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Pump fluence dependence 
 

P3HT on glass and P3HT/ZnO composite samples were subjected to increased 
excitation intensity as shown in Fig. S1.  The pump and probe wavelengths were 550 nm 
and 3031 nm (probing the P1 polaron), respectively. The maximum TPA signal 
(normalized by the optical density of the polymer layer at 550 nm) followed a power law 
dependence on pump fluence.  Below 35 μJ/cm2/pulse the absorption showed a low 
dependence on pump fluence with an exponent of approximately 0.32 for both samples.  
Above this fluence, the dependence on pump fluence increased yielding exponents of 
0.60 and 0.65 for pristine P3HT and P3HT/ZnO, respectively.  A similar dependence 
(exponents of 0.60 – 0.63) has also been reported for P3HT in near-steady-state 
photoinduced absorption measurements.1 While a square root dependence on pump 
intensity is known to originate from bimolecular recombination, a contribution from both 
geminate and bimolecular recombination is likely to account for exponents of >0.5 at 
higher pump fluences.2 Unless otherwise noted, a pump fluence of 18 μJ/cm2/pulse was 
used for all subsequent TPA measurements in this study. 
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Fig. S1. Maximum TPA signal for P3HT on glass (black) and  
P3HT/ZnO composites (red) as a function of pump fluence.  The 
TPA signal has been normalized by the sample optical density at 
the pump wavelength (550 nm).  The samples were measured at 
room temperature under dynamic vacuum (<10-4 Torr). 
 

 
TPA curve fitting 
 

Fits to the measured TPA data were carried out a triple decay form of Eq. 1, 
which was found to minimize the error over the 0 - 500 ps time frame.5  
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The function is convolved with the pump pulse, and returns values for the effective rise 
time σ, and the decay time constants τi with their corresponding pre-factors, αi. The 
weighted average lifetime <τ> was calculated by summing the products of the individual 
decay constants and their respective pre-factor. Table S1 shows fitting parameters 
extracted from the data in Figure 4 with an iterative, least-squares algorithm using Igro 
Pro (WaveMetrics) software. 
 
Table S1.  Fitting parameters extracted from the TPA traces in Figure 4.   

Sample Absorption 
peak α1 α2 α3 τ1 (ps) τ2 (ps) τ3 (ps) <τ> (ps) 

P3HT P1 0.32 0.37 0.31 1.4 12 92 33 
P3HT/ZnO P1 0.30 0.39 0.31 1.0 8 78 28 
P3HT/C16SH/ZnO P1 0.30 0.43 0.27 1.1 12 127 39 
P3HT PA1 0.18 0.36 0.46 0.6 8 95 47 
P3HT/ZnO PA1 0.17 0.33 0.50 0.3 4 64 33 
P3HT/C16SH/ZnO PA1 0.19 0.35 0.46 0.7 10 94 47 
P3HT P2 0.26 0.32 0.42 2.0 17 118 55 
P3HT/ZnO P2 0.23 0.37 0.40 1.3 10 81 36 
P3HT/C16SH/ZnO P2 0.35 0.35 0.29 3.0 30 171 61 
 
 

To compare our TPA measurements with what others have measured for thin 
films of regioregular P3HT, we employed a triple exponential decay used by Ai et al. 6, 
given by Eq. 2.  
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We utilized a pump fluence and probe energy similar to ref. 6 to measure a TPA trace for 
P3HT on glass. Table S2 compares fitting parameters from literature with those we 
measured for the low energy polaron absorption (P1). Although our measurements for this 
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sample only extended to 50 ps, the shorter decay constants (τ1 and τ2) and pre-factors 
prove to be in very good agreement.  
 
Table S2. Comparison of measurement conditions and fitting parameters (extracted with 
Eq. 2) for TPA traces in this work and previously published results.   

Sample 
Probe 
energy 
(eV) 

Pump 
energy 
(eV) 

Pump fluence 
(μJ/cm2/pulse) α1 α2 α3 

τ1 
(ps) 

τ2 
(ps) 

τ3 
(ps) Reference 

P3HT 0.41 2.3 360 0.65 0.25 0.10 0.4 4 56 this work 
P3HT 0.25 3.1 610 0.69 0.28 0.07 0.3 4 413 ref. (6) 

 
We used Eq. 1 to fit all our data (Figs. 4 and 5, and Table S1) because the TPA 

behavior in these samples has rise times and fast time constants (τ1) on the same order as 
the pump pulse duration. For accurate fits near t = 0, it is important to include the 
influence of the pump pulse which is provided by Eq. 1. Moreover, as shown in Fig. S2., 
Eq. 1 provides superior fits to the data at t > 100 ps. Note that Eq. 1 yields longer decay 
constants than Eq. 2. 

 
 

 
 

Fig. S2. Comparison of fitting functions Eq. 1 (blue) and Eq. 2 
(red) illustrating better agreement with the measured data at longer 
times for Eq. 1.      

 
 
 

TPA rise behavior 
 

Fig. S3 shows the TPA signal rise time immediately after excitation, for each of 
the photoexcited species (P1, PA1, P2).  The data have been normalized to facilitate 
comparison between each of the samples.  It is readily apparent that the rise time does not 
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vary significantly between either photoexcited species or between the various samples.  
Using Eq. 1, we were able to compare the time constant for the initial signal rise.  For all 
the samples measured in this experiment the effective rise time measured 200±15 fs. 
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Fig. S3. Normalized TPA signal near t = 0 for (black) P3HT on 
glass (black), P3HT/ZnO (red), and P3HT/C16SH/ZnO (blue) 
composite samples for each of the photoexcited species.  

 
References 
 
1 P. A. van Hal, M. P. T. Christiaans, M. M. Wienk, J. M. Kroon, and R. A. J. 

Janssen, J. Phys. Chem. B, 1999, 103, 4352. 
2 G. Dellepiane, C. Cuniberti, D. Comoretto, G. F. Musso, G. Figari, A. Piaggi, and 

A. Borghesi, Phys. Rev. B, 1993, 48, 7850. 
3 D. Olson, S. E. Shaheen, R. T. Collins, and D. S. Ginley, J Phys Chem C, 2007, 

111, 16670. 
4 M. Lira-Cantu, K. Norrman, J. W. Andreasen, N. Casan-Pastor, and F. C. Krebs, J 

Electrochem Soc, 2007, 154, B508. 
5 J. Demsar, Thesis, University of Ljublana, 2000. 



Supplementary Material (ESI) for Journal of Materials Chemistry 
This journal is © The Royal Society of Chemistry 2009 

 
6 X. Ai, N. Anderson, J. C. Guo, J. Kowalik, L. M. Tolbert, and T. Q. Lian, J. Phys. 

Chem. B, 2006, 110, 25496. 
 

 



<<
  /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


