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Abstract: The optimization of interfacial charge transfer is crucial to the design of dye-sensitized solar
cells. In this paper we address the dynamics of the charge separation and recombination in liquid-electrolyte
and solid-state cells employing a series of amphiphilic ruthenium dyes with varying hydrocarbon chain
lengths, acting as an insulating barrier for electron—hole recombination. Dynamics of electron injection,
monitored by time-resolved emission spectroscopy, and of charge recombination and regeneration,
monitored by transient optical absorption spectroscopy, are correlated with device performance. We find
that increasing dye alkyl chain length results in slower charge recombination dynamics to both the dye
cation and the redox electrolyte or solid-state hole conductor (spiro-OMeTAD). These slower recombination
dynamics are however paralleled by reduced rates for both electron injection into the TiO, electrode and
dye regeneration by the 17/~ redox couple or spiro-OMeTAD. Kinetic competition between electron
recombination with dye cations and dye ground state regeneration by the iodide electrolyte is found to be
a key factor for liquid electrolyte cells, with optimum device performance being obtained when the dye
regeneration is just fast enough to compete with electron—hole recombination. These results are discussed
in terms of the minimization of kinetic redundancy in solid-state and liquid-electrolyte dye-sensitized
photovoltaic devices.

Introduction TiO, dye hole
transporting

During the past decade, dye-sensitized solar cells (DSSCs) .
medium

have attracted widespread interest as a promising, low-cost
alternative to conventional silicon photovoltaic devi¢éSuch .A”f
DSSCs consist of a nanocrystalline mesoporous metal oxide \ " cR2
(typically TiOy) film, coated with a monolayer of a sensitizer

hv

dye, interpenetrated by a hole-transporting medium (HTM), such

as an /13~ redox liquid-electrolyte or solid-state molecular hole CH{ y

conductor. The power conversion efficiency of such devices is

Strongly dependent Upon.the Optimizat.ion of E|eCtrqn'tranSfer Figure 1. Schematic representation of the various components of a dye-
dynamics at the metal oxide/dye/HTM interface, as illustrated sensitized nanocrystalline semiconductor solar cell: a ruthenium bipyridyl

in Figure 1. In particular, high device output voltages are dye-sensitized nanocrystalline Ti@m, interpenetrated by a liquid 15~

L . : redox electrolyte or a solid-state spiro-OMeTAD hole conducting matrix
dependent upon the minimization of interfacial charge recom containing lithium salts and tert-butyl pyridine additives. Also shown are

bination losses (CR1 and CR2 in Figure313everal groups the different electron-transfer processes in the solar cell: electron injection
have previously investigated the potential of inserting barrier from dye excited state into the conduction band of J&@miconductor

layers to retard such recombination los&e4. In this paper (inj); the subsequent regeneration of the dye by electron transfer to the dye
) ' cation from the hole transporting medium (RG); charge recombination to

 Imperial College London. the gation of the dye (CR1) and recompination to the hole transportir]g
*SV\?iss Federalglnstitute of Technology. medium (CR2). The shaded area depicts the charge-transfer blocking

S Present address: Molecular Materials and Nanosystems, Laboratory function of the hydrophobic alkyl chains of the dye.
of Macromolecular and Organic Chemistry, Eindhoven University of . .
Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands. we focus on the modulation of electron-transfer dynamics
(1) Hagfeldt, A.; Gratzel, MAcc. Chem. Re2000,33, 269-277. achieved by one such strategy, namely the addition of alkyl

(2) Gréatzel, M.Nature 2001,414, 338—344. . . ; . . .
(3) Huang, S. Y.; Schlichthorl, G.; Nozik, A. J.; Gratzel, M.; Frank, AJJ. chains to the sensitizer dye, aimed at insertion of a barrier layer

Phys. Chem. B.997,101, 2576—2582. it i
(4) Tennakone, K.; Kumara, G.; Kottegoda, I. R. M.; Perera, V. FCl&m. betYV?e” the sensmze_r dye and the HTM (see Figure 1), and
Commun.1999, 15-16. their impart upon device performance.
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The control of interfacial charge-transfer processes is of ¢, -
central importance to the design of DSSEsL’ For example, Gy 27NN
a high open-circuit voltage ¢ requires the minimization of R 6y o SO et
interfacial recombination losses, whereas high charge separation
yields are necessary to achieve high short-circuit photocurrent
densities (d&). Previous studies have shown that charge recom-
bination of TiG, electrons with the oxidized HTM (CR2 in
Figure 1) is the key factor limitin§/, in both liquid-electrolyte
and solid-state DSSCs. Charge recombination to the dye cation,
CR1 in Figure 1, is in kinetic competition with the desired
regeneration reaction, RG, and therefore limits the charge
separation yield. Strategies directed toward the minimization
of interfacial recombination losses have included not only the
insertion of metal oxide blocking lay€r¥ but also energetic
redox cascades for multistep hole transfeas well as super-
molecular sensitizer dyé8:22We have recently demonstrated  Figure 2. Chemical structure of the amphiphilic sensitizer dyes used in
that the optimization of electron-transfer dynamics in DSSCs this study.
requires the minimization of “kinetic redundancy” for the charge
Separation sterfé_This s[rategy is based upon the appreciation DSSCs. This reaction is a key in the function of these devices
that the kinetics of charge separation and charge recombinationPut has received remarkably little attention to date. The
in a DSSC are often temporally correlated, with changes to the €xperimental strategy is based upon employing transient absorp-
device design intended to achieve slower recombination dynam-tion spectroscopy to monitor the transient dynamics of a series
ics often resulting in a parallel retardation of charge separation. ©f amphiphilic ruthenium bipyridyl sensitizer dyes substituted
In our previous study we focused on the correlation between With alkyl chains of various lengths. The structures of the dyes
electron injection dynamics from the excited sensitizer dye into €mployed are shown in Figure 2. These dyes were originally
the metal oxide and the charge recombination to a liquid redox developed with the intention that the alkyl chains would form
electrolyte as a function of Tisurface charge. a hydrophobic layer over the sensitizer dye layer in order to

