electrode materials, like metals or

doped semi-conductors, the additional charges are insufficient to alter the Fermi level of the

material due to the broad valence/conduction bands. The linear band structure of graphene

and monolayer structure leads to a situation where relatively few charge carriers are needed

to significantly shift the Fermi level. Typical charge carrier densities for graphene range

from 0-1 x 1013 cm−2, corresponding approximately to 0-0.8 eV. Shifting from 0 eV (CNP)

to 0.6 eV has been experimentally achieved with the capacitor set up described above and

other techniques can extend this range further[24, 25]. As a result, graphene’s electronic

properties can be continuously tuned from that of an insulator-like material to a metal,

properties which also allow for tuning of the optical properties of graphene.

In addition to the linear band structure, the interaction of graphene with electromagnetic

fields can be described with the graphene’s optical conductivity (σG). This physical quantity

can be split into two components, the interband (vertical transitions between the conduction



7

and valence bands) and the intraband (transitions within the conduction/valence bands).

σG = σinterband + σintraband (1.15)

Using the methods described in Ref [26], the intraband and interband terms are derived as

the following results

σintraband =
2ie2T

πℏ(ω + iΓ)
ln[2 cosh(µ/2T )] (1.16)

σinterband =
e2

ℏ
[θ(ω − 2µ)− i

2π
ln

(ω + 2µ)2

(ω − 2µ)2
] (1.17)

where e is the electron charge, T is the temperature, ω is the angular frequency, Γ is the

scattering rate, and µ is the chemical potential of the graphene. The interband transitions are

Pauli-blocked at energies lower than twice the Fermi level, represented by the step function

θ. It is of particular importance to note that graphene’s optical surface conductivity depends

explicitly on the chemical potential (equivalently the Fermi level for this application) and

by changing the Fermi level, σG will also change as seen in Figure 1.2a.

Figure 1.2: Calculated values for the real and imaginary parts of the conductivity of
graphene, σG, (a) and effective permittivity ϵ (b). for three Fermi levels: 0 eV, 0.3 eV,
and 0.6 eV.

It should also be noted that in place of a 2D material with a surface conductivity, graphene

can be equivalently modeled as a thin (a single carbon atom thick) material with a permit-
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tivity from the following equation

ϵ = 1 +
iσG

δωϵ0
(1.18)

where δ is the thickness of graphene (generally modeled as 0.3 nm to mimic the thickness of

carbon atoms). This can be a useful metric to understand the optical properties of graphene

in context with other materials. Depending on the combination of frequency and Fermi level,

graphene’s permittivity will behave as either a dielectric or a metal as seen in Figure 1.2b.

With the surface conductivity model of graphene, it is possible to adapt the formalism

discussed in the previous section and calculate the plasmonic response of a graphene sheet

[21]. The modification will be placing a graphene sheet between the two materials (with the

Ansatz that they are both dielectrics) which will be represented as a surface conductivity

σG at z=0 (see Figure 1.3). The only change to our formalism will be that the boundary

conditions at z=0 will read

E1,x = E2,x, (1.19)

B1,y −B2,y = µ0Jx = µ0σGE2,x, (1.20)

where Equation 1.11 is modified due to the presence of graphene at the interface. From

these modified boundary conditions, we arrive to a new solution for the plasmonic dispersion

relation of graphene, a modification to Equation 1.14.

ϵ1
κ1

+
ϵ2
κ2

+ i
σG(µ)

ωϵ0
= 0 (1.21)

where the explicit dependence of σG on the chemical potential (or equivalently Fermi level),

µ, is noted in the equation. Due to this, it becomes clear that the plasmonic resonance

will have a different solution depending on the Fermi level, introducing tunability to the

plasmonic resonance.

1.4 Thesis Outline

This thesis will be separated into three parts and represent an exploration of the applications

in nanophotonic design from interstellar considerations down to the development of a large-

scale, nano-resolution fabrication process to active tuning of thermal radiation.
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Figure 1.3: Schematic of monolayer graphene at the interface of two dielectrics.

Chapter 2 will be a discussion of the design of a dielectric metasurface based laser-sail

that can passively stabilize itself as it is accelerated to one-fifth the speed of light. The

motivation of this project is to send probes to our neighboring star system, Alpha Centauri,

approximately 5 light years away [27]. Due to these large interstellar distances a new type of

spacecraft is required that can accelerate to velocities many orders of magnitude greater than

conventional rocketry. This spacecraft will be accelerated by a high power (order GigaWatts)

laser beam focused onto the sail. At these high velocities and large distances, it is impossible

to actively correct for any abnormalities in the transit of the laser-sail and any corrective

actions must be accomplished passively. This section details how the local optical forces can

be controlled through the optical properties of the metasurface to provide stabilizing forces

for the laser-sail.

Chapter 3 will cover the fabrication, measurement, and modeling of sub 15 nanometer

plasmonically active graphene ribbons. To reach these small length-scales, a technique based

on self-assembling polymers, block copolymer lithography, was used to pattern the graphene

over centimeter length-scales. In this work, it was found that for these narrow ribbons, the

characteristic scaling laws for resonant graphene plasmons changed significantly, reducing

the optical confinement of light, but also significantly blue shifting the plasmonic resonance

wavelength. In addition, this section will discuss a technique to passively align the block

copolymers to metastructures, allowing for the creation of large scale active metastructures

with nanoscale graphene ribbons.

Chapter 4 will be a discussion of a compact thermal emitter on a chip capable of steering
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emited thermal radiation at a continuous range of angles through the tuning of graphene’s

Fermi level. Thermal radiation is normally incoherent, isotropic, and broadband, but this

metamaterial is engineered in such a way that the only emitted thermal radiation is coherent,

isotropic and narrowband. The device emits light at only designated frequencies and incor-

porates an active material (graphene) to change the angle at which the light is emitted. This

work demonstrated continuous tuning in the mid-infrared regime over a narrow bandwidth

from ±16o.
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Chapter 2

Self-Stabilizing Laser Sails Based on
Optical Metasurfaces

Joel F. Siegel, Anthony Y. Wang, Sergey G. Menabda, Mikhail A. Kats, Min Seok Jang,

Victor Watson Brar, ”Self-stabilizing laser sails based on optical metasurfaces”, ACS Pho-

tonics, 2019.

DOI: https://doi.org/10.1021/acsphotonics.9b004841

2.1 Introduction

The optical properties of a material can be dramatically altered by structuring the material

on sub-wavelength length-scales to create a ‘metamaterial’ or - for flat geometries - a ‘meta-

surface.’ In these systems, the reflection and refraction of the macroscopic light is controlled

by engineering the local, microscopic scattering properties. Metasurfaces can be made much

thinner than standard optical elements, and recent advances in nano-fabrication as well as

optical design tools have allowed for the creation of metasurfaces that generate parabolic

lenses, constant-angle beam steerers, vortex beams, and holograms,[7, 12, 13, 28–40] with

reflectivities exceeding 99% with low absorptive loss in some cases [41–44]. While the beam-

shaping properties of metasurfaces are well known, the optical forces present on metasurfaces

have been less explored. To understand these forces, consider Figure 2.1(a), which shows a

standard metasurface consisting of resonators that scatter with different phases, reshaping

1This section is a reproduction of an already published work found in [1]. The text and figures are
unaltered, except for formatting changes.
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the wavefronts of reflected and transmitted light. Due to momentum conservation, there

are both normal and in-plane optical forces generated across the surface that depend on the

scattering behavior. These forces are ordinarily small and inconsequential, however, as the

laser power is increased, they can become large enough to impart motion on the metasurface.

One scenario where the optical forces can become large is in ‘laser sail’ powered spacecraft,

where a 100 GW beam is reflected off a mirror-like ‘sail’, accelerating it to fraction of the

speed of light.[45] Among the many challenges facing these efforts is the construction of the

sail itself, which must display high reflectivity, minimal absorption, low weight, and be large

enough such that the beam can focus on it within solar space. A more strenuous requirement

is that the sail and payload exhibit self-stability within the laser beam, such that the sail is

passively steered to stay in a position of maximum thrust, and desired directionality. In this

article, we show that dielectric metasurfaces provide a promising pathway for realizing a laser

sail. We show that by locally controlling the angle and magnitude of reflection/transmission

across the sail, metasurfaces can be constructed that enable both efficient propulsion, and

a passive means of orientation correction that leads to self-stabilizing behavior when driven

by a high-power laser.

This paper is split into two parts. We first conduct an analytical study that considers sails

constructed of idealized beam-steering components and, by using dynamical modeling tools,

we find deflection profiles that optimize for stability, propulsion efficiency, and operational

tolerance. Second, we use finite-difference time-domain (FDTD) simulations to model the

light-scattering behavior of actual dielectric metasurfaces that are designed to match the

optimized force parameters, and we compare how close realistic metasurfaces can match

idealized structures.

We note that there are several requirements of a laser sail that we do not directly address

in this work. These include potential bending and folding of the sail, the ability of the sail to

be tolerant of relativistic doppler shifting, the possibility of sail overheating, and the ability

of the sail to act as an antenna to transmit data back to Earth. Those issues are discussed

qualitatively at the end of this manuscript, but a comprehensive resolution is left for future
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studies.
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Figure 2.1: (a) Schematic of dielectric metasurface beam-steerer that deflects an incoming
beam at a constant angle, ϕ. In black, the resultant forces created by radiation pressure on
a beam-steering metasurface that is centered in the beam (upper right), offset by δ (lower
left), tilted by an angle θ (lower right). The coordinate system used in this analysis with
a rotation in the x-z plane shown in red (upper left). (b) Cartoon schematic of a ‘V’-type
sail with a Gaussian input beam. (c) Cartoon schematic of an ICE metasurface/sail with a
double Gaussian input beam.
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2.2 Motion of idealized metasurfaces

2.2.1 Dynamical Force Coefficients

In the simple metasurface beam-steering geometry shown in Figure 2.1(a), the scattered fields

from individual optical resonators pick up a linear phase gradient that results in reflected

and transmitted wavefronts that are tilted at an angle ϕ with respect to the surface. [5, 6,

46]. If the structure is rotated by an angle θ, the optical path length of reflected light changes

linearly across the surface, resulting in an additional −2θ in the angle of the reflected light.

The transmitted (refracted) light, meanwhile, maintains the same angle of transmittance

as the metasurface is rotated. As the light is reflected/refracted, nonzero tangential (Fx)

and normal (Fz) forces are imparted on the structure due to momentum conservation of the

combined incoming/outgoing photon and metasurface system. For a generalized metasurface

interacting with a non-uniform beam (i.e. Gaussian, flat top, donut, etc..), the local beam

power, Pi, as well as the reflected light, R⃗, and transmitted light, T⃗ , will all be functions of

position across the metasurface, and the optical forces will have a non-trivial dependence on

the metasurface’s rotational or lateral offset relative to the incoming beam. By integrating

the optical force and torque contributions across the sail at different relative positions and

angles of the sail and drive beam, the first-order equations of motion can be derived as,

F = m
∂2δ

∂t2
= C1δ + C2θ (2.1)

τ = I
∂2θ

∂t2
= C3δ + C4θ (2.2)

where F and τ are the lateral force and torque acting on the rigid sail, respectively, and δ

and θ are the lateral and angular offsets, respectively. C1,2,3,4 are the first-order dynamical

force coefficients (∂F
∂δ
, ∂F
∂θ
, ∂τ
∂δ
, ∂τ
∂θ
) which are specific for each combination of incident beam

and metasurface profile. In this work, we considered metasurfaces that are 4 m wide, with a

mass, m, and moment of inertia, I, of 8.5 g and 17 gm2, respectively. These parameters were

extracted from the actual metasurfaces that are described in more detail in the Full-Wave

Simulations section. The coefficients C1,2,3,4 were derived by calculating the total forces and
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torques on the metasurfaces as they are shifted over 2 cm, and tilted by up to 0.1◦. We find

that the linear approximation can be valid for offsets on the order of tens of centimeters and

rotations on the order of degrees, but there is variability between sail and beam combinations.

The dynamical force analysis conducted in our work was restricted to a 2D model of the

system where the sail has translational invariance along the y-axis. The motion of the sail

is constrained to translations along the x and z axes and rotations in the x-z plane. This

approximation is made so that the sails can be faithfully modeled within our computational

restraints in the Full-Wave Simulations section. We note that this 2D model does not differ

significantly from a full 3D model for three reasons. First, assuming a cylindrically symmetric

system in 3D, the dynamic force coefficients for the motion along y and rotation about the x

axis are identical to the reversed case. Second, we do not assume the sail is spinning about

the z axis, so the two types of motion are uncoupled up to a first-order approximation[47].

Third, while the dynamic force coefficients change when converting from a 2D model to a

3D model of the system, the general trends and approximate magnitudes of the coefficients

remain the same (see Supplemental Materials), allowing for conclusions drawn in the 2D

case to remain applicable to the 3D situation.

2.2.2 Motion Simulation

Using equations 2.1 and 2.2, we use a ‘Leapfrog’ integration method [48]–the positions and

velocities are updated at interleaved time points, such that they ‘leapfrog’ over each other–to

simulate the motion of a metasurface in a particular beam profile in the presence of beam

intensity fluctuations, or with initial lateral and angular offsets of 1 cm or 0.05◦. We find

that the sail motion can display a large range of behavior depending on the metasurface

structure, as well as the drive beam profile, and these behaviors can be described as either

‘stable’ or ‘unstable’. We classify a sail structure and beam combination as ‘stable’ if, during

a 60 second period, the sail does not move or rotate beyond 2 cm or 0.1◦, respectively, where

the linear approximation is valid. Qualitatively, ‘stable’ sail behavior is manifested as small

oscillations about the origin, while ‘unstable’ behavior is characterized as the sail quickly
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diverging in position and/or angle, as seen in Figure 2.2.

In order to illustrate how metasurface structure can impart stability on a laser sail, con-

sider the sail geometry shown in Figure 2.1(b). This design—referred to as a ‘V’-type

sail—reflects light at two constant angles that are equal and opposite on the left and right

sides of the sail. When the sail moves to the left (right) relative to an incident Gaussian

beam, higher power strikes the right (left) side of the sail, and a force is imparted that

pushes the sail back to the right (left), thus establishing a lateral restoring force. This sail

geometry, however, is not stable against rotational offsets, which force the sail to be pushed

out of the beam. An advantage of a metasurface sail, however, is that it can exhibit complex

reflection and transmission behaviors without distorting the geometrical shape of the surface

or changing the constituent materials; as a result, beneficial force profiles can be generated

in realistic structures. As an example, in Figure 2.1(c), we show an ‘inverted cat eye’ (ICE)

type sail that consists of a highly reflective (Rin = 0.95) inner region that reflects the beam

normal to the surface, and a more transmissive outer region (Rout) that acts as a ‘metalens’

with a parabolic reflection/transmission profile. When placed in a ‘donut’ beam—modeled

as two offset Gaussians in 2D—the ICE geometry can correct for both lateral and rotational

offsets, as we show below.
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Figure 2.2: Plots of the displacement (a) and rotation (b) for three different sail and beam
combinations over a three second time interval. Each sail is four meters wide with an initial
offset of 1 cm. The incident beam power is 100 GW. For the three ICE sails, Rout=0.3, Din

= 2 m, and the incident beam is a double Gaussian with a 1.65 meter FWHM. ICE Sail
A is for an incident beam with Beam Separation = 1.8 m, ICE Sail B is for an incident
beam with Beam Separation = 2.56 m, and ICE Sail C is for an incident beam with Beam
Separation = 2.40 m. ICE Sail FDTD is the motion of an FDTD simulated sail (see the
Full-Wave Simulations section for details)

.
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Figure 2.2 illustrates the motion of four different ICE sail and beam combinations for the

same initial offset of 1 cm. These behaviors can be understood by considering the dynamic

force coefficients. ICE sail ‘A’, shown in Figure 2.2, has C1 < 0, suggesting stability against

lateral offsets, but it also has C2,3 > 0 and C4 ∼ 0, indicating that: (1) positive angular

rotations create positive lateral forces (C2 > 0); (2) positive lateral offsets create positive

torque (C3 > 0); and (3) positive rotations create minimal torque (C4 ∼ 0). These conditions

create a positive feedback effect between rotation and offset, which acts to quickly destabilize

the sail. This can be described quantitatively by considering that C1C4 + C2C3 < 0 is a

necessary condition for marginal stability [47], and for C4 ≪ 1 this condition cannot be

satisfied when C2,3 > 0.

