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strate, which may be a semiconductor or conductor in various embodiments. Embodiments also include systems, computer-imple -
mented methods, devices, and computer-readable media for effectuating desired modulation of incident radiation by, e.g., varying
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SYSTEM, METHOD AND COMPUTER-ACCESSIBLE MEDIUM FOR DEPTH OF
ELD IMAGING FOR THREE-DIMENSIONAL SENSING UTILIZING A SPATIAL
LIGHT MODULATOR MICROSCOPE ARRANGEMENT

CROSS-REFERENCE TO RELATED APPLICATION(S)

{8661}  The present applicaiion relates 10 and claims priority from ULS. Patent Application

Serial No. 61758604 filed on Jamuary 30, 2613, the entire disclosure of which i

incorporated herein by reference.

FIELD OF THE DISCLOSURE
[0802]  The present apphication relates (o exemplary embodiments system, apparatus and
computer-accessible medium for providing a modulation of ransmitted or reflected radiation

e, mid-nfrared radiation) using one or more plasmonic antennas comprising metal and a

thin~film material.

BACKGROUND INFORMATION

j0603] Mid-inlrared (mid-TR) hght with wavelengths ranging from 2im to 30pum have
unigue capabifities of Ingerprinting chenycals via thetr characteristic absorphion spectra {see,
e.g., Refs. {1 and |2]) and propagating over longer distances in scatiering meda compared to
light with shorter wavelengths (see, ez, Refs {3] and [4]). As a result, mud-IR light is
griquely postioned to address a number of unportant issues I our security, health, and
environment {see, e.g., Refs. [31-[9]). Recently, there has been a rapid development in mid-IR
sources and detection systems (see, e.g., Refs. [1014{13]). However, despite prevalent civil
and military mterests in high-performance mud-IR mwodulators and spatial higlt modulators
(S1.Ms}, a viable path towards realiving such devices yvemains elusive. Existing approaches to
maodulate mud-IR light have a number of drawbacks that imit their applications. For example.
mid-IR modutators based on acousto-optic effects are bulky, require high operating voltage,
and have lmited modulation speed (see, e.g., Refl {14]). Modalators based on quantum
confined Stark shift of inter-subband transitions in semiconductor guantam wells require
sophisticated material growth and it is hard o realize pure-phase modulation because of the
high absorption losses associated with inter-subband transitions (see, e.g., Refs. [15}{17].
Active optical components for controiling vud-1R radiation thus present a boitlensck in the

development of mid-IR science and technology.
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[0004]  Graphene can be used as the active medium becanse of s largely tonable optical
conductivity in the mid-IR (see, eyg., Refs. [ISP2051 Mewllic plasmonic antenmas
demonstrate a strong interaction between graphene and infrared lght so that the malerial
perturbation introduced by graphene leads to large changes in the optical response of the
anfennas (see, ey, Refs, [21] and [22)) Modulators and SEMs consisting of arrays of such
antennas can have the following distinguishing features. Firsi, they are optically-thin planar
devices. The thickness of the active antenna arrays is less than a few percent of the free-space
wavelength. Abropt and controllable changes 1o the intensity and phase of light are achieved
through optical scafiering at plasmonic antennas (see, e.g., Ref [23]) mstead of through mn
aceumulative effect via propagation. Second, our flat optical components can mold optical
wavefronts with igh spatial resohstion and with fast modulation rate because the tunable
plasmonic antennas have sub-wavelength footprints and small RC thme constant. Previoas
planar infrared and nucrowave components have shown static optical responses (see. 2.8,
Refs. [241-]33]).

[BR03] A composite structure consisting of plasmonic antennas and graphene can have
widely tunzble amtenna resonances and. as such, can be used as a building block for
reconfigurable flat optical components. This is based on several principles or observations,
First, praphene has widely tunable optical conductivity tn the mud-IR. The doping of
graphene can be adjusted using a bias voltage by a factor of ~10 at room temperannre (see,

e.g., Ref {34, which leads to a large change in #s sheet conductivity ¢ and therefore the in-

plang electric permuitivity & =g, 00, where £, 15 the vacuum permittivity, o is angudar

frequency, and 7 is the thickoess of praphene. This effect 15 illusirated fn Figures 1(a) and
1{b}. which show exemplary in-plane electric pernutiivity {£:) of praphene at different doping
levels at room temperature. Solid and dashed lines represent real and iaginary components,
respectively. Second, metallic plasmonic antennias are able (o capture light from free space
and concentrate optical energy to sub-wavelength spots with intensity a few orders of
mapnitude larger than that of the incident Heht (see, e.p., Refs 21 H22]). Third, by placing
wraphene in the hot spots created by plasmonic antennas and by tuming the optical
copductivity of graphene, the resonant frequency of the metallic plasmonic antennas i3
tunable over a wide range.

j0606]  According to perturbation theory, the change in resonant freguency . of a

svsiem caused by matenal perturbation is given by equation {1) below (see, e.g.. Refl [35]),

[}
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£ (1)

where the denominator represents the unperturbed total energy and the numerator represents
the change w magnetic and elecinic energies, Al and AZ respectively, caused by the material
perturbation {in tensor format to account for anisotropy); £ and # are electric and magnetic
fields, respectively, in the presence of the material perturbation; %, and H, are the respective
unperturbed flelds; and £ and 7 are their respective complex conjugaies. According to
the theory expressed by equation {1}, a large tuning i 0, can be achieved by enhancing the
overlap between the perturbation material {e.g.. graphene) and a strong optical field, A& £ .
Since gptical resonances are associated with large changes i the amplitude and phase of the
scattered light {see, e.g., Ref [23]), the large tumng in @, can produce significant intensity,
phase, and polarization modulation.

jB0a7] Although graphene i1x one matenial that exhibits advaniageous propariies when
combined with metal in a plasmonic antesna, the person of ordinary skill will readily
understand that graphene is merely exemplary and many other such materials may be used
advantageously, For example, thin-film materials soch as vanadium dioxide, boron witride,
andd molvbdeman disulfide may be combined with metal i 2 plasmonic antenna.

{6608]  Thus, it may be beneficial to provide a plasmonic sntenna {e.g., graphene-metal
plasmonic antenna) that efficiently modulates the ntensity, phase, and/or polarization of
radiation {e.g., nud-IR radiation) that can address andior overcome af least some of the issues

andfor problems described herein above.

SUMMARY OF EXEMPLARY EMBODIMENTS

[8869]  These and other objects of the present disclosure can be achieved by provision of
exemplary systems, methods and computer-accessible for generating at least one mwmage of a
portion(s} of a sample.

[8010]  To that end, it is possible {o provided antennas, systems, devices, methods, and
computer-accessible mediim that can utilize the properties of graphene mesh to efficiently
modulate the intensity, phase, andfor polarization of incident radiation, including incident
mid-infrared { 'mid-IR™} radiation.

[8611] Exempluy embodimenis of the present disclosure mclude a planar antenna

comprising one of more sections of graphene mesh and 8 metallic layver comprising one or

Lad
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more metaltic sections, wherein each metallic section s disposed in contact with at least one
of the one or more graphene mesh sections and comprises al least one gap that exposes at
least one portion of the at least one underlying graphene mesh section to the radiation, and at
least one dimension of the al {east one gap is related 10 at least one wavelength of the
radigtion. 1o some exemplary embodiments, the wmetallic laver comprises a plarahty of rods
grranged with nunoscale paps in a1 least one dimension between adjacent rods. In some
sxemplary emibodiments, the metallic layer comprises one or more rectangular apertures
having a width less than the at least one wavelength of the radintion.  In some exemplary
embodiments, the metallic layer comprises one or more cross-shaped apertwres having s
width less than the at least one wavelength of the radiation In some exemplary
embodiments, the radiation comprises mid-infraved Uaad-IR™Y radiation,

[6812] Excmplary ewbodiments of the present discloswre also include a computer-
implemented method comprising recetving put concerning desired modulation of at least
one wavelength of radiation incident on an antenna comprising ofie or more graphene mesh
section; determining ope or more parameters for effectuating the desired modulation by
varying the doping level of the one or more praphene mesh sections; and providing the
deternuined one or more parameters to a modulator. o some exemplary emwbodiments, the
method further comprises accessing doping response mfonnation describing at least one of
intensity, phase, and polarization of one or more wavelengths of the radiation for each of a
plurality of doping levels of the one or more graphene mesh sections. In some exemplary
smbodiments, sach of the one or more parameters s related o a volisge 1o be applied
between one of the one oy more graphene mesh sections and a sobstrate of the antenna.

