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Bandgap Modulation in Efficient n-Thiophene Absorbers
for Dye Solar Cell Sensitization

Eva M? Barea,” Rubén Caballero,” Francisco Fabregat-Santiago,” Pilar de la Cruz,"’

Fernando Langa,” and Juan Bisquert*®

Five new sensitizers for dye sensitized solar cells have been de-
signed consisting of conjugated thienylvinylene units threaded
with alkyl chains to improve solubility and cyanoacetic acid as
anchoring group. The conjugation length was increased from
2 to 6 thienylvinylene units, which resulted in a red-shift of the
optical absorption of the dyes from 550 to 750 nm, improving
the spectral overlap with the solar spectrum. The photovoltaic

1. Introduction

Nanocrystalline semiconductor-based dye-sensitized solar cells
(DSC) have attracted significant attention as low cost alterna-
tives to conventional solid-state photovoltaic devices." The
most successful charge-transfer sensitizers employed so far in
these cells are polypyridyl-type complexes of ruthenium®?
yielding overall AM 1.5 solar to electric power conversion effi-
ciencies up to 11.3%.*® But the high cost of ruthenium, the
necessity of purification treatments and the low molar extinc-
tion coefficients, pose difficulties for commercial large DSC
modules, hence the increasing interest of research on metal-
free organic dyes.®®

Organic sensitizers have the advantage of high extinction
coefficients and can thus also meet the demand of good light
harvesting efficiency with thinner TiO, films. New less volatile
redox systems such as ionic liquids®' and hole conduc-
tors™*"! require thinner TiO, films because of mass transport
limitations or insufficient pore filling. A great variety of organic
sensitizers based on polyene-triphenylamine,®'®*" coumar-
in?>2% and indoline®*®moieties give respectable conversion
efficiencies of 5-9%“" with. the traditional iodide/triiodide

redox system. Despite the promising results obtained so far,
more research is‘needed to understand the energetic, kinetic
and geometriciinterplay between dye, TiO, and electrolyte, to
design an efficient and stable organic dye for large scale appli-
cations.

Here we present the synthesis
and solar cell performance of a
series of D-t-A chromophores with
prolongation of & conjugation
length of n oligothienylvinylene
units to increase the spectral re-
sponse (Figure 1). The donor unit is
an oligomer of thienylvinylene with
different lengths and the acceptor
is the cyanoacetic acid moiety. The

Figure 1. FLn dyes structures,
n is the number of thienylvi-
nylene units.
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performance of these dyes as sensitizers in mesoporous TiO,
solar cells shows a clear correlation of increasing photocurrent
with the extension of the conjugation up to an optimal length.
Further extension of the conjugation increases the absorption
but additional effects like self-quenching or recombination
processes reduce the photocurrent and photovoltages and
consequently the overall efficiency of the DSC.

risk of decreased electron injection by m-stacked dye aggrega-
tion is prevented with attached alkyl groups®® to avoid the
strong m-m interaction.®” The dyes will'be denoted FLn (n=2,
3, 4, 5 and 6, n means the number of oligothienylvinylene
units) in which FL4 is the compound named RC4-17 in previ-
ous work.??

Experimental Section

Synthesis: The general procedure for the synthesis of the FLn dyes
from thienylvinylenes (TV) is described in Figure 2 and in the Sup-
porting Information. Under Ar, over a stirred solution of the corre-
sponding aldehyde and cyanoacetic acid in CHCl;, 2 drops of pi-
peridine-are added and the mixture is refluxed for the indicated
time. The solvent is evaporated under reduced pressure and the
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Figure 2. General synthesis of FLn dyes.
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obtained product is purified by column chromatography (silicagel,
CHCl;:MeOH 9:1).