In contrast, by changing the beam separation of the double Gaussian beam, a negative C3

value can be realized, meaning positive offsets create negative torques, and vice versa. This

provides a route towards a stable sail motion where positive rotational offsets drive positive

lateral motion (C2 > 0) which, in turn, creates a negative torque (C3 < 0) that corrects

for the initial rotation, leading to small oscillations about the origin (Figure 2.2, ICE Sail

‘C’, yellow line). We note, however, that while the C1C4 + C2C3 < 0 condition is generally

satisfied when C3 < 0, this is not a sufficient condition to predict stable sail behavior, which

depends on the relative ratios of C1,2,3,4 within a narrow range of parameter space. ICE sail

‘B’, for example, has a negative C3, but it displays an oscillatory motion with increasing

magnitude, and does not achieve stability.

2.2.3 Metasurface Stability Optimization

In order to search for and classify stable ICE sail configurations, we simulated the mo-

tion of 4 meter wide sails with varying reflection coefficients for the outer region (Rout

= 0.15, 0.3), inner region widths (Din = 1.33 m, 2 m), and outer edge deflection angle

(θmax = 5.7◦, 11.4◦ and 22.6◦) (an expanded analysis is shown in the Supplementary Mate-

rials). We model the motion of these sails in a continuum of double-Gaussian beam profiles

with an incident beam composed of two Gaussian beams symmetrically offset from the cen-
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Figure 2.3: (a-f) Analysis of stability for 6 ICE-sail configurations driven by double-Gaussian
beams with varying beam separation and FWHM for an initial offset of 1 cm, 50% of the
maximum allowable offset for stability. Yellow (purple) regions indicate sails configurations
that are unstable (stable). The dotted red areas indicate sail configurations that satisfy the
C1C4 + C2C3 < 0 condition. (a,b), are ICE sails Rout = 0.3 and Din = 2 m, 1.33 m, respec-
tively. Insets in (a,d) show the fraction of maximum thrust achievable for each sail/beam
combination and the dotted black areas indicate sails that were stable when initially offset
by 1 cm. Insets in (b) show a cartoon of the beams on the sail in those regions. (d,e) are
ICE sails with Rout = 0.15 and Din = 2 m, 1.33 m, respectively. (c,f) are ICE sails with Din

= 2 m and Rout = 0.3 (similar to a), but their angle of deflection at each point is halved or
or doubled in comparison to (a), respectively. The motion was simulated over a 60 second
period. (g,h) Analysis of stability for two ICE-sail configurations both with Din=2 m or
Rout=30% (g) and Rout=15% (h) reflection efficiencies for their outer regions. The motion of
the sail is tracked over 5 minutes with 0.12% noise introduced to the beam. Yellow regions
indicate sails that failed 100% of the time. Blue indicates regions that maintained the lowest
rates of failure.
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ter, with the beam defined by the FWHM of the Gaussians, and the separation between

them. The results of these simulations are shown in Figure 2.3.

These results demonstrate that stability is strongly dependent on the metasurface profile,

as well as the beam shape. Overall, as Rout decreases and Din increases, the number of regions

that satisfy C1C4 + C2C3 < 0 increases, a result that occurs because these sails can achieve

negative values of C3 for more beam combinations. The number of configurations that show

actually stable sail behavior, however, does not show a strong, intuitive dependence on Rout

or Din. There is, however, a stronger dependence on the outer edge deflection angle. Figures

2.3 (a), (c), and (f) compare the stability behaviors of a sails that have identical Rout and Din

values, but with different outer edge deflection angles. These figures indicate that steeper

deflection angles (or, equivalently, parabolic lens profiles with shorter focusing distances)

allow for more stability conditions, and loosen constraints on the drive laser.

In order to determine which sail/beam configurations are ‘maximally stable’, it is neces-

sary to consider beam intensity profiles that contain time dependent distortions which, in

real world scenarios, could be caused by laser interference (‘speckle’) and atmospheric fluctu-

ations, which can destabilize the sail. Here we analyze the sensitivity of metasurface sails to

such perturbations by using a Monte Carlo method to introduce randomized, time-varying

intensity fluctuations in the beam profile while simulating the motion of the sail. We assume

intensity variations that occur over 10 cm characteristic lengthscales, with time correlations

of 1 ms, corresponding to timescales associated with atmospheric turbulence [49]. With the

fluctuation intensity set to 0.12%, we ran 100 simulations for each configuration show in

Figure 2.3 (a) and (d) and we recorded the probability that a sail maintained stability. The

result of those simulations are shown in Figure 2.3 (g) and (h), where we observe a large

variation in stability rates between sail configurations. When Rout =0.3 (g), the stable region

forms a large basin of stability that achieve a failure rate of as low as 13%. If we decrease

Rout to 0.15 (h), we increase our minimum failure rate to 40%.

These simulations also provide insight for deducing which stable configuration provide

maximum thrust, which is plotted in the insets of Figure 2.3 (a) and (d). Considering only
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beams that have a FWHM > 1.6 m (i.e. realistic, diffraction-limited beams) , the maximum

thrust achievable with a stable sail/beam configuration is 370 N and 400 N for Rout = 0.3

and 0.15, respectively. For comparison, the maximum theoretical thrust—which occurs when

100% of the light is reflected normally, is 667 N.

2.3 Full-Wave Simulations

In the Motion of Idealized Metasurfaces section, we modeled the behavior of theoretical

beam-steering metasurfaces with idealized optical properties. Actual dielectric metasur-

faces, however, rely on using dielectric nanostructure arrays designed to control the optical

wavefronts of the scattered laser fields, and these structures diverge from ideal behavior due

to phase slips in the structure, phase-dependent reflectivity/transmissivity, and interactions

between nano-resonators. These effects lead to sub-optimal efficiencies, and can potentially

create large modifications in the dynamical force coefficients of a metasurface laser sail. In

this section, we design and model large-scale ICE metasurfaces and we extract the optical

forces on those structures as they are tilted and offset in a drive beam. We then compare the

dynamical force coefficients of an actual dielectric surface to those of an idealized structure,

and show that the self-stability behavior described in the Motion of Idealized Metasurfaces

section is achievable in real-world structures.
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Figure 2.4: Diagram of the unit cell, reflected magnitude/phase, and transmission phase.
(a) Metasurface unit cell consisting of a rectangular block of Si on a SiO 2 surface. The
boundary conditions in the X and Y direction are periodic. (b) Magnitude of reflected light
as the X and Y dimensions of the Si block vary. (c) Phase of reflected light as the X and Y
dimensions of the Si block vary. (d) Phase of transmitted light as the X and Y dimensions
of the Si block vary. The solid (dashed) lines indicate a 95% (30%) reflectivity path covering
2π phase.
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2.3.1 Optical Design

In order to achieve full control of optical wavefronts, it is necessary to engineer a set of

dielectric resonators that can scatter light with phase shifts ranging from 0 to 2π, and with

arbitrarily small or large reflection/transmission efficiencies. Here we use Si nanoresonators

on SiO2, which have previously been shown to be effective in the construction of metasurfaces

with high reflectivity [41, 42] as well as metasurfaces that act as efficient focusing optics. In

order to minimize atmospheric losses and absorptive heating losses within the sail, we assume

a drive beam wavelength of 1.55 µm. The set of resonators we use in this work are shown in

Figure 2.4(a); 470-nm-high Si blocks with variable length and width are placed on a 50-nm-

thick SiO2 substrate, and the spacing between resonators (center to center) is maintained at

a constant 1.2 µm. The scattering properties of these resonators (and all future metasurfaces

described in this work) are calculated using commercial finite-difference time domain tools

(Lumerical FDTD). As the resonator dimensions are varied, the magnitude and phase of the

reflected/transmitted fields also change, as shown in Figure 2.4(b-d). Contours of constant

reflectivity that cover 2π phase can be selected from these plots. Two examples are shown

in Figure 2.4 as solid and dashed lines for 95% and 30% reflectivities, respectively. Note

that for 95% reflectivity a single continuous path can be chosen, while for 30% reflectivity,

two separate paths are required for full phase coverage. Similar contour selection can be

performed for reflectivities ranging from 95-15%.

The sets of resonators described above can be used to construct metasurfaces as outlined

in the Introduction and Motion of Idealized Metasurfaces sections, where the magnitude and

direction of the reflected/transmitted wavefront is locally controlled by placing resonators

with the desired scattering profiles at each location on the surface. This is demonstrated in

Figure 2.5 where we have plotted the electric field profile of the scattered waves from one

side of an ICE sail constructed using the nanoresonators in Figure 2.4. For this metasurface

and all others studied below, periodicity is assumed along the y-dimension. The structure

has a total width is 504 µm containing 420 individual resonators with constant period of
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1.2 µm. The input beam is a ‘double Gaussian’ beam, with a FWHM of 82.9 µm and an

annular diameter of 334 µm. The resonators placed from 0 to 125 microns were chosen from

the dashed black paths in Figure 2.4 and provide 30% reflection, along with a parabolic

beam-steering profile that ranges from 5.7◦ at the edge of the sail to 2.8◦ at the boundary

between the outer and inner regions. The inner region is formed by 95% reflective resonators

that all have the same phase, which is chosen to match the phase of the innermost resonators

of the outer 30% reflective region. Details of how the resonators are chosen at each position

are provided in the Supplemental Materials.

2.3.2 Optical Forces

In order to exhibit the self-stabilized behavior described in the Motion of Idealized Metasur-

faces section, it is necessary to design metasurface sails that faithfully generate particular

dynamical force coefficients, and that are free from perturbations that could lead to localized

folding. Here, we calculate the optical forces locally by by integrating the Maxwell Stress

Tensor (MST) around boxes enclosing individual resonators or small groups of resonators.

We then sum the vector components of those local forces to calculate the overall lateral and

normal forces, as well as the torque on the sail as it is tilted and displaced within the beam.

In Figure 2.5 (b,c) we plot an example of these force components for a metasurface ICE sail

illuminated by a double Gaussian beam. These forces display the following expected general

trends: (1) there is a lateral force on the outer region that stretches the sail and scales with

steering angle and beam intensity; (2) there is no lateral force on the center region, which

is designed to be strictly normally reflecting; (3) there is a normal force across the sail that

scales with beam intensity and sail reflectivity. In this example, we have integrated the MST

over a bounding box that groups resonators between phase slips in the metasurface, such

that each x,z force shown in Figure 2.5(b,c) is determined by calculating the net optical force

on groups of 5-10 resonators, depending on the local steering angle. This is done to decrease

calculation time, and it has a negligible effect on the net torque or force on the sail, which

was confirmed by comparing to calculations where the MST was integrating over individual
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resonators.

When forces are analyzed on individual resonators, it is observed that there are discon-

tinuities in the force profile that occur due to phase slips and interactions between pairs of

resonators, which can cause to actual scattering phase to diverge from the predicted phase.

Those effects—which cause anomalies in the scattered E-field profile visible in Figure 2.5(a)—

are discussed more in the Supplementary Materials. In most cases those local discontinuities

create forces that are several orders weaker than the elastic restoring forces in the underlying

SiO2 slab. However, even when averaged over several resonators, the effects of phase shifts

due to resonator interactions can be observable. For example, the depression in lateral forces

for the resonators located at ∼78 µm in Figure 2.5(b) is due to such interactions. Moreover,

the lateral force reverses sign at the end of the sail due to diffraction from the sail edge,

and from the altered scattering properties of the last resonator, which is in an asymmetric

environment. For small steering angles, these effects have a minor contribution to the overall

forces on the sail, however, as beam steering angles are increased so is the frequency of phase

slips, which leads to larger contributions to the overall lateral force. Methods for poten-

tially ameliorating and/or accommodating for such effects are discussed in the ‘Conclusions’

section.
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Figure 2.5: (a) Electric Field Profile of half of a ICE sail with a reflective (95% reflectivity)
inner radius of 127 µm and an outer transmissive (30% reflectivity) region with a parabolic
scattering profile where the inner edge steers at 2.8◦ and the outer edge steers at 5.7◦. (b,c)
The local lateral and normal components of the optical forces on the sail, calculated by
integrating the Maxwell stress tensor (MST) over a surface that encloses local groups of
resonators. For the outer region the bounding surfaces contain resonator groups that are
between phase slips which ranges from five resonators for the outer edge, 10 resonators inner
edge. For the inner, reflective region, the bounding surfaces contains 10 resonators each.
The force is normalized using an input beam power of 1 Watt across the sail.
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In order to extract the dynamical force coefficient from our simulations, it is necessary to

calculate the local optical forces as the metaurface sail is shifted and tilted within the beam,

and then perform linear fits to the position/tilt vs. force/torque dependencies. Figure 2.6

shows the numerically simulated local forces for offsets of 0 µm and 40 µm and, separately,

rotations of 0◦ and 3◦, for the ICE sail shown in Figure 2.5. In these plots, we include

analytical calculations (lines) of local optical forces for a sail made of ideal beamsteering

components, which show good agreement with the forces extracted from the FDTD simulated

metasurfaces. Shifted simulations were performed over lateral and rotational steps of 5-10 µm

and 0.5-1◦, respectively, and we found that the force/torque showed a linear dependence on

offset/rotation angle over ranges of 20-40 µm and 1-3◦. First-order fits were used to determine

the effective dynamical force coefficients, C1,2,3,4, which are shown in 2.1. We find that the

coefficients from an actual dielectric metasurface are of the same sign and order-of-magnitude

as those calculated analytically, but can vary by as much as 40%. These differences can

be attributed to the aforementioned phase slips and inter-resonator interactions which add

distortions to the reflected/transmitted phase fronts of the scattered light, and can also lead

changes in the overall reflection coefficients.

ICE Sail C1 (
N

Wm
) C2

( N
Wdeg

)
C3 (N

W
) C4

( Nm
Wdeg

)

Ideal -1.43E-6 6.06E-
11

-2.23E-
10

1.03E-
15

Full-
wave

-1.79E-6 4.13E-
11

-2.23E-
10

3.00E-
15

Full-
wave
Scaled

-2.29E-
10

4.13E-
11

-2.23E-
10

2.36E-
11

Table 2.1: Dynamic Force Coefficients of an ICE Sail. The Full-Wave dynamic force coeffi-
cients scaled up to a 4 meter wide sail are shown as well.
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Figure 2.6: The local lateral (x) and normal (z) components of the optical forces on the
entire sail shown in Figure 2.5, calculated from the Full-Wave simulations (blue xs and red
triangles) or calculated using the methods described in the Motion of Idealized Metasurfaces
section (solid blue/red lines). (a) corresponds to the force in the x direction when the sail is
offset. (b) corresponds to the force in the x direction when the sail is rotated. (c) correspond
to the force in the z direction when the sail is offset. (d) corresponds to the force in the z
direction when the sail is rotated. In all plots, the un-offset, unshifted force is shown for
comparison in blue and the offset or rotated force is shown in red.
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Figure 2.7: Motion (a) and rotation (b) of an FDTD simulated sail with an initial offset of
1 cm for 60 seconds.
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The overall stability of the ICE metasurface sail can be tested by using the dynamical

force coefficients in Table 2.1, along with the methods described in the Motion of Idealized

Metasurfaces section. However, in order to test the viability of a 4 meter metasurface, these

coefficients must be scaled accordingly as the beam size (annulus and FWHM of individual

Gaussians) and sail size are increased by ∼8000×. Such scaling has no effect on C2 or C3,

but C1 will scale inversely with size, while C4 will scale linearly with size. This behavior was

confirmed by calculating C1,2,3,4 analytically for 504 µm and 4 m ICE sails with equivalent

ratios for reflective/transmissive regions, and equivalent steering angles. An analysis of these

scaling laws is provided in the Supplementary Materials. The resulting scaled dynamical

coefficients for a 4 meter ICE metasurface sail are given in the bottom row of Table 2.1 and,

using these values, we can model the motion of a sail with an initial lateral offset of 0.01 cm,

which is shown in Figure 2.7. These results show that a metasurface sail constructed from Si

nanoresonators can exhibit self-stability within a drive beam for over 300 seconds, without

ever leaving the range where the linear approximation is valid and exhibiting behavior that

closely resembles the motion of the idealized structures discussed in the Motion of Idealized

Metasurfaces section.