[0013]  Exewmplary embodiments of the present disclosure also include a non-transitory,
conputer-readable mediom embedying  mstructions sccording o one or more of the
compuier-implemented method embodiments of the present disclosure.  Exemplary
embodiments of the present disclosare also inclade 8 device compuising a processor and a
non-transitory, computer-readable mediom embodying instractions according to ong or miore
of the computer-implemented method embodimenis of the present disclosure.  Exemplary
ambodiments of the present disclosure also include a system for modulating radiation,
comprising a planar antenna comprising one of more graphene mesh sections; an adjustable
voliage source coupled to the one or more graphene mesh sections] and a control device
coupled to the adjustable voltage source and configured to periorm the steps of one or more

of the compaier-implemented method embodiments of the present discloswre.
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j001d4]  These and other objects, Features and advantages of the exemplary embodiments of
the present disclosure will become apparent upon reading the following detatled description
of the exemplary embodiments of the present disclosure, when taken in conpmiction with the

appended drawmgs, and enclosed claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[#013]  Further objects, features and advantages of the present disclosure will hectune
apparent from the following detatled description taken in conjunction with the accompanying
Figures showing illustrative embodiments, in which:

jee16]  Figures 1(a) and I{h) are graphs of in-plane electric permittivity (g} of graphene at
different doping fevels at a romm temperature according to an exemplary embodiment of the
present disclosure;

[8617] Fiawe 2{a) 15 an llustration of an electrically-tunable amayv of medallic rod
antenmas foaded with graphene patterned on $i10,-51 substrate according to one or more
smbodiments of the present disclosure;

[0018]  Figure 2(b) i a sel of cross-sectional and overbead views of a hight inensity
distribution in an antenna gap of the electrically-tunable armay of Figure 2(a);

(0019 Fipures 2{¢) and 2(d) are excwplary graphs of 4 reflective intensity and a phase,
respectively, al particular mid-IR wavelengths of the exemplary antemna amray shown m
Figure 2(a) at different graphene doping levels;

[8620]  Figwre 315 an imtensity profile of an exemplary surface-plasmon standing wave on
graphene m a 300-nm antenna gap, according o an exemplary embodiment of the present
diselosure;

{0821} Figere Ha) is an dlusteation of an electrically-tunable aperture antenna loaded with
having a graphene pattern on 510,-51 subsirate gccording 1o one or more embodiments of the
present disclosure;

[6622]  TFigge 4(b} shows cross-sectional and overbead views of a set of the light intensity
distributions in the exemplary antenna gap of the exemplary electrically-tunable aperture
antenna shown in Figure 4(a), when graphene is provided in the antenng gap;

{80231 Figure 4{c} shows cross-sectional and overhead views of a set of the light intensity
distrrbutions in the exenyplary antenna gap of the exemplary electricallv-tunable aperture

antenna shown in Figore 4{a), when graphene is not provided i the antenna gap:

¥4
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[0824]  Figares ${d) and 4(e) are exemplary graphs of the reflective intensity and phase,
respectively, gl particudar mid-IR. wavelengths of the exemplary aperture array shown in
Figure 4(a) at different graphene doping levels;

[8025]  Figwre S(a) is an Hlustration of an electrically-tunable reflect arvay of metallic rod
antennas loaded having the graphene pattern on S8i0-Aw substrate according to one or more
embodiments of the present disclosure;

[80826]  Figures 3(b) and 5{t) are exemplary praphs of the exemplary reflective intensity
and phase, respectively, at particular mid-IR wavelengths of the exemplary antenna reflect-
array shown m Figure ¥Ma) at dilferent graphene doping levels;

[0827]  Fipure 6(2) is an tlosiration of an electrically-tunable apecture reflect arvay loaded
having the graphens pattern on S10:-Au substrate according {0 ong of more embodiments of
the present disclosure;

[0028]  Figures 6(b) and 6{c) are exemplary praphs of the exemplary reflective intensity
and phase, respectively, at particular mid-IR wavelengths of the antenna reflect-array shown
in Figuve 6(a) ot different graphene doping levels;

[0029]  Fipure 7 is a set of two-dimensional views {e.g.. top and side cross-sectional
views) corresponding to exemplary elecirically-tunable arravs of metatlic rod antennas) such
as one oy more of the exemplary embodiments Hhustrated by Fipares 2{a} and 3{a);

[60630] Figure 8 18 a set of two-dimensional views (e.g., top and side cross-sechional
views) corresponding to exemplary electrically-tunable apertare arrays, such as one or more
of the exemplary embodiments that are dlustrated in Figures 4(a) and 6(a)

jB831]  Figure 9 ix a block diagram of an exemplary mud-IR modulation system according
to owe or more embodiments of the present disclosure;

[0032]  Fipure 10 is a perspective view of an exenplary an exemplary nud-IR spatial hght
modulator comprising an reflect-array of metallic apertyre antennas gccording o one or more
exemplary embodiments of the present disclosure;

{08331  Figure 11 is a block diapram of the exemplary mid-IR spaual hght modulation
{SLAM) system according to one ov morg further exemplary embodiments of the prasent
disclosure;

[8034]  Figure 12 35 a flow diagram of an exemplary method for controlling modulabon of
intensity, phase, and/or polarization of radiation by a modulator, according to one or more

embodiments of the present disclosure;

&
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[0833]  Figare 13 35 a flow diagram of an exemplary method for controlling modulation of
intensity, phase, sndior polarization of radistion by a spaual hight modudator (SLM),
according to one or more exemplary embodiments of the present disclosure;

[8836] Figwre 14 13 a block diagram of an exemplary coutrol device accordmy to one or
more exemplary embodiments of the present disclosure;

[0037]  Figure 15(a) i an dlusttation of g folded sperture antenna sapporting multiple
antenna resonances and a wide phase tuning range, according to one or more exemplary
embodiments of the present disclosure;

{60381  Figure 15(b) is an illustration of an out-of-plane component of magnetic field at
two wavelengths for twoe modes of the exsmplary {olded aperturs antenna shown in Figure
P3ak

[6839]  Figwre {50} is an exemplary graph of rellective phase at particudar wavelengths
for two exemplary graphene doping levels of the exemplary folded aperture anterma shown n
Figure 1¥a};

joa40]  Figare 15{d) 1s an exemplary graph of the difference between the reflective phases
at the two praphene doping levels illustrated in Flgure 13{ch

[0841]  Fipures 16(n) and 16(b} are iop and side views, respectively, iltustrating g split-ring
resonator antenna for binarv-intensity modalation of wansmitted light, according to one or
more exemplary embodiments of the present disclosure;

j0042]  Figure 16{c) 1s an exemplary graph of the transmmtted intensity m the gap of and
phase, respectively, at particular mid-IR wavelengths of the exemplary split-ring resonator
amenna shovwn in Figere 16(a); and

[0043]  Figure 16(d) is an exemplary graph of transmission intensity at particular
wavelengths for two exemplary graphene doping levels of the exemplary split-nng resonator
antenna shown in Figure 16(a).

[6644]  Throughow the drawings, the same reference nwwerals and characters, unless
ptherwise stated, are used to denote hike features, elements, components, or portions of the
ilustrated embodiments.  Moreover, while the present disclosure will now be described m
detatl with reference to the figures, #t &5 dong so i conpection with the llustrative
embodiments and is not hmited by the particular embodiments Hustrated in the figures and

appended claims.
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DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

[6045]  The exemplary embodiments of the present disclosure may be further understood
with reference to the foHowing description and the related appended drawings, but not limited
thereby.  The exemplary embodiments of the presemt disclosure relate to an exemplary
system, miethod and computer-accessible medinm for extended depth of field imaging
utilizing spatial light modalaton,  According to an exemplary embodiment of the present
disclosure, exemplary methods systems and computer-accessible medimn Ffor modulating
infrared light based on elecirically-tunable plasmonic antennas.

[8646]  For example, a large modulation of the amplitode and phase of mid-infrared (e.g.,
mud-iR} fight can be achieved by dynanucally shifting the resonsnce of graphene-metal
plasmonic antennas via electrical tuning of the optical conductivity of graphene. Exemplary
simnulations and calenlations can mdicate that the scattered light from arrays of sach antennas
exhibit intensity modulation with high on/oil extinction ratio exceeding 100, large phase
tuning up to 240 degrees, and fast modulation rate on the order of a few GHz These
exemplary properties can be aseful for creating reconfipurable flat optical components such
as modulators and spatial light modulators i the nud-IR spectral range.

[6647]  Exemplary embodiments of the present disclosure can be divected o two or more
exemplary antenng structures and/or configurations that can support strong light-graphene
mteraction: (a) arrays of metallic rods patterned into various shapes that are separated by
nanoscale gaps; and (b) aperture antennas with sub-wavelength width defined m metalhe
films. Nevertheless these structures are mevely exemplary and the person of ordinary skill
can readily comprehend that the principles of enbancement by light-praphens interaction
disclosed herein can be apphicable to other antenna structures currently known or later
devised.

