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Supplementary Note 1. Emission measurement setups
Emission measurement setups for the high-speed time-resolved measurement and the real-time

emission measurements are shown in Supplementary Figure 1a and 1b, respectively.
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Supplementary Figure 1: Schematic of the time-resolved optical measurement setup. a, The
intended voltage pulse is applied as a continuous pulse train. The emitted radiation is guided into a
single photon detector (Geiger-mode APD) via an objective and a MMF. A TCSPC module measures
the time difference between the applied voltage pulse and the detected photon pulse, and this time
differences are plotted in a histogram. b, Schematic of the real-time emission measurement setup. A
rectangular input is applied to a device, and the emitted light is guided into a conventional photo-receiver,
including a normal-mode APD, a transimpedance amplifier (TIA) and amplifier, via an objective and a

MMEF. The waveform of the measured signal from the photo-receiver is observed by a digital oscilloscope.



Supplementary Note 2. Simulation methods: Transient temperature calculation based on two-
dimensional thermal transport in graphene and a substrate

In Figure 3, the temperature response of single-layer graphene is calculated for comparison with
the experimental results in Figure 2. The length L and the width W of graphene and the thickness of
Si02 are 5 um, 5 um and 230 nm, respectively. The time-dependent temperature distribution along a
graphene emitter can be calculated by solving a one-dimensional heat conduction equation described
by
Cor % = A%[KGR %T] + PG — Gspr —8W (T —Iyp), (1)
where 7 and Tsus are the graphene and the substrate temperatures depending on the position of
graphene x, respectively. Additionally, CGr, A and &Gr are the heat capacity per unit length (= oCv,
where p (=3.8 x 1072 kg m™! for W =5 pum) and Cv are the linear density and temperature-dependent
specific heat of the graphene,' respectively), cross-sectional area (1.7 x 10" m? for W =5 um) and
temperature-dependent thermal conductivity of the graphene,' respectively, and p’, gem and gspoph are
the Joule heating, radiative heat loss rate and surface polar phonon (SPoPh) dissipation rate per unit
length, respectively, and g is the thermal conductance to the substrate per unit area. The temperatures
of both ends of the graphene and the bottom of SiOz are kept at ambient temperature. The temperature-
dependent electrical resistivity of graphene is reported in Ref. 2, where the resistivity pcr depending
on T and carrier density n is given by the sum of the resistivity terms due to the residual resistivity at
low temperature v, the acoustic phonon scattering of graphene pa(7) and the remote SPoPh scattering
pseoph (T, n). The contact electrical resistance between graphene and electrodes is assumed to be 100
Q34

To investigate the transient temperature of graphene under a signal input, the thermal transport
not only in the graphene but also in the substrate should be evaluated because the substrate temperature
strongly affects the transient temperature distribution of graphene. In this study, we solved the
simultaneous heat conduction equations for graphene and a substrate, which are combined via the
thermal conductance g. The transient temperature distributions for one-dimensional graphene and the
two-dimensional substrate are calculated by the finite-difference time-domain (FDTD) method.

In the steady-state blackbody emission in graphene devices, hot spots are formed at the position of
the Dirac point due to carrier-density distribution >’. To investigate the effect of the hot spot in the
high-speed emission properties, we calculated the transient temperature distribution and the emission
intensity, assuming the presence or absence of carrier density » distribution’.

We elucidate the effect of the remote energy dissipation through the SPoPh scattering in the
transient temperature and emission intensity. As reported previously, it has been revealed that the
remote SPoPh scattering is the dominant mechanism in the carrier transport on the polar substrate of
SiO: at high temperature or high electric field>® 4. Since the surface phonon polaritons (SPhPs) excited

1517 we calculated

through SPoPh scattering can propagate in the substrate surface over long distance
the device temperature, assuming that the energy loss by SPoPh scattering gspoph, which is obtained by

the current / and psporn, can be directly dissipate outside the graphene device system without the
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temperature rise of the substrate beneath the graphene.

The emission intensities of the graphene devices were calculated by the integration of the
blackbody-emission intensities along the graphene length, where the emission intensity at each position
of graphene was calculated by the integration of Planck’s law in the detection wavelength range of the
InGaAs APD (0.9-1.6 um).

Supplementary Note 3. Electrical properties of graphene devices

Supplementary Figure 2 shows the DC bias voltage dependence of the current (/- curve) for the
emitters with single-, three-, eight-, 28- and 85-layer graphene. I-V curves of these devices exhibits
Ohmic behavior in the low bias voltage range, and these curves slightly saturate in the high bias voltage
range due to electron scattering with optical phonons caused by Joule heating®!%!8-20 'We note that the
imperfect saturation of the current might be due to the side-walk current around the hotspot of Joule
heating at the center of a graphene.
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Supplementary Figure 2: I-V characteristics. DC bias voltage dependence of the current for the
emitters with single-, three-, eight-, 28- and 85-layer graphene. At relatively high voltages, the current
shows a trend of saturation due to phonon scattering.



Supplementary Note 4. Emission properties of the light emitter with three-layer graphene
The light emitters with three-layer graphene also exhibit high-speed light emission as well as the
emitters with single-layer graphene, as shown in Supplementary Figure 3.
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Supplementary Figure 3: Emission properties for the three-layer graphene emitter. a, Emission
spectrum of a graphene emitter for Vas =3 - 4 V with steps of 0.2V for the three-layer graphene emitter.
The blue curves are fitting results based on Planck’s law. Inset, the temperatures, which is obtained by
their fittings, depends linearly on the applied voltages. Time-resolved emission under a rectangular
bias voltage with b different pulse widths (0.8, 0.9, 1, 1.5, 2, 5 and 10 ns in widthand 0 V - 5 V in

height) and c different pulse amplitudes (10 ns in width and 3, 4 and 5 V in height) from the three-layer
graphene device.