2.4 Discussion

The combined results of the Motion of Idealized Metasurfaces and the Full-Wave Simulations

sections show that dielectric metasurfaces offer a viable pathway for creating laser sails that

maintain directionality and stability within high-power laser beams. In order to comprehend

the real world speed that such a metasurface sail may achieve, we can consider a 100 GW

drive laser constructed from a 100km diameter ground-based array of projectors. Operating

at wavelength of 1.55 µm and for distances up of up to 108̂ km, such a beam can maintain

features with a FWHM of 1.67 m, which—in an assumed annular geometry—would generate

a thrust of ∼360 N and allow for self-stable behavior for the sail modeled in Figure 2.7. The

weight of such a sail is ∼8.5 g, and if we assume a 5 g payload, these conditions would allow

for final velocities of 0.21c to be achieved in ∼50 minutes, after which the craft travels too
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far to project a laser shape that yields stability[50]. In addition to self-stability and a high

achievable velocity, we note that the ICE sails discussed in this work contains an outer region

that can be utilized as a parabolic collimator with a 4 meter aperture, that could potentially

be used to transmit a signal.

While these results are promising, the analysis presented in this work makes several as-

sumptions and simplifications, and ultimately the design of a metasurface laser sail will

require new breakthroughs in metasurface architectures, more powerful simulation tools,

and the development of new constituent materials. The key issues we would like to address

are as follows:

Folding, strain, and local forces - Throughout this work, we have assumed that the

metasurface sail maintains a rigid flat shape, regardless of local force gradients. In a real

world situation, however, a 50 nm thick SiO2 substrate will easily bend and fold over both

macroscopic and microscopic lengthscales. Those perturbations will alter the optical perfor-

mance of the metasurface, and second-generation designs must incorporate mitigation strate-

gies for such effects. The primary cause of microscopic strain—which occurs between 2-10

nanoresonators—is interactions between resonators, which alters their scattering properties

such that the beamfronts and optical forces are distorted. Those effects can be compensated

for by using inverse design and optimization methods that consider such interactions and

adjust resonator shape accordingly. Such methods should not only allow for the creation

of metasurfaces with smoother force profiles, but they could also enable higher scattering

angles, which increases the lateral forces. More problematic is the macroscopic strain, which

occurs due to non-uniform beam intensity and changes in the metasurface reflectivity. Fig-

ure 2.5 (c), for example, shows that the normal forces on the sail is not constant, which

will lead to bowing of the sail. In order to correct for those effects, it is necessary to design

a sail with a favorable relationships between structure and light scattering such that, for

example, outwardly bowed surfaces reflect light less. Alternatively, metasurface sails that

exhibit stability within flat beam profiles would suffer less from such effects, or metasurface

elements that pull outwardly on the sail can be incorporated. We note that the ICE sail
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design contains some elements of this latter concept, with the edges of the sail scattering

at steeper angles and generating larger lateral forces which pull the sail taught. The strain

issue can also be addressed by exploring new materials systems. While Si membranes fab-

ricated from SOI display compressive strain, SiN membranes have intrinsic tensile strain,

and—when fabricated into photonic crystal geometries—have been recently shown to have

reflectivities >90% for 56 nm membrane thicknesses, making them a promising candidate

material system[51]. Finally, we note that abnormal optical forces are easily generated on

the rim of the sail, where edge diffraction can drive large distortion in the scattered beam

fronts. Those effects must be compensated for by designing metasurface edges that minimize

diffraction, or by using drive beams that have negligible intensity on the edge of the sail.

Doppler shift - The metasurfaces discussed in the Full-Wave Simulations section are

designed to work at a single fixed wavelength (1.55 µm), while relativistic light propulsions

requires a reflectors that works across a range of Doppler shifted frequencies. Achieving ve-

locities up to 0.21c, for example, requires a metasurface that exhibits effective propulsion and

self-stability from 1.55 - 1.99 µm. Typically, the scattering phase of an individual nanores-

onator is dependent on wavelength and that dependence can lead to distorted beamfronts,

and local optical forces that disturb self-stabilizing motion. However, we note that the design

of broadband, achromatic metasurfaces that shape light equally across many wavelengths is

an active area of research with several recent successes [30, 52, 53], and those methods can

be equally applied to the metasurface laser sail problem.

Absorptive Heating - In this work, we have assumed that the high-power laser imparts

optical forces on the metasurface sail, without heating. In fact, some fraction of the light will

be absorbed by the sail due to intrinsic properties of the constituent materials and defects,

and that absorption will increase the sail temperature. A final, steady state temperature is

reached when the power absorbed at the laser wavelengths is equal to the thermal power

radiated over all wavelengths. An accurate estimate of this final temperature requires full-

angle simulations over all wavelength, using precise values of the temperature-dependent

extinction coefficients of Si and SiO2, which is left for future work. However, by using
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published room temperature values for Si and SiO2 [54–58], we can estimate a wavelength-

integrated emissivity of 0.05, and an absorptivity at 1.55 µm near 10−5, yielding a final

temperature of ∼2200 K–outside the range of the melting points of Si (1687 K) and SiO2

(1983 K). This temperature can be systematically decreased by engineering the structure

to have higher emissivities or lower absorption by changing the constituent materials, or

by layering and/or shaping the material stack. For example, it has been shown that the

inclusion of mid-IR resonators can enhance the emissivity of metals and polar materials [59–

61], and that thin, structured material films can display novel thermal emission properties

[16, 62]. Using these methods to increase the emissivity to 0.5, for example, would result in

a steady state temperature of ∼1200 K.

Residual motion - The force models used in the Motion of Idealized Metasurfaces

section were first-order, and did not include damping terms, which lead to oscillatory sail

motion that did not decay in magnitude. In order to achieve true stability, however, it is

necessary to discover conditions where the amplitude of oscillation is reduced to zero, which

prevents lateral motion or rotations that would persist after the drive laser is turned off,

and would misdirect the spacecraft. Optical damping terms could potentially be included

through Doppler effects, however, such methods would require relativistic lateral motion,

and unrealistic fabrication parameters. More promising is to incorporate some hysteretic

motion in the sail whereby, for example, some bending in the sail leads to changes in the

optical scattering that is dependent on the velocity. Such stabilization methods are used in

other mechanical systems [63], and they are an attractive option for laser sail applications,

where no obvious damping method exists.

In conclusion, we have studied the use of dielectric metasurfaces to act as laser sails for

relativistic, interstellar spacecraft. We have shown that the ability of metasurfaces to re-

shape optical beamfronts can also be used to control local optical forces, and for extremely

high-power lasers those forces can impart an optical trapping-like effect on the metasurface.

That effect is potentially useful for stabilizing laser sails and we find a large parameter space

that such behavior is expected to occur. These results represent a new area of metasur-
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face research that will benefit greatly from recent advances in metasurface design, and also

introduces new challenges for the nanophotonics community.
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Chapter 3

Large Scale Fabrication of Graphene
Nanostructures

3.1 Using Bottom-Up Lithography and Optical Non-

locality to Create Short-Wave Infrared Plasmonic

Resonances in Graphene

Joel. F. Siegel, Jonathan H. Dwyer, Anjali Suresh, Nathaniel S. Safron, Margaret A. Fort-

man, Chenghao Wan, Jonathan W. Choi, Wei Wei, Vivek Saraswat, Wyatt Behn, Mikhail

A. Kats, Michael S. Arnold, Padma Gopalan, and Victor W. Brar, ”Using Bottom-Up

Lithography and Optical Nonlocality to Create Short-Wave Infrared Plasmonic Resonances

in Graphene”, ACS Photonics, 2021.

DOI:https://doi.org/10.1021/acsphotonics.1c001491

3.1.1 Introduction

Optoelectronic devices based on tunable graphene plasmonic resonances offer a promising

route toward next-generation devices[64–66] that include chemical sensors,[67–69] perfect

absorbers,[20, 70] photodetectors,[71–74] tunable filters,[75] and high-speed intensity and

phase modulators[76, 77]. Many of these devices require the patterning of graphene sheets

into nanoribbons,[20, 24, 68, 69, 76, 78] nanoperforated sheets,[67, 79, 80] or nanodisks[75,

79] that support plasmonic oscillations with a resonant frequency set by the characteristic

1This section is a reproduction of an already published work found in [25]. The text and figures are
unaltered, except for formatting changes.
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length of the nanostructure and the carrier density of the graphene[24, 79, 80]. Thus far,

these devices have operated at mid- and far-infrared wavelengths. There have been both

theoretical[81]and experimental[82, 83] investigations that have indicated the plasmonic re-

sponse of graphene should be heavily damped at free-space wavelengths shorter than 6 µm

due to plasmon–phonon interactions. Nevertheless, graphene plasmonic resonances at wave-

lengths as short as 3.5 µm have been experimentally observed[24] and, at present, it is not

clear if there is a high frequency cutoff for graphene plasmons and, if so, what sets that limit.

If the resonant plasmonic response of graphene could be pushed to shorter wavelengths and

into the short-wave infrared (SWIR), there would be substantial fundamental and techno-

logical implications. For example, theoretical models predict, and experiments demonstrate,

that graphene plasmons could create extremely high Purcell-enhanced rates of emission[24,

84, 85] and could even be used to drive optically forbidden transitions[86]. These processes

are expected to become more dramatic in the SWIR and, unlike the mid-infrared, there are

numerous fluorescent SWIR emitters–including quantum dots,[87, 88] lanthanide ions,[89]

and III–V materials[90]–that can be used as a platform to observe these effects. Meanwhile,

from a technological perspective, a tunable SWIR plasmonic response would allow for the

creation of high-speed, low-cost devices that operate at telecommunication wavelengths. To

date, however, no experiments have demonstrated a resonant plasmonic response in graphene

in the SWIR, largely due to the unique plasmonic dispersion relation in graphene, which leads

to a very large mismatch between the plasmonic (λp) and free-space wavelengths (λ0)[66]. For

the mid-infrared (MIR), this mismatch, or confinement factor (λ0/λp), is typically around

50-100. Therefore, to achieve a plasmonic resonance at λ0 = 5 µm, graphene nanostruc-

tures with 30 nm length scales are needed (the nanostructure width approximately defines

λp/2)[24]. In the SWIR, however, the confinement factor has been predicted to increase

to 100–200,[81] such that achieving resonance at λ0 = 2 µm would require patterning the

graphene to feature sizes of 8 nm. Creating periodic patterns with these length scales over

large (>100 µm2) areas is difficult for top-down lithography methods such as electron beam

lithography (EBL)–which was previously used to create plasmonic resonators down to 15
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Figure 3.1: . (a) Overview of the block copolymer (BCP) procedure for fabricating graphene
nanoribbons (GNRs), illustrating (top) the sample after BCP deposition, (middle) during
RIE etch, and (bottom) after BCP removal. (b) Schematic of experimental device with
gold finger contacts and an ionic gel gate placed atop the GNR ”zen-garden” (shown as an
embedded SEM image). The circuit illustrates the electrical setup where a gate voltage (VG)
is applied between the separated areas of graphene and the resistance across the graphene
is measured by applying a source/drain bias (VSD) across the active area. Insets in (b)
illustrate the exaggerated charge density distribution of graphene plasmonic resonances for
local and nonlocal, for widths of ribbons 10 and 20 nm
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nm[24]–due to proximity effect distortions. Thus, to explore the SWIR regime, new litho-

graphic methods must be developed that are capable of creating graphene nanostructures

at sub-15 nm length scales over centimeter-scale areas. A promising alternative to EBL is

block copolymer (BCP) lithography, a bottom-up method that creates etch masks with dense

nanoscale features over waferscale areas. BCP lithography has been shown to be effective

at patterning graphene into nanostructures, including graphene nanoribbons (GNR)[91, 92]

and nanoperforated graphene (NPG)[67, 93, 94].

In this paper, we show that graphene nanostructures fabricated using BCP lithography

down to 12 nm length scales can act as resonant plasmonic cavities with tunable resonant

free-space wavelengths down to 2.2 µm, substantially shorter than the previous record of 3.5

µm[24]. Additionally, the confinement factors of our devices reach approximately 137, match-

ing the highest experimentally demonstrated value of an optical cavity in a 2D material[24,

95]. Our ability to create resonators well into the SWIR is aided by a larger-than expected

blue-shift in the measured resonant frequency of our smallest resonators in comparison to

what is predicted by a local electrodynamic model. We attribute this blue-shift to both

nonlocal and electron-quantization effects in the GNRs,[96–98] which alter the characteristic

scaling laws of plasmonic resonances in sub-15 nm graphene structures.

3.1.2 Results

Graphene Nanostructre Fabrication

We fabricated resonant graphene plasmonic devices using a BCP lithographic process out-

lined in Figure 3.1a, where a self-assembled pattern in a BCP film acts as an etch mask for

creating graphene nanostructures. Graphene’s surface, however, is not energetically favorable

for thin film assembly, making it incompatible with standard BCP techniques (see SI2, section

S1). Two previous approaches to overcoming this challenge involve preassembling the BCP

film on a sacrificial substrate and the transferring the preassembled film onto graphene[99],

or depositing BCP on a wetting layer of a thin oxide[93] or poly(dopamine)[100] layer on

2SI can be found at https://pubs.acs.org/doi/10.1021/acsphotonics.1c00149?goto=supporting-info
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Figure 3.2: (a) Schematic of graphene nanoribbons (GNRs) and SEM images containing
GNRs with 29 ± 3, 15 ± 2, and 13 ± 2 nm widths. (b) Differential transmittance through
GNRs at a fixed doping level of approximately 0.6 eV normalized to transmittance at the
charge neutral point (CNP). (c) Differential transmittance through 13 ± 2 nm wide GNRs
as a function of doping level, normalized to transmittance at the CNP. Dashed colored lines
indicate regions where the signal strength was small due to absorption in the ionic gel.

the graphene. While functional, these methods lead to either significant film loss during the

transfer process or an oxide layer on the graphene that can perturb the optical properties.

We developed a new approach by using a molecular monolayer of pyrene butyric acid (PBA)

to alter the surface energy of the graphene (see SI, section S1). This approach leads to large

patterned areas with minimal (<2 nm) residue on the patterned graphene surface (see SI,

sections S2 and S3), enabling the optical properties of the graphene nanostructures to be

unaffected by adventitious surface phonons.

Using this new PBA-based BCP methodology, we fabricated GNRs from CVD-grown

graphene[101] on a 525 µm Si wafer with 285 nm of thermal oxide. The GNRs were etched in a

“zen-garden” pattern with widths ranging from 29 ± 3 nm down to 12 ± 2 nm, as measured

using both scanning electron microscopy (SEM) and atomic force microscopy (AFM, see

Figure 3.2a and SI, section S2). The shape and size of the polymer microdomains (and
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the resultant ribbon dimensions) can be controlled by the molecular weights and relative

volume fractions of each block[102, 103]. The minimum ribbon width of 12 nm represents

the thermodynamic limit of self-assembly for the BCP used in this study, poly(styrene-b-

methyl methacrylate), but smaller features are theoretically achievable using more complex

BCP compositions[102, 104]. In addition to GNRs, we also applied our technique to fabricate

nanoperforated graphene, which exhibited optical properties similar to the GNRs (see SI,

section S4).