[0048] 1t is possible, e.g.. 1o uvtilize linite-difference time-domain (FDTD) simulations o
calcalate or otherwise determine an optical response of antennas, The reflection spectra of
antenna arravs can be obtained by sinudating one unit cell of the array while applying
periodic boundary conditions, Graphene 1s modeled as an anisotropic material. The w-plane
optical conductivity graphene can be calculated or otherwise determined using the following

equation based on random-phase approximation (see, e.g., Ref {36])x
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with the first and second terms representing contributions from intra~ and inter-band
transitions, respectively. o addition, ¢ i3 the elementary charge, &y is the Boltzmann constant,

7 is temperature, and % is the veduced Planck constant, £, =#5, Jon, is the Fermi level

S (where Fr=10" m's is the Fermi velocity and n, is the sheet doping of graphenes, and 7is

canier  relaxation lifetime and characterizes electron-disorder secattering  processes
{maintained at 0.23 ps, achievable m graphene with reasonably high carrier mobility) {see,
g2, Rell [37]). According to an exemplary embodiment of the present disclosure, the out-of-
planeg refractive index of graphene can be maintained at about 1.5 (changes o this value have
10 minimal effects on simelation resulis),  For purposes of equation (2), graphene can be
modeled by one layer of FDTD megh cells with thuckness £ = 0.33mm and a planay sive of
Inm x Imm Figures 1a) and 1(b) illusirate exemplary graphs of a caleulated room-
temperature in-plane electric permittivity of graphene g, at different graphene doping levels.
In particular, Figure 1{a) shows a graph of real{e;), which becomes more negative with

18 increasing wavelength, while Figure Hb) shows a graph of mae(g),

which is positive bt
substantially less than real(ey).
[0049]  Fipure 2(a) shows an illustration of a runable rod antenna array according to one or
more exemplary embodiments of the present disclosure. In these exemplary embodinents, a
graphene sheet 15 disposed in contact with a silicon dioxide (Si0Oh} layer, with the graphene

20 covering the entire sorface in certain embodiments. The Si0; layer is disposed in contact
with a heavily doped silicon (81) subsirate. Figure 7 further tHasirates the top {x-v) and side
{x-z) views of such exemplary arrangement according to an exemplary embodiment of the
present discloswe.  For example, St osubstrate 710 may have an exemplary thickness of
certain amount of nm, Si0; layer 720 can have an exemplary thickness of about 285um, and

25 graphene mesh laver 730 mav have an exemplary thuckness of about 0.33mm, as discussed
heremn. A phaality of metallic rods 740 can be disposed or provided on top of graphene mesh
layer 730 and arranged in a regular pattern, such as the exemplary pattern shown in Figs. 2(a)
and 7. In some exemplary embodiments of the present disclosure, the rods can include, e g.,

gold material. In the exemplary pattern shown in Figure 7, each of the gold rods can have a

9
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Jength (L), width (W), and height (H} of, ey

T

about 184 pm, 240 am, and 50 nm,
respectively, while the antenna zap () can be, eg., about 60nm and the spacing (Sp)
between rows of antenna rods can be about 2um. Nevertheless, these dimensions are mevely
sxemplary and the person of ordinary skifl will readily comprehend that other dimensions
may be employed advantageousiv,

[0030]  As one example, only the portion of the graphene sheet disposed in the antenna
gaps strongly interacts with optical lekds and thereby contnibutes to the smienna resonance.
As discussed in greater detail herein below, the exemplary antenna resonance can be tuned by
varyving the doping of the graphene mesh. In ovne exemplary embodiment, as shown m Figure
2{a}, an adjustable bias voltage {Vg) can be applied between the antenna laver and the doped
Si substrate (e.g., substrate 710 shown i Figure 73 to change the doping of graphene by the
well-known elecine-field effect. In some exemplary embodiments of the present disclosure,
this adjustable bias voltage can be provided by an adjustable voltage source that is coupled to,
and under control of, a computer or other processing apparaius can execute instructions
stored in a non-transiory, computer-readable medium,

[8651]  An ilhestration of a strong intevaction belween the graphene mesh and s shown in
Figure 2(b), which iHaostrates an exemplary swisce-plasmon (SP) standing wave of high
intensity {e.g., an intensity enhancement ~3000) supported by praphene (e.g., doped at about
$x10™ m™) located in the antenna gap. The standing wave can strongly interact with
graphene, e.g., leading to a considerable perturbation to the resonant frequency of the rod
antennas. As discussed above in refation to Figures 1{a) and 1(b}, the sxemplary permitivily
of graphene can be, e g, primartly a real number and can become more negative as iy doping
mereases. According to a perturbation theory expressed by equation (1} above, this can lead
to dan creasing resonant frequency Ok, Figures 2{c} and 2{d) show exenmplary graphs of the
reflective intensity and phase, respectively, at particalar nnd-IR wavelengths of the
exemplary antenna array of Figure 2(a). For example, Figure 2(c) shows a graph mdicating
that when the sheet doping of graphene is changed from 1x10' 1o 9x10" ™, the dip in the
reflection spectra of the antenna array shilis by AA = 06pm. a significant amount
corresponding to ~8.5% of the ceniral operating wavelength (Acuea = 7.05um). This shift of
the spectral dip or notch toward shorter wavelengths is equivalent to shifing the spectral dip
toward higher frequencies - a so-called “blue shift.”

[80632]  Apother way 1o understand the blue shift is that as the graphene doping increases,

the leakage current across the gntenna gap mediated by grapbene becomes larger. This

10
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effectively reduces the capacitive coupling between neighboring antenna rods, resulting m a
shifi of the resonant frequency @, {see, e.g., Refs. {38391, Indeed, the exemplary graph
of Figure 2{¢) indicates that the structure of Figure 2(a) can facilitate a maximum reflectivity
modulation, e.g., of ~30%, which can ocour at & = about 6.5um. Moreover, the graph of
Figure 2(d} indicates that the structare of Figure 2(a) can facilitate, e.g., a maximuun phase
twring or phase modulation of ~30 degrees {as observed in far-field) which oceurs at A =
Tum, The exemplary resulis shown in the graphs of Figures 2{¢) and 2{(d) have been
confirmed in experiments (see, e.g., Rell {40]) showing that as the graphene doping level is
vasied by a factor of ~10 {e.g, IXT0™ (0 0x10' m™), the spectral dip shifis by Ak = 0.51um,
corresponding to ~7.5% of the central operating wavelength (A = 6.8um). This large
wavelength taning  demonsirated 1 experiments and  simudationy represents a  magor
improvement over previous work on tunable plasmonic structures {see, e.g.. Rels. [41-{43]
in which there was no enhancement of the imteraction between light and active media and,
accordingly, very small tuning effects.

88331 Graphene SPs can be very different from conventional SPs supported by metal-
dielectric interfaces {see, e.g., Ref {44]). Distinctive charactenstics of imd-IR graphene SPs
include ultra-strong localization {e.g., lie decay distance normal o graphene ~ tens of nm),
“deep UV wavelength (~ tens of nm), and very large propagation constant (e.g., in-plane
wavevector ~ 100 umes of [ree-space wavevector). Because of the large wavevector
mismalch {Ak) between SPs propagating on graphene and on metal, the grapbene patch in the
antenna gap can lorm an effective Fabry-Pérot cavity for graphene SPs, resulting in standing
waves. This exemplary effect is shown in the ilfustrations of Figure 2(b), as discussed above,
and is further illustrated in Figure 3, which shows an illustration of standing waves with
maultiple antinodes in g wide antenna gap. According to the physical principles illustrated in
Figures 2(b} and 3, the anienns rods can capture mcident IR radiation from free space {e.g.,
ambient raciation or targeted radiation such as from a laser), and convert this IR energy into
surface waves propagating along the rods, which excites graphene SPs in the amtenna gap.
Metallic antenna rods effictently couple antenna surface waves into graphene SPs because the
sharp edges of rods provide a preferable spatial frequency component that compensates the
wavevector misnatch, Ak, Efficient generation of graphene SPs has also been theoretically
demonstrated asing gratings with deep-sab-wavelength period {(see. e.g., Refl [45]).

{06541 A perturbation theory can indicate that a lareer tuning of plasmonic resonance is

achieved m structures supporting a larger spatial overlap between graphene and optical fields.
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The vod-antenna design discussed herain may not be optimized to achieve the largest tuning
because the structure can have considerable fringing felds outside antenna gaps. According
to an exemplary embodiment of the present disclosure, an aperture antenna struciure can
provide an interaction between the antenna near-fields and the graphene n the aperture that
can resalt in, e.g., a larger tuning of optical resonance. In addition, the exemplary apeniure
gntennas can be more suttable as building blocks for SLMs because they can operate glone,
while vod antennas rely on neighbors to confine hght,

[0033]  Figare 4(a) shows g schematic ilustration of a tunable aperture antenna according
to one or more exemplary embodiments of the present disclosure. In these exemplary
embodiments, 3 graphene sheet van be disposad in contact with a silicon dioxide (8i0:) layer,
with the graphene covering the entive surface vy certan embodiments, The Si0; laver can be
disposed in contact with a heavily doped sificon (51) substrate. Figure § further tlustrates top
{x-v) and side {x~z) views of this exemplary arrangement. For example, 81 substrate 810 may
have an exemplary thickness of a certain number of nm, SiQh layer 820 may have an
exemplary thickness of 285nm, and graphene mesh laver 830 mwy have an exemplary
thickness of §.33nm, gs discussed above. A metallic layer 840 can be disposed in contact
with graphene mesh layer 830, with faver 840 having at legst one aperture through which the
gnderiving portion of the graphene mesh 15 exposed to nctdent radiation, incloding mid-IR
radiation.  In some exemplary embodiments, metallic layer 840 can include, eg. a gold
materigl. In the exenplary arrgngement shown i Fig. 8, the aperture can have a leagth (L),
width {W), and height (M) of about, eg., 3.7 um, 100 mm, and 30 nm, respectively.
Nevertheless, these dimensions are merely exemplary and the person of ordinary skill will
readity comprehend that other dimensions may be smploved advantageousty.

