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Abstract 
High Purcell spontaneous emission enhancement factor of 116 is achieved by integrating 
a self-assembled, close packed monolayer of colloidal PbS quantum dots with a L3-type 
silicon photonic crystal cavity. 

High Q optical microcavities can be used to control the radiative process of dipole emitters, such as 
quantum dots, through photonic density of states control.  By enhancing the spontaneous emission, heat 
dissipating non-radiative relaxations can be suppressed therefore resulting in greater light emitting 
efficiency and providing a possibility of extracting multi-exciton energy by the emission process. In order 
to study the radiative control of quantum dots, it is important to be able to incorporate these emitters 
without perturbing the optical properties of the cavity.  Serious challenges remain in integration of the 
photonic-crystal cavity structure and quantum dots without significant Q factor degradation.  Standard 
spin-coating techniques fail to retain the 
inherent Q factor and achieve high quantum-
dot concentration, consistent film thickness and 
controlled uniform particle separation from the 
surface. 

This paper reports progress in meeting some 
of these challenges. We achieved an enhanced 
emission factor of 116 from close-packed PbS 
quantum-dot/polymer monolayers transferred 
to a L3 Si photonic-crystal cavity with Q factor 
around 2860.  This is a significant 
improvement over previously reported Purcell 
factor[1] of 10 involving colloidal quantum 
dots[2].  The key factor enabling this result is 
the ability to deposit a 20nm thick monolayer 
of close-packed quantum dots onto a photonic-
crystal cavity to provide direct contact with the 
cavity.  The quantum-dot density of 104 �m-2

, 
which is over two orders of magnitude higher 
than typical with Stranski-Krastanow growth, 
directly contributes to high emission intensity 
and mitigates the difficulty of placing dots 
selectively at the anti-nodes of the optical 
modes. An optimal mode confinement factor is 
guaranteed by the uniformity (on the scale of 
an optical wavelength) of dot  density 
throughout the cavity volume. 

The experiments were performed with L3 (a 
row of three missing air holes) photonic-crystal 

 
Fig. 1. (a) SEM image of photonic crystal, with upper left 
inset providing a detailed view of the holes (240nm 
diameter) and lower right inset showing the hole edges 
and sidewalls. The lower left inset provides a schematic 
diagram of the photoluminescence measurement 
geometry. (b) Top view of two identical L3-type photonic 
crystal cavities.  (c) TEM image of a free-standing PbS 
quantum dot/P3HT polymer monolayer to be transferred 
to the photonic crystal surface. 
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cavities in a triangular lattice shown in Fig. 1, with lattice constant in the �-K direction of a = 415nm.  In 
this design (referred to as the L3P cavity), the positions of the three holes at both ends of the cavity are 
shifted by 0.18a, 0.025a and 0.18a, as in the design by Akahane et. al.[3].  The air-hole radii are 0.29a and 
the silicon slab thickness is 0.63a.  For convenience, the direction of the waveguide (a missing row of air 
holes) also serves as a reference frame for describing polarization direction. For the experiments, 2-D 
photonic crystals were fabricated from 150mm silicon-on-insulator (SOI) substrate (Fig 1a and b).  Each 
device has a 250nm thick patterned layer and a 3�m thick buried-oxide layer (BOx).    As recently 
reported[4], we create a close-packed PbS quantum-dot monolayer by evaporation-induced 
nanoparticles/polymer self-assembly at a fluid interface, followed by monolayer transfer.   

The solid curve in Fig. 2 shows the measured PL spectrum from photo-excited quantum dots on the 
L3P cavity.  A schematic of the micro-photoluminescence (PL) apparatus together with the excitation and 
detection geometries are shown in Fig. 1a inset.  
The excitation source is a cw 830nm diode laser 
delivered by a single-mode 5.6μm core fiber 
collimated to match the entrance pupil of a 0.65NA 
Mitutoyo 50X NIR HR objective. 

In the experiment, the cavity resonances are 
determined by locating the enhanced emission 
frequencies using a micro-PL apparatus.  This 
radiation is from the leakage of the trapped 
radiation in the cavity.  An expanded view of the 
emission lineshape centered at 1574nm is depicted 
in the inset.  The narrowest linewidth of 0.55nm 
implies a loaded-cavity Q factor of 2860, which is 
the highest of all our structures. The enhanced 
emission abve the background occurs only when 
the excitation region is in the cavity and the 
emission is polarized in accordance to the cavity 
mode. This background is from photo-excited 
quantum dots outside of the cavity and scattering 
from cavity imperfections.   

In conclusion, we demonstrate significant 
spontaneous emission enhancement, achieving a maximum Purcell factor of 116, which is the highest yet 
reported for a colloidally-derived quantum-dot device.  Our experiments are based on the integration of a 
self-assembled, close packed monolayer of PbS quantum dots with a L3-type silicon photonic crystal 
cavity.   The key factor enabling this performance is our ability to transfer a macroscopically uniform, 
close-packed, 20-nm thick QD monolayer to the photonic crystal. This fabrication approach maintains 
direct QD contact with the cavity, achieves the highest possible QD density, and guarantees an optimal 
emitter-to-optical-mode confinement factor. Our results emphasize that combining top-down lithography 
and bottom-up self-assembly is a viable approach for advancing the nanophotonics field. 
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Fig.2. PL from photo-excited PbS quantum dots.  The 
emission spectra from the L3P cavity are for polarizations 
perpendicular (blue trace) and parallel (green trace) to the 
waveguide.  The spectrum for emission from the cavity-free 
patterned region (red trace) is also perpendicularly 
polarized and normalized to the cavity area.  The inset 
shows an expanded plot of the cavity resonance. 

125



<<
  /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