After GNR fabrication, EBL was used to create gold-finger electrical contacts to the

sample, and an ionic gel was used to vary the carrier density of the GNRs,[105]as shown in

Figure 3.1b3. As-prepared, CVD graphene sheets were hole-doped due to the iron chloride

transfer process, with the background Fermi level (EF) ranging from 0.4–0.5 eV (see SI,

section S6)[106]. The ionic gel gate allowed EF to be varied continuously from 0–0.74 eV on

ribbons as small as 13 nm[107]. Measurements were also performed using an electrostatic

backgate rather than the ionic gel, including on 12 nm GNRs. Those measurements produced

results similar to the ionic gel gate data, however, the EF could only be varied from 0–0.59

eV, giving a less dynamic range (see SI, section S5). The Fermi level in these experiments was

determined through measurements of the interband-transition spectrum of the sample (see SI,

section S6)[108]. The width and doping-dependent infrared transmission spectra of the GNRs

were obtained using a Fourier transform infrared (FTIR) spectroscopy microscope. Doping-

dependent transmittance spectra for each sample were normalized to spectra obtained at a

Fermi level of 0 eV, the charge neutral point, taken from the same area of the sample.

3Ionic gel was prepared as discussed in Ref. [25], the origin of this text. To prepare the GNRs, a plastic
tweezer was rubbed along the ribbons to remove sections to isolate areas, a necessity for the top gate to
have electronically isolated regions. Once the gel was prepared, 2-3 drops of the ionic gel were dropped onto
the surface of a fully wired up sample, coating it in a thin liquid film. The sample was then placed in the
transfer chamber of a glove-box where it was pumped on for 5 minutes to evaporate. The final result is a
thin, clear film over the surface of the sample. To gate the GNRs, a voltage bias was applied between the
two separated areas of GNRs. In this work, there would be two independent sets of ”finger” contacts with
the GNRs between them removed via the aforementioned scrapping. Voltage range was +/- 3 V (CNP was
around + 0.5-1V).
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3.1.3 Optical Properties of BCP-Fabricated Graphene Nanores-
onators

Infrared spectroscopy measurements of BCP-fabricated GNR devices revealed sharp ab-

sorption peaks associated with plasmonic resonances in the GNRs. Figure 3.2b shows the

width-dependent spectra of plasmonic resonances in the GNRs for a constant Fermi level

of ∼0.6 eV. The wavelength of these resonances shows a distinct blue-shift as the width of

GNR dimensions are systematically decreased, which is consistent with previously reported

plasmonic resonances in graphene nanostructures[24, 69, 80]. Variance in the GNR width,

as determined by SEM images, is measured to be approximately 2-3 nm, which creates a

large fractional change in the width of the smallest features. This effect leads to substan-

tial inhomogeneous broadening in plasmonic resonances for smaller GNRs. Other sources

of inhomogeneous broadening may include regions with poor electronic contact and uneven

background doping.

Next, we measured the carrier-density dependence of these samples, as shown in Figure

3.2c for a representative sample with 13 nm wide GNRs. These measurements show that

increased doping leads to a blue-shift in the plasmonic resonant frequency and an increase in

the intensity of the spectral features. For the largest achievable doping levels, the resonant

energies of the GNRs were observed to occur at SWIR frequencies, well beyond the mid-

infrared energies that have been observed in previous experiments. The highest resonant

energies that we observed were for 13 nm GNRs with EF = –0.73 eV, where the resonance

frequency was tuned to 4500 cm−1 (2.2 µm).

The plasmonic resonances we observe display doping- and width-dependencies that, for

large GNR widths, are qualitatively similar to theoretical predictions and experimental mea-

surements[24, 84]. However, for narrow (<15 nm) widths, we observe behavior that deviates

from theoretical expectations. These behaviors can be observed in Figure ??a, where we

plot the resonant frequencies of three representative GNR devices as a function of width for

different Fermi levels. For comparison, we also plot the theoretical width-dependent resonant

frequencies simulated using a first-order random phase approximation (RPA) model for the
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Figure 3.3: (a) Theoretical dispersion (lines) of GNR plasmons as a function of ribbon
width for various Fermi levels with experimental measurements (symbols) of the resonance
energy at specific ribbon widths and Fermi levels. (b) Theoretical (lines) and experimental
(symbols) confinement factors of resonant graphene plasmons in GNRs of varying width,
plotted for different Fermi energies denoted on the graph. For both (a) and (b), solid lines
indicate the local approximation model of graphene, while dashed lines include a nonlocal
term. The experimental points are the same measurements across both plots.

conductivity of graphene[109] and a finite-difference time-domain solver (solid lines). For

the widest resonators (purple triangles) there is good agreement between our experiment

and theoretical predictions, namely, that the resonances occur at the expected Fermi levels

given our uncertainties. However, our measurements reveal that, when the GNR width is de-

creased below 15 nm, the plasmonic resonances are blue-shifted from first order RPA-based

calculations[109]. For example, Figure ??a shows that 13 nm wide GNRs with an EF of

0.71 eV display a resonance near 4500 cm−1, while first-order RPA predicts the resonance

to occur near 3600 cm−1, an offset of more than 20%. In order to match the theoretical

curves of the first-order RPA model, the widths of the GNRs would need to be nearly half

the widths measured using SEM (see SI, section S2), or the carrier density would need to be

at least 30% more than what we estimate based on the experimentally measured interband
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transition cutoff (see SI, section S6). Both scenarios are unlikely based on our experimental

uncertainty.

We can further analyze the properties of these plasmonic modes by calculating their

confinement factors, the ratio of the free-space wavelength to the plasmon wavelength.

(λ0/lambdap). We extracted the plasmonic wavelength through our simulations, where the

plasmonic resonators behave as Fabry–Perot oscillators with a nontrivial edge scattering

phase[24]. The resulting confinement factors are shown in Figure 3.3b for different ribbon

widths and doping levels. We found that our smallest ribbons, 13 nm wide GNRs, featured

confinement factors as large as 137 ± 25. This value is 25% higher than what has previously

been achieved in 20 nm wide GNRs,[24] and within a margin of error of the largest observed

confinement factor in an optical cavity of a 2D material, which was demonstrated using

vertically confined acoustic graphene plasmons[95].

3.1.4 Discussion

Our results reveal that the behavior of graphene plasmons strongly deviates from first-order

optical models at SWIR frequencies, and that this deviation manifests as a blue-shift in

the characteristic frequency of graphene plasmonic resonances. We believe that the large

blue-shifts that we observe in narrow GNRs are not due to potential experimental errors,

but rather can be understood as nonlocal and electron-quantization effects perturbing the

graphene plasmons,[96–98, 110] as described below.

Optical nonlocality describes the effect of an electric field in one location producing a

polarization in the nearby vicinity. Such perturbations are known to occur most strongly in

regions of high optical field enhancement, as in metallic nanostructures with small (¡10 nm)

geometric features[111, 112]. These effects can be described mathematically as a modification

to Ohm’s Law, by connecting the in-plane currents J and electric fields E as follows: J =

σ(ω)E − −β2

ω2∇(∇) , where σ(ω) is the conductivity of graphene and the β2 term accounts

for the pressure of an inhomogeneous electron fluid, representing the approximation of the

nonlocal effects in a semiclassical approach[96]. In order to determine the magnitude of
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the shift of the plasmonic resonances in our GNR devices due to nonlocality, we included

this modification to Ohm’s law to our finite element Maxwell equation solver (COMSOL)

simulations of the GNRs[96, 112]. The plasmonic behavior was modeled by electromagnetic

waves scattering off the GNRs, which created resonances in the transmission spectra. The

results of those calculations (shown in Figure 3.3a,b as dashed lines) indicate that nonlocal

effects blue-shift the resonant plasmon energies in GNRs and that this effect is more dramatic

as the ribbon width is decreased and for lower doping levels. For example, for 29 nm GNRs

at EF = 0.73 eV, nonlocal effects shift the resonant frequency by 2%, while for 13 nm wide

GNRs at EF = 0.71 eV, the resonant frequency is shifted by 12%. While these corrections

bring the theoretical predictions closer to the 20% shift we observed in our experiment, they

do not fully account for the total blue-shift.

A second possible contribution we consider is electron quantization in the GNRs, where

the continuum model for graphene quasiparticles breaks down, forming low-energy band gaps

and exotic edge states that depend on the exact edge termination of the GNRs[113–118].

Such effects become stronger for more narrow GNRs, and calculations from ref [98] indicate

that quantum effects should blue-shift the plasmonic resonance of 13 nm wide GNRs by

approximately 5%[97, 98]. The prospectof electron quantization occurring in these devices is

supported by transport measurements performed on similarly prepared NPG samples with

characteristic widths of 18 ± 2 nm[93]. Those measurements revealed an effective electronic

bandgap of 100 meV, which could strongly perturb the infrared graphene dielectric properties

and drive changes in the resonant plasmonic response.

The combined effects of optical nonlocality and electron quantization, evaluated indepen-

dently, account for the majority of the experimentally observed blue shifts in our measure-

ments, but they do not completely describe the offsets that we observe. The remaining

discrepancies could potentially be due to GNRs that have effective widths that are slightly

thinner than what we observed in SEM/AFM measurements caused by, for example, dam-

aged graphene edges due to RIE undercutting (see SI, section S2). We also note that a

complete theoretical model should consider both optical nonlocality and electron quantiza-
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tion effects concurrently and should include additional effects such as band renormalization

and Landau damping[119]. Such a model is beyond the scope of this work and left to future

investigation.

The blue-shift in the resonance frequency that we observe has broad implications for

the limits of future optoelectronic devices based on graphene plasmons. Most importantly,

our results reveal that graphene nanostructures can exhibit a strong, tunable optical re-

sponse in the SWIR. Moreover, the length scales needed to realize such behavior are larger

than previously predicted and directly accessible to BCP lithography. For example, our

first-order RPA calculations indicated that to show plasmonic activity at telecommunication

frequencies (1.55 µm), GNR widths of 4.5 nm at a carrier density of 1 eV would be neces-

sary, requiring significant advances in large-scale fabrication techniques. However, because

nonlocal and quantum perturbations increase in magnitude as GNR width is decreased, it

may be possible to reach telecommunication frequencies in GNRs with widths of 7–10 nm,

requiring only modest improvements over the fabrication methods described in this work.

Another important consequence of the blue-shift that we observe is that the confinement

factors of graphene plasmons with short wavelengths are smaller than previously predicted,

as illustrated in Figure 3.3b[81]. This decrease in confinement indicates that several pre-

dicted phenomena that leverage graphene plasmondriven light–matter interactions, includ-

ing SPASing,[120] enhanced spontaneous emission of forbidden transitions,[86] and enhanced

sensing,[68] may occur at lower rates than previously anticipated. For example, 13 nm GNRs

were previously calculated[81] to exhibit a confinement factor of ∼120 with an EF of 0.64

eV in comparison to the 84 ± 13 confinement factor we observed in this work for an EF of

0.63 eV. Since two plasmon spontaneous emission rates scale as (λ0/λp)[69, 86] our results

indicate emitters coupled to such GNRs will undergo two-plasmon spontaneous emission at

a rate 1 order of magnitude lower than previously thought.

3.1.5 Conclusion

In conclusion, we developed a fabrication technique based on block copolymer (BCP) lithog-
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raphy that allowed us to probe new regimes of graphene plasmonics and enabled the first

measurement of resonant graphene plasmons in the short wavelength infrared (SWIR). Our

results provide direct evidence that scaling laws of graphene plasmons change at sub-15

nm length scales. These changes correlate with the modeled predictions of both nonlocal

and electron quantization effects. Consequently, reaching the SWIR wavelengths, and even

shorter, can be achieved in larger structures than previously thought, facilitating a new av-

enue of research for graphene-based devices. The graphene nanostructures we fabricated also

exhibit, to the best of our knowledge, among the largest lateral confinement factors as 2D

optical cavities in the literature[95, 121–124]. However, these results demonstrate that con-

finement is actually smaller than previously predicted,[81] limiting the anticipated ability of

graphene to enhance light– matter interactions. Our findings show that graphene plasmonic

devices created using BCP lithography represent an exciting platform to expand the tunable

working range of graphene plasmonics, enhance light–matter interactions, explore quantum

effects, and create new types of graphene devices.

3.2 Graphioepitaxy

A limitation for the graphene nanostructure fabricated via the BCP technique is their poor

coupling to free-space light. As seen in Figures 3.2b,c, the majority of the light does not

interact with the graphene ribbons. By incorporating the graphene ribbons into metas-

tructures, it has been theoretically and experimentally demonstrated the efficiency can be

greatly enhanced and the graphene ribbons can be utilized to tune the optical behavior

[19, 20]. These hybrid structures require precise patterning of the graphene as well as the

metastructure. That level of precision cannot be accomplished by the surface neutralization

technique which does not produce any long range ordering as seen in Figure 3.4a. Order

can be enforced on the self-assembly process by topographically patterning the substrate, a

technique referred to as graphoepitaxy. In graphoepitaxy, bars with an affinity for one of

the composite polymer blocks are deposited on the substrate and the preferential block will

maintain contact with the side-wall, inducing alignment as seen in Figure 3.4b[125, 126].
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Figure 3.4: (a). BCP self-assembly on neutralized substrate with uncorrelated ordering. (b).
Topographic patterning of the neutralized substrate with side-walls preferential to one block
(blue polymer), inducing order[125].

3.2.1 Graphioepitaxy metamaterial

The topographic structure can serve dual purposes, it can be used to order the BCP and

it can serve as a metasurface. Graphioepitaxy imparts some constraints on the topographic

structure, and therefore the metasurface designs. The gap width must fit an integer multiple

of the BCPs so that the BCP has the appropriate space to align and the structure height

should be greater than the BCP length so that the BCP stays within the gap. As a proof of

concept, we propose a mid infrared thermal tuner based on a hybrid graphene-metasurface

that will be fabricated via graphioepitaxy self-assembly. The device consists of a dielectric

(either SiN or Al2O3 were considered) with a gold backreflector, gold/silicon bars with 30

nanometer wide GNRs in the gaps. It should be noted that the silicon on top of the bars

assists in promoting the self-assembly (graphioepitaxial alignment was only successful in

our work with the gold/silicon bars), but does not contribute to the optical response of

the designs considered. Though this does not preclude other possible designs where the

silicon does contribute. A schematic of the device can be seen in Figure 3.5. Due to time

constraints, we were only able to demonstrate successful graphioepitaxy alignment of the

anticipated structure on a SiO2/Si substrate (see Figure 3.5b).
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Figure 3.5: (a). Schematic representation of the proposed hybrid metastructure. (b). SEM
image of an array of bars with graphioepitaxial aligned ribbons in the gaps on a 285 nm
SiO2/Si substrate with w = 800 nm, g = 180 nm, tSi = 50 nm, tAu = 30 nm, and td = 285
nm.

The sample in Figure 3.5 was measured in the FTIR at various locations, corresponding to

areas with and without graphene and with and without the metastructure, as shown in Figure

3.6. The two aligned structures should nominally be identical (patterned with the same

parameters on the same day, but on different locations of the chip), barring the presence of

graphene. When the aligned structure is present, the overall transmission behavior is reduced

when compared to that of the bare substrates. There is also a variation in the resonance

of the aligned with and without GNRs present that may indicate the presence of the GNRs

affecting the resonance. However, the measurements of the bare substrate and bare GNRs

does not show any variation that would indicate the presence of a plasmonic mode in the

GNRs as seen in the previous section and the variation is across a much larger bandwidth

than the expected GNR response. This indicates that any variation we are observing is not

due to the GNRs, but some variation in the patterns themselves.4

4The next step for this type of work would be to recreate this result of SiO2/Si, but make a tunable
device. Measure the GNR resonance in an area off the aligned ribbons to confirm the presence of the GNR
plasmon, then measure the behavior in the aligned ribbons. Maintaining the same location, but changing
the Fermi level will remove any doubt of structure variations. While not as strongly enhanced as the designs
discussed later, the SiO2/Si structure should still show some signal enhancement from a fraction of a percent
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Figure 3.6: Experimental transmission data taken at four points on the same sample: metas-
tructure with aligned GNRs in the gaps, metastructure without aligned GNRs in the gaps
(no graphene was present underneath), no metastructure (so no alignment) GNRs, and no
GNRs present. The later two measurements are in principle the same as those taken in the
previous section.
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Figure 3.7: Reflection behavior of the hybrid metasurface as a function of wavelength
and Fermi level. Black solid/dashed lines correspond to the resonance of the GNRs/Bar
(ωGNR/ωBar) and the white solid/dashed lines correspond to the upper/lower branches of
hybridized modes (ω+/ω−). w = 1230 nm, g = 180 nm, tSi = 10 nm, tAu = 80 nm, td = 100
nm, and the dielectric spacer is SiN.
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The operating principle of this device is that the resonance of the bars will produce a

strongly localized electric field in the gap, which can then strongly couple to the localized

resonance of the GNRs in the gap [19, 20, 127]. The behavior can then be described by an

anti-crossing mode of two strongly coupled resonances [127, 128]

ω± =
ω2
BAR + ω2

GNR

2
±
√︃

(ω2
BAR − ω2

GNR)
2

4
+ β2ω2

BARω
2
GNR (3.1)

where ωBAR is the resonance of the bars, ωGNR is the resonance of the GNRs and β is the

coupling parameter. This theoretical framework is used in Figure 3.7 to accurately model

the simulated behavior of the hybrid structure.

