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Abstract: We develop a perturbation theory framework for modeling nonlinear resonators
comprising dispersive sheet materials. It is applied to model optical bistability with graphene-
based nonlinear resonant structures in the THz and near-infrared regimes.

OCIS codes: (190.1450) Bistability; (190.4350) Nonlinear optics at surfaces; (190.4390) Nonlinear optics, integrated
optics

1. Intoduction and Framework

A general framework combining temporal coupled mode theory (CMT) with perturbation theory for examining non-
linear resonators comprising anisotropic and dispersive 3D (bulk) and 2D (sheet) materials (without the need for an
equivalent bulk representation) is developed, expanding the existing literature focusing on bulk nonlinearities [1, 2].
Conductive sheet materials are modeled with the introduction of a nonlinear current term, next to the more common
nonlinear polarization term. In the end, the nonlinear response can be obtained by solving a CMT first-order differen-
tial equation whose coefficients are specified through /inear full-wave simulations. As a result, the framework is very
efficient allowing for modeling large physical systems, performing elaborate design processes, and cross-checking
with experimental results. In addition, it is very accurate as shown by comparing with full-wave nonlinear simulations.

Importantly, in the process of deriving the framework very interesting physics are revealed. Specifically, we find
that media with complex conductivity disturb the equality of electric and magnetic energies on resonance; a condition
which is typically taken for granted. This stems from the reactive power associated with the imaginary part of the
(surface) conductivity. In addition, we demonstrate that the dispersive nature of conductive materials must be always
taken into account, since it significantly impacts the nonlinear response. Interestingly, this is attributed to the energy
that is stored in the (surface) current which is erroneously zeroed-out when dispersion is not taken into account.

Graphene, a prominent example of conductive sheet materials, has drawn considerable attention in recent years. It is
already being employed in resonant structures to introduce nonlinearity and tuning. The proposed formulation is, thus,
applied to model optical bistability with graphene-based 2D and 3D nonlinear resonators in the THz and near infrared
(NIR) regimes. Graphene nonlinearity is of electronic nature, modeled with a 6@ surface conductivity tensor. High-
quality bistable response is obtained with very low input powers, indicating the potential of graphene for nonlinear
applications.

2. Graphene-based Resonant Structures for Bistability

We first focus on a simple 2D system consisting of an infinite graphene (or carbon) tube acting as a traveling-wave
(TW) resonator and an infinite graphene sheet acting as the bus waveguide [Fig. 1(a)]. The combination of third-order
nonlinearity and feedback leads to the manifestation of bistability for appropriate input power levels provided that
the frequency detuning exceeds a specific threshold [2]. Then, there can be two possible output states depending on
the history of the system. This is demonstrated in the bistable loop depicted in Fig. 1(c) for the system under study.
Importantly, only 10 W/m of input power are required for accessing the bistable regime. For a three dimensional
component with a A /2 length along the direction of invariance, the input power is only 150 uW at the frequency
of 10 THz indicating the potential of graphene for nonlinear applications [3]. Note also that taking into account the
dispersion of graphene’s surface conductivity is crucial since it significantly affects the span and position of the bistable
loop. Finally, the results obtained with the proposed framework are compared with full-wave nonlinear simulation
[markers in Fig. 1(c)], indicating excellent agreement.
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Fig. 1. (a) Graphene TW resonator, coupled with a graphene bus waveguide. (b) Magnetic field dis-
tribution (linear regime) on the 4™ azimuthal order resonance (R =2 um, g = 1.74 um, fy ~ 10 THz)
(c) Bistability curves obtained from both CMT and NL-VFEM indicating excellent agreement.
Graphene dispersion significantly affects the nonlinear response and must be taken into account.

Having established the validity of the proposed framework, we can turn to practical 3D systems which would be
too costly to model with full-wave nonlinear simulations. We first study a resonator-waveguide system based on a
graphene nanoribbon (GNR), Fig. 2(a), in the THz regime. The waveguide and resonator structures are “written” on
a uniform graphene sheet by properly patterning the Si substrate (not shown) leading to different chemical potential
(and thus conductivity) values [4]. Optical bistability is obtained with extremely low input powers in the order of
tens of uW. Next, we turn to the NIR regime and a resonant system based on a nonlinear Si-slot waveguide [5]. A
uniform graphene sheet is placed on top, Fig. 2(b), to enhance the nonlinear response and allow for tunability. The
contributions of sheet (graphene) and bulk (nonlinear polymer and silicon) materials to the overall nonlinearity are
quantified. High-quality bistable response is attained with input powers in the order of few hundreds of mW.
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Fig. 2. (a) GNR ring resonator coupled with a GNR waveguide, “written” on a uniform graphene
sheet of different conductivity. (b) Nonlinear Si-slot ring resonator coupled with a bus waveguide.
A graphene sheet is placed on top to enhance the nonlinear response and allow for tunability.

3. Conclusions

In conclusion, we have developed a general mathematical framework for analyzing nonlinear resonant structures com-
prising anisotropic, dispersive bulk and sheet materials. We have applied it to model optical bistability with graphene-
based resonant structures in the THz and NIR regimes, demonstrating low-power bistable response.

Acknowledgements

This work is supported by the “Research Projects for Excellence, IKY/SIEMENS.”

References

1. M. Soljaci¢, M. Ibanescu, S. G. Johnson, Y. Fink, J. D. Joannopoulos, Phys. Rev. E 66, 055601 (2002).
2. O. Tsilipakos, T. Christopoulos, E. E. Kriezis, J. Lightw. Technol. 34, 1333 (2016).

3. T. Christopoulos, O. Tsilipakos, N. Grivas, E. E. Kriezis, Phys. Rev. E, paper accepted for publlication
4. J. Zheng, L. Yu., S. He., D. Dai, Sci. Rep. 5, 7987 (2015).

5. C. Koos et al., Nat. Photon. 3, 216-219 (2009).

978-1-9435-8027-9/17/$31.00 ©2017 IEEE




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