It was demonstrated that optimum device performance was Protect the dye layer against water ingression from the elec-
obtained when the electron injection dynamics were just fast trolyte. The validity of this concept was proven by stability
enough to compete successfully with the dye excited-state decayStudies of device performance, showing improved device
corresponding to an injection half time of 150 ps. Such stability over a 40-day trial perloﬁ‘.SUbsequent studies have
moderately “slow” charge separation dynamics still resulted in demonstrated that such alkyl-substituted dyes are particularly

a high electron injection yield, while allowing interfacial charge Suited for DSSCs employing ionic-liquid and spiro-OMeTAD
recombination losses to be minimized. HTMs.10.2528|n this paper we focus on the ability of such alkyl

chains to function as an electrically insulating barrier, thereby
reducing interfacial charge recombination losses in the DSSCs.
In liquid electrolyte DSSCs employing the most widely used
sensitizer dye, RU(NCSY), (L = 4,4-dicarboxy-2,2-bipyridyl),
regeneration of the dye ground state by electron transfer from

In this paper we focus our studies toward addressing the
extent of kinetic redundancy in the dye regeneration reaction
(process RG in Figure 1) in liquid-electrolyte and solid-state

(5) Zaban, A.; Chen, S. G.; Chappel, S.; Gregg, BCAem. Commur2000,

2231-2232. ' the liquid electrolyte (RG) exhibits a half time ofl us?’ In
(6) Gregg, B A Pichot, F.; Ferrere, S.; Fields, CJLPhys. Chem. B001, typical redox electrolytes, this regeneration reaction competes
(7) Palomares, E.; Clifford, J. N.; Haque, S. A.; Lutz, T.; Durrant, J.RAm. efficiently with charge recombination of injected electrons with

Chem. So0c2003,125, 475—482. . . . . . '
(8) Clifford, J. N.; Palomares, E.; Nazeeruddin, K.; Thampi, R.; Grétzel, M.; dye cations, CR1, which is typically on the 18—1 ms time

. Purgar)tMJ.kR._J.\ﬁmk_Chem. STOQ\R/O%IZS'-?(WO_%G%M o scale dependent upon the position of the JE&rmi level?®
) iy Y gamura, T.; Wada, Y.; Yanagida, BMater. Chem. . Ag gych, ke > kers, and the regeneration reaction exhibits
(10 gghmidt-Mende, L.; Zakeeruddin, S. M.; Grétzel Appl. Phys. Let2005 modest kinetic redundancy, suggesting that a limited retardation
(11) Yum, J. H.: Nakade, S.; Kim, D. Y.; Yanagida,BPhys. Chem. R006, of the regeneration dynamics resulting from the insertion of a
110, 3215-—3219. small physical barrier between the dye and the electrolyte might
(12) Bauer, C.; Boschloo, G.; Mukhtar, E.; Hagfeldt,JAPhys. Chem. B002, R . . .
106, 12693—12704. reduce recombination losses due to CR2 without significantly
13) Dyrant, 3. R.i Haque, S. A PalomaresQBord. Chem. Re 2004,248, reducing the efficiency of the regeneration reaction. For solid-
(14) Anderson, N. A; Lian, T. QAnn. Rev. Phys. Cher005,56, 491-519. state DSSCs employing the molecular hole conductdf2.2-

(15) Meyer, G. Jinorg. Chem.2005,44, 6852—6864.
(16) Tributsch, HC.R. Chim.2006,9, 584—596.
(17) Cazzanti, S.; Caramori, S.; Argazzi, R.; Elliot, C. M.; Bignozzi, CJA.

tetrakis(\,N-di-p-methoxyphenylamine) 9;8pirobifluorene (spiro-

Am. Chem. SoQ006, 9996—9997. (24) Zakeeruddin, S. M.; Nazeeruddin, M. K.; Humphry-Baker, R.; Pechy, P.;
(18) Kay, A.; Gratzel, M.Chem. Mater2002,14, 2930—2935. Quagliotto, P.; Barolo, C.; Viscardi, G.; Gratzel, Mangmuir2002,18,
(19) Hirata, N.; Kroeze, J. E.; Park, T.; Jones, D.; Haque, S. A.; Holmes, A. B.; 952—-954.

Durrant, J. RChem. Commur2006, 535—537. (25) Schmidt-Mende, L.; Kroeze, J. E.; Durrant, J. R.; Nazeeruddin, M. K.;
(20) Hirata, N.; Lagref, J. J.; Palomares, E. J.; Durrant, J. R.; Nazeeruddin, M. Grétzel, M.Nano Lett.2005,5, 1315—1320.

K.; Grétzel, M.; Di Censo, DChem.—Eur. J2004,10, 595—602. (26) Nazeeruddin, M. K.; Zakeeruddin, S. M.; Lagref, J. J.; Liska, P.; Comte,
(21) Haque, S. A.; Handa, S.; Peter, K.; Palomares, E.; Thelakkat, M.; Durrant, P.; Barolo, C.; Viscardi, G.; Schenk, K.; Graetzel, ®oord. Chem. Reuw.

J. R.Angew. Chem., Int. E®005,44, 5740—5744. 2004,248, 1317—-1328.

(22) Snaith, H. J.; Zakeeruddin, S. M.; Schmidt-Mende, L.; Klein, C.; Gratzel, (27) Montanari, |.; Nelson, J.; Durrant, J. R.Phys. Chem. B002 106, 12203~
M. Angew. Chem., Int. E®005,22, 2-5. 12210.