[B886] A strong exemplary misraction between the graphene mesh and nud-IR radiation is
further lustrated In Figure 4(b}, which shows an illustration of an exemplary surface-
plasmon (SP) standing wave of high intensity (intensity enhancemeant ~6000) supported by
graphene {doped at 2x10* m™}1 As shown therein, an area located in the anienna aperture
can be 4. 4um--2um. The standing wave can strongly interact with graphene, e.g., keading to
a considerable perturbation {o the resonant frequency of the rod aniennas. The exemplary
effect of graphene is further iHustrated n a graph of Figure 4{c}, which shows that w the
absence of the underlying graphene mesh, the near-field maxinia of the exemplary structure
shown i Fuawe 4(a) can be located on the long edges of the aperture where charges arg

accommulated. In contrast, Figare 4(b) shows that when the aperture 15 loaded with graphene,
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a near-field maximum advantageousty occurs at the aperture center on the surface of the
graphene.

{80857}  As a resalt of the stronger graphene-SP teraction, the tuning of reflection specira
of aperture aptennas can be much larger than that of the rod antennas. This can be evident by
comparing the reflectivity performance of the rod arrav and aperture structures shown n the
exeniplary graphbs of Figures 2{0) and 4(d), respectively. For example, the graph of Figure
4d) indicates that Ab = 12,49 Aques 15 achieved when graphene doping is changed from
0 10 9x10M ar* ( conpare 10 7.5% Ay in Figure 2{¢)). Figure 4(d} alse shows that the
exemplary structare shown in Figwre #{a} can faciliiate a maximum reflectivity modulation
of, eg.. ~3%, which ocours at A = &um, while Figure e} shows that the exemplary
structare of Figure 4(a) can facihiate a maximum phase modulation of ~34 degress fe.g., ag
observed in far-field) which occwrs at A = 625uwm. These exemplary results are comparable
to the exemplary rod array structare shown in Figure 2(a).

[8658] Nevertheless, the amount of intensity modulation available from the exemplary rod
and aperture gntenna structures discussed above is Himited because the resonant dips of the
miensity spectra have broad width and limited depth, as shown i the exemplary graphs of
Figuves 2(c) and 4(d). In addition, the available phase tuning may not be sefficient for cerfain
applications. Such problems may be addressed by designs based on reflect-arvays, which
comprise of arrays of phased antennas separated from a metallic back-plane by & diclectric
spacing laver (see, eg. Rel {46]) In some exemplary embodimenis of the present
disclosure, the spacing layer can be, e.g., a sub-wavelangth i thickness, resulling in a strong
optical coupling between the metallic antennas and metallic back-plane. Compared to
exemplary configurations inchuding a single layer of scatterers, as illustrated by Figures 2{(a}-
2(dy and 4{a)-4(d), exemplary reflect-arrays can facihitsie a larger reflecied power and
support plasmonic resonances with higher quality factors, leading to nawrower snienna
resonances and a larger range of phase tuning.

[0859]  Figure 3a) shows a schematic illustrstion of a tunable rod antenna reflect-array
according to one or more exemplary embodiments of the presest disclosure.  In these
exemplary embodiments, a graphene sheet can be disposed n contact with a sihicon dioxide
(S10;) laver, with the graphene covering the entive surface in certain embodiments. The Si0;
layer is disposed in contact with & metallic substrate, which in sonme exeniplary embodiments
of the present disclosure may be a gold (Av) substrate. Figure 7 further tustrates the top {x

vy and side (x-2) views of this exemiplary arrangement for the exemplary embodiment shown
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n Figure 3{a). For example, the parmeters of Figwre 7 for this exemplary embodiment can
be simular or substantally the same as the parameters for the embodiment shown in Figure
2a), except that substrate 710 can be of a different matenial, S, layer 720 may have an
exemplary thickness of, e g, about 400 nm, and the antenna gap (4) may be, e.g., about 30
am. Nevertheless, these dimensions are merely exeraplary and the person of ordinary skill
will redily comprehend that other dimensions may be employed advantageousty.

[0060]  Figures 3b) and St} show exemplary graphs of the reflective intensity and
reflective phase, respectively, at particular oud-IR wavelengths of the exemplary antenna
reflect-array of Figure 5(a). These exemplary graphs itlusirate a number of desivable features
and significant improvements of the reflect-array compared to the array on the doped Si
subsirate shown in the ithatration of Figure 2{a). Furst, the resonpant dips of the reflection
spectra can be guite sharp. As shown in the graph of Figure 5(b), the waist of the dips (e.g.,
measured between A corresponding o 30% of maximum reflective intensity) are ~0.7 pm and
the change m reflectivity AR (i.e., from maximam {o minimuan} can be 80-90%,. As shown in
the graphs of Figures 2{c} and 4(d}, single lavers of antennas produce resonant dips with
waists of, e.g.. sbont 1.5-2.53um and AR of about 40-60%:. These sharp resonances can be due
to the coupling between rod antennas and their iroage resongtors in the metallic (e.g., gold)
back-plane. Coupled optical resonators with a sub-wavelength separation can have a much
larger quadrupolar component i their charge distribution than individual resonators. This can
indicate that considerable optical energy is trapped m the near-field and resulting n 8 higher
quality factor or sharper resonance.

jBne1]  Second, the wavelength taping vange of the exemplary reflect-array shown i the
graph of Figure $a) can be large. For example, by changing the bas voltage (Vg), the
resonant wavelength can be shifted by Ak = 0.85pm (12.5% Acaent), compared 1o AR = 0.6
{8.539% ey} fOr the exemplary single laver of rod antennas shown in Figure 2{c). The
increased wavelength tuping can also be due to enhanced optical near-fields i the reflect-
array structure.  For example, the intensity enhancement w the antenna gap of the reflect-
array can be, e.g., ~20,000, about six (6) times greater than enhancement i the antenma gap
of the single-lavered rod array structure shown in Figure 2{a}.

{86621  Third, the avaiable exemplary phase tuning range for particular wavelengths of
aud-IR radiation can be farge dee to the coupling between the antennas and their images in
the back-plane. For example, the graph of Figure §(¢) can indicate that the phase of the

reflected mid-IR radiation can be continuously tumed over, eg., ~2400 dagrees for
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wavelengths in the range, e.g., sboat 6.5-70um. This exemplary range can represent an
gight-fold increase over the range available from the single-layer rod array structure shown in
the ilustration of Figure 2{a). Coupled antennas can provide the entive 2% phase coverage, as
demonstrated mn near-infrared and microwave specival ranges (see, e, Refs. [30]1311, and
{364,

{00631  According to other exemplary embodiments of the present disclosure, these
exemplary principles may be applied to the aperture antenng structure shown in Figure 4(a) to
obtain an aperture reflect-array, such as the exemplary siructure shown in Figure 6(a). In
these embodiments, a graphene sheet i disposed in contact with a silicon dioxade (S104}
layer, with the graphene covenng the entire surface 1o certin embodiments. The i laver
is disposed in contact with 1 metallic substrate, which in some exemplary embeodinients of the
present disclosure may be a gold (Ag) sebsirate. Figure 8 further tHustrates the top {x-y) and
side {x-7} views of this arrangement for the exemplary embodiment shown in Figure 6(a). In
somne exemplary embodiments of the present disclosure, the parameters of Figure 8 for this
exemplary embodiment may be substantially the same as the parameters for the exemplary
embodiment shown 1 Figure 2{a), except that substrate 510 can be a different material, and
Si0; layer 820 can have an exemplary thickness of about 400 nm.  Nevertheless, these
dimensions are merely exemplary and the person of ordinary skill will readily comprehend
that other dimensions may be emploved advantageously.