The coupling behavior, and consequent resonance enhancement, occurs once a threshold

Fermi level is reached and ωGNR is near in energy to ωBAR. At lower Fermi levels, the anti-

crossing mode does not occur, leaving the uncoupled resonance of the GNRs to be present.

By adjusting the bar dimensions and dielectric spacer, the response of the system can be

tailored, in our case, to maximize the tunability of the resonance. This can be seen in Figure

3.8, as changing the bar dimensions from 800 nm to 1200 nm red-shifts ωBAR from 6.6 µm

to 8 µm and the hybridized mode occurs at a lower Fermi level, correspondingly increasing

the tuning range.

3.2.2 Summary and Outlook

Block copolymer lithography presented a solution to patterning large areas with nanostruc-

tures. However, the random orientation of the BCP limits the potential optical behaviors

in comparison to a precisely ordered structure. However, by topographically patterning the

substrate, i.e. graphioepitaxy, order can be enforced on the self-assembly process. In addi-

tion, the topographic structure can be designed to also have an optical response that couples

to that of the GNRs. As a proof of concept, a theoretical graphioepitaxy GNR metamaterial

was designed that can tune a reflection dip across the MIR spectrum with a demonstration

of the graphioepitaxy alignment for the potential structure. This demonstration represents

to a few percent and be measurable in an FTIR. Fabrication details can be found in the fabrication section
of the dissertation.
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Figure 3.8: Reflection behavior of two hybrid metasurfaces as a function of wavelength and
Fermi level with varying bar width. In (a), w = 800 nm and in (b), w = 1200 nm. All other
constants are the same between a and b: g = 180 nm, tSi = 50 nm, tAu = 30 nm, td = 500
nm, and the dielectric spacer is Al2O3.

the simplest type of structure, a periodic array of bars, but more complicated designs are

possible, such as curved structures, varied bar dimensions and gap sizes, different sidewall

materials, etc., all of which can induce more complex optical responses. Graphioepitaxy

advances the general BCP benefits of large scale patterning with nanoscale features to be-

come compatible with more advanced optical design. As a further extension, this technique

was shown to work with graphene, enabling a new technique for the fabrication of tunable

metamaterials.
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Chapter 4

Dynamic Beam Steering of Thermal
Emission by Graphene-Metal
Metasurface

4.1 Introduction

1

The mid infrared (MIR) regime is an important band of light for applications ranging

from free-space laser communications[129] to chemical sensing applications[130, 131]. A nar-

rowband source with high-speed directional control of the emitted light is required for these

applications. Typically, the beam-steering can be controlled with mechanical devices [132]

(such as gimbal-mounted mirrors), optical phased arrays of antenna that can control the rel-

ative phase of each element[19, 133], or more recently, liquid crystal-based geometries[134].

While each technique has its own set of advantages and disadvantages, one limitation com-

mon to them all is that they require an external source of light, such as the bulky and

expensive quantum cascade laser.

An alternative source of MIR light is one that can be found everywhere, thermal radiation.

Any material at a non-zero temperature will, due to the movement of charged particles,

emit radiation over a broad range of frequencies. The thermal radiation from a generic

material will be incoherent, isotropic, and broadband, making it a seemingly poor choice for

1The results discussed in this section are unpublished, but a paper based on this chapter is expected to
published.
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narrowband, directional steering applications. However, recent advances in nanoengineering

have demonstrated that it is possible to engineer the emissivity of a structured material

to create narrowband [135], anisotropic[136] , or coherent thermal radiation sources[136].

Heating the sample is all that is necessary to produce the desired light, thus providing an

efficient source of MIR radiation. However, the above examples are static and unable to be

dynamically tuned.

Recently, graphene has been considered as a candidate material to be incorporated into

thermal engineered devices to enable active control of the thermal emission[137]. Graphene,

a two-dimensional lattice of carbon atoms, can undergo significant changes to its optical

permittivity in the MIR by changing its charge-carrier density via electronic control[24]. It

has been theoretically predicted and experimentally demonstrated [137] that graphene can

dynamically tune blackbody emissions, however no angular tuning at a constant magnitude

has been demonstrated.

In the present work, we experimentally demonstrate the active control of angular thermal

emission for a continuous range up to +/- 16o around 1500 cm−1. The device is controlled

through electronic control of the carrier density of graphene that is incorporated into the

metastructure illustrated in Figure 4.1. The metasurface emits the thermal radiation into

angular lobes, with the electrostatically tuned graphene beneath the grating changing the

interference condition of the emitted light, actively tuning the angle of emission.

4.2 Results

4.2.1 Tunable, Directional Thermal Emitter Device Geometry and
Beam Steering Mechanism

Following Kirchhoff’s law, altering the absorptivity of a thermal emitter by an engineered

optical structures is equivalent to altering the emissivity to obtain the desired spatial and

temporal thermal emission spectrum[138]. Directional thermal absorption/emission can be

obtained by the constructive interference between adjacent antenna elements in the device,

which correspond to thermally excited dipoles in the thermal emitter. Thermal dipoles,
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Figure 4.1: (a) Cartoon schematic of thermal emitter. (b). Detailed schematic of the design
parameters. (c). Conceptual illustration of device operation. Thermal dipole emits radiation
that couples to a Fabry-Perot resonance and upon interaction with the metasurface, a gap
plasmon is formed that strongly couples the light to graphene, enabling a variable phase of
reflection. (d). SEM image of the thermal emitter.

however, are excited at random spatial and temporal positions, not well ordered as required

for constructive interference. To obtain directional thermal emission, the dominant emission

pathway should be a spatially delocalized resonant optical mode such that the only emitting

thermal dipoles are coupled to and in phase with this resonant optical mode. All other

dipoles will not emit radiation out of the device, keeping the energy within the thermal

emitter. The operating principle behind this specific device is that a Fabry-Perot mode is

supported in the thick dielectric sandwich between the back-gate electrode and metasurface

where the emission profile can be modulated by altering the reflection phase change at the
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graphene interface[24, 136].

A schematic of the device geometry are shown in Figure 4.1 (see methods for measurement

setup). The device consists of 30 nm thick, 1 micron wide gold nanoresonators spaced 40

nm apart on top of a material stack that consists of 5 nm of HfO2, a graphene sheet, 30 nm

of Al2O3, and a 2 micron SiN membrane with a gold back reflector that also serves as the

backgate electrode. A bilayer of 100 nm thick SiOx and 30 nm of gold is within the space

between the gold nanoresonators, a result of the negative tone resist used to pattern the

structure via Electron Beam Lithography (see methods). The patterned area dimensions are

4 mm x 4 mm and the membrane is supported on a 200 micron thick Si frame. Electrical

contact to the graphene is made by wire bonding to separated gold electrodes through the

thin protective layer of HfO2.

To measure the thermal emission of the active region, the sample (with electrical connec-

tions for gating) is placed on a heating stage with positioning and rotational control. The

acceptance angle of the emitted light was 3o and because the signal is polarized along the

gold nanoresonator, a polarizer was used.

4.2.2 Tunable Emission Measurements on Thermal Emitter

Figure 4.2a (left axis) shows the emissivity at 250oC of the device at normal incidence for

two doped graphene Fermi levels, doped via a backgate geometry (see Figure 4.1a). The

emissivity of the structure is calculated by normalizing the emitted radiation of our sample

to the emitted radiation of a reference carbon nanotube blackbody (see right axis). By

electrostatically tuning the graphene’s Fermi level from 0.3 eV to 0.6 eV (corresponding to

560V and -560V respectively), the emission peak red-shifts from 1500 cm−1 to 1450 cm−1,

indicating that the thermal emission peaks are broadly tunable with minor variation in the

intensity.

To investigate the angle dependent features of these emission peaks, we rotated the sample

and measured the change in emissivity as a function of emission angle, as seen in Figure 4.2b.

These measurements are for a constant doping value and temperature. By increasing the
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Figure 4.2: Experimental emission results (a) Emissivity tunability as a function of applied
voltage. Emitted thermal radiation from carbon nanotubes, the black body (BB) reference.
(b) Angle dependence of emissivity at a constant applied voltage. All measurements were
taken at 250oC and the black body reference is assumed to have emissivity equal to unity.

emission measurement angle from 0o to 30o, we observe a blue-shift in the thermal radiation

feature, confirming the structures directional thermal emission. This result is consistent with

previous results for similar angle dependent thermal emitters [136]. A minor reduction in

the peak intensity at the larger angle (30o) is in part due to measurement area elongating at

larger angles to include some low emissivity, unpatterned gold areas, reducing the apparent

emission peak magnitude. There are also higher order features present around 2400 cm−1

that show similar, but more limited shifting as seen in Figure 4.3.

4.2.3 Tuning angular dependence of the emissivity at a specific
wavelength

Figure 4.4 plots the angle dependent emissivity of the hybrid graphene-metastructure as a

function of doping value for a wavenumber of 1508 cm−1. The emission peaks form lobes

ranging from 0o at high doping and 16o at low doping. For the doping value of 0.6 eV, we

observe that emission peak is most intense at normal incidence and decreases in intensity as

the angle is increased. As the Fermi level is decreased, the lobe shifts from normal incidence

to increasing angles, up to 16o, allowing for continuous tuning in that range.
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Figure 4.3: Experimental emission results (a) Emissivity tunability as a function of applied
voltage. Emitted thermal radiation from carbon nanotubes, the black body (BB) reference.
(b) Angle dependence of emissivity at a constant applied voltage. Same measurements as
Figure 4.2, but for a different wavenumber range.

4.3 Discussion

In the proposed structure, spatially delocalized resonant optical mode is the vertically oscil-

lating Fabry-Perot (F-P) resonance in the dielectric stack. The resonance condition of the

F-P mode is electrically modulated by altering the surface impedance of the graphene-based

metasurface. Resonant emission for the F-P mode occurs when the out-of-plane wavevector

kout, satisfies the constructive interference condition,

2kouth+ ϕm + ϕb = 2π ∗m (4.1)

where ϕm and ϕb are phases shift of propagating optical mode upon reflection at metasurface

and bottom reflector, respectively, h is the thickness of the dielectric spacer, and m is an

integer. In the infrared range, the metallic film acts as a perfect electric conductor, resulting

in ϕb ≈ π. The out-of-plane wavevector can be equivalently defined in terms of the angle

the light is traveling in the F-P cavity, θF-P and momentum in the cavity, kF-P i.e.

kout = kF-Pcos(θF-P) (4.2)
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Figure 4.4: Experimental tuning of the emission lobes for three applied voltages.

The angle of emission in free space, θfree, for the oscillating F-P mode can then be derived

from Snell’s law as

kF-Psin(θF-P) = kfreesin(θfree) (4.3)

We note that ϕb and kouth are both independent of the graphene sheet’s Fermi level.

In contrast, the reflection phase shift, ϕm, of the graphene-based metasurface depends on

the optical conductivity of the graphene sheet. The metal metasurface forms a gap plasmon

that strongly enhances the light matter interaction at the graphene interface, deviating from

the perfect metallic mirror reflection. Figure 4.5(a) shows the phase of reflection coefficient

of the graphene-based metasurface for transverse magnetic polarized light as a function of

the Fermi level. As the Fermi level is increased, the optical losses of the gap plasmon are

increased, further deviating the reflection phase from that of a perfect mirror, changing ϕm.

We emphasize that the source of reflection phase shift is not due to a graphene plasmon, but

due to the strong interaction of the F-P resonance at the graphene surface. Consequently, a

change in ϕm will require a change in the angle of emission, θfree, to maintain the constructive

interference condition.

To model and optimize our structure, we made use of both FEM and FDTD simulation

methods. These results are plotted in Figure 4.5b for our experimental device. The overall
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Figure 4.5: (a) Calculated values of ϕm as a function of Fermi level. (b) Theoretical emission
lobes for the device.

behavior is consistent with our experimental observations (see Figure 4.4), but the emission

lobes are broader and the tuning range of the emitter is less in our experiment than was

theoretically predicted. The likely sources of this inconsistency is the metasustructure width

variations across the full 4 x 4 mm2 device (as shown in Figure 4.6), nonlocal interactions in

the graphene, and carrier density variation during the heating process.

The power of the thermal emitter measured in this text can be calculated from Planck’s

law for the spectral radiance of a gray body. Using the measured emissivity (∼0.9) and

bandwidth of constant angular tuning (4 cm−1), we calculate that the emitted power over

the full 4 mm x 4 mm area would be ≈ 0.14 mW. This emission power requires, allowing for

convection and radiation loss, 200 mW to maintain the temperature of the device, leading

to an extremely efficient MIR source.

An important distinction between this device and other, more conventional LED or laser

sources is the underlying physics of this device. According to Planck’s law, all objects at

non-zero temperatures will emit thermal radiation across the electromagnetic spectrum, with

the exact wavelengths and strength dependent on the temperature of the object. Our device

was designed to maximize the signal tuning around 1500 cm−1, but the design principle is not

limited to this particular wavenumber and can be applied across the mid-infrared spectrum
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Figure 4.6: Variation of emission resonance for various geometric parameters. Dashed lines
correspond to low Fermi levels and solid lines correspond to high Fermi levels.

or beyond. And while this device was designed to maximize the tunability of graphene, the

mechanism only required the changing of the reflection phase which may be achievable by

other 2D or 3D materials not considered in this work.

4.4 Conclusion

In conclusion, we have demonstrated a thermal emitter that can continuously change the

angle of emission for a designated frequency. A Fabry-Perot like optical mode is excited by

the thermal dipole and the phase of reflection at the metasurface is modulated by the Fermi

level of graphene. The modulation is strengthened by the gap-plasmon, strongly coupling

the electric fields to the graphene surface. For device simplicity, the SiN served as both

the F-P cavity and the dielectric gate for the electrostatic gating of graphene. As a result,

voltages on the order of hundreds of volts were required to gate the graphene, presenting a

practical limitation on the achievable tuning range. By divorcing the dielectric gate from

the SiN cavity, such as the inclusion of a doped semiconductor separated from graphene by

10s of nanometers of some dielectric, the gating can be accomplished with a significantly

smaller voltage, allowing for a larger doping range and therefore larger tuning range.
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This structure forms an efficient source of tunable MIR radiation that can operate without

the need for mechanical[132], optical phase arrays [19, 133] or liquid crystals [134] based

geometries. In addition, our device operates on a different set of principles than typical

thermal steerers which take advantage of the momentum matching of a grating structure to

out-couple light [136], instead relying on a supported Fabry-Perot mode in the structure. We

hope this work may serve as inspiration for new approaches to controlling thermal emission.
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Appendix A: Fabrication

A.1 Introduction

One of the foundational aspects of this work is the fabrication of the optical devices. In

this appendix, we will overview the various nanofabrication techniques and tools used in

this dissertation and some potential issues that may occur. Exact fabrication recipes are

included with additional details provided in footnotes.

A.2 Lift-off Lithography

Lift-off lithography is a technique to create a pattern on the surface of a substrate using

a sacrificial material and a deposited material. The sacrificial material (referred to as a

resist) will be deposited onto the surface using a spincoater (see A.3) and then patterned

using an electron beam lithography tool (see A.4). After the patterning, the uniform resist

layer will now be removed in certain areas, exposing the substrate beneath. The material

that we want patterned is then deposited using a metal evaporator (see A.5). The deposited

material will coat the entire surface, with some parts directly connecting to the substrate and

others only connecting to the resist layer After this step, the resist material is removed via

an immersion in a solvent. The deposited material that is directly connecting the substrate

will remain, whereas the material that was on the sacrificial layer will be removed with the

solvent, leaving only the pattern. There are some processes involved that do not include a

lift-off step, the material is deposited then the inter-facial layer remains.
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A.2.1 Potential Issues

When working with a lift-off based lithography, there are two issues most likely to occur.