FL2: From 2TV-CHO (153 mg, 0.27 mmol), cyanoacetic acid (35 mg,
0.41 mmol), 15mL of CHCl,. Reaction time: 22 h. Yield: 62%
(106 mg, 0.17 mmol). FT-IR v/cm™": 2953, 2924, 2854, 1691, 1556,
1691, 1556, 1462, 1423, 1400, 1342, 1248, 1084, 926, 721; 'H NMR
(400 MHz, CD,Cl,) 6/ppm: 8.43 (s, 1H), 7.34 (d, >J=153Hz, TH),
7.04 (d, 3)=15.3 Hz, TH), 6.92 (s, 1H), 2.74 (m, 2H), 2.64 (m, 4H),
2.51 (t, 3J=7.6 Hz, 2H), 1.62 (m, 2H), 1.52 (m, 6H), 1.46-1.19 (m,
24H), 090 (m, 12H); CNMR (100 MHz, CDCl) ¢/ppm: 168.8,
156.1, 149.1, 145.1, 144.0, 143.3, 141.1, 136.1, 128.3, 125.8, 120.5,
117.7, 1164, 93.5, 32.1, 31.7, 31.6, 31.5, 31.4, 31.2, 30.9, 29.7, 29.6,
29.5, 29.3, 29.2, 28.9, 27.7, 27.1, 26.8, 22.6, 22.6, 22.5, 14.1, 14.0,
13.9; UV-Vis (CH,CL,) A./nm (log €): 244.5 (4.29), 316.5 (4.36), 480.5
(4.41); EM (m/z) (MALDI-TOF) calculated for Cs;gHs;,NO,S,: 623.38;
found: 623.86 (M+H).

FL3: From 3TV-CHO (150 mg, 0.18 mmol), cyanoacetic acid (23 mg,
0.27 mmol), 15mL of CHCl,. Reaction time: 22 h. Yield: 89%
(145 mg, 0.16 mmol). FT-IR v/cm™': 2958, 2921, 2848, 1683, 1548,
1454, 1421, 1389, 1239, 1160, 1078, 915, 915, 715; 'HNMR
(400 MHz, CD,Cl,) 8/ppm: 844 (s, TH), 7.34 (d, *J=15.1 Hz, TH),
7.14-7.68 (m, 3H), 6.84 (s, 1H), 2.78 (m, 2H), 2.67 (m. 8H), 2.53 (t,
3J=7.3Hz, 2H), 1.65 (m, 2H), 1.54 (m, 10H), 1.49-1.20 (m, 36H),
0.93 (m, 18H); *CNMR (100 MHz, CDCl;) d/ppm: 156.1, 145.0,
144.9, 1435, 141.8, 141.1, 140.7, 137.7, 136.8, 133.9, 128.4, 125.2,
125.1, 121.2, 1189, 118.6, 117.6, 37.1, 31.7, 31.6, 31.5, 31.4, 31.2,
31.0, 30.9, 29.7, 29.6, 29.4, 29.3, 29.2, 29.1, 27.7, 27.2, 27.0, 26.9,
26.8, 22.6, 22.5, 22.5, 14.2, 14.1, 14.0, 14.0; UV-Vis (CH,Cl,), 4,../nm
(log ¢€): 304.0 (4.37), 375.0 (4.19), 535.0 (4.50); EM (m/z) (MALDI-
TOF) calculated for CsgHgsNO,S;: 899.57; found: 900.68 (M4 H).

FL4: From 4TV-CHOF?

FL5: From 5TV-CHO (75 mg, 0.05 mmol), cyanoacetic acid (7 mg,
0.08 mmol), 18 mL of CHCl;. Reaction time: 20 h Yield: 66%
(52 mg, 0.04 mmol). FT-IR v/cm™": 2950, 2917, 2844, 1683, 1573,
1466, 1381, 1245, 1160, 1111, 1086, 923, 792, 719; 'H NMR
(400 MHz, CD,Cl,) 6/ppm: 8.43 (s, 1H), 7.34 (d, >J=153 Hz, TH),
7.10 (d, 3J=15.3 Hz, 1H), 7.03 (bs, 6H), 6.81 (s, TH), 2.78 (m, 2H),
2.64 (bs, 14H), 2.52 (m, 4H), 1.70-1.03 (m, 80H), 0.95 (m, 30H);
3C NMR (100 MHz, CDCl;) 6/ppm: 154.4, 155.5, 148.6, 144.9, 144.3,
143.9, 142.3, 142.0, 141.8, 141.6, 1414, 141.0, 140.0, 137.8, 137.1,
138.9, 135.2, 134.2, 134.9, 124.2, 124.5, 124.9, 120.6, 120.0, 119.8,
119.2, 119.0, 118.0, 117.8, 116.9, 37.1, 32.8, 32.2, 32.0, 31.9, 31.7,
31.6, 31.5, 31.4,.31.2, 311, 31.1, 30.9, 30.0, 29.7, 29.4, 29.3, 29.0,
27.7, 27.2, 26.9, 26.8, 22.6, 14.1,14.0; UV-Vis (CH,Cl,) 4,./nm (log
£): 265 (4.44),/294.0 (4.58), 394.0( 4.17), 578.0 (4.76); EM (m/z)
(MALDI-TOF) calculated for Cy,H,4,NO,Ss: 1451.95; found: 1453.28
(M+H).