[0864]  Figures 6(0) and 6(c) show exemplary graphs of the bensity and phase,
respectively, st particular mid-IR wavelengths of the aperture reflect-wivay shown in the
tlustration of Figure 6(a). For example, the graph of Figure O illustrates that the in
resonant wavelength tuning range can be, e.g., Ak = 0.66um (10.8% of Acea). the resonant
dips can have a waist of, e.g., about 0.5-1 gun, and the change i reflectivity AR can be ~90%.
Moreover, the graph of Figure 6{c) mdicates that m the nud-IR wavelength range of, eg.,
6.0-6.25um, the available phase tuning range can be approximately 240 degrees. These
properiies compare favorably with the resulis for aperiure antennas on 8 Si0-81 substraie,
shown in and discussed above with reference (o the exemplary graphs of Figures 4(d)-4{e}.
[0865]  Figure 15(3) shows 3 schematic tHustration of a a further tmable aperture antenna
supporiing multiple resonances that can provide a wider phase tuning range, according to one
or more exemplary embodiments of the present disclosuwre. The exemplary aperture antenna
shown in Figure 15(a), which may be a unit cell of an antenng array, may provide at least

three resonances due o s folded, multi-segment gecmetry. As discussed herein with respect
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to other exemplary embodiments, the exemplary structure of Figure 13{a) may comprise a
metallic layer disposed on top of & graphene mesh laver, such that the graphene mesh s
exposed in the anfenna gaps.

[8866]  Figure 15(b) shows an tHustration of a strong interaction between the graphene and
metal i the antenna gaps, showing an exemplary ont-of-plane component of magnetic field
of two antenna modes al wavelengths of 8.3 and 107 pm for a graphese doping level of
I m”. Figawe 15(D) lustrates, for example, two higher-order antenna resonances in the
exemplary anigmna structiure shown in Figure {5(a). Each of these resonances mayv introduce
large phase shifts, bringing the total available phase shift to ~600 degrees. This 1s illustrated,
for example, by Figore 13(c), which shows the phase shift introduced by the exemplary
antenna structure of Figure 13(a) for a range of mud-IR wavelengths at each of two graphene
doping levels. Figwre 13{d} shows the difference between the two phase curves of Figure
15(c), iltastrating that an exemplary phase modulation range of 460 degrees can be achieved
by selecting between the two graphene doping levels.

[6067] Figures 16{a) and 16{(b} show illusirations of the iop and side views, respectively,
of a spht-ring resonator antenna, according o one or more exemplary embodiments of the
present disclosure.  The exemplary sphit-ring resonator satenna shown in Figures 16{a) and
Io{by, which may be a wat cell of an antenna array for bimary-inlensity modulation,
comprises & long gap that can increase the volume of interaction between hght and grapheng,
thereby maximizing the perturbation caused by the resonator. This exemplary effect is shown
mn an exemplary Hustration of Figure 16(c), wluch indicates the strong interachion between
infraved Light and graphene m the antenna gap of the exemplary antemna structure shown in
Figure 16{a). Figure 16{d) ilhustrates a graph providing additional advaniages of this
structare, including an avatlable 18.7% tuning of resonant wavelength and >10x range of
transmission power modulation {e.g., 7% to 78%) at 2=6.3 um by selecting between two
exemplary graphene doping levels.

j0068]  In other exemplary embodiments according to the present disclosure, exemplary
mid-{R intensity mndulators with a desirable high extinction matin v, (i.e., ratio of “on” and
“off” reflective mtenstties) and fast modulation speed can be construciad wsing reflect-arrays
comprising wdentical rod or aperture antennas sharing a conwmon bias voltage. For example, a
maxtmum £, ~980 at A=7.24pm can be achieved using reflect-arrays of rod antennas.
Moveover, exemplary veflect-arrays of rod antennas may have a vange of wavelength

exhubiting a suitably large #,, e.g. the range Al for £, T00 may be as minch as 015 pm,
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Reflect-arvays of aperture antenmas can have similar performance, e.g., #~110 at =6.45 um
and Akgqn=0.04un as shown in the graph of Figure 6(b). A mid-IR intensity modulator, can
comprise a 3050 armay of rod antennas with a footprint of ~100Um x 100wm, provides an
avatlable modulation rate of a few GHz  This rate s limited by the resistance-capacitance
(RC) time constant of the exemplary device. The resistance 1s typieally a few kilo-ohms {k&2),
mainly dug to the comtact resistance between graphene and anienna slecirodes. The
exemplary capacitance can occur between the graphene mesh and the gold back-plane. The
large extinction ratio r. and high gvailable modulation rate can be suitable fov modudating,
g.g., single-mode, mid-IR lasers such as CO; lasers and quantum cascade lasars.

[8869] A block diagram of an exempiary modulation system 900 aocording to one or more
exemplary embodiments of the present disclosure 13 shown i Figwre 9. Exemplary
modulation system 900 can comprise a control device 910, an adjustable voltage source 920,
and a modulator 930, Modalator 930 can receive an incident radistion, such as from a 6
infrared laser, and outpuis radiation m which one or more wavelengths {e.g., one or more
aud-IR - wavelengths) have been modulated m intemsity, phase, and/or polanization.
Modulator 930 can comprise, for example, an gperture reflect-grray antenna with g graphene
mesh layer sach as shown in Figwre 6. Soorce 920 provides a single output voltage for
comtrolling modulator 930, Control device 910 can mstruct source 920 to output a particudar
voliage fevel corresponding to the intensity, phase, andfor polarization modulation desired for
one or more wavelengths of the radiation incident {o modulator 930, This can be performed
i vanous ways inchudling, for example, by accessmg doping response  informalion
corvesponding to the wavelength{(s) 1o be modalated that can be stored 1 memory of control
device 910, eg., i a lookup table. For example, the doping response information may
comprise one of more seitings for voltage source 928 corresponding fo the graphene dopmg
required 1o effect a desived range of amplitude andfor phase wodulations for each of the mid-
IR wavelengths of nferest. In some exemplary embodunents of the present disclosure, the
doping response mformation may comprise sampled versions of one or more of the intensity,
phase, and polarization versas wavelength for the particular antenna comprising modudator
930 such as, for example, intensity and phase graphs shown in Figures 5¢(b) and Sc).

[0070]  Figure 12 15 a flow diagram of an exemplary method for controlling wodulation of
iniensity, phase, and/or polatization of radiation {e.g., mid-IR radiation) by a medulator, such
as modualalor 930 comprising an aperture reflect-array antenna with g graphene mesh layer

described above with reference to Figure 9, The exenplary method shown in Figure 12 may
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be performed by a control device, such as control device 910 described above with reference
to Figure 9. Although the exemplary method 15 illustrated in Figure 12 by blocks m s
particutar order, this order is merely exemplary and the steps/procedures of the nrethod may
be performed in a different order than shown by Figare 12, and may be combined andfor
divided into blocks having different functionabity.

{06711 For example, as shown in Figure 12, 1o block 1243, the control device can receive
inpat indicating the desired modulation of intensity, phase, andior poelarization of radiation
(e.g., nmud-IR radiation}. The range of radiation to be modulated may comprise a single
wavelength or a range of wavelengths., In some exemplary embodiments of the present
disclosure, the desired intenstty modulation may comprise a binary (Jon™ W off) value. In
somne axenmpdary ambodiments of the present disclosure, the deswed phase modulation may
comprise a value betsween ~x and x radians. In block 1220, the control device can determine
one or more parameters for effectuating the desired modulation. This can be performed in
varlous  ways including, for example, by accessing doping response mnformation
corresponding 1o one or more wavelength{s) to be modalated.  As discussed above, the
doping vesponse information may comprise information that can be used to deternune one or
more patameters {e.g., settings) for an adjustable voltage source whose output controls the
dopiny of the graphene mesh layer as requived to effectoate the desired modulation. In block
1230, the control device provides the one or more parameters deternined in block 1220, e g |
by sending a message comprising the one or more parameters to an adjustable voltage source
or a modulator. 1 block 1240, the control device can determine the next action required. I a
change i modulation s required {e.g., new iput recetved), the process retums to block
1210, If the current modulation 13 to be maintained, the process can loop back to the input of
block 1240, 1f the control device determines that the modulation is to be terminated, # can
proceed {o block 1230 where the process ends.

{66721  In other embodiments, binary-idensity (1e., on/off) SLMs can be created by using
arrays of aperiure antennas individually addressable by electronics. Figwre 10 shows an
sxenplary SEM created from an array of metallie aperture antennas {identified by
representative elements 1010-1040% Fach metallic aperfre section (e.g., element HND s
disposed in contact with a grapbene mesh section (e.g.. clement 1011) that s isolated from
graphene mesh sections in confact with other metallic aperiure section (e.g., antenng 1020),
Sumilar to the arrangement of Fipure 6{a), the mesh sections are disposed on a Si0: layer

1080, which is disposed on a gold {Au) substrate 1090, Moreover, each metallic section 13
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connected to an individual control line (e.g., element 1012) such that the voliage between
cach metallic section {e.g., element 1010) and substrate 1090 can be adjusted independently
of the voltage applied to other antenna sections {e.g., element 1020). In this exemplary
manser, spatial dependent modalation of radiation (eg., mid-IR wavelengths) can be
achieved by adjusting the doping of each graphene mesh section according to the principles
discussed berein. A binary-intensity SLM constructed according to these principles will
exhibit a fast frame rate bevause the RC time constant of mdividual antennas can be very
small {e.g., a few tens of ps) allowing for fast switching. SLMs based on antennas with sub-
wavelength footprints will have hagh spatial resolution, which facilitates condrol of not only
far-field bul also optical near-field and mese-field, A binary-istensity SEM constructed
according fo these principles can be configured into a binary hologram to synthesize complex
3D hight Helds (see, e.p., Refs M7H{48].