The first is that the deposited material does not stick to the substrate and instead lifts-off

when placed in the solvent. In my experience, that is because there is still is some of the

resist present beneath the deposited material. As a result, the deposited material does not

connect well to the surface and will be removed. This resist issue is discussed more in section

A.4.1.

The secondary issue that may occur is that the resist does not get fully removed by the

solvent, leading to a partial or non-existent lift-off. If the resist can be dissolved under

normal circumstances with the solvent, the likely issue is that the solvent cannot reach the

resist. If, for example, the deposited material was so thick that it fully encases the resist, the

solvent cannot dissolve the resist so no lift-off will occur. A less extreme, but more likely to

occur issue, is that the pattern itself is not-conducive to the lift-off process. Small, isolated

structures (like tiny squares) are more difficult for the solvent to penetrate due to the limited

surface area and the deposited material is more likely to stay on the surface as the enclosed

nature means that it is difficult to agitate the isolated material to leave the surface. One

solution to this issue is to create a pattern with thin connections between originally isolated

regions. In this way, if one region starts to lift-off, it will assist all the other regions as they

are connected as seen in Figure A.1.

A.3 Spincoater

The spincoater allows for the deposition of a uniform film of resist on the surface of a

substrate. A liquid resist is added to the surface of the substrate, which is then spun at

a controllable speed to create a uniform film of resist. The spin-speed controls the film

thickness and is a resist dependent relation.
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Figure A.1: Optical images of metal deposited to a substrate using lift-off lithography tech-
niques. (a). Partial lift-off with enclosed structures. (b). Full lift-off when those squares are
connected.

A.3.1 Suspended Membrane Samples

Special care is required when working with suspended membranes, such as the SiN mem-

branes used in Chapter 4 for the thermal steerer device. To avoid damaging the membrane

when spincoating, the SiN is glued to a carrier chip with PMMA on three corners so that

the vacuum of the spincoater only interfaces with the carrier chip and not the SiN. As the

processing of these samples require them to be put into low pressure environments, it is

important that there is not a perfect seal between the membrane and the carrier chip so

the PMMA is applied only to three corners to create an imperfect seal. Otherwise, there

will be an area of low pressure (surrounding the membrane) and high pressure (between the

membrane and the carrier chip) that risks destroying the membrane.

A.4 Electron Beam Lithography

Electron beam lithography (EBL) is a lithographic process that involves the direct writing

of a pattern into an electron sensitive resist with a beam of electrons[139]. The electrons

interact with the resist and alter the solubility, either weakening or strengthening the areas

written. In the case of weakening, the areas written will be removed when immersed in a
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developer (generally a solvent), referred to as a positive-tone resist. In the opposite case, the

areas written will be the only portions to remain after immersion in the developer, which

is referred to as a negative-tone resist. The main advantage of EBL is that it is a high-

resolution process that can create patterns down to a few nanometers [140, 141] in size for

any arbitrary design. However, the main limitation of EBL is that it is a low-throughput

process, making it more appropriate for research and development applications, such as used

in this work.

Resists in this work

• Polymethyl Methacrylate (PMMA) is a positive-tone resist used in Chapter 3.1

• Hydrogen silsesquioxane (HSQ) is a negative-tone resist used in Chapter 4

PMMA is a commonly used positive-tone resist that works well in combination with most

lift-off techniques. The PMMA can easily be removed with common solvents, such as acetone

or chloroform, allowing for an easy pattern transfer process. HSQ, a negative-tone resist,

does not allow lift-off as the areas written are firmly adhered to the surface, but it is a much

higher resolution resist than PMMA, allowing for features a few nanometers in size [140,

141]. But the issue remains that the HSQ will still be on the surface, potentially limiting

the practicality of this resist. However, it is possible to combine both of these resists to take

advantage of the PMMA easy removal and the high-resolution of the HSQ. First pattern

the HSQ via EBL/development (note that the developer of HSQ, TMAH, does not develop

PMMA), then transfer the pattern to the PMMA beneath via a reactive ion etch. The

PMMA beneath the developed HSQ will be protected whereas the unprotected PMMA will

be removed. Some material can then be deposited and then the PMMA can be removed

as discussed above. Because the HSQ is only in contact with the PMMA, the HSQ will be

removed along with the PMMA, allowing for a process that takes advantage of the benefits

of both resists.

This process has been proposed to be used for a device that makes use of Si bars with
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Figure A.2: Cartoon schematic of HSQ/PMMA fabrication process with graphene.

etched graphene ribbons in the gaps and demonstrated in Figure A.3. The exact details

of the device are outside the scope of this work, but can be found in Ref [142]. The more

vertical bars are resonant and the large bar going perpendicular is to assist in lift-off of the

extremely narrow gaps. These images were taken at angle in the SEM, allowing us to see

the gaps and sidewalls more clearly. 1

A.4.1 Potential Issues

This section will detail potential issues when working with the EBL and the strategies to

correct them. This is not meant to be an authoritative text, but to serve as an initial resource

based solely on the author’s experiences using this tool.

The first issue that is almost universally encountered is selecting the appropriate electron

dose, where dose corresponds to the number of electrons interacting with the resist. If the

dose is too low, then the resist will not be able to fully develop. For positive-tone resists, this

results in the top portion of the resist being removed in the development, but the bottom

portion will remain on the surface. The substrate beneath the resist will remain covered by

the resist, so no deposition onto select areas can occur, which is generally what the positive-

tone resist was used for in this work. For negative-tone, this results in the top portion of the

resist remaining solid, but the bottom portion will be removed, taking the top portion with

1Fabrication details: 2000 RPM 950, 90 sec bake at 180C, wait for sample to cool down, then HSiQ at
3000 RPM. Dose ranged from 1000-1800 µC/cm2. Development was 90 sec MF321, 30 sec DI water and
a quick rinse of IPA. This is in contrast to other HSQ development that uses a 30 sec IPA bath. IPA is a
solvent and can remove the PMMA, so we limit its time to just clean the surface. After the HSQ bars are
created, a 4 minute etch in the RIE, 50-10-10 recipe (same recipe used in other sections, just different time).
This recipe etches PMMA at a rate of 2 nm/sec, so 4 minutes ensures all of the PMMA is removed. Si is
then deposited via the metal evaporator and liftoff is 90 minutes in acetone at 40C with low power sonication
to assist in removal from the small gaps.
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Figure A.3: SEM of Si bars produced via the HSQ/PMMA technique.
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it. In either case, the under-dosing leads to an undesirable result.

On the other extreme, over-dosing occurs when the applied dose is much more than is

necessary. At a surface level, a higher dose should not affect the resist as once it is dosed,

it cannot be overdosed2, it is either removed or staying there (depending on type of resist).

However, the electrons do not stop when they hit the resist, they will scatter throughout the

resist and substrate, creating secondary dosing interactions that dose the area being written

and the area around it. As a result, the area around the pattern may get enough secondary

dosing to also develop, broadening the features of the write and creating sloped side-walls in

the resist. An example of the proper dose and of overdosing in PMMA can be seen in Figure

A.4. The left figure has clear, nicely defined features whereas the right figure has a halo like

feature surrounding the pattern. That ”halo” is a result of the overdosing as the resist is

being partially developed in those areas as the color variation comes from the thickness of

the resist changing and the resultant thin-film interference effect.

There is a secondary effect present in the right figure that appears as small rectangles

insides the pattern. The EBL writes the full pattern one small section at a time before

moving to the next area. The rectangles are observed in Figure A.4 because the dose varies

across each subsection, i.e. the resist thickness varies. This behavior is indicative of charging

of the substrate/resist, which occurs when the electrons have not dissipated and create an

electric field that deflects the incoming electron beam. With the beam being deflected, the

dose across the subsection will vary. In the experiences of the author, reducing the electron

beam current (i.e. increasing the time it takes to get to the appropriate dose), adds more

time for the system to relax and the electrons redistribute.

A.5 Metal Evaporator

A metal evaporator allows for the deposition of thin films on a substrate in a controllable

manner. The basic process is that the sample to be coated is placed in a vacuum chamber

2This is not quite true as some positive tone resists, such as PMMA, can actually become cross-linked at
high enough dose, turning it into a negative-tone resist
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Figure A.4: Optical image of a PMMA resist after development. (a) Ideal behavior of the
resist after development. (b) Non-ideal behavior, demonstrating both charging effects and
overdosing.

along with the material source (solid pieces of the material). By heating up the source with

a beam of electrons, a vapor of the material is released, depositing on the exposed surface of

the substrate. By controlling the current, the vapor pressure, and therefore deposition rate,

can be controlled.

A.5.1 Potential Issues

Gold, the most common deposition material in this work, has poor adhesion to generic

substrates. To correct for this, a thin intermediary adhesion layer is deposited prior to the

gold deposition. The adhesion layer used in this work was 2.5 nm of chromium.
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A.6 Recipes

A.6.1 Using Bottom-Up Lithography and Optical Nonlocality to
Create Short-Wave Infrared Plasmonic Resonances in Graphene

Nanoribbon and Nanoperforated Graphene Fabrication

The monolayer graphene-coated SiO2 substrates were placed in a 1-pyrenebutyric acid (PBA;

257354, SigmaAldrich) solution in THF for 24 h based on a previously developed proce-

dure. A random copolymer (RCP) of glycidyl methacrylate (GMA), styrene (S), and methyl

methacrylate (MMA), P(S-r-MMA-r-GMA), was synthesized as reported earlier. For this

study, the RCP contained 62.5% S, 4% GMA, and balance PMMA (as confirmed by NMR)

for lamellar forming BCPs. For cylindrical BCPs, the RCP contained 72% S, 4% GMA, and

balance PMMA. The RCP was dissolved in toluene (320552, Sigma-Aldrich) and spin coated

on the PBA-coated graphene/SiO2 substrate. These samples were annealed at 160 °C for

3 h under vacuum to cross-link the GMA unit and soaked in toluene for 15 min to remove

any unreacted RCP. We used BCP P(S-b-MMA) with various molecular weights (MWs) all

from Polymer Source, Inc., specifically 17k17k and 53k54k MWs for lamellar forming PS-b-

PMMA and 21.5k10k MW for cylindrical forming PS-b-PMMA. These BCPs were prepared

in toluene and spin coated onto the random copolymer covered samples. Films were ther-

mally annealed under vacuum for BCP self assembly. Pattern transfer from the BCP to the

underneath graphene was performed using a reactive ion etcher (PlasmaTherm 790) with

oxygen plasma.3. Scanning electron microscope (SEM) images were taken with a Zeiss LEO

1550VP SEM for nanopatterned graphene visualization. Back-gated only NPG samples were

fabricated with a slightly modified fabrication procedure described in detail in SI, section

4. Additional samples were prepared using these procedures that exhibited optical behavior

similar to what was reported in the main text.

3The specific recipe was the PlasmaTherm Reactive Ion Etcher 50-10-10 (RF Power 50 W, Etch Pressure
10 mT, O2 flow 10 SCCM) for 20-25 seconds
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Fabrication of Gold Contacts

For the GNR-coated SiO2/Si substrates, they were first coated with a bilayer PMMA (950

A4 at 200 nm and 495 C2 at 300 nm). These samples were then exposed and patterned using

the Elionix ELS G-100, an electron-beam lithography tool.4 After exposure, the substrates

were developed in a 3:1 IPA/DI water mixture for 20 s with a 10 s rinse of IPA. Metal depo-

sition consisted of a 2.5 nm chromium adhesion layer and 80 nm of gold. After deposition,

the PMMA was removed via a 15 h chloroform bath, a 1 h acetone bath, and then a 5 min

IPA bath with a 5 s IPA rinse. The contacts for the GNRs were a gold-electrode mesh of

interlocking branches that are 80 nm wide and spaced by 3 m. This pattern ensures reli-

able contact to the graphene nanoribbons in the “zen-garden” pattern without significantly

reducing the optical signal or introducing additional resonances in the wavelength range of

interest (26 m). For NPGs, the graphene remained a continuous sheet, so large gold contacts

were applied via metal deposition through a mask

A.6.2 Graphioepitaxial Alignment of GNRs

Fabrication of Au/Si Bars

After the surface of the sample is prepared (graphene with neutral layer on top, identical to

process for BCP alignment, just no BCP until after bars are deposited), the surface is then

coated with PMMA (950 A4 at 200 nm) and baked at 180 C for 90 s. The samples were then

exposed and patterned via the electron-beam lithography tool. Dimensions as described in

Section 3.2. Dose ranged from 500-800 µC/cm2. Developed in a 1:3 MIBK:IPA mixture

for 90 s, with a 15 s IPA rinse and N2 dry. Next, the surface was descummed with a 10 s

4Pattern was split into two parts. First part was the thin (80 nm) wide bars that spread across the
ribbons and the second part was large electrical pads to wirebond to. The first write for the thin bars used
a beam current of 500 pA and an average dose of 600 µC/cm2 (average as a proximity effect correction was
used), 500 micron write fields with 100000 dots and feed/scan pitch of 2. This pattern also had larger bars
coming off the edges to allow for the second pattern to contact without requiring precise alignment marks.
Essentially, this process used the WeCAS software to place the two patterns such that they overlap and then
they were written in sequence. Any error from stage-drift was accounted for by having the matching features
be much larger than any shifts. The second write was of the electrical leads that were hundreds of microns
in size. The write was done at 2 nA with a 600 µC/cm2 dose, 1000 micron write fields with 100000 dots and
feed/scan pitch of 4. The larger beam current was to reduce the time in the EBL as these features did not
need to be precise.
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Figure A.5: Optical image of bars after lift-off process. Note that the gaps are difficult to
make out relative to bars, but are present. Nearing resolution limit of the microscope.

50:10:10 RIE etch (same recipe as used to etch the GNRs). Deposition consisted of 2.5 nm

of Cr, 30 nm of Au, 2.5 nm of Cr, then 50 nm of Si. 90 min lift-off in acetone at 40C with a

1 min sonication at 40% (low power) to assist in the removal of PMMA from the thin gaps

with a final IPA rinse. Optical image of device can be seen in Figure A.5. BCP alignment

then follows standard procedure after the bars are fabricated.

A.6.3 Dynamic Beam Steering of Thermal Emission by Graphene-
Metal Metasurface

A.6.4 Fabrication of Device

2 µm thick, 5 mm x 5 mm SiN membranes on a 200 micron thick Si frame were purchased from
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Norcada. Metal deposition of the back-reflector consisted of a 2.5 nm chromium adhesion

layer and 100 nm of gold. Atomic Layer Deposition (a Fiji G2 ALD) was used to grow a 30

nm film of Al2O3 on the top of the SiN membrane. Once the Al2O3 was grown, a prepared

graphene sheet was transferred on top of the Al2O3 film. Graphene was purchased from

Grolltex and was grown on a Cu foil. To remove the foil, first a protective layer of PMMA

(950k, A4, MicroChem Corp.) was added on top of the graphene. The Cu foil was etched

away with FeCl3 (CE-100, Transene) then the graphene/PMMA stack was rinsed in a series

of deionized water baths until transfer to the prepared membranes. Once transferred, the

PMMA was removed by soaking in 60oC acetone for 1 h. After the graphene transfer, a

5 nm film of HfO2 was grown via atomic layer deposition. To prepare the SiN membranes

for the next steps, the Si frame of the sample was glued to a carrier Si chip with PMMA

(950k, A8, MicroChem Corp.). The prepared substrate was then coated with a negative tone

hydrogen silesquioxane resist (HSiQ, 6%, DisChem Inc.) at 100 nm. The sample was then

exposed and patterned using the Elionix ELS G-100, an electron beam lithography tool.5

After exposure, the samples were developed in MF-321 for 90 s, with a 30 s rinse in DI water

and then a 30 s rinse in IPA. For metal deposition of the top, a metal mask was placed above

the substrate to create electrically disconnected regions. The deposition consisted of a 2.5

nm chromimum adhesion layer and 30 nm of gold.