(23) Haque, S. A.; Palomares, E.; Cho, B. M.; Green, A. N. M.; Hirata, N.; (28) Nelson, J.; Haque, S. A.; Klug, D. R.; Durrant, J.FRys. Rev. B001,
Klug, D. R.; Durrant, J. RJ. Am. Chem. So2005,127, 3456—3462. 6320, art. no 205321.
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OMeTAD), the regeneration is 3 orders of magnitude fasigy, ( 600
< 1 ns)?® indicating an even greater potential to minimize
kinetic redundancy in the device by the insertion of such 500
physical barrier layers. Indeed, we have recently demonstrated
that the addition of alkyl chains to the molecular sensitizer can
indeed retard recombination dynamics in solid-state DSSCs,
resulting in a marked increase of thg. and overall device
performances®

In this paper, we employ transient absorption and emission
spectroscopies to monitor the dynamics of charge separation
and charge recombination in both liquid-electrolyte and solid-
state DSSCs employing the sensitizer dye series shown in Figure
2. We investigate the extent to which the addition of alkyl chains 0 5 10 15 20 25 30
to the sensitizer dye can minimize kinetic redundancy in such
DSSCs and demonstrate how such minimization correlates with
improvements in photovoltaic device efficiency.
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Figure 3. Time-resolved emission decays 16B-sensitized Zr@(a) and

TiO2 (b) films covered in an inert solvent. Also shown is the stretched-
exponential fit to the Ti@ data (smooth white line). Data collected for
matched sample optical densities and data collection times, allowing direct
comparison of the magnitudes of the emission transients.

Experimental Section

Chemical Compounds. The amphiphilic sensitizer dyes RufH
dcbpy)(4,4'-dimethyl-2,2'-bipyridine)(NCSJC1 dye), Ru(Hdcbpy)-

(4,4-dihexyl-2,2-bipyridine)(NCS) (C6 dye), Ru(Hdcbpy)(4,4-nonyl- the dark unde_r a vacuum prior to laser transient spectroscopy and/or
2,2-bipyridine)(NCS) (C9 dye), Ru(Hdcbpy)(4,4tridecyl-2,2- ~ 9old evaporation. o _
bipyridine)(NCS) (C13 dye), Ru(Hdcbpy)(4,4'-octadecyl-2,2'- Functional Characterization. Electron injection dynamics were
bipyridine)(NCS) (C18 dye), and (Bu4NJRu(dcbpyHYNCS)] (N719 monitored using time-correlated single photon counting (TCSPC),
were synthesized as published previoégf:3° employing a Jobin Yvon IBH Fluorocube laser system. The apparatus

TCO-coated glass substrates were obtained from Hartford G|ass,employed 467 nm excitation (1 MHz repetition rate, instrument response

USA (15 Q/cn? F-doped Sn@). The TiO; paste, consisting of 10 250 ps fwhm), _with a 715 nm high_pass filter for emission det_ectic_)n.
15-nm-sized anatase particles, was prepared via -agedlroute, as Samples cons!ste_d_ of_dye-sensmzed electrodes covered in e_|ther
described previousi: Spiro-OMeTAD was supplied by Avecia, 3-methoxyprop|on|.tr|l.e (mlert.solvent) or a redox electroly.te cqns!stlng
Manchester (now Merck Chemicals Ltd.) and wa89.5% pure. Al of 0.1 M I, 0.1 M lithium iodide, 0.6 M tetrabutylammonium iodide,

solvents were purchased from Aldrich and were HPLC grade. and 0.50 M tert-butylpyridine in 3-methoxypropionitrile solvent.
Sample/Device Preparation. Solid-state and liquid-electrolyte Transient absorption experiments were conducted as reported previ-

32 i -1 i
device preparation have been described in detail previdtgyiefly, ously* employing low-intensity pulses (532 nm40 uJ/cnt/pulse)

after cleaning F-doped Sn@lass substrates (with acetone, methanal, ™M 2 nltro_gen-laser-pymped dye laser (PT! GL-3300, 0.8 Hz, 600 ps
and Helmanex), an-100 nm compact layer of TiQwas deposited by pulse duration) or a Nd:YAG laser (Quantel Big Sky Ultra CFR, 1 Hz,

spray-pyrolysis. A nanocrystalline, mesoporous Ji@n, thickness 2 6 ns pulse duration) and using home-built photodiode-based optical
um, was fabricated via doctor-bléding the TiPaste ' followed by amplification and filtering equipment. Transient absorption studies of

sintering at 450C. Dyes were adsorbed to the Tiflm by immersion the dye—iﬁns;ﬁlzed _tﬂancitfrlystt?]llllne fllmsb onlyt/ /Were Iperformtte)d bi’
overnight in a 0.3 mM solution in acetonitrile/tert-butanol (1:1) and °OVErng e fim with a 1.1 ethylene carbonate/propylene carbonate

subsequently carefully rinsed with acetonitrile. solution (inert solvent) and glass cover slide. Currerdltage char-

Transparent counter electrodes were prepared by chemically de Osit_acteristics were measured using a Keithley 2400 Source Meter and a
P prep Y Y G€POSIE) 556 W Oriel solar simulator fitted with an AM1.5 global filter set as

Ing platinum from 0.05 M hexachloroplatinic acid in 2-propanol onto the light source. Light intensity was changed with meshes in front of

a second slide O.f conducting glas_s. Sandwich cells @ overe then the light source and measured with a Si photodiode and calibrated to
prepared by sealing together the Fi€ated electrode with the counter 1000 W/nd for 1 sun

electrode using a transparent film of Surlyn 1472 polymer (DuPont
Ltd.) at 110°C. The redox electrolyte, consisting of 0.60 M butylmethyl Results

imidazolium iodide, 0.03 M4, 0.10 M guanidinium thiocyanate, and o ) ] ) o
0.50 M 44ert-butylpyridine (tBP) in a mixture of acetonitrile and Electron Injection. We consider first transient emission

valeronitril (volume ratio: 85:15), was then introduced through holes studies of electron injection dynamics for this dye series. Typical
drilled in the counter electrode, which were sealed immediately with data are shown in Figure 3, including control data employing a
microscope cover slides and additional strips of Surlyn to avoid leakage. C9-sensitized nanocrystalline Zz(film and data for C9-

