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Abstract: The gain and index dynamics of a QD amplifier operating at 1.55 pum are characterized via
heterodyne pump-probe measurements with 150 fs resolution. A 13 ps gain recovery time was found,
promising for all-optical signal processing.
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1. Introduction

Self-assembled quantum dot (QD) Semiconductor Optical Amplifiers (SOAs) are currently attracting attention for
all-optical signal processing applications because they have significantly faster carrier recovery times compared to
conventional multiple quantum well, or bulk SOAs [1]. However previously studied QD lasers and amplifiers based
on the GaAs material system have operated only in the 1.1-1.3 um wavelength range, not in the 1.55 um wavelength
range needed to make them practical for telecommunications. In this work we report the first heterodyne pump-
probe characterization of the ultrafast gain and index dynamics of an InAs/InGaAsP self-assembled QD SOA with
its peak gain in the important 1.55 um telecommunications wavelength range.

2. Sample and Experiment

The QD amplifier measured is a 1.55 pm InAs/InGaAsP laser diode from those reported in [2], with the end-facets
anti-reflection coated to suppress lasing to create a single-pass amplifier. The diode structure is a p-i-n doped ridge-
waveguide grown by chemical beam epitaxy on an InP substrate, cleaved into 1-mm length bars. Its undoped 400
nm thick core region consists of five stacked layers of self-assembled (SK-grown) InAs dots grown in
Ing 516Gag, 134A80392P0 608, Creating 3.1% lattice strain for InAs dot growth, and providing a high energy barrier for the
QDs.

The temporal dynamics of the sample were measured using a heterodyne pump-probe experiment, as described
in [3], and based on that described in [4,5]. The laser source was a Ti:sapphire pumped optical parametric oscillator
(OPO), providing 150 fs pulses at a repetition rate of 76 MHz. The setup allows for simultaneous measurement of
both amplitude and phase dynamics, at any wavelength within the tuanable range of the OPO laser, and any
polarization. For these measurements the wavelength was set to 1550 nm, near the gain peak of SOA, and the
polarization was maintained in the TE state.

3. Experiment Results
The heterodyne pump-probe measurements performed reveal the dynamics of both the long-lived carrier density
changes, and the short-lived dynamics attributed to two-photon absorption (TPA) and carrier heating (CH). The
long-lived dynamics shown in Fig. 1 (a) measured over the full pump delay translation range of 4 ns clearly show
the carrier-recovery lifetime 1., in the absorption regime (5-25 mA), and the gain-recovery lifetime 1, in the gain
regime (50 mA, inset of Fig. 1 (a)). The traces fit well to single exponential decays (dotted lines in the figure), with
lifetimes of 1., = 500 ps, and 1, = 13 ps. These lifetimes are similar to those previously observed in highly-confined
InAs/AlGaAs QDs in [4], leading to the conclusion that the carrier-recovery time in the absorption regime
corresponds to the spontaneous carrier recombination time for the QD ground state, and the gain recovery time
corresponds to the rate of refilling of the carriers to the dot ground state via phonon-assisted relaxation. Furthermore
the similarity of these recovery times to the highly-confined InAs/AlGaAs QDs reinforces that high quantum
confinement has also been achieved in our InAs/InGaAsP dots.

The short-lived dynamics shown in Fig. 1 (b) reveal the ultrafast dynamics around zero delay and clearly show
two-photon-absorption (TPA) and carrier heating (CH) dynamics as expected from previous studies in QD and
quantum-well (QW) SOAs. Thus the CH dynamics can be fitted to a phenomenological model involving a bi-
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Figure 1 — Long-lived (a) and short-lived (b) gain dynamics measured from the 1.55 um QD SOA versus bias current. Dotted lines show exponential
fits. The inset in (a) shows a magnification of the 50 mA trace from 0 to 50 ps.
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Figure 2 — Values of the time constants of the exponential fits to the =~ Figure 3 — phase dynamics versus bias current measured simultaneously
short-lived curves in Fig. 1 (b) v.s. bias current. with amplitude dynamics

exponential function 4., = ke’ — ke, Good fits to all of the short-lived traces measured were obtained using

this model, and values of 7y = 0.5 ps and 1, = 0.5 - 2.5 ps were found for the CH lifetimes were obtained. Values
found for the time-constants versus bias current are shown in Fig. 2. We also note that strong carrier heating features
observed here are in contrast to the those reported for the QD SOAs in [6], which showed carrier heating responses
with similar lifetimes, but significantly reduced in magnitude. In [6] the reduction in carrier heating was attributed to
a reduction in free carrier absorption (FCA), thus stronger CH here suggesting FCA is more prominent in our QD
SOAs. Fig. 3 shows the short-lived phase dynamics measured simultaneously with the amplitude dynamics. Good
fits (dotted lines) to the curves were obtained using the same exponential model as for the amplitude dynamics,
giving values of 0.5 - 1.5 ps for 1, and 1, from the phase measurements as found in the amplitude dynamics.

4. Conclusion

We have reported the first systematic study of the ultrafast gain and index dynamics of a 1.55 um quantum dot SOA,
finding a gain recovery time of 13 ps, making the device promising for ultrafast signal processing at ~100 GHz, and
CH dynamics with lifetimes of 0.5 - 2.5 ps.

5. References

[1] M. Sugawara, H. Ebe, N. Hatori, M. Ishida, Y. Arakawa, T. Akiyama, K. Otsubo, and Y. Nakata, Phys Rev B 69 (23), Art. No. 235332
(2004).

[2] C.N. Allen, P. J. Poole, P. Barrios, P. Marshall, G. Pakulski, S. Raymond, and S. Fafard, Physica E 26 (1-4), 372-376 (2005).

[31 A.1J Zilkie, J. Meier, P. W. E. Smith, M. Mojahedi, J. S. Aitchison, P. J. Poole, C. Ni Allen, P. Barrios, and D. Poitras, Proc SPIE Int Soc
Opt Eng 5971, 59710G (2005).

[4] P.Borri, S. Schneider, W. Langbein, U. Woggon, A. E. Zhukov, V. M. Ustinov, N. N. Ledentsov, Z. I. Alferov, D. Ouyang, and D.
Bimberg, Appl Phys Lett 79 (16), 2633-2635 (2001).

[5S1 K.L.Hall, G.Lenz, E. P. Ippen, and G. Raybon, Opt Lett 17 (12), 874-876 (1992).

[6] P.Borri, W. Langbein, J. M. Hvam, F. Heinrichsdorff, M. H. Mao, and D. Bimberg, /EEE J Sel Top Quant 6 (3), 544-551 (2000).




<<
  /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
  /CreateJDFFile false
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 <>
    /PTB <>
    /SUO <>
    /SVE <>
    /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