51000 micron write field, beam current 500 nA, dose 1000-1800 µC/cm2, scan/feed pitch of 1. HSQ
spun on at 100 nm nominally develops at 1000 µC/cm2, however smaller features require larger doses. For
creating 40 nm features, a dose of 1500 was used. Smaller features required larger doses. The resist does
have a time component with its behavior, so these doses may shift as it ages. When HSQ ages, it becomes a
more sensitive resist and the sidewalls will likely no longer be straight. If this occurs, new HSQ is required.



89

Appendix B: Supporting Information
of: Self-Stabilizing Laser Sails Based
on Optical Metasurfaces

B.1 Description of Local Forces on Sail

1

As discussed in the main text, the reflection/refraction of light will impart optical forces

on the surface. The local lateral and normal forces are shown below in Equations B.1 and

B.2.

Fx =
Pi

c
[R⃗ sin(ϕ− 2θ) + T⃗ sin(π − ϕ)] (B.1)

Fz = −Pi

c
[1 + R⃗ cos(ϕ− 2θ) + T⃗ cos(π − ϕ)] (B.2)

where Fx is the lateral, tangential force, Fz is the normal force, R⃗ and T⃗ are the reflected and

transmitted optical rays, respectively, Pi is the incident power, θ is the structure’s rotation

relative to normal, ϕ is the angle of deflection relative to surface normal, and c is the speed

of light in vacuum. This analysis applies to scenarios where the reflected and transmitted

phase gradients are identical, while in actual metasurfaces this assumption may not be true

and will result in modification of the above equations.

In Figure B.1, we show a visual representation of the motion the ICE sail can undergo

(lateral offsets and rotations) and how these changes alter the lateral forces and torques

on the sail. When the sail is offset, the right side of the sail is in a more intense region

1This section is a reproduction of an already published work found in [1]. The text and figures are
unaltered, except for formatting changes.
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of the beam, so the lateral forces on the right side of the sail (restoring forces) increase in

magnitude. Simultaneously, the left side of the sail is shifted to a region of lower beam

intensity, creating weaker lateral forces on the left side of the sail (non-restoring). We note

that while the magnitudes changes, the direction of the force vectors remain constants. The

lateral motion also leads to a torque on the sail created by the left(right) side of the highly

reflective center region moving to an area of higher(lower) beam intensity. When the sail

is rotated (far right in B.1), the angle of reflection for each point on the sail changes by 2θ

which causes a change in the magnitude and direction of the local force vectors, as detailed

in equations B.1 and B.2. Note that the inner, highly reflective, region reflects light normal

to the surface, so lateral forces in this region are only be present when the sail is rotated

about the x or y axes, not when the sail is laterally shifted.

B.2 Accuracy of leapfrog integration technique

In order to verify the accuracy of our leapfrog integration technique, we compared the ap-

proximation with the exact result of the coupled oscillator system; an example is shown in

Figure B.2. We can see that there is a high degree of agreement between the two methods,

and this agreement holds for indefinite time scales (the 5 second time scale was chosen to

highlight the agreement).

B.3 ‘V’-type sail motion

As described in the main text, the ‘V’-type sail reflects light at two constant angles that are

equal and opposite on the left and right sides of the sail. The motion of two such sails are

illustrated in Figure B.3 for 3◦ deflection angles with 95% or 65% reflection efficiency. As we

can see, both sails attempt to correct for the lateral offset by moving towards the center of

the beam, but they are simultaneously rotating and eventually pushed out of the beam. The

difference in behaviors can be attributed to the difference in reflection coefficients: ‘V’-type

Sail A is 95% reflective and ‘V’-type Sail B is 65%. The reduction in reflection coefficient
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Figure B.1: 3D representation of the ICE sail with an annular drive beam where the sail is
centered in the beam (upper left), offset by δ (upper center), and rotated by θ (upper right).
Lateral optical forces of the sail when it is centered in the beam (middle left), offset by δ
(middle center), and rotated by θ (middle right). Normal optical forces of the sail when it is
centered in the beam (lower left), offset by δ (lower center), and rotated by θ (lower right).

Figure B.2: Motion (left) and rotation (right) for a single sail calculated using Leapfrog
Integration technique and the exact solution derived from Mathematica.
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leads to weaker torques, which makes the sail rotate more slowly, allowing for ’V’-type Sail

B to remain stable for slightly longer.

Figure B.3: Plots of the displacement (left) and rotation (right) for two different ‘V’-type
sails. Each sail is four meters wide with an initial offset of 1 cm. The incident beam power
is 100GW. For both sails, the incident beam is a Gaussian with a 4 meter FWHM. ‘V’-type
sail A was a 95% reflective structure with a 3◦ deflection. ‘V’-type sail B was a 65% reflective
structure with a 3◦ deflection.

B.4 Constants for ICE Sail

Figure B.4 shows an example of the first-order dynamical force constants on an ICE sail with

Rout = 0.15 and Din= 2 m (see Figure 3d in main text). C1 and C3 vary most significantly

as the beam parameters shift, at least an order of magnitude shift greater than either C2 or

C4. The magnitude of C4 is the least dependent on the incident beam, demonstrating that

the optical torques are least affected by rotations. This can be understood by considering

that for small rotations, the force normal to the surface is relatively unchanged, and this

force dominates the torque. In contrast, the lateral force can change more significantly as

the sail is rotated, which we can see by the relative increase in magnitude of C2.

We also note that there is a region of maximum magnitude intensity near beam separations

of 2 m and FWHM of less than 1 meter for the offset dependent coefficients (C1,3). This

occurs because the majority of the beam power is concentrated on the border between inner

and outer regions; a small offset will lead to a comparatively large change in the optical

forces. As the beam width increases, this effect is lessened as there is no longer the same

concentration of light.
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Figure B.4: First order dynamical force constants C1, C2, C3, and C4 for an ICE-sail (Rout =
0.15 and Din = 2 m) in a double Gaussian beam with continuously varying diameter and
beam width.
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B.5 Expanded Stability Analysis

Increasing Rin

In the main text, the stability analysis was restricted to a maximum Rout = 0.3, but in Figure

B.5, we show that same analysis for Rout = 0.5. As we can see, the increase in reflectivity

leads to a decrease in stable and marginally stable regions when compared to Figure 3 in

the main text. When the outer region of the sail has higher reflectivity (Rout = 50%), two

stable regions form.

Figure B.5: Analysis of stability for 2 ICE-sail configurations driven by double-Gaussian
beams with varying beam separation and FWHM for an initial offset of 1cm, 50% of the
maximum allowable offset for stability. Yellow (purple) regions indicate sails configurations
that are unstable (stable). The dotted red areas indicate sail configurations that satisfy the
C1C4 + C2C3 < 0 condition. (a,b), are ICE sails with Rout = 0.5 and Din = 2 m, 1.33m,
respectively. The motion was simulated over a 60 second period.
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Payload Positioning

The analysis in the main text considered the effects of beam shaping and the reflection/-

transmission profile of the sail, but there is one additional parameter we wish to consider: the

placement of a payload, which we assume to be 5 g with a controllable mass distribution. In

order to protect the payload from laser heating and prevent it from affecting the dynamical

force coefficients, the payload must be placed behind the highly reflective region of the sail,

but it can be arranged to optimize the moment of inertia, Is, for stability. We model two

extreme scenarios, first where the payload is placed in the center of the sail which leads to

a negligible change in Is, and second with the payload distributed on the outer edge of the

reflective region, which increases Is by ∼ 29%; in both cases we consider sails with a 2 m

inner reflective region, and an outer region with Rout=0.3. The motion of these modified

sails is then simulated and tested for stability as described in the main text, with initial

offsets of 1 cm and 5 minute simulation times. The results of those simulations are shown

in Figure B.6, which shows that in both scenarios the margins of stability are decreased as

compared to designs that do not include the payload (found in main text Fig. 3a). However,

a radially distributed payload clearly shows larger regions of stability than a payload con-

centrated in the center. We note that while the payload has no effect on the dynamical force

coefficients (C1,2,3,4), it does effect the characteristic lateral and angular oscillation times of

the sail, which modifies the overall stability. For desirable payload geometries, such changes

can be compensated both by changing the reflected/refracted angle of the outer region, and

by changing the reflection efficiency of the outer region.

B.6 Noise Simulations [49]

To model the noise on the beam, we introduced time dependent noise; a new perturbation

was included every ms of the simulations. We used the following equation to determine the

noise on the system after n time steps.

rn = fng0 +
√︁

(1− f 2)
n∑︂

i=1

gif
n−i (B.3)
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Figure B.6: Analysis of stability of a single ICE sail configuration with a 5g payload included
at different positions behind the reflective region of the sail. The ICE sail has Rout = 0.3
and Din = 2m. Yellow (purple) regions indicate configurations that are unstable (stable)
when offset by 1 cm. Insets indicate the payload position on the underside of the sail.

where rn is collective noise at the nth step, f is the decay function, and gi is the noise

introduced at the ith step. Figure B.7 shows example of distortions of the beam for one time

step with the undistorted beam in blue, the magnitude distortions in red, and the distorted

beam in yellow. The length-scale of the noise was chosen to be 10 cm. Figure B.8 shows the

stability analysis over various magnitudes of noise (0.1, 0.15, 0.2, 0.3, and 5%) for a single

noise profile. By the time the noise is increased to 5%, no sails can remain stable. In the

main text, 100 randomly generated noise profiles were used with an average noise value of

0.12%.

B.7 3D Model Comparison

By expanding the analytic methods used in the main text, we can calculate the coefficients

of a 3D, cylindrically symmetric sail. The incident beam is an annular beam, as shown in

Figure B.9. The cross section at the center of the sail (red line in Figure B.9) is a double

Gaussian, which is what we used in the 2D model in the main text. However, if we take a

cross-section further to the top (black line in Figure B.9), the cross section is a Gaussian
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Figure B.7: Example of the noise introduced to the beam.

Figure B.8: Stability analysis for noise of various magnitudes ranging from 0.1% to 5%.
Yellow (purple) regions indicated sail configurations that are unstable (stable). The motion
was simulated over a 5 minute period.
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beam. Our 2D model assumes that the cross section does not change, but we can see that is

not accurate for a 3D model. We would also like to note that due to the cylindric symmetry,

the force in the x or y directions will be dependent not only on the radial position, but

also the azimuthal angle. We compare the coefficients derived from the 3D model to the 2D

model in Figure B.10 for an ICE sail with Rout = 0.3 and Din = 2 m. We note that for the

majority of beam combinations, the 3D model has coefficients with similar magnitudes to

the 2D model, albeit with reduced magnitudes. This is a result of the azimuthal dependence

of the lateral forces and the beam cross sections varying as we calculate the optical forces

across the sail.

Figure B.9: Visualization of input beam magnitudes on sail.

B.8 Simulation Methods

The phases/magnitude in Figure 4 of the main text were extracted using Lumerical FDTD

where we used periodic boundary conditions along the x- and y- direction. To extract

the reflected/transmitted phase, we placed a point monitor above/below the surface (where

“above” means the positive z-direction). To extract the reflection/transmission, we placed a

transmission monitor above/below the surface. To generate the lines shown in Figures 4b-4d
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Figure B.10: Ratio of 3D to 2D Dynamic Force Coefficients.

(main text), we picked points to ensure that the lines had a consistent reflection (i.e. 95%

or 30%) while maintaining a 2π phase coverage.

To arrange the resonators on the surface, we used the generalized Snell’s law. We wanted

a particular reflection angle at each part on the sail, and we knew the resonators had to

be 1.2 µm apart. Thus, we knew what reflection phase we needed at each point on the

sail. Then, we picked the resonator with the desired phases and placed it in the correct

position. The phases of our resonators and desired are shown in Figure B.11. We find that

the reflected phases match with our desired behavior as they can cover 2π. However, the

transmitted phases can only cover π, so there are portions where the phase is parallel to

the ideal, but is offset. The angle of reflection/diffraction is determined by the slope of the

phase gradient, so this offset to the ideal does not change the transmitted behavior per se,

however, it does introduce a phase mismatch at the boundary of these resonators, which can

lead to anomalous forces/behaviors.
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Figure B.11: Phase of the reflected and transmitted light from the chosen resonators com-
pared to the ideal phase at each resonator to produce the desired phase profile for the ICE
sail simulated in the main text. The upper figure shows the phases for the entire sail, while
the lower figure shows a zoomed-in portion of the sail to highlight the transmission discon-
tinuities.
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B.9 Optical Force Abnormalities

We have identified three causes for the local forces fluctuations that can, in some cases,

change the direction of the lateral force from the expected behavior. These fluctuations

can be caused by the presence of a metasurface edge as shown in Fig. B.12(a), where light

diffracts off the edge. This diffraction causes additional scattering of light from the expected

behavior. In Figure B.12(b), there are ‘phase slips’ in the metasurface, which can be seen

in positions 100 and 110 µm where the lateral force changes sign in that area. The last

case is caused by inter-resonator interactions as seen in Fig. B.12(c). The last case is the

most challenging to eliminate because it cannot be predicted by an analysis of individual

resonators, or from the phase profile of the reflected/transmitted wave: although this surface

produces the desired far-field profile, the lateral optical forces on individual resonators show

variability, and even changes in direction.

The correlation between inter-resonator coupling and anomalous local forces can be es-

tablished by analyzing the far-field scattering cross section (SCS) for each pair of neighbor

resonators as demonstrated in Figure B.13 (left). The net lateral force on this resonator pair

can be calculated by integrating the scattered light that goes in the left and right directions.

As shown in Figure B.13 (right), the anomalous force fluctuation is associated with the re-

gion where scattering by neighboring pairs of resonators changes its symmetry in right-left

direction. This leads to an interference between differently directed scattered waves, which

causes force fluctuation. We also observed the same effect for an array with different inter-

resonator distances (but same resonator sizes) in order to confirm that the effect originates

from the local scattering pattern of resonators and not by the array properties (Fig. B.13

(right)). These effects are compounded further by next-nearest neighbor interactions and,

in general, controlling the local forces is a difficult problem to solve through intuition.
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Figure B.12: a (Top to bottom) Cross-section of the 3D Si-resonator phased array, field pro-
file, and optical forces at individual resonators for the edge region of the 1 degree-steering
reflecting metasurface. b Same as in a, for the central region of the 2 degree-steering trans-
mitting metasurface with phase slips and 30% reflectivity. c Same as in a, for the central
region of the 1 degree-steering reflecting metasurface with continuous phase and (seemingly)
near-field profiles but exhibiting the force fluctuation.
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Figure B.13: (left) Scattered field intensity in far-field domain for a pair of resonators. (right)
Lateral optical forces on individual resonators in a 1D beam-steering array (blue), and the
ratio of [SCS to the right]/[SCS to the left] for each corresponding pair of neighbor resonators
(red), both as a function of the resonator index in the array. Note that the ratio of light
scattering to the right/left abruptly changes at the position of resonators that also show
anomalous forces.

B.10 Extracting Dynamic Force Coefficients

In order to extract the dynamical force coefficient from our simulations, it is necessary to

calculate the local and net optical forces as the metaurface sail is shifted and tilted within

the beam, and then perform linear fits to the position/tilt vs. force/torque dependencies.

In Figure B.14, we show the coefficient extraction for a 3◦, 95% reflective ‘V’-type sail. This

sail’s motion was simulated in Figure B.3, ‘V’-type sail A. Shifted simulations were performed

over lateral and rotational steps of 5 µm and 0.25◦. We found that the force/torque showed a

linear dependence on offset/rotation angle over ranges of 40 µm and 3◦. First order fits were

then used to determine the effective dynamical force coefficients, C1,2,3,4. We can see that

there is good agreement between our analytic models and the simulated sails. We summarize

the analytic and full-wave extractions in Table B.1. We note that the simulated ‘V’-type

sail is a less complex metasurface than the ICE sail, so there are fewer force abnormalities

to cause disagreement between our analytic model and full-wave models.