06731 A block diagram of an exemplary spatial light modulation (SLM) system 1100
according to one or move further exemplary embeodinents of the present disclosure is shown
i Figure 11, SLM system 1100 comprises a control device 1110, an adjustable voltage
seree 1120, and a Nepixel SLM 1130, For example, as shown in Figure 11, SLM 1130
recetves incident radiation, including an Nepixel image, and outputs an N-pixel fmage for
which ore or more wavelengths (eg., mid-IR wavelengihs) of one or more of the N pixels
has been modulated in amphitode, phase, and/or polanizaton. SLM 1130 may compnise, for

example, an apeniure reflect-array antenng such as shown in Figure 10, Source 1120 provides
P, P \ g i

N independens. ountput volages corresponding (o each of the N mxels that SLM 1130 is

capable of modulating. For each of the N pivels m each frame of the output image, control
device 1110 instructs sowrce 1120 o output a particular voltage corresponding o the
amplitude andfor phase modulation desired for that pixel. This can be performed in various
ways including, for example, by accessing doping response information that can be stoved in
memory of control device 1110, eg., in a lookuep table. For example, the doping response
information may comprise one or move seltings for voltage source 1120 corresponding 1o the
uraphene doping required 1o effect a deswred range of amplitude. phase, andior ntensity
modulations for one or more wavelengihs of interest. In some exenplary embodiments of the
present disclosure, the doping response information may comprise sampled versions of one or
more of the miensuy, phase, and polarization versus wavelength for the particular antenng
comprisieg SLM 1131 such as, for example, the exemplary intensity and phase graphs shown

in Figures 3{b} and 3¢},
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[0874]  Figare 13 35 a flow diagram of an exemplary method for controlling modulation of

iniensity, phase, andfor polarization of radiation {e.g., mud-IR radiation} by a spatial hght

maodufator (SEM), such as SLM 1130 comprising an aperture reflect-array antenna with a
graphene mesh laver described above with reference to Figure 11, The exemplary method
shown 1 Figure 13 may be performed by a control device, such as control device 1110
desoribed gbove with reference o Figure 11, Although the exemplary method 15 iHusteated in
Figure I3 by blocks i g paricular order, this order is merely sxenwplary and the
steps/procedures of the method may be performed in a different order than shown by Figure
13, and may be combined and/ov divided into blocks having different functionahity.

[0873] In block 1310, the conirol device can receive mput indicating the desired
modulation of miensity, phase, anddor polarization of radiation {e.g., mid-IR radiation) for
each of the N pixels in an incident image frame. The range of radiation o be modelated may
comprise a single wavelength or a range of wavelengths. In some exemplary embodiments of
the present disclosare, the desired intensity modulation for each of the N pixels may comprise
a binary (Con”Toff") value, while in other embodiments the intensity may comprise an
attenuation amoum {e.g., % or dB of maxinmum). In some exemplary embodiments of the
present disclosure, the desired phase modulation may comprise a value between ~n and n
rachians for each of the N pixels. In block 1315, the control device can mitialive the pixel
counter, i, 1o zero. In block 1320, the control device can determine the necessary parameters
for effectuating the desired modulation for pixel /. This can be performed m various ways
mcluding, for example, by accessing dopig response infornation corresponding {0 one or
more wavelength{s} to be modalated.  As discussed above, the doping response ndormation
may comprise nformation that can be wsed to determine one or more parameters {e.g.,
setings) for an adjustable voltage source whose output controls the doping of the graphene
mesh laver s required to effectnate the desired modulation. in block 1330, the conirol
device provides the one or more parameters determined in block 1320 for pixel £ e.g., by
sendling & message comprising the one or more parsnelers to an adjustable voltage source or
a modulator. The contrel device can merement the pixel counter, 7 in block 1333 and can
determine m block 1340 if additional pixels need 1o be modidated. I s0, the process retumns
to block 1320, If not, the process can proceed to block 1350 where the control device can
determine the next action preferved or required. If a new tmage frame s available o be

moduiated, the process retumns o block 1310, I the current modulation is 0 be maintained,
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the process can loop back to the input of block 1350, 1f the control device determines that the
modulation 1s to be terminated, it can proceed 1o block 1366 where the process ends.

{8066] As shown in the exemplary graphs of Figures 5{c) and 6(c), the phase tuning
range of the reflect-array designs of Figures 5{a) and 6(a) can be up to ~240 degrees, which
may be msufficient for applications requirmg full phase control of optical wavelronts,
Nevertheless, more complex structures that support two or multiple antenna resonances such
as V-antennas (see, e.g., Refs. {23127} and {29]) and concentric foop antennas (see, e.g.,
Ref [28]) can exiend the phase response fo polentially cover the entire 2% vange. To reahyes
full analog-phase SLMs, for example, anay elements with large phase modulation and small
variations w scattering amplhibde can be atithzed.  Antenna structures with mudtiple
resongnces can provide additional degrees of freedom in optical design and reduce the
correlation between phase and amplitude response. For examyple, large phase variations with
mimmal changes m scattering amplitude have been demonsirated in V-antennas (see, e.g.,
Refs. [23}-{27] and [29]).

[0067]  Although exemplary embodiments are disclosed herein as using graphene, the
person of ordinary skill will readily understand that grapheng is merely an exemplary
material and many other such materials may be used advantapeously.  For example,
elecirically-tunable, thin-film materials soch as vanadivm  dioxide, boron wiride, and
molvbdenum disulfide may be combined with metal in a plasmonic antenna according to
various exemplary embodiments of the present disclosure.

[8668] Moreover, although embodiments disclosed heremn {e.g., embodiments Hhustrated
by Figures 2, 4-8, 10, {5 and 16) ave described as having a metathe laver disposed ontop of a
praphene (or other thin-film material} laver, winch m turn can be disposed on wp of a
subsirate or dieleciric, persons of ordinary skill will recognize that the order of the metallic
and graphene lavers may be reversed in other exemplary embodiments. In other words, a
graphene layer can be disposed advantageously on top of a metalhc layver, which m turn can
be disposed advantageously on top of a substrate or dieleciric.

{8069 Fizure 14 shows a block diagram of an exemplary control device or apparatus
atifizing certain embodiments of the present disclosure, inclading execution of mstractions
comprising the computer-readable medium that causes modwlation of mid-IR radiation
according to one or move of the embodiments described herein above. For example, a device
1400 may be used as control device 910 andfor control device 11 1) shown in Figuves ¥ and

i, respectively, Exemplary device 1400 can comprise a processor 1410 that can be operably

b2
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connected to a program memory 1420 andior a date ywemory 1430 via a bus 1470 that may
comprise parallel address and data buses, serial ports, or other methods anddor structures
known to those of ordinary skilt in the art. Program memory 1424 comprises sofiware code
or program executed by processor 1410 that facilitates, causes andfor programs exemplary
device 1400 to communicate using one or more wired or wireless commmunication protocols,
including one or more wireless comnmumication protocols standardized by 3GPP, 3GPP2, or
IEEE, sucl as those comumonly known as LTE, UMTS, HSPA, G8M, GPRS, EDGE, IxRTT,
CDMAZO00, 302,11, WiFL, HDMI, USB, Frrewire, etc., or any other protocols uulized in
conjunction with radio transceiver 1440, user interface 1450, and/or host interface 1460,
[0070]  Propram memory 142( can also comprises software code executed by processor
1414 1o control the functions of device 148, inchuding configuring and controlling various
components such as radio transcetver 1440, aser interface 1450, andfor host interface 1460,
Program memory {420 may also comprise an apphication program that causes modulation of
mid-IR radiation according fo one or more of the embodiments described herein. Such
software code wmay be specified or writen asing any known or futwre developed
prograuming language, such as ey Java, C++, €, Objective €, HTML, XHTML, and
Assembler, gs long as the desived functionality, e g, as defined by the wnplemented methad
steps, 1s preserved.  In addition or alternatively, program wenwory 1420 may comprise an
external storage arrangement {(not shown) remote from device 1400, from which the
instructions can be downloaded into program memory 1420 located within or removably
voupled to device 14, so as to enable execution of such instructions.

71} Data memory 1430 may comprise memory ares for processor 1410 o store
variables used in protocols, counfiguration, cowtrol, and other functions of device 1400,
ncluding meodulating mid-IR radiation according to ene or more of the embodiments
described herein.  For example, data memory 1430 mav include the doping response
information {e.g., lookup tables) described above with reference to Figures 9 and 11
Moreover, program memory 1420 andior data memory 1430 may comprise non-volatile
memory {eg., flash memory), volatle memory {(eg., stalic or dynanue RAM), o a
cominnation thereof.  Furthermore, data memory 1430 may comprise a memory slot by
which removable memory cards 1 one or move formats {eg., SD Card, Memory Stick,
Compact Flash, etc.} may be inserted and removed. Persons of ordinary skill in the art will
recognize that processor 1410 may comprise muliiple individual processors {e.g., multi-core

processors}, each of which mmplements a portion of the fimctionality described above. In
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such case, mulnple ndividual processors may be commonly connected to program memory
1420 and data memory 1430 or individually comnected to multiple mdividual program
memories and or data memories. More generally, persons of ordinary skalf i the art will
recognize thet various protocols and other functions of device 1404 may be implemented in
many different combingtions of hardware and software including, but not hmited o,
application processors, signal processors, general-purpose processors, multi-core processors,
ASICs, fixed digital wircurtry, programmable digital cwrcuitry, analog baseband circunry,
radio-frequency cireuitry, software, firmware, and muddleware.

