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1 Solar cell performance of 30 μm thick film
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Fig. 1 Liquid electrolyte dye sensitized solar cell performance. (a) Current-voltage, and (b) EQE
characteristics for the 30 μm thick device compared to the previously shown cells with TiO2 layers
of 3.5 μm (dotted line) and 9 μm (dashed lined) thickness.

2 Transport and recombination
We have performed transient open-circuit voltage and transient short-circuit photocurrent mea-
surements similarly to as previously described.1 Here, a single red light emitting diode (630 nm
peak) was used as the background and perturbation source, focused to give a maximum intensity
of around 100 mWcm−2. The square wave perturbation (1 ms width) was kept to a minimum
intensity such that it could be considered small. At open-circuit, when the light pulse hits the
device a transient pulse in the voltage is observed. This voltage signal is recorded through the
high impedance port (1 MΩ) of an Agilent Technologies oscilloscope. The photoinduced increase
in charge density within the active layer causes the increase in voltage. Since the perturbation is
small, the transient decay of the voltage is directly proportional to the transient decay of the charge
density, allowing an estimate of the electron-hole recombination lifetime. At short-circuit, charge
can be collected from the device. Following the light pulse there is a transient pulse observed
in the short-circuit current. The transient short-circuit photocurrent is recorded through the low
impedance port (50 Ω). The current collection rate is then estimated from the decay of this signal.
Due to the use of a red light source, the adsorption can be considered uniform over the entire
film, and in essence this experiment corresponds to a ’spatially intergrated’ time of flight transient
current measurement under zero (low) field. The effective diffusion coefficient for electrons (De)
can be calculated following De = w2/2.35τe, where w is the film thickness and τe is the current
collection lifetime.

Figure S2 shows the transient signal of the current and voltage perturbation under short-circuit
conditions. Here, a sourcemeter (or a galvinostat) is used to allow a constant current, equivalent
to short-circuit current, to flow through the circuit. For measuring the voltage perturbation at
short-circuit, a Keithley 237 sourcemeter was connected in series with the solar cell, and used to
hold the current constant, and equivalent to short-circuit current under the bias light, following a
light pulse. The voltage perturbation across the solar cell is recorded by connecting this circuit in
parallel with the high impedance port on the oscilloscope, i.e. measuring the voltage perturbation
across the solar cell when no extra current is allowed to flow following the light pulse. Following the
light pulse the current cannot alter, therefore a voltage perturbation occurs. Since no ‘extra’ charge
can be collected the charge injected from the pulse must recombine within the device and the decay
of the voltage perturbation is proportional to the decay of the extra charge in the system, hence
the charge lifetime is extracted. In Fig. S2 we show the current and voltage transient responses
at short-circuit. Here, we see that the voltage decay is significantly slower than the current decay.
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It is possible to estimate the electron diffusion length (LD) from the simple relationship between
electron lifetime and diffusion coefficient, LD =

√
Deτe. From the data presented, this is estimated

to be 18 μm which is in very good agreement with our solar cell thickness dependence measurement
and confirming our suspicion that the current collection in the 30 μm thick solar cell is limited by
electron hole recombination.

Fig. S2 The current decay lifetime and charge recombination lifetime. Transient signal of the
current and voltage perturbation under short-circuit conditions under approximately 100
mWcm−2 red light intensity.

3 Analysis of small-angle X-ray data
The data exhibiting a scattering peak was fitted using a model in the form

I(q) = S(q) · P (q) (1)

This model treats the physical structure as composed of scattering bodies convoluted with a struc-
ture factor, which discribes their positions. The scattering is related to the physical structure, as
described by the electron density function ρe(r), through a Fourier transform

I(q) =
∣∣∣∣
∫ ∞

0

ρe(r)e−iqrdr

∣∣∣∣
2

(2)

Hence, it can be described by the product of the individual Fourier transforms describing the
scattering bodies and the lattice, S(q) and P (q) respectively, as described by Roe2 and originally
proposed by Zernike and Prins.3 Assuming a (physical) structure in the form of a one-dimensional,
distorted lattice, with average periodicity and degree of distortion d and δ respectively

S(q) =
1 − A2

1 − 2A cos(qd) + A2
(3)

where A = exp(−0.5q2d2δ2). The particle scattering function was based on the assumption that
the scatterers were effectively spherical, with radius R normally distributed about the mean Ravg,
and standard deviation σ. Hence

P (q) = B

Rmax∑
Rmin

F (R) · V (R)
9 [sin(qR) − qR cos(qR)]2

(qR)6
(4)
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where V (R) = (4/3)πR3 and F (R) = (
√

2πσ)−1 exp{−[(R − Ravg)/(2σ)]2}. The factor B was
included to scale the model to the experimental measurements.

The spectra which did not exhibit a scattering peak were analysed in terms of the Debye-Bueche
model, relating the scattered intensity to Fourier transform of the autocorrelation function γ(r)

I(q) =
∫ ∞

0

dr γ(r) · e−iqr. (5)

γ(r) is the self-convolution of electron density ρe(r)

γ(r) =
∫ ∞

0

du ρe(u)ρe(r + u). (6)

In the simplest model, the autocorrelation function is described by an exponential

γ(r) = exp
(−r

ζ

)
(7)

where ζ is the characteristic length. This results in a scattering function of

I(q) =
Aζ3

(1 + ζ2q2)2
(8)

where A is a constant. Hence

[I(q)]−0.5 =
1 + ζ2q2

A
1
2 ζ

3
2

(9)

Plotting I(q)−
1
2 vs. q2 results in a straight line with a slope

√
ζ/A and intercept 1/

√
Aζ3, allowing

extract ζ.

4 Nitrogen physisorption

1 10 100

0

5

10

15

20

pore diameter [nm]

p
o
re

a
re

a
[m

2
·g

-1
n
m

-1
]

Fig. 2 Nitrogen sorption data of calcined TiO2 before (triangles) and after (circles) film process-
ing. The plot of pore area vs. pore diameter confirms that the measured specific surface area stems
predominately from very small (nanometer-sized) pores, rather than from the mesoscopic (10 nm
-sized) morphology.

4

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



References
1 H. J. Snaith and M. Graetzel, Advanced Materials, 2007, 19, 3643+.

2 R.-J. Roe, Methods of X-ray and neutron scattering in polymer science, Oxford University Press,
New York, 2000.

3 F. Zernike and J. Prins, Z. Physik, 1927, 41, 184–194.

5

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



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /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
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 1.30
    /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 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 1.30
    /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 true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.00000
  /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 <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 Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ENG ()
  >>
>> setdistillerparams
<<
  /HWResolution [200 200]
  /PageSize [595.276 841.890]
>> setpagedevice


