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Abstract We give an overview of our research towards exploiting direct-write 3D laser lithography as
a tool for advanced photonic integration. The technique offers new perspectives for a wide variety of
applications, ranging from photonic wire bonding and multi-chip integration of high-speed communica-
tion engines to facet-attached beam-shaping elements and highly efficient coupling in astrophotonic
systems. We are currently working on transferring the concept from laboratory demonstrations to

industrial manufacturing.

Summary

Single-mode chip-to-chip and fiber-to-chip
interfaces represent a key challenge in packag-
ing and assembly of photonic integrated sys-
tems [1]. On the optical side, this challenge
comprises two main aspects: First, on-chip
waveguides frequently feature small mode-field
diameters, in particular when high index-contrast
silicon-photonic (SiP) or InP-based components
are involved. Low-loss coupling hence requires
highest positioning accuracy of optical compo-
nents, which often relies on comparatively
complex and expensive active alignment
techniques. Second, optical interfaces have to
cope with vastly different mode field profiles that
need to be -carefully adapted for efficient
coupling.

In this presentation, we will give an overview of
our research towards harnessing three-
dimensional (3D) nanoprinting techniques to
overcome the various challenges in photonic
packaging and system assembly. We have
demonstrated that direct-write two-photon
lithography is perfectly suited for connecting
photonic chips by 3D free-form single-mode
waveguides, so-called photonic wire bonds [2] -
[5]. This concept does not only allow to combine
the distinct advantages of photonic integration
platforms in high-performance hybrid multi-chip
modules (MCM) [3] [4], but also greatly simplifies
level-1 packaging and fiber-chip coupling of
photonic integrated circuits (PIC)[5]. We
demonstrated the viability of the concept by
realizing multi-chip transmitter modules that
combine silicon photonic modulators with InP-
based laser-sources in highly integrated assem-
blies [6], [7]. Using the same lithography
techniques, we have shown high-precision in-

situ printing of lenses to facets of photonic chips
and optical fibers [8] - [10]. This approach does
not only allow for low-loss coupling of PIC to
free-space beams in a wide variety of optical
assemblies, but also opens novel opportunities
in other areas such as astrophotonics, where
efficient coupling between free-space beams
and optical fibers is essential [10]. Taking a long-
term view, on-chip 3D freeform waveguides [11]
might allow large-scale non-planar circuit
topologies that are, e.g., at the heart of ad-
vanced optical switches. Based on substantial
research efforts carried out over the previous
years, we are currently working on transferring
the technology to application in industrial
production processes.

Acknowledgements

This work was supported by the BMBF joint
projects PRIMA (grant 13N14630) and
PHOIBOS (grant 13N12574), by the H2020
Photonic Packaging Pilot Line PIXAPP (#
731954), by the European Research Council
(ERC Starting Grant ‘EnTeraPIC’, # 280145;
ERC Consolidator Grant ‘TeraSHAPE’, #
773248), by the Deutsche Forschungsgemein-
schaft in the framework of the collaborative
research center “WavePhenomena” (CRC
1173), by the Alfried Krupp von Bohlen und
Halbach Foundation, by the Karlsruhe Nano-
Micro Facility (KNMF), by the Karlsruhe School
of Optics and Photonics (KSOP), and by the

Helmholtz International Research School for
Teratronics (HIRST).

References

[11 Lee,dJ. S.; Carrlo,L.; Scarcalla, C.; Pavarelli, N,;

Menezo, S.; Bernabé, S.; Temporiti, E.; O’Brien, P.:
‘Meeting the electrical, optical, and thermal design

-

-
brought to you by ;i CORE

provided by KiTopen


https://core.ac.uk/display/270088051?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

(2]

(3]

(4]

(3]

(6]

challenges of photonic-packaging;’ IEEE J. Sel. Topics
Quantum Electron. 22, 409-417 (2016).