0672} Radio transceiver 1440 nwy comprise radio-frequency transmitier and/or receiver
functionality that enables device 1400 1o communicate with other equipment supporting like
wirgless comnngncation standards.  In an exemplary embodiment, radiv transceiver 1440
imcludes an LTE wansnugter and receiver that enable device 1400 10 compumicate with
varions Long Tenm Evolution (LTE) networks {also known as “4G™) according to siandards
promulgated by 3GPP, In some exemplary embodiments of the present disclosure, radio
franscetver 1440 includes cireutiry, firmware, ete. necessary for device 1400 to communicate
with various UMTS andior GSMYEDGE networks, also according to 3GPP standards. In
some exemplary embodiments of the present disclosure, radio franscetver 1440 includes
cireutry, firmware, ele. necessary for device 1400 (o conmnunicate with various CDMAZNG
networks, according to 3GPP2 standards.  In some exemplary embodiments of the present
disclosure, radio transceiver 1440 is capable of comnwnicating using radio technelogies that
operate 1 unlicensed frequency bands, such as IEEE S02.11 WiFi that operates using
frequencies in the regions of 2.4 anddor 5.6 GHz. In some exemplary embodiments of the
present disclosure, radio transcetver 1440 may comprise a trapsceiver that is capable of wired
communication, such as by using IEEE 8023 Ethemet technology. The functionality
particutar to each of these embodiments may be coupled with or controlled by other circunry
in device 1404, such as processor {410 executing protoco! program code stored in program
memory 1420,

8673 User imterface 1430 may take vanpus forms depending on the particular
embodiment of device 1400, In some exemplary embodiments of the present disclosure, user
mierface 1450 mav comprise a nucrophone, a loudspeaker, shdable butions, depressable
buttons, a displav, a touchscreen display, a mechanical or virtual keypad, a mechanical or
virtual kevboard, and/or any other user-interface features commonly found on mobile phones.

In other embodiments, device 1400 may comprise a tablet computing device {such as an
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Pad® sold by Apple, Inc.) ncluding o targer touchscreen display. In such embodiments, one
or more of the mechanscal [eatures of user mterfuce 1450 may be replaced by comparable or
functionally eqvalent virtual user interface {features {e.g., virtual kevpad, virtval buttons,
ete. ) implemented asing the touchscreen display, as familiar to persons of ordinary skall in the
art. In other embodiments, device 1400 may be a dipital computing device, such as a laptop
computer, desktop compuier, workstation, ete. that comprises a mechanical keyvboard that
may be integrated, defached, or detachable depending on the particular embodiment. Such a
digital computing device may also comprise a touch screen display.  Many exemplary
embodiments of device 1400 having a touch screen display are capable of recetving the user
mmits, e.g., refated to controlling modulation of radistion incident on an antenna, according
o various examplary embodiments deseribed berein,

{6674} In some exemplary embodiments of the present disclosure, device 1400 may
comprise an orientation sensor, which can be used to sense when the user has changed the
physical orientation of the device 140075 touch screen display. An indication signal from the
orientation sensor may be available to any application program executing on device 1404,
such that an application program: may change the ortentation of a screen display (e.g., from
portrad to landscape) automatically when the indication signal indicates an approximate 90-
degree change in physical orientation of the device. In this manner, the application program
can maintan the screen display in a manner that s readable by the wser, regardless of the
physical orientation of the dewvice,

{0781 Contred mterface 1464 of device 1400 may take varicus forms depending on the
particelar embodiment of device 1400 and of the particalar wnterfice requirements of the
bardware pnder control of device 1400 including adjustable voltage sources (e g., sources 920
anit 1140 shown in Figures 9 and 11, respectively) used to vary the graphene doping level for
modulating nuid-IR radiation according to embodiments described herein.  For example,
control mterface 1460 may comprise an RS-232 interface, an RS-485 imterface, a USB
interface, an HDMI imterfuce, a Bluctooth interface, or the like. In some exemplary
smbodiments of the present disclosure, control wterface 1460 may comnprize an IEEE BO2.3
Fihernet interface sueh as described above. In some exemplary embodiments of the present
disclosore, control interface 1460 may comprise analog mterface circuitry including, for
example, one or more digital-to-analog (¥ A) and/or analog-to-digual {A/D) converters.
[0876]  Persons of ordimary skill in the art will recogmize the above hist of features,

interfaces, and radio-frequency compumication standards i3 merely exemplary and not
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fimiting o the scope of the present disclosure. Tn other words, device 1400 may comprise
more functionality than s shown in Fig. 14 incloding, for examyle, a video andfor still-umage
camera, microphone, media plaver, ete. Moreover, radio wransceiver 1440 may melude
chcuitry necessary  to compunicate using additional radio-frequency communication
standards including Blustooth, GPS, andfor others.  Accordingly, processor 1410 may
execute software code stored in program memory 1420 1o control such additiongl
functionality.

{0877] As described herein, a device or apparatus may be represented by g semiconducior
chip, a chipset, or a {hardware) module comprising such chip or chipset; this, however, does
not exclude the possibility that a functionality of a device o apparatus, instead of being
hardhware implemented, be mnplemented as a soflware modude such ag a compuler program or

& computer program product comprising executable software code portions for execution or

being run on a processor. A device or apparatus niay be regarded s a device or apparatus, or

as an assembly of multiple devices and/or apparatuses, whether functionally v cooperation
with or independently of each other.  Moreover, devices and apparatuses may be
implemented in 8 distributed fashion thronghowt a system, so long as the fimctionality of the
device or apparatus is preserved. Such and similar principles ave vonsidered as known to g
skilled person.

{6678} In summary, exemplary designs of electnicallv-tunable graphene-metal plasmonic
antennas gecording to exemplary embodiments of the present disclosure can be provided,
which can be used for building mid-IR reconfigurable flat optical components, This can be
advantageous over conventional devices, such as providing a reduction in size and weight,
ehmination of movable parts and exotic materials, and wmereased design freedom in
engineering near-field and meso-field. Flat components comprising arrays of phased elements
have achieved considerable success in other spectral range, examples including liquid-crystal
spatial light modulators for visible light (see. e.g., Rell [49]) and micro-wave active phased
arvay radar {see. e.g., Rell [50]). It is likely that {flat optical components may also have a
stgnificant impact i the mid-1R speciral range and lead to unique and important applications.
For gxample, mid-IR modulators can facildtate communication, mavization, and surveillance
thropgh scatiering media {e.g., foggy or dusty environments), mud-IR beam-steenng devices
with large scan angles and fast scanning sate, and withouwt movable components will be of
primary importance (0 remote-sensing LIDAR systerss.

[8679] The foregoing merely illusirates the principles of the disclosure.  Various
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modifications and alterations to the described embodiments will be apparent o those skilled
in the art m view of the eachings herem. It will thus be appreciated that those skilled in the
art will be able to devise numerous systems, arrangements, and procedures which, although
not exphertly shown or deseribed berein, embody the principles of the disclosare and can be
thus within the spirit and scope of the disclosure. Vartous different exemplary embodiments
can be used together with one another, as well as interchangeably thevewath, as should be
widerstood by those having ordinary skill in the . In addition, certamn terms used in the
present disclosure, including the specification, drawimgs and claims thereof, can be used
synonymously i certain mstances, including, but not limited to, e.g., data and inforpation. It
should be understood that, while these words, and/or pther words that can be synonymous to
one another, can be wsed synonvimosly herem, thatl there can be instances when such words
can be intended to not be used synonvmously,  Further, to the extent that the prior ant
knowledge has not been explicitly imncomporated by reference herein above, it is explicitly
mcorporated herem in its entivety.  All publications referenced are incorporated herein by

reference in their entireties.

26
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WHAT IS CEAIMED 1IS:

b A planar antenna for radiation, comprising:

a layver comprising one or more sections of a tunable thin-filoy material; and

£y

a metalhc layver comprising one or more metallic sections, wherein each metallic
section is disposed in contact with at least one of the one or more tunable thin-film sections
and comprises at least one gap, wherein gt {east one dimension of the af least one gap &5

related to at least one wavelength of the radiation.

2, The antenna of ¢laim 1, wherein the tunable thin-film material comprises al least one
of graphene, vanadihan dioxide, boron nitride of molvbdenum disulhide.
3 The antenna ol claim 1, wherein the metathe laver comprises a plurahity of rods
arvanged in g plurality of shapes, with nanoscale gaps i at least one dimension between

1S adjacent shapes.