For the preparation of solid-state devices, the hole conductor matrix sensitized Ti® films covered in inert solvent. ZrQwas
was applied by depositing a solution of Spiro-OMeTAD (0.17 M in  employed for the control data as its high conduction band edge
chlorobenzene, also containing 0.025 mM lithium bis-trifluorosulfon- prevents electron injection from the dye excited st&féFor
. . . HER . _ _ -
imide (LCFsSOJN, Li™), 0.13 MIBP, and 0.3 mM tris(d-bromophe- i 0 ontrof film, a biphasic decay is observed, with lifetimes
nyl) ammoniumylhexachloroantimonate dopant) on the dye-coated (amplitudes) of 3.3 ns (0.05) and 21.5 ns (0.95). Note that these
substrate, allowing the HTM to penetrate the film during 1 min, d P I ) d d bi ' di e d. theref
followed by a spin-coating step at 1800 rpm. Samples were stored in ata were collected under ae_ro_ ic conditions and, t eretore,

represent an upper (fastest) limit for the rate of excited-state

(29) Bach, U.; Tachibana, Y.; Moser, J. E.; Haque, S. A,; Durrant, J. R.; Grétzel,
M.; Klug, D. R.J. Am. Chem. S0d.999,121, 7445—7446. (32) Haque, S. A.; Park, T.; Holmes, A. B.; Durrant, JGhemPhysChei2003

(30) Nazeeruddin, M. K.; Zakeeruddin, S. M.; Humphry-Baker, R.; Jirousek, 4, 89-93.
M.; Liska, P.; Vlachopoulos, N.; Shklover, V.; Fischer, C. H.; Gratzel, M.  (33) Kay, A.; Humphrybaker, R.; Grétzel, M. Phys. Chem1994,98, 952—
Inorg. Chem.1999, 38, 6298—6305. 959.

(31) Barbe, C. J.; Arendse, F.; Comte, P.; Jirousek, M.; Lenzmann, F.; Shklover, (34) Tachibana, Y.; Moser, J. E.; Grétzel, M.; Klug, D. R.; Durrant, JJR.
V.; Grétzel, M.J. Am. Ceram. Sod 997,80, 3157—3171. Phys. Chem1996, 100, 20056—20062.
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Table 1. Emission Decay Half Times (ziy) for the Dye Series L LA B IR BELRALLL IR
— ) 1.0l —C1
emission decay half times (ps) - ’Mtl o CB
dye TiO, with solvent? TiO, with electrolyte? 210, with solvent? T osp ; - g?a -
c1 <60 625+ 50 4000+ 100 = \ c18
C6 210+ 100 2000+ 150 7000+ 750 £ 06 : =
Cc9 1000+ 200 2600+ 200 10 00G+ 2000 o
C13 <60 1750+ 150 5900+ 250 E o4k =
C18 220+ 50 2500+ 400 3000+ 500 [m)
N719 <60 150+ 50 11 800+ 500 o s
<1 02 \ -
aHalf times obtained from stretched-exponential fits to the transient e T3
decays after convolution of the instrument response, as shown in Figure 3, 00H vl vovmd vl oy
fixing the initial amplitude of the fit to the initial amplitude of the Z5O 1pus 100us 10ms 1s

data. Further details will be presented elsewhere (SK, JRD, in preparation). time
b Half times obtained from biexponential fits to the transient decays after . . o o )
convolution of the instrument response. Figure 4. Transient absorption data monitoring electron recombination with

dye cations (CR1) at 800 nm, in Ti@Ims sensitized by th€1—-C18dye
decay to the ground state in a sealed, and therefore anaerobicrsﬁeries covered in inert solvent. For the purpose of comparison, all transients
g o . . ave been normalized to unity.
DSSC. For the Ti@films covered in inert solvent, this emission

is strongly quenched, consistent with efficient electron injection 10 I‘ URALL IILRLLL BLRELLL B B IILRRLLL &

from the dye excited stafé.Note that these data are collected TN

with matched numbers of absorbed photons, allowing direct 5 08

comparison of the amplitudes of emission decays. The observa- 2

tion that the initial amplitude of th€9/TiO, emission decay is T o6

similar to that of the controC9/ZrO, decay is indicative of %

negligible electron injection much faster than the 200 ps £ 04

instrument response. Rather the emission decay for this dye o

shows a half time of 1000 ps, indicating significantly slower 91 0.2

electron injection dynamics into TiQhan those for the more

widely used Ru(dcbpyNCS) dye. 010 Exeuaunoita R A s LGSR
For all sensitizer dyes, emission decay dynamics for sensitized 1us 100ps 10ms 1s

TiO; films exhibit single stretched-exponential behavior (int time

e).(p[—(t/r)“]), as illustrated by the_ﬁt to the_ d(?cay Shown in_ Figure 5. Transient absorption data monitoring electron recombination to
Figure 3. Such stretched-exponential behavior is consistent withthe /I~ redox electrolyte at 1000 nm, in liquid-electrolyte DSSCs

inhomogeneous broadening of the energetics of electron injec-employing theC1—-C18sensitizer dye series. For the purpose of comparison,
tion, as we have discussed in detail previod8[yable 1 shows 2! transients have been normalized to unity.

issiond half ti btained f dat h as that sh o ) .
emission decay hal fimes oblained rom dara SUch as that Snown Charge Recombination (CR1 and CR2)We first consider

in Figure 3 for dye serie€1 throughC18. For comparison, the d ics of ch binati f iniected elect ith
this table also shows half times obtained by analogous emission € dynamics ot charge recombinatior o Ijected electrons wi
dye cations observed for sensitized Fifdms in the absence

for the R I i I ) ) .
decays for the Ru(dcbpyNCS} tetrabutyl ammonium salt of a redox electrolyte or hole-conducting medium (CR1 in

(N719 dye, which show good agreement with our previous _. ) X .
ultrafast transient absorption studies with this sensitizer dye. Flgure 1). These dynamlcs_were monltore_d by transient absorp-
tion spectroscopy as previously by probing the decay of the