Lindenmann, N.; Balthasar, G.; Hillerkuss, D,;
Schmogrow, R.; Jordan, M.; Leuthold, J.; Freude, W.;
Koos, C.: ‘Photonic wire bonding: a novel concept for
chip-scale interconnects;’ Opt. Express 20, 17667-
17677 (2012)

Billah, M. R.; Blaicher, M.; Hoose, T.; Dietrich, P.-l;
Marin, P.; Lindenmann, N.; Nesic, A.; Hofmann, A
Troppenz, U.; Moehrle, M.; Randel, S.; Freude, W ;
Koos, C.: “Hybrid integration of silicon photonics
circuits and InP lasers by photonic wire bonding®;
arXiv:1802.03454 [physics.app-ph]

Hoose, T.; Billah, M.; Marin, P.; Blaicher, M.; Dietrich,
P.; Hofmann, A.; Troppenz, U.; Mobhrle, M,;
Lindenmann, N.; Thiel, M.; Simon, P.; Hoffmann, J.;
Goedecke, M.; Freude, W.; Koos, C.: ‘Connecting
surface and edge emitting lasers to silicon chips,’
Optical Fiber Communication Conference (OFC'16),
Los Angeles (CA), USA, March 20-24, 2016. Paper
M21.7

Lindenmann, N.; Dottermusch, S.; Goedecke, M.-L;
Hoose, T.; Billah, M.-R.; Onanuga, T.-P; Hofmann, A.;
Freude, W.; Koos, C.: ‘Connecting silicon photonic
circuits to multicore fibers by photonic wire bonding,” J.
Lightw. Technol. 33, 755-760 (2015)

Billah, M. R.; Blaicher, M.; Kemal, J. N.; Hoose, T
Zwickel, H.; Dietrich, P.-l.; Troppenz, U.; Moehrle, M.;
Merget, F.; Hofmann, A.; Witzens, J.; Randel, S,
Freude, W.; Koos, C.: ‘8-channel 448 Gbit/s silicon
photonic transmitter enabled by photonic wire
bonding,” Optical Fiber Communication Conference

[7]

(8]

[9]

[10]

(1]

(OFC'17), Los Angeles (CA), USA, March 19-23 ,
paper Th5D.6. (2017)

Billah, M. R.; Kemal, J. N.; Marin-Palomo, P.; Blaicher,
M.; Kutuvantavida, Y.; Kieninger, C.; Zwickel, H,;
Dietrich, P.-l.; Wolf, S.; Hoose, T.; Xu, Y.; Troppenz,
U.; Moehrle, M.; Randel, S.; Freude, W.; Koos, C.:
‘Four-Channel 784 Gbit/s Transmitter Module Enabled
by Photonic Wire Bonding and Silicon-Organic Hybrid
Modulators’; 43rd European Conf. Opt. Commun.
(ECOC'17), Gothenburg, Sweden, Sept. 17-21 , paper
Th.PDP.C.1 (2017) (Post-deadline paper)

Schneider, S.; Lauermann, M.; Dietrich, P.-I;
Weimann, C.; Freude, W.; Koos, C.: ‘Optical
coherence tomography system mass-producible on a
silicon chip’; Opt. Express 24, 1573-1586 (2016)
Dietrich, P.-l.; Blaicher, M.; I. Reuter, I.; Billah, M.; T.
Hoose, T.; A. Hofmann, A.; Caer, C.; Dangel, R;
Offrein, B.; Troppenz, U.; Moehrle, M.; Freude, W.;
Koos, C.: ‘In-Situ 3D Nano-Printing of Freeform
Coupling Elements for Hybrid Photonic Integration’;
Nature Photon. 12, 241-247 (2018)

Dietrich, P.-I.; Harris, R. J.; Blaicher, M.; Corrigan, M.
K.; Morris, T. M.; Freude, W.; Quirrenbach, A.; Koos,
C.: ‘Printed freeform lens arrays on multi-core fibers for
highly efficient coupling in astrophotonic systems,” Opt.
Express 25, 18288 — 18295 (2017)

Nesic, A.; Blaicher, M.; Hoose, T.; Lauermann, M,
Kutuvantavida, Y.; Freude, W.; Koos, C.: ‘Hybrid
2D/3D photonic integration for non-planar circuit
topologies,” 42nd European Conf. Opt. Commun.
(ECOC'16), Dusseldorf, Germany, Sept. 18-22, 2016.
Paper W.3.F .4




<<
  /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