4, The antenna of claim 1, wherein the radiation comprises a nud-infrared ("mid-IR™)
raciation.
200 5 The antenng of claim 1, wherein the metallic layer compnises one or more aperiures

having at least one dimension less than the at least one wavelength of the radiation,

. The antenna of clanm 1, wherein shapes of the one or more apertures comprises one or

more of a rectangle, a cross, a bowtie, 8 ™17, an “H”, or a spiral.

25 7 The antenna of claim 1, further comprising a substrate comprising one of a
semiconductor and a conductor,
R The antenna of claim 7, wherein:
the substrate comprises one of gold {Ax) and doped silicon {51); and
30 the metalhic layer comprises gold (Aa).

0, The antenna of claim 7, wherein the spacing between the metallic layer and the

substrate 1s less than the at least one wavelength of the radiation.

30
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1. The antenna of claim |, further comprising one or more electnical connections for

tuning the resonance of the antenna, wheremnt each of the one or more electrical connections is

attached io at leasi one of the one or more meiallic sections or (0 at least one of the one or

mrove tunable thie-film romtertal sections.

L Asystem for modulating radiation, conmprising:

a planar antenna comprising one or more sections of a tunable thin-film material;

an adjusiable voltage source coupled to the one or more sections of the tunable thin-

film material; ang

a control devies coupled 1o the adjustable vollage source and configured to:

receive mput concerning a desired modulation of at least one wavelength of

the radiation by the antenna, wherein the radiation is at least one of transmitied and

reflected radiation;

determine one or move parameters of the adjustable voltage sowrce that

effectuate the desired modulation by varying the doping level of the one or more

sections of the tunable thin-fibn material; and

provide the determined one or more parameters to the adjustable voltage

SOUYCS.

12, The system of claim 11, the control device further comprising;

at least one processor; and

8 non-transiory, computer-repdable median comprising computer-executable

mstructions that, when executed by the at least one processor, cause the control deviee o

receive the input, determine the setting, and send the controf message.

13, The system of claim 11, wherein the tunable thin-film material comprises at least one

of graphene, vanadium dioxide, boron nitnide, or molybhdenum disulfide.

4. The system of clamm U, wherem the desired modulation comprises at least one of

intensity, phase, and polarization modulation of at least one wavelength of o nud-infraved

(“mid-IR") radiation.
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18 The system of ¢clanm 11, whereim

the antenna further comprises a metallic layer comprising one of more metallic
sections;
each metallic section 1s disposed in contact with at least one of the one or more tunable thin-
film matenal sections and compnises at least one gap, and

at least one dimension of the at least one gap s velated (o mt least one wavelength of

the radiation.

16, The system of claim 15, wherein the metallic layer comprises g plurality of rods
arranged in a pluratity of shapes, with nanoscale gaps i al least one dimension between

adjacent shapes.

17, The system ol claim 15, wherein the metatbic laver comprises one or more aperiwres

having at least one dimension less than the at least one wavelength of the radiation.

18, The system of claim 17, wheremn shapes of the one or more apertures comypwises one

or more of a rectangle, a ¢ross, a bowtie, a ™17, or "H”, and a spiral.

19, The system of claim 15, wherein the metathe laver comprises gold (&)

20, The system of claim 15, wherehu

the computer-readable medium further compnises doping response mformation
describing at least one of intensity, phase, and polarization of one or more wavelengths of the
vachiation for each of a plurality of doping levels of the one or more sections of tunable thin
film material, and

the controf device is configured to determine the one or more parameters by accessing

the doping response information.
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21, The system of clanm 11, wheren:

the adjustable voltage source 1s independently coupled to each of the one or more
sections of the mnable thin-flm matenal; and

the controf device is configured to determine one ot more parameters that will vary
the doping level of at least one of the one or more sections of tunable thin-film material
independently of the doping level of at least one other of the one or more sections of wnable

thin-{ilm material.

22, The system of claim 21, wherein the control device is fiwther configured 1o determine
one or more parameters that vary the doping level of each of the one or more sections of the
funable thin-Gim matenial independently of ihe doping levels of all other of the one or more

sections of tunable thin-film material

23, The device of claim 21, wherein each of the one or more parametars s related o a
voliage to be applied between one of the sections of the tunable thin-film materiat and a

substrate of the attema,

24, A device for controlling the modulation of radiation by an atenna comprising one or
more sections of a tunable thim-film material, comprising:
at least one processor;
a controd interface; and
a nog~-fransiory, computer-readable medium comprising computer-executable
instractions that, when executed by the at least one processor, cause the device to:
receive input concerning a desired modulation of at least one wavelength of
the rachaiton, wherein the radiation s at least one of transnutited and reflected
vadiation;
deternune ong of morg parameters for elfectuating the desived modulation by
varving the doping levels of the one or more sections of the tunable thin-ilny matenal;
and

provide the determined one or more parameters via the control interface.
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)
o

The device of ¢latm 24, wherein:

the device further comprises doping response mformation describing at least one of
intensity, phase, and polarization of one or more wavelengths of the radiation for each of s
pharality of doping levels of the one or more sections of tanable thin-film material; and

the device is configured to determine the one or more parameters by accessing the

doping response information.

26, The device of clanm 24, wherein the tunable thin-film material comprises at least one

of graphene, vanadinm dioxade, boron nitride, or molybdenwn disulfide.

27 The device of clamm 24, wherain each of the one or more parameters 1s related to 3
voltage 1o be applied between one of the sections of the tunable thin-flm matenal and &

substrate of the amtenna.

28, The device of clamm 24, wherein each of the one or more determined pargmeters

effectuates the modulation of an individual pixel of an image ncident on the antena.

29, The device of clatm 24, wherain the desired modilation comprises at least one of an
intensity, a phase, or a polartzation modualation of at least one wavelength of a pud-infrared

(“mid-TR") radiation.

3. A pon-transitory, computer-readable medivm comprising computer-executable
msiractions that, when executed by at least one processor, cause the at least one processor to:
receive input concerning a desired modulation of at least one wavelength of radiation
by an anfenna comprising one or more seciions of a tunable thin-film material, wherein the
rachation s at least one of transmitted and reflected radiption;
deternmine one or more parameters fov effectuating the desired modulation by varving
the dopmg level of the one or more sections of the tunable thin-film material; and

provide the deternuined one or more parameters o 8 modulator.

32, The computer-readable medium of claim 31, wherein the computer-readable medium

further comprises:
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doping response information deseribing at least one of a intensity, a phase, or a
polarization of one or more wavelengihs of the radiation for each of a plurality of dopimg
levels of the one or more sections of a tunable thin-film material; and

computer-executable instructions that, when executed by the at least one processor,
cause the at least one processor to deternuine the one or mote parameters by accessing the

doping response information.

33, The computer-readable medium of claim 32, whevein the tunable thin-film matenal
comprises at least one of graphene, vanadiom dioxide, bovon nitride, or molvbdenum
disuifide.

34, The computer-readable medium of claim 32, wherem each of the one or more
parameters is related 1o 8 voltage to be applied between one of the one or more sections of the
tunable thin-film materiat and a substrate of the antenna.

35, The computer-readable medinny of clabm 32, wherein each of the one or more

b

parameters effectustes the modulation of an individual pixel of an image incident on the

ATHenna,

36, The computer-readable medium of claim 32, wheremn the desired modulation
comprises at least one of an infensity, a phase, or a polarization modulation of at least one

wavelength of a mid-indrared Cmid-IR™) radiation.

37, A computer-implemented method, comprising:

recetving input concerning 3 desired modulation of at least ong wavelength of
radiation by an antenna comprising one or more sections of a tunable thin-film material,
wherein the radigtion is at Teast one of ransmitied and reflecied radistion;

deternuning one or more parameters for effectuating the deswred modulation by
varying the doping level of the one or more sections of the tunable thin-Rlo swierial; and

providing the deternuned one or more parameters o g modulator.

38, The computer-implemented method of claim 37, wherein determining one or more

parameters further comprises accessing doping response information describing at least one
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of an intensity, o phase, and a polarization of one or more wavelengths of the radiation for
cach of a plurality of doping levels of the one or more sections of the tmable thin~film

material.

39, The computer-implemented method of claim 37, wherein the tapable thin-tilm
material comprises at least one of graphene, vanadium dioxide, boron nitnide, or molybhdenum

disuifide.

40, The computer-implemented method of claim 37, wherein each of the one or more
parameters is related 1o a voltage 10 be applied between one of the one or more sections of the

funable than-ilm material and a substrate of the antenna.

41, The computer-implemented method of claim 37, wherein each of the one or more
parameters effectuates the modulation of an mndividual pixel of an image incident on the

anenna.
42, The computer-implemented method of claim 37, wherein the desired modulation

comprises at least one of indensity, phase, and polarization wodulation of at least one

wavelength of a pud-infraved ("mid-IR™) radiation.

36
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