Compared to the data for Tidilms covered in inert solvent, ) . .
for all dyes the decay dynamics are significantly slower in the glye cation absorption band at 800 AffTypical data are shown

presence of a redox electrolyte, with the half time increased on g]elﬁfl.'(;f 46’3'Iﬂdscay_dtynaam'g;aer;gg'rt.sst_téeg??:fc;rixbpsgfg:al
average by an order of magnitude, consistent with our previous vior Xp[—(t7)7]), ISt inatl

ultrafast transient absorption studies for Ru(dchWECS)y dynamics being primarily controlled by electron trapping/

; L . . o e
sensitized filmg3 For the dye serie€1 up toC9, it is apparent detrapp!ng dynamics in the. Tppartlcle.s? An 5-fold .
that increasing the alkyl chain length results in a significant retardation of the CR1 recombination half time is observed with

slowing of emission decay half times, indicative of slower increasing alkyl chain length up 013, from ~90 to 490us.

injection dynamics. Dye€13andC18 do not follow this trend, We now turn to 'the recombination dynamic; in t.he presence
as we discuss further below. For tiz18 dye, the emission O_f a hole?conductlng _me(_j|um, process CR.2 " F_|gu_re 1. Wwe
decay dynamics observed for the Tifim in the presence of first consider recombination of electrons with a liquidl~

a redox electrolyte were similar to those observed for the control rgdo>_< electrolyte. F|ggre_5 compares the transient absorptlon
70, films, indicating that electron injection for this dye may kinetics of complete liquid electrolyte cells as a function of

not compete effectively with excited-state decay to ground. This Sen_s'tt'iﬁ,r dye. [7ata t"’;]re ihowrt', for a;prpbf \(/jva\llelingth of 1000
observation is consistent with our previous observation, by nm; at this wavelength, absorption of injected electronsiée)

transient absorption spectroscopy, of a reduced electron injectioncm_mm‘?ltes the_ transient S|gr§él_'l'he_s € degay dynamics therefo_r N
yield with this dye. This reduced injection yield has been primarily monitor the recombination of injected electrons with
ascribed previously to a collapse of the 088 alkyl chains, the redox electrolyte. As expected from literature defahese

resulting in inhomogeneous adsorption to the J&drface?®

(36) Green, A. N. M.; Palomares, E.; Haque, S. A.; Kroon, J. M.; Durrant, J. R.
J. Phys. Chem. BR005,109, 12525—12533.

(35) Tachibana, Y.; Haque, S. A.; Mercer, I. P.; Moser, J. E.; Klug, D. R.; (37) Green, A. N. M.; Chandler, R. E.; Haque, S. A.; Nelson, J.; Durrant, J. R.
Durrant, J. RJ. Phys. Chem. B001,105, 7424—7431. J. Phys. Chem. R005,109, 142—150.
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300 ;L ®ralIl e ——CB - 5 o
“i\.,.,,\‘~ - C9 . -o-C13 |
250 | C13 - c18
c18
8 200 =1 8 300 A
<1 150 - — =
200 -
100 — =1
50 - B — 100 -
R . i, &
OH o vvnd vl o vad 5T %Ilhﬂ 11t ol A | A RRRRiiy [??"a?ﬂ_‘_?_ :
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1us 100ps 10ms 1s

time i
Figure 6. Transient absorption data monitoring electron recombination at time
1000 nm in solid-state DSSCs employing ©&—C18sensitizer dye series. ~ Figure 7. Transient absorption data monitored at 775 nm of dy&sC6,
The hole conductor matrix was applied by spin-coating from a chlorobenzene C13, andC18in complete liquid T/15~ redox electrolyte cell configuration,
solution containing 0.17 M spiro-OMeTAD, 25 mM1,i0.13 MtBP, and following 532 nm excitation.
0.3 mM Sb dopant.

recombination dynamics of the solid-state device are ap-

CR2 decay dynamics are approximately 2 orders of magnitude proximately 2 orders of magnitude faster than those observed
slower than the recombination to dye cations observed in the for analogous liquid-electrolyte devices, consistent with our
absence of a redox electrolyte (Figure 4). It is apparent from previous observations with the Ru(dcbgfyCS) sensitizer
Figure 5 that we observe a retardation of the electron recom- dye!° We will discuss this in more detail in a following section.
bination kinetics with the increasing length of the dye alkyl chain Dye Regeneration (RG)We first consider the dynamics of
spacers, with more than an order of magnitude slower recom- e regeneration of the dye ground state by hole transfer from
bination in theC18 dye-based cell compared to tkd dye. the dye cation to the liquidl5~ redox electrolyte. Figure 7

We have demonstrated previously that the hydrophobic alkyl displays transient absorption data monitored at 775 nm for the
chains of the present dye series are capable of providing C1to C18 sensitizer dye cations in complete liquid electrolyte
increased spatial separation between electrons and cations 0DSSCs. For theC1 and C6 dyes, two distinct regimes in the
the solid-state hole conductor spiro-OMeTAD, resulting in decay dynamics are observed, analogous to those we have
retardation of the electron recombination kinetics and signifi- reported previously for the Ru(dcbpg)lCS) dye?’ The fast
cantly increased device performari€e-ere we compare the  phase (microseconds) is assigned as previously to regeneration
transient absorption data of the dyes monitoring the electron of the dye ground state from the dye cation by reductiony |
recombination in a complete solid-state DSSC configuration, with the concomitant generation of | radicals, whereas the
with the addition of Li, tBP, and Sb dopant to the hole residual long-lived (millisecond lifetime) signal reflects the
conductor matrix. Transient absorption data monitoring at 1000 absorption of these1 radicals and the concomitant absorption
nm of the dye series in the solid-state device configuration are of long-lived electrong? Decay of this long-lived signal is
shown in Figure 6. In accordance with preceding investigations, assigned to J~ dismutation and recombination with TiO
for theC1 to C13dyes closely similar injection yields are found, electrons (process CR2 in Figure 1). It is apparent that increasing
with the C18 deviating from the series. This reduced injection the chain length results in a retardation of the regeneration
yield has previously been ascribed to inhomogeneous dyereaction by over 2 orders of magnitude. For t6843 and
loading of the TiQ surface due to the folding of the lor@18 particularly C18 dyes, the regeneration reaction is retarded to
chains and was reflected in the significantly reduced device such an extent that it is no longer kinetically resolved from the
performance. As for the liquid-electrolyte device, upon increas- slow phase assigned to CR2.
ing dye alkyl chain length a steady decrease of the electron |n sharp contrast to the liquid-electrolyte DSSCs, the dynam-
recombination rate is observed, with an exception forGi8 ics of regeneration of the dye ground state by spiro-OMeTAD,
dye, which shows marginally faster recombination compared i the presence of the standard solid-state cell componehts Li
to the C13 dye in the solid-state device configuration. We tgp and Sb oxidant, were found to be essentially complete
ascribe this, as before, to the incomplete swelling of the long \yithin the instrument response of our microsecendllisecond
C18chains in the presence of spiro-OMeTAD, thereby reducing |aser system for all sensitizer dyes. Further experiments employ-
the recombination blocking effect of the alkyl chain spaer. ing nanosecondspectroscopy (see Supporting Information)

