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loss and high-extinction-ratio devices are demonstrated for reflectivities close to 50%. 
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1.  INTRODUCTION 

As the Photonic Integrated Circuits (PICs) become more complex, a demand for smaller and more efficient optical 
devices increases. This is particularly true for integrated-optic beam splitters, which play an important role in 
reducing the size of our Coherent Optical Integrated Receiver (CHOIR) PIC [1], [2]. Here, a very compact size of 
the beam splitter is essential not only for reducing the physical dimension of the PIC, but also for enabling the 
stability of the PIC at higher frequencies via decreasing the delay in the optical feedback circuit [1]. The recently 
proposed grating-based beam splitter [2] has been demonstrated to have a superior ultra-short splitting length of only 
10 μm. Although the grating-based beam splitter is considerably smaller than its conventional counterparts, it 
requires a comparable fabrication complexity. Also, it can achieve high throughput, while many other advanced 
technologies such as photonic crystal [3] and air trenches [4] cannot.  

This work provides insights into the design and fabrication issues relating to the ultra-compact grating-based 
beam splitter. It reveals the necessary approach to be taken in optimizing the beam splitter for more efficient CHOIR 
PICs in terms of reflectivity, loss, and interference extinction ratio. To the best of our knowledge, this is the first 
work to demonstrate that both low insertion loss and high interference extinction ratio are achievable using a 
grating-based beam splitter. 
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FIGURE 1.  (a)  Schematic diagram of grating-based beam splitter, integrated with two modulators and two photodetectors. Waveguide 
boundary is far away from the diverged beams in the quasi-free space region. Green and red colors represent input signals from the two 
modulators. (b) Fabricated grating-based beam splitter, including the modulators and photodetectors, shown to scale. 

2. DESIGN  AND FABRICATION 

The design goal at hand is to realize an integrated beam splitter which has an equal splitting ratio, low insertion loss, 
short propagation length, as well as a high degree of interference between the output beams of two integrated 
multiple-quantum-well (MQW) phase modulators that are used in our CHOIR PICs, as shown in Fig. 1(a). Fig. 1(a) 
also shows the two integrated photodetectors used in the PIC, which are also used to obtain the measurements 
presented below. The simulations are based on 2-D, quasi-free space, two-wave interference method, as explained in 
[2]. One of the major issues with oblique incidence into a grating that is thick compared to the beam width is 
unequal mode distortion for the diffracted and undiffracted beams. This distortion comes from the continuous 
energy exchange in gratings [5]. In order to minimize degradation of interference due to this effect, two novel design 
techniques are used in this work: 1) the angle of incidence is made to be 10 degrees to the normal incidence, and 2) 
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the gratings are etched deep through the slab waveguide layer, which allows the grating region to be ultra short. 
Consequently, severe mode distortions can be avoided. In addition, the quasi-free space region shown in Fig. 1(a) is 
designed to provide for rapid beam divergence and, thus, for large beam-width-to-grating-length ratio.  

The grating-based beam splitters are implemented on an InGaAsP/InP integration platform as illustrated in 
Figure 1 (b). The gratings are patterned on a SiO2 hard mask using holographic exposure and then transferred by 
methane/hydrogen/argon (MHA)-based reactive ion etching (RIE) with oxygen addition [6]. Due to the non-
uniformity of the photoresist at the edge of the grating burst, the actual grating lengths are 5 μm shorter than 
expected. The largest index contrast in the grating is achieved when the slab waveguide layer is completely etched 
through. As shown in [2], the etch of the deep grating grooves is followed by a regrowth of an InP cladding layer 
without apparent air voids, which suggests low void-stimulated scattering losses in our devices. An array of PICs 
containing grating-based beam splitters of various lengths and detectors of various widths has been fabricated and 
measured in this study, as explained below. 

3. RESULTS AND DISCUSSION 

Figure 2 shows the reflectivity spectra, plotted versus wavelength detuning from the Bragg wavelength, for the beam 
splitter having three different grating lengths (Lg) of 5 μm, 10 μm, and 15 μm and integrated with three different 
detectors having widths of 7 μm (S), 12 μm (M), and 23 μm (L). The middle grating length (Lg=10 μm) is designed to 
match the width of the optical beam incident on it, and the middle detector width (12 μm) is designed to match the 
width of its incident beam incident on it. The three detectors have the same length of 100 μm, which is long enough 
to absorb most of the light. 

Reflection: In the cases when Lg = 5 μm and Lg = 10 μm, the peak reflectivities for all three detector widths are 
typical of those for thin gratings and small incident angles. As the grating length gets larger than the interacting 
beam width, as is the case for Lg = 15 μm, the mode profiles of the reflected and transmitted waves experience 
unequal distortions [5], which also explains the difference in the data for the three detectors. The same data can be 
fitted to the well known tanh-relation [7] between reflectivity and κ*Lg, with some reasonable assumptions, as 
shown in Fig. 3 (a). We assume that the κ value is 85% of the ideal case where a rectangular grating profile and a 
completely-etched-through slab waveguide are used. In our devices, because of the practical fabrication issues, we 
observe a certain degree of inevitable round up in the grating profile that results from the regrowth step, as shown in 
[2], and we also observe that the slab waveguide layers are not completely etched through. In addition, the 
reflectivity is assumed to saturate at 72%, as the overlap between the grating thickness and the mode profile in the 
transverse plane is not unity and some parts of the incident wave are transmitted through the deep grating region 
without experiencing any interference [8].  