Supplementary Note 5. Emisson response of the 85-layer-graphene emitter used in the eye-
pattern measurement

In Figure 4b, we demonstrate the optical communicaiton based on the eye-pattern analysis. In this
measument, we used very thick multi-layer graphene (85 layers) for higher emission intensity. Taking
into account the optical absorption of each graphene layers (2.3 %)?!, the emission intensity increases
with increasing the number of grahene layers. Using the emitter with 85-layer graphene, clearly opened
eye is observed at 1 Mbps as shown in Figure 4b. We note that the observed eye pattern shows relatively
slow asymmetric response. This is explained by the emission response measured by the time-resolved
emission shown in Supplementary Figure 4, which can be understood by the slow emission response

for the emitter with multi-layer graphene discussed in Figure 2 and 3.
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Supplementary Figure 4: Time-resolved measurement for the emitter with 85-layer graphene.
Time-resolved emission under rectangular input of a 1 pus and b 5 ns in width and 0 - 2.4 V in height
for the emitter with 85-layer graphene, which is used for an eye-pattern measurement in Figure 4b. The
result of a can explain the behavior of the observed eye pattern. The result of b shows no significant
difference from the result of “28 layers” in Fig. 2d, which indicates the time-resolved emissions for “multi-

layer” graphene device.

Supplementary References

1. Pop, E., Varshney, V. & Roy, A. K. Thermal properties of graphene Fundamentals and applications.
MRS Bulletin 37, 1273-1281 (2012).

2. Chen. J.-H., Jang, C., Xiao, S., Ishigami, M. & Fuhrer, M. S. Intrinsic and extrinsic performance
limits of graphene devices on Si02. Nat. Nanotechnol. 3, 206-209 (2008).

3. Xia, F., Perebeinos, V., Lin, Y., Wu, Y. & Avouris, P. The origins and limits of metal-graphene

junction resistance. Nat. Nanotechnol. 6, 179-184 (2011).
6



4. Robinson, J. A. et al. Contacting graphene. Appl. Phys. Lett. 98, 53103 (2011).

5. Freitag, M., Chiu, H.-Y., Steiner, M., Perebeinos, V. & Avouris, P. Thermal infrared emission from
biased graphene. Nat. Nanotechnol. 5, 497-501 (2010).

6. Bae, M.-H., Ong, Z.-Y., Estrada, D. & Pop, E. Imaging, simulation, and electrostatic control of power
dissipation in graphene devices. Nano Lett. 10, 4787-4793 (2010).

7. Bae, M-H., Islam, S., Dorgan, V. E. & Pop, E. Scaling of high-field transport and localized heating
in graphene transistors. ACS Nano 5, 7936-7944 (2011).

8. Meric, 1., Han, M. Y., Young, A. F., Ozyilmaz, B., Kim, P. & Shepard, K. L. Current saturation in
zero-bandgap, top-gated graphene field-effect transistors. Nat. Nanotechnol. 3, 654-659 (2008).

9. Fratini, S. & Guinea, F. Substrate-limited electron dynamics in graphene. Phys. Rev. B 77, 195415
(2008).

10. Rotkin, S. V., Perebeinos, V., Petrov, A. G. & Avouris, P. An essential mechanism of heat dissipation
in carbon nanotube electronics. Nano Lett. 9, 1850-1855 (2009).

11. DaSilva, A. M., Zou, K., Jain, J. K. & Zhu, J. Mechanism for current saturation and energy
dissipation in graphene transistors. Phys. Rev. Lett. 104, 236601 (2010).

12. Li, X., Kong, B. D., Zavada, J. M. & Kim, K. W. Strong substrate effects of joule heating in
graphene electronics. Appl. Phys. Lett. 99, 233114 (2011).

13. Koh, Y. K. ef al. Role of remote interfacial phonon (RIP) scattering in heat transport across
graphene/Si0: interfaces. Nano Lett. 16, 6014-6020 (2016).

14. Serov, A. Y., Ong, Z.-Y., Fischetti, M. V. & Pop, E. Theoretical analysis of high-field transport in
graphene on a substrate. J. Appl. Phys. 116, 034507 (2014).

15. Chen, D.-Z. A. & Chen, G. Measurement of silicon dioxide surface phonon-polariton propagation
length by attenuated total reflection. Appl. Phys. Lett. 91, 121906 (2007).

16. Ordonez-Miranda, J. et al. Anomalous thermal conductivity by surface phonon-polaritons of polar
nano thin films due to their asymmetric surrounding media. J. Appl. Phys. 113, 084311 (2013).

17. Chen, D.-Z. A., Narayanaswamy, A. & Chen, G. Surface phonon-polariton mediated thermal
conductivity enhancement of amorphous thin films. Phys. Rev. B 72, 155435 (2005).

18. Berciaud, S., Han, M. Y., Mak, K. F., Brus, L. E., Kim, P. & Heinz, T. F. Electron and Optical
Phonon Temperatures in Electrically Biased Graphene. Phys. Rev. Lett. 104, 227401 (2010).

19. Freitag, M. et al. Energy dissipation in graphene field-effect transistors. Nano Lett. 9, 1883-1888
(2009).

20. Liao, A. D. et al. Thermally limited current carrying ability of graphene nanoribbons. Phys. Rev.
Lett. 106, 256801 (2011).

21. Nair, R. R. et al. Fine structure constant defines visual transparency of graphene. Science 320, 1308
(2008).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