The CR2 dynamics in the solid-state DSSCs shown here areindicated that, for dye€1—C9, dye ground state regeneration
more than an order of magnitude slower than our previously was complete within< <10 ns, while, for dye€13 andC18,
published recombination dynamics in the presence of spiro- a rapidly decaying transient was observed indicative of a
OMeTAD only?5 This in accordance with the proposed function regeneration half time of approximately 10 ns. These observa-
of the common cell additives ti and tBP of screening tions are in agreement with our previous ultrafast study of charge
electrostatic interactions and shifting the density Jlé@nduction transfer from spiro-OMeTAD to Ru(dcbpfNCS),2° where
band/trap states, respectively, both resulting in retardation of hole transfer from the dye cation to spiro-OMeTAD was found
interfacial charge recombinatiGhDespite this, the CR2 charge to occur on timescales ranging from picoseconds to several

(38) Kruger, J.; Plass, R.; Cevey, L.; Piccirelli, M.; Grétzel, M.; BachAppl. (39) Nogueira, A. F.; De Paoli, M. A.; Montanari, |.; Monkhouse, R.; Nelson,
Phys. Lett.2001,79, 2085—2087. J.; Durrant, J. RJ. Phys. Chem. B001,105, 7517—7524.
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Table Zi' Device Performanlce _Paré;]meters for Liquid-Electrolyte avoidance of any redundancy in the kinetics of the electron
and Solid-State DSSC Employing the C1-C9 Sensitizer Dye injection process. Such considerations are however not restricted

Series?
lqid-electolyte device <oldstate devicer to the electron injection process on_Iy but most Il_kely apply to

- all charge-transfer steps occurring in photovoltaic devices.

sensitizer e Ve  FF " Jeo Ve  FF " ) )
dye (MAlcm?)  (mV) (%) (%) (MAemd) (mV) (%) (%) In the present study we have extended our studies to a series

c1 6.2 660 564 2.4 54 714 59.7 2.3 Of amphiphilic ruthenium dyes, derivatives of the recently
C6b 6.4 690 57.9 26 5.8 712 605 25  reportedZ907 dye (this dye being th€9 dye employed in the
223 70 750 616 3.2 6'23 73;?14 6%‘5’ 2'381 present study}® This Z907 dye is a derivative of th&l719dye,
c18 35 670 561 13 58 718 552 23 Which is at present widely used in solid-state and liquid-

electrolyte device preparation. Both dyes have shown superior

aData represent the average values of three deVidese to problems ; i ;
associated with the adhesion of 168 dye to the TiQ surface, no reliable performance in terms of efficiency of the resulting DSS€:

data for this dye can be givehTaken from ref 259 Note that in order to We first of all consider the electron injection dynamics we

maintain compatibility with the transient absorption measurements, for the - -

liguid-electrolyte devices thin, nonscattering Bifims have been used. obse.r\./e for thé:l_ Cl8dye Ser'?s' Pata are reported for dye-
sensitized Ti@ films covered in inert solvent and redox

nanoseconds, i.e., more than 3 orders of magnitude faster tharelectrolyte and compared against control data for noninjecting
regeneration by the liquid-electrolyte redox species. Consistentdye-coated Zrgfilms. As expected, electron injection dynamics
with these fast regeneration dynamics, the vyield of dye are observed to be approximately 1 order of magnitude slower
regeneration, determined as previod&from the magnitude in the presence of redox electrolyte compared to inert solvent,
of dye cation absorption in the presence and absence of spiro-assigned, as we have discussed previotisty, the influence
OMeTAD, was>90% for all dyes, confirming that even for  of the redox electrolyte on the Ti@onduction band energetics.
the longer alkyl chain dyes the regeneration reaction competes| ess expected is our observation that the electron injection
effectively charge recombination to the dye cation, CR1. We gynamics for this dye series extend to significantly longer time
preser.n quuid-elec.trolyte ar'1d solid-state.de'v.ice cha.r.acteristicsSca|es than those we observe for t&19 dye. TheC1 dye

of devices employing the different amphiphilic sensitizer dyes o, hibits the fastest dynamics<60 ps in the presence of the

in the followmg sect!on.. ) redox-inactive electrolyte and 625 ps in the redox electrolyte.
Device Characterization. Table 2 summarizes the photo- Increasing the alkyl chain length up t69 results in a

VOl.ta'C performance char_acterlstm_:s of Ilqwd-gle(_:t_rolyte _"’?“d progressive retardation of dynamics. For all dyes ex€x8,
solid-state devices employing the different amphiphilic sensitizer S : e .
: . - . the injection dynamics for the TiJilms are at least four times
dyes. Note that, in order to make transient optical absorption . .
. C - . faster than those for the control Zf@Ims, consistent with a
measurements possible, for the liquid-electrolyte devices opti- . S .
high yield of electron injection into Ti@ We furthermore note

cally transparent, thin~4 um) TiO, films were applied, . )
different from the scattering, thicker0xm) films commonly that the excited-state decay dynamics observed or iré&de

applied for liquid-electrolyte DSSC fabrication. This will reduce ~ c0llécted under aerobic conditions and therefore represent an

the amount of incident light that is absorbed, resulting in reduced UPPer (fastest) limit for the rate of excited-state decay to the

values forJs. ground state in a sealed, and therefore anaerobic, DSSC; hence,
In general, we observe for both types of devices an increase€Ven slower dynamics may be expected for Zidder the

of all device parameters with increasing alkyl chain length of anaerobic conditions present in sealed DSSCs.