Loss: The insertion loss data shown in Fig. 3 (b) provides information about: 1) propagation losses between the 
modulators and detectors, 2) scattering losses of the gratings, and 3) detector coupling losses, which are due to 
mismatches between the mode shapes and detector input areas. The propagation loss should be identical in all the 
cases studied since the waveguide geometry is kept the same. The coupling loss for the detector L can be assumed to 
be independent of the mode profile, since most of the incident light can be collected. Consequently, the insertion 
loss data obtained for the widest detector in Fig. 3(b) indicate that there is a small dependence of the scattering loss 
on the grating length. For the detector M, most of the incident light is still collected for all gratings lengths, except 
for some marginal loss due to the mode distortion in longer gratings. The material propagation loss can be estimated 
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FIGURE 2.  Reflectivity data with different grating lengths and detector widths. (a) Detector S width = 7 μm (b) Detector M width = 12 μm (c) 
Detector L width = 23 μm. 
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FIGURE 3.  Bragg condition data. (a) Peak reflectivity. Circles are data from Figure 2 with different grating lengths and detector widths. Solid 
line represents the reflectivity tanh relation [7]. (b) Insertion loss for different detector widths: Detector S (7 μm), Detector M (12 μm), and 
Detector L (23 μm). 

to be 0.5 dB.If we also take waveguide scattering losses into account, the grating scattering loss alone can be 
estimated to be less than 1.5 dB. For the detector S, excess coupling losses of about 3 to 4 dB for different grating 
lengths are measured, as expected, because only a portion of the incident light is captured due to the small detector 
width. 

Extinction Ratio: The interference behavior of the two beams coming from the two nominally identical MQW 
phase modulators is characterized by the extinction ratio between their constructive and destructive interferences. 
The extinction ratios are obtained by measuring the photocurrents of the detectors at their optimal operation points. 
The highest measured extinction ratios for the detector L, M and S are 6.5 dB, 13.5 dB and over 16 dB, respectively. 
Because the grating distorts the reflected and transmitted modes differently, the narrowest detector has the best 
extinction ratio as it mostly captures the parts of the modes that interfere most effectively. Therefore, with a proper 
choice of the detector width, both low insertion loss and high extinction ratio in our PICs can be achieved with 
deeply etched grating-based beam splitters. For example, for the 10-μm long grating and 12-μm wide photodetector, 
both 50% reflectivity (see Fig. 3(a)) and 2 dB insertion loss (see Fig. 3(b)) can be achieved for an extinction ratio as 
large as 13.5 dB. 

4. CONCLUSION 

In this paper, we have presented a comprehensive study of the ultra-compact grating-based beam splitter, where we 
were able to experimentally confirm our theoretical predictions. We have demonstrated beam splitters having 50% 
reflectivity and insertion loss as low as 2 dB. These ultra-short devices are only 10 μm long, and are invaluable for 
applications such as our CHOIR PICs, where they provide loop stability for high-frequencies, which cannot be 
easily achieved with competing technologies, in addition to larger than 13.5 dB extinction ratio. Moreover, the work 
provides design guidelines for future integrated grating-based beam splitters. 

5. REFERENCES 

[1] A. Ramaswamy, et al., “Coherent Receiver Based on a Broadband Optical Phase-Lock Loop,” OFC Conference post deadline paper, 2007. 

[2] C. H. Chen, et al., “Ultra-compact Grating-based 2x2 Beam Splitter for Miniature Photonic Integrated Circuits,” The 20th Annual Meeting of 
IEEE LEOS 2007. 

[3] S. Shi, et al., “Dispersion-based beam splitter in photonic crystals,” Optics Letters, Vol. 29, No. 6, March 2004. 
[4] Y. Lin, et al., “Compact and high efficiency polymer air-trench waveguide bends and splitters,” Proceedings of SPIE, Vol. 6462, March 2007. 
[5] M. R. Wang, “Analysis and observation of finite beam Bragg diffraction by a thick planar phase grating,” Applied Optics, Vol. 35, No. 4, pp. 

582-592, Feb. 1996. 
[6] J. E. Schramm, et al., “Fabrication of high-aspect-ratio InP-based vertical-cavity laser mirrors using CH4/H2/O2/Ar reactive ion etching,” 

Journal of Vacuum Science & Technology B: Microelectronics and Nanometer Structures, Vol. 15, No. 6, pp. 2031-2036, Nov. 1997. 
[7] S. W. Corzine, et al., “A tanh substitution technique for the analysis of abrupt and graded interface multilayer dielectric stacks,” Journal of 

Quantum Electronics, Vol. 27, No. 9, pp. 2086-2090, Sep. 1991. 
[8]  J. Ctyroky, et al., “Analysis of a deep waveguide Bragg grating,” Optical and Quantum Electronics, Vol. 30, pp. 343-358, May 1998. 

       a2065_1.pdf  
 

       OTuC5.pdf  
 

OFC/NFOEC 2008



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /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 false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. 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 Adobe PDF documents for quality printing on desktop printers and proofers.  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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