To extract the coefficients used in the main text, we performed a similar analysis to the

ICE sail. Shifted simulations were performed over lateral and rotational steps of 20 µm and
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‘V’ Sail C1 ( N
Wm

) C2

( N
Wdeg

)
C3 (N

W
) C4

( Nm
Wdeg

)

Analytic -2.02E-6 2.25E-10 7.95E-9 1.22E-15

Full-wave -1.21E-6 2.15E-10 6.76E-9 5.89E-15

Table B.1: Dynamic Force Coefficients of a ‘V’-type sail.

1◦, respectively. The larger step sizes are due to the increased computational time required

for these more complex ICE sails in comparison to the ‘V’-type sails. We found that the

force/torque showed a linear dependence on offset/rotation angle over ranges of 20 µm and

up to 3◦. We note that the analytic model and full-wave models are consistent up to 40 µm

offsets, but that behavior is non-linear for the torque beyond 20 µm.

Figure B.14: Extracting the Dynamic Force Coefficients for the 3 Degree ‘V’ Sail

B.11 Scaling Laws

Due to computational limitations, we are unable to simulate a 4 meter wide sail, but we can

derive a basic set of scaling laws that allow us to approximate the dynamic force coefficients
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Figure B.15: Extracting the Dynamic Force Coefficients for the 5 Degree ‘ICE’ Sail

for the 4 meter sail from a much smaller (but proportional) sail. The constant C1 is derived

from the lateral restoring force when the sail is offset. If the sail size is increased by a factor

S, the sail needs to move S times as far to get the same lateral response as the original

sail; C1 will decrease by a factor S. We note that the scaling of the sail will not affect

the reflection/transmission when rotated, so C2 should remain unchanged. However, by

increasing the size of the sail, each element of the sail is now a factor of S further from the

center of the sail, which will influence the torques. C3, the torque dependence on offset, will

remain unchanged as a result. In contrast, C4, the torque dependence on rotation, should

increase by a factor S as the force dependence on rotation is unchanged, but the distance

from the center is increased by a factor of S. This is summarized in Table B.2.

Original C1 C2 C3 C4

Scaled By Factor S C ′
1 = C1/S C ′

2 = C2 C ′
3 = C3 C ′

4 = C4S

Table B.2: Summarizing the scaling laws

To test this theory, we ran simulations of an ICE sail with two different sizes: 500 µm and
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1000 µm, found in Figure B.16. While there is some agreement, particularly with regards to

C1, we note that our predicted scaling laws can be off by as much as 40%. The most likely

cause of these such effects is that in the larger sail, the force abnormalities become even

more prevalent and significant, further altering the optical forces beyond our expectations.

Figure B.16: Comparison of dynamic force coefficients for 500 µm wide sail and 1000 µm
wide sail

B.12 Temperature derived from Stefan-Boltzmann Law

The temperature of a material absorbing radiation can be approximated with the following

equation

P

A
a = ϵσT 4 (B.4)

where P is the beam’s power, A is the surface area, a is the absorption, ϵ is the emissivity, σ

is the Stefan-Boltzmann constant, and T is the temperature of the sail. By rearranging the

equation, we find that T = 4

√︂
P

Aϵσ
a.
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Appendix C: Supporting Information
of: Using Bottom-Up Lithography
and Optical Non-Locality to Create
Short-Wave Infrared Plasmonic
Resonances in Graphene

C.1 Discussion of Block Copolymer Choice and Pyreneb-

utryic Acid Interfacial Layer

1

We selected poly(styrene-b-methyl methacrylate) as the BCP to fabricate graphene nanos-

tructures on SiO2 substrates due to the nearly equal surface energies of polystyrene (PS)

and poly(methyl methacrylate) (PMMA) blocks, which makes thin-film assembly feasible,

and the good reactive ion etch selectivity of PS to PMMA (1:2).[104] Typically, inducing

vertical orientation in the BCP domains on a substrate requires altering the surface to be en-

ergetically non-preferential to either blocks. We used a neutral layer chemistry developed by

Han et.al.[143], based on a random copolymer poly(styrene-r-methyl methacrylate-r-glycidyl

methyl methacrylate), abbreviated as RCP. However, the RCP does not wet the surface of

graphene, leading to dewetting of the film (see Figure C.1). The precense of the pyreneb-

utryic acid (PBA) increases the graphene wettability for RCP and BCP deposition. The

pyrene ring effectively binds to graphene by - stacking interactions while the carboxylic acid

group is directed away from the substrate to alter graphene wettability. The polar carboxylic

1This section is a reproduction of an already published work found in [25]. The text and figures are
unaltered, except for formatting changes.
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Figure C.1: SEM images illustrating the effect on pyrenebutyric acid (PBA) on BCP self-
assembly. Only the substrate with PBA in between graphene and the polymer thin film
shows large area self-assembly.

acid groups provide the hydrophilicity needed for deposition of subsequent copolymer films.

Pyrene-containing moieties have been used to functionalize conjugated carbon allotropes

such as graphene[144, 145] carbon nanotubes[146, 147] and C-60[148] via π–π stacking, with

the goal of altering the surface wettability and chemistry to anchor specific molecules for

biosensing or selective doping.

C.2 Calculating Width of Graphene Nanoribbons

To measure the widths of our of GNRs, we used both SEM and AFM as described in this

section. Additionaly, as noted in the main text, the actual widths of the smallest GNRs

would need to be almost one-half of what is measured in SEM to account for the observed,

which is beyond the uncertaintly of our measurements. While there is some chance that

the GNR ribbons are damaged on the edge, we note that previous measurements of GNRs

prepared using e-beam lithography combined with an RIE etch did not show such edge

damage. In those experiments, SEM imaging of the width provided values that agreed

well with theory.[24] Finally, we note that RIE is a directional etch method, and AFM

measurements reveal that the PS etch mask is intact after the etch process. The blue shift

we observe would require 4-6 nm of overetching beyond the boundaries that we observe in

SEM, which would necessitate extreme RIE etch angles of 45 deg., which is inconsistent
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Figure C.2: Representative SEM image of smallest graphene nanoribbons. We get an average
ribbon width of 12 +/- 2 nm, with our error representing standard deviation of averaged
line widths plus pixel size image resolution added in quadrature.

with the RIE process. While a minor overetch is possible, it would not explain the observed

deviations.

C.2.1 Calculating Width of Ribbons and Thickness via SEM

We measured the width of our graphene nanostructures using SEM image analysis. Using

ImageJ software, we measured the width of these graphene nanoribbons by averaging 20

different ribbons. We report our errors as standard deviation plus pixel size image resolution

added in quadrature. We considered ribbon width area using binary contrast transformation

cutoffs in ImageJ. Using Figure C.2 as an example, we get a graphene nanoribbon width of

12 +/- 2 nm.

C.2.2 Estimating Width of Ribbons and Thickness via AFM

We measured the height of our ribbons, including any residual mask polymer with an UHV

cryogenic AFM at 4K as shown in Figure C.3. We can see that there is the finger-print

pattern, indicative of the BCP ribbons. From this measurement extract the height difference

between the valleys (no graphene) and the peaks (graphene with polymer) and an estimate

of the ribbon thickness. Measurements were done using Gwyddion software. We found the

height to be 2+/-0.5nm. Noting that graphene is approximately 0.3 nm thick, we estimate
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Figure C.3: Representative AFM image of smallest graphene nanoribbons. Using Gwyddion
software we measure the width of these graphene nanoribbons and the residual polymer
height. Scale bare is 50 nm.

the height of the remaining polymer as 1.7 +/- 0.5nm. This means that the residue on the

surface of the GNRs are the Pyrene and the Neutral layer. For this device, we found a ribbon

width of 13.1 +/- 1.3 nm, comparable to the SEM measurements of the device at 13 +/- 2

nm.

C.3 Removing Polymer Mask

In Figure C.4, we show three different methods to clear off the residual polymer on the sur-

face. Vacuum annealing left a large amount of residual polymer on the surface. Commercial

photoresist strippers like AZ 400T NMP-based solvent removed more of the polymer mask,

but still left residual polymer and regions of the substrate showed GNRs that delaminated

from the SiO2 surface. The oxygen plasma etch left a thin layer of polymer on the surface,

but no graphene ribbons shifted during the removal process.

C.4 Fabrication and Measurement of Nanoperforated

Graphene (NPG)

NPG samples were fabricated with a minor modification of the GNR process with a replace-

ment of the BCP used. Instead of the lamellar-forming Ps-b-PMMA to form ribbons, 21.5k-
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Figure C.4: SEM images of various attempts to remove the polymer mask after pattern
transfer to graphene. Scale bars are the same for all SEM images.

10k MW for cylindrical-forming PS-b-PMMA was used to form perforations. These samples

were electrostatically gated and showed a blue-shift at increased Fermi-levels, matching the

behavior of the GNRs (see Figure C.5).

C.5 Electrostatic Gating to tune the Fermi Level of

Samples

There were two methods available for doping the graphene samples: an ionic gel and a

backgate. Due to the increased range of doping levels among other issues discussed in this

section, the ionic gel data was used in the main text.

C.5.1 Ionic Gel

To dope the graphene with an ionic gel, the surface is coated with an ionic liquid (DEME)

and the graphene is separated into two regions. These regions will act as electrode and

count-electrodes. By applying a voltage bias between the two electrodes, the ions in the

ionic liquid will gather on one of the electrodes and charge of opposite sign will build up on

the other set of electrodes, doping the graphene. We can measure the source/drain current

across the electrode to measure the resistance of the graphene. See Figure 3.1b in main text

for schematic.
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Figure C.5: Backgate-induced doping of 16 ± 3 nm wide NPGs with SEM inset. Gray arrow
follow the peak shift as the Fermi level is shifted. Dashed colored lines indicate regions where
the signal strength was small due to atmospheric effects.

C.5.2 Backgated Geometry

As an alternative to the ionic gel geometry used in the main text, we also made use of an

electrostatic back-gate to dope the graphene. See Figure C.6 for the schematic. In this

method, a voltage bias (VG) is applied between the graphene and the substrate (Si). This

configuration is equivalent to a capicator, so by applying a voltage, charge will build up on

the graphene, doping it. In this electrical set-up, a maximum doping corresponding to a

Fermi level of 0.59 eV was achieved.

Measurements from a GNR sample gated with the backgate configuration can be seen in

Figure C.7. Similar to the ionic-gel data in the main text, the plasmonic resonance blue-

shifts as the doping in the system is increased. The plasmonic resonance was tuned to a

frequency as high as 3800 cm-1 (2.6 m), the maximum we were able to achieve with the

backgate geometry and our smallest ribbons at 12 nm. If we compare the data in Figure

C.7 and Figure 3.2c from the main text, the resonance shift as a function of doping level is

significantly smaller in the backgated sample than those gated by the ionic gel. We attribute
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Figure C.6: Schematic of back-gate geometric configuration with SEM inset of the GNRs.
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Figure C.7: Modulation of transmittance through graphene nanostructures by electrostati-
cally doping the graphene with a backgate geometry. GNRs were 12 ± 2 nm wide. Gray
arrow follow the peak shift as the Fermi level is shifted.

these effects to inhomogeneous doping in the samples, which changes the local Fermi level.

For electrostatic-gate measurements, inhomogeneous doping creates an averaging effect of

multiple Fermi levels, whereas the ionic gel can screen these charge inhomogeneities and

maintain a constant Fermi level across the sample (see C.7). An attempt was made to

measure this sample using the ionic gel as it consisted of our smallest ribbons, but the

sample was damaged during processing and no further measurements could be made.

C.6 Measuring Fermi Levels

To understand the doping of our samples, we employed two approaches in tandem which find

the charge neutral point and the Fermi levels directly. S6.1 Measuring the Charge Neutral

Point

In the first approach, we varied the applied voltage (works for both backgated and ionic

gel samples) until we found a resistance maximum, corresponding the charge neutral point.

This is shown in Figure C.8. One problem we experienced with backgating was that the CNP
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Figure C.8: Representative resistance curves of a backgated (left) and ion-gel (right) doped
samples. The presence of the peak in the curve corresponds to the CNP.

would be beyond the dielectric breakdown voltage of the oxide on sample, at approximately

200V -although the exact voltage was sample dependent. As the CNPs we were able to

measure were around this breakdown voltage, we expect the CNPs of the other samples to

be at similar values, but past the breakdown voltage of the sample.

C.7 Measuring the Drude Peak

We can also directly measure the Fermi level of our graphene structures by measuring the

Drude peak, seen in Figure C.9. Due to Pauli blocking, there will be increased transmission

up to a threshold photon energy of 2EF , where interband transitions begin to occur. This

feature can be identified as the region of maximum slope of the Drude peaks. Gating the

graphene to increase the carrier density will shift location of this feature to a higher energy,

as expected.

C.8 Modeling Reduced Plasmon Dispersion

As noted in C.5.2, we observed a crowding behavior where the estimated Fermi levels in

backgated samples were much less dispersive than the theoretical Fermi levels based on

the observed plasmonic resonances. We believe this effect to be due to the ribbons on a
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Figure C.9: Representative Drude spectrum of a backgated (left) and an ionic gel (right)
doped nanostructured graphene.
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single sample not sharing the same background doping caused by our fabrication process

introduction of charge inhomogeneity. This effect only occurred in our backgated samples

as the ions in the ionic gel can screen charge inhomogeneities to maintain a constant CNP

across the graphene eliminating the biasing effect. To model this effect, we simulated two

sets of ribbons sizes (12 and 30 nm), each with three different background doping levels (0.4,

0.45, 0.5 eV), corresponding to CNP’s at approximately 160, 200, and 245 V. For the gating

measurements, we control the measurement voltage, but that will apply a different doping

level dependent on the background doping of the graphene, which is detailed in Table C.1.

Measurement
Voltage (V)

120 0 -120

CNP (V)

245 0.356653 0.499314 0.609449

200 0.285322 0.451134 0.570645

160 0.201753 0.403507 0.533789

Table C.1: Doping levels of the GNRs for different CNPs at different measurement voltages.
The colors correspond to the lines in Figure C.10.

In Figure C.10, we plot the weighted sum (our effective measured spectra) of the GNRs

for three different measurement voltages. The left figure is for 12 nm ribbons, and the right

is for 15 nm ribbons. For this representative example, we set the weighting of 0.4 eV to 2/3,

0.45 eV to 1/5, and 0.5 to 2/15. As we can see, our “measured” spectra have resonance

peaks much closer together than the spectra of the ribbons at one Fermi level.

C.9 Comparison of Simulated Spectra to Measured Spec-

tra

We modeled our graphene nanostructures using both local and non-local models for the

graphene, by using FDTD (local) and FEM (non-local) simulations to calculate the frequency-

dependent transmittance of the graphene nanostructures for different doping levels. In the
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Figure C.10: Comparison of spectra of GNRs with single background doping (solid), set to
majority doping value, compared to spectra of the weighted sum (dashed lines). 12 nm (left)
and 30 nm (right) were considered.

main text, we used those simulations to infer the theoretically predicted resonance peak po-

sition (plotted as lines in Fig. 3) by selecting the maximum of the calculated Transmittance

function. In figure C.11, we plot the full theoretical spectra, and directly compare them to

experimental spectra from GNRs with the same parameters (width, width variance, doping

level). The left and right hand figures shows the results for 29 nm and 13 nm ribbons, respec-

tively. For the 13 nm ribbons, we include theoretical results from both non-local and local

simulations, illustrating how non-local effects can blue-shift the spectral features. We note

that these calculations include broadening due to GNR width inhomogeneity, but they do

not include broadening due to doping inhomogeneity, which we could not measure directly.

Doping inhomogeneity, defect and edge scattering, and reduced mobility can all contribute

to the larger experimental linewidths that we observe in comparison to theory.
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Figure C.11: Comparison of spectra of GNRs of simulations to experimental measurements.
In the left figure, measurements of the 29 nm ribbons at two different doping levels (0.39 and
0.61 eV) are compared to the simulations using the local model of graphene. In the right
figure, measurements of the 13 nm ribbons at a single doping level (0.6 eV) are compared
to the simulations using the local model of graphene and the non-local model of graphene.
These results are normalized to the peak value.
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