the sensitizer, up to th€13 dye, which displays the best The retardation of emission decay dynamics with increasing
performance in both the liquid-electrolyte and solid-state cell alkyl chain length up toC9 is surprising. One possible
configuration. In the following section we discuss the correlation explanation for this trend is an increased spatial separation of
between the dynamics and kinetic redundancy of the interfacial ¢ dye LUMO orbital occupied in the dye excited state from
charge-transfer steps and liquid-electrolyte and solid-state devicey,o TiO, surface. This could result from the influence of the

performance. alkyl chains upon the orientation of the dye adsorbed to the
Discussion surface. We note that this dye series contains only a single bi-

) . (carboxypyridine) (dcbpy) group responsible for anchoring the
. We have previously shgv_vn that opﬂmur_n D_SSC pf_erforrr_]ance dye to the TiQ substrate (compared to two such groups in the
in terms of the electron injection dynamics is obtained if the

injection kinetics are just fast enough to compete with the
excited-state decay of the d§&Such optimized kinetics were
achieved by the use of tiions andtBP additives in the

N719dye), consistent with greater flexibility in binding orienta-
tion (see also below). Such a reorientation effect and/or
wrapping of the Ru center with aliphatic chains could account
electrolyte to modulate the energetics of the Fi@nduction for an increase in irradigtive processes as well as the retarda_tion
band. More specifically, although omission t&P was found of the CR1 regomblnatlon reaction with increasing alkyl chain
to result in fast electron injection kinetics, this process was found 1€ngths (see Figure 4). However, a strong dependence of electron
to occur at the expense of fast recombination dynamics, andinjection upon dye orientation would only be expected if the
hence lowV,. Conversely, omission of i ions resulted in dye excited state LUMO orbital were localized not on the dcbpy
slow recombination yet was paralleled by slow injection and but rather upon on the bipyridine group attached to the alkyl
low Js.. This led us to the conclusion that device optimization chain moieties (dabpy). Previous LUMO orbital calculations for
requires a suitable compromise between the requirements of highthe isolatedC1 dye have however indicated a small energetic
electron injection yields and slow recombination and the stabilization of the LUMO orbital localization upon the dcbpy
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IsgrT—TT 1T T T T T T T T T T T T T s anticipated, this is reflected in an increase of the device open-
100ms r 1 circuit voltage up to theC13 sensitizer.
Similar to our previous studies on the kinetics of electron
9 1oms L N L L . .
X injection vs recombination as a function of cell additives, we
& ms b . find that the retardation of the electron recombination dynamics
§ with increasing alkyl chain length and the corresponding dye
- 100us & . regeneration kinetics are correlated. As predicted, we observe
‘g 10us r 1 that the regeneration reaction (RG) rapidly retards as the chain
E . E length is increased. However, we note that the RG dynamics
Tus W E are considerably more sensitive to the hydrophobic barrier layer
100ns AT B B thickness than the dynamics of the CR2 reaction, with barrier
1s T layer insertion resulting in an-20-fold retgrdatio_n of CR2
E (b) E compared to an-700-fold slower RG dynamics. This nonparal-
100ms g L lel retardation of the charge-transfer dynamics is readily
2 1oms - explained by consideration of the electrolyte species involved
* - E in the CR2 and RG reactions. Recombination of photoinjected
4 ims g E electrons proceeds through hydrophobimblecules, whereas
* 100ps |- - the dye regenerating species are the hydrophiliohs, which
g 1ous 2 E are_consio_lerably stro_nger hindered by the hydrophobic alkyl
o E E chain barrier. For chain lengths greater ti@8, the regenera-
1us .- - -. tion reaction RG is actually slower than recombination to the
100ns N N N dye cation (CR1), consistent with the reducéd of C18-
0 5 10 15 20 sensitized devices.
chain length The half times for the charge-transfer reactions in solid-state

Figure 8. Half times of the interfacial electron-transfer reactions (see Figure S[_)II‘(_)-OMGTAI_D-b?.SGd DSSCs ar? summarized in _Flgure 8B.
1) CR1 @), CR2 (), and RG W), as a function of the alkyl chain length ~ Similar to the liquid-electrolyte devices, the progressive retarda-
for (A) liquid-electrolyte and (B) solid-state dye-sensitized solar cells. tion of the electror-hole recombination process CR2 due to
the blocking effect of the alkyl chain lengths up @13 is
reflected in the parallel increase in device performance param-
eters. For these devices, the dynamics of the recombination
reactions CR1 and CR2 are of similar magnitude, as we have
discussed in detail elsewhéfeln fact, this localization of
photogenerated species at the 7iye interface and the
concomitant fast recombination dynamics form one of the
underlying reasons for the reduced performance of solid-state
. ; 4 DSSCs, as they limit the diffusion length of the photogenerated
than the equivalent potential {719, —0.68 V), determined species in the device and, hence, restrain the maximum device

from solution electrochemical and opt|ca_l data. We note, thickness (and subsequent light absorption) compatible with
however, that the presence of the alkyl chains has been Showrbfficient charge collection

to significantly reduce the extent of hydration of the FiO
surface?* Immersion of mesoporous Tidilms in anhydrous
solvents has previously been shown to result in large (negative)
shifts in the conduction band edge relative to aqueous environ-
ments}! suggesting that the inclusion of the alkyl chains on
the dye may significantly reduce the free energy driving force
AG for electron injection.

We now consider the dynamics of charge recombination and
dye regeneration by the/l~ redox couple in liquid-electrolyte
DSSCs. Figure 8A summarizes the characteristic half times for
charge transfer in the liquid-electrolyte device as a function of
the sensitizer alkyl chain length. Consistent with the proposed
blocking function of the hydrophobic alkyl chains, we find a
retardation of the recombination kinetics upon increasing chain
length of close to 2 orders of magnitude. We note that this trend
is observed not only for recombination to the redox couple
(CR1) but also to the dye cation (CR2), consistent with the
suggestion above that increasing alkyl chain length results in
the dye orientating more perpendicular to the F&€0rface. As

moiety?° although we note that this LUMO localization may
be significantly modified by interface dipoles present at the
TiO/electrolyte interface. We emphasize that a 100-fold
retardation of the electron injection rate only reqsig@5 A
increased spatial separation. Alternatively, it is possible that the
alkyl chain groups modulate the energetics of electron injection.
All of these dye<C1—C18 exhibit similar excited-state oxidation
potentialsE(D*/D*) = —0.944+ 0.02 V vs SCE (more negative

The dye regeneration (RG) by spiro-OMeTAD is several
orders of magnitude faster than by the liquid electrolyte, being
<< 10 ns for dyes€C1—C9 and still proceeding on the 10 ns
time scale even for th€13 and C18 dyes. We conclude that
in contrast to the analogous liquid-electrolyte cells, for the solid-
state DSSCs, the regeneration reaction is 4 orders of magnitude
faster than the competing recombination reaction CR2, even
for longest alkyl chain dy&C18. In other words, the charge-
transfer dynamics in the present series of solid-state devices
are still “kinetically redundant” with respect to the regeneration
reaction. We emphasize that, in contrast to the liquid-electrolyte
cells, the reduced solid-state cell performance ofGi8-dye-
based device cannot be caused by kinetic competition of the
interfacial charge-transfer reactions, as is obvious from Figure
8B, but is most likely due to problems associated with the
collapse of the long alkyl chains, resulting in a reduced electron
injection yield and incomplete wetting by spiro-OMeTAD.

Nevertheless, our results demonstrate that inhibition of the
CR2 recombination reaction is a key point in the optimization

(40) Nazeeruddin, M. K.; De Angelis, F.; Fantacci, S.; Selloni, A.; Viscardi,
G.; Liska, P.; Ito, S.; Takeru, B.; Grétzel, M. G. Am. Chem. SoQ005, (41) Redmond, G.; Fitzmaurice, D.; Grétzel, 8 Phys. Chen993 97, 6951~
127, 16835—16847. 6954
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of solid-state devices. Besides the present strategy of blockingmagnitude, suggesting the lack of sufficient spatial separation
alkyl chains, these interface engineering approaches may includeof the photogenerated charges.
the extension of the anchoring groups of the dye, the molecular We find that the addition of alkyl chains to the sensitizer
level insulation of redox-active speci®sand the use of multiple  dye results in a significant retardation of dynamics to the redox
hole-conducting layers differing in ionization potential. Such electrolyte/spiro-OMeTAD but also of the dynamics of charge
an organic redox cascade has recently demonstrated the abilityinjection and recombination between the sensitizer dye and the
to increase the spatial separation of photogenerated electrongiO, surface. This retardation is consistent with different binding
and holes, resulting in a significantly reduced electrbnle orientations of the sensitizer dye, with the longer alkyl chains
recombinatiort? In view of our previous work and the results resulting in the sensitizer dye being orientated more normal to
shown in this paper, such approaches will invariably also affect the TiO, surface.
the yields and dynamics for dye regeneration and interfacial In the study we report here, minimization of kinetic redun-
electron injection. dancy in the device is achieved by barrier layer insertion. We
More generally, we further note that finding “optimum” note that several other strategies employed to optimize device
charge-transfer dynamics in nanostructured DSSCs may beperformance can also be viewed as strategies designed to
impeded by local inhomogeneities caused by the dispersive minimize kinetic redundancy in the device. These strategies
nature of the TiQ@ and interfacial electrostatic interactions, include optimization of the sensitizer dye protonatibmodula-
causing highly dispersive charge-transfer dynarfids. tion of the hole conducting medium compositithand the
coating of the nanocrystalline Ti@Im with metal oxide barrier
layers$579with the barrier layer thickness being optimized to
We have studied the charge separation and recombinationstill allow efficient electron injection while at the same time
dynamics in liquid-electrolyte and solid-state dye-sensitized solar minimizing interfacial recombination dynamics. Such “interface
cells. More specifically, we have addressed the extent of engineering” strategies directed toward the control of such
redundancy present in the dye regeneration dynamics andelectron-transfer dynamics at nanostructured inorganic/organic
determined the “optimum” charge-transfer dynamics for the best interfaces are the subject of ongoing research in our labs.
possible device function. In summary, the optimization of nanostructured solar cells
We have found that efficient retardation of electrdrole eventually depends on achieving a careful balance between the
recombination in both liquid-electrolyte and solid-state cells can constraints of fast charge separation and slow recombination
be achieved by the application of recombination-blocking and the reduction of any kinetic redundancy.
amphiphilic alkyl chains attached to the sensitizer dye, resulting  Acknowledgment. We acknowledge funding from the Eu-
in a significantly improved device performance. For the liquid- ropean Commission (FP6 MOLYCELL project, Contract No.
electrolyte devices, however, the dye cation recombination 502783) and the EPSRC Excitonic Solar Cells Supergen
dynamics exceed the dye regeneration speed for the longest alkyprogram.
chains, which is reflected in the reduced device performance.
Such “optimized” interfacial dynamics are not observed for
the solid-state device analogues, which are still kinetically
redundant in terms of regeneration dynamics. In these cells, .,nfiqration: non-normalized transients of Figures 4 and 5.

however, the dynamics of electron recombination with the dye s material is available free of charge via the Internet at
cation and the hole conductor are within the same order of http://pubs.acs.org.

Conclusions

Supporting Information Available: Nanosecond transient
absorption data monitoring regeneration of the dye ground state
of the C9, C13, andC18 dye in complete solid-state device
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