FL6: From 6 TV-CHO (58 mg, 0.04 mmol), cyanoacetic acid (45 mg,
0.05 mmol), 20 mL of CHCl,.-Reaction time: 20 h. Yield: 89% vyield
(56 mg, 0.03 mmol). FT-IR v/cm™": 2950, 2921, 2852, 1683, 1560,
1466, 1413, 1377, 1246, 1168, 1131, 1086, 919, 719; 'H NMR
(400 MHz, CD,Cl,) 8/ppm: 8.42 (s, 1H), 7.33 (d, 3)=15.9 Hz, TH),
7.10 (d, 3J=15.9 Hz, 1H), 7.03 (bs, 8H), 6.81 (s, TH), 2.78 (m, 2H),
2.64 (m, 18H), 2.52 (t, >)=7.3 Hz, 4H), 1.70-1.20 (m, 96H), 0.95 (m,
36H); *C NMR (100 MHz, CDCl;) 6/ppm: 145.0, 143.4, 142.4, 142.0,
141.9, 141.7, 141.6, 141.4, 141.0, 141.0, 137.9, 137.2, 137.1, 136.0,
135.9, 135.5, 135.2, 135.1, 134.9, 134.2, 128.6, 125.6, 125.0, 124.9,
120.7, 119.9, 119.9, 119.8, 119.6, 119.3, 119.2, 119.0, 117.9, 32.0, 31.7,
31.6, 31.5, 31.2, 30.9, 29.7, 29.4, 29.3, 29.0, 27.0, 22.7, 22.6, 14.1,
14.0; UV/NVis (CH,CL), An./nm (log €): 292.5 (4.45), 367.0 (3.88),
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4350 (4.11), 583.0 (4.67); EM (m/z) (MALDI-TOF) calculated for
CrioH16oNO,S,: 1728.14; found: 1730.56 (M -+ 2 H).

Dye Sensitized Solar Cells: Dye solar cells (DSC) were prepared
using TiO, nanocrystalline paste prepared by hydrolysis of titanium
tetraisopropoxide with the addition of ethyl cellulose as binder in
a-terpineol. The TiO, layers were deposited using the doctor blad-
ing technique on transparent conducting oxide (TCO) glass (Pil-
kington TEC15, ~15 Q/sq resistance). The resulting photoelectro-
des of 10 um thickness, were sintered at 450°C and then immersed
in 0.04m TiCl, solution for 30 min at 70°C followed by calcination
at 450°C for 30 min. When the temperature decreased until 40°C
all the electrodes were immersed into dye solution (0.3 mm in di-
chloromethane) overnight (16 h). After the adsorption of the dye,
the electrodes were rinsed with the same solvent. The solar cells
were assembled with the counter electrode (thermally platinized
TCO) using a thermoplastic frame (Surlyn 25 pm thick). Redox elec-
trolyte [0.5m Lil (99,9%) and 0.05m |, (99,9%) in 15/85 (v/v) mix-
ture of Valeronitrile and Acetonitrile] was introduced though a hole
drilled in the counter electrode that was sealed afterwards. Pre-
pared solar cells (with 0.5 cm? active area and a mask of 0.35 cm?)
were characterized by current-voltage characteristics, IPCE and im-
pedance spectroscopy. Photocurrent and voltage were measured
using a solar simulator equipped with a 1000W ozone-free Xenon
lamp and AM 1.5 G filter (Oriel), were the light intensity was adjust-
ed with an NREL-calibrated Si solar cell with a KG-5 filter to 1 sun
light intensity (100 mWcm™2).

2. Results and Discussion

The normalized UV/Vis absorbance spectra of the dyes in dichloro-
methane (DCM) and absorbed onto 4 um thick nanocrystalline TiO,
films (Figure 3) present.a systematic red-shift in the absorption
maximum with increasing conjugation. Upon the absorption onto
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Figure 3. a) Normalized absorption spectra of FLn dyes anchored in the
transparent nanocrystalline titania film. The absorption from the titania and
glass substrate has been subtracted. b) UV/Vis spectra of FLn dyes in di-
chloromethane.
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TiO, the dye spectra are broadened. It is well established in the lit-
erature® that push—-pull chromophores based on thienylvinylene
present intense solvatochromism, hence the absorption bands can
shift in wavelength due to the different solvent polarity. This effect
has been checked dissolving FL4 in butanol and DCM. In this case
the solvent effect causes a slight shift of the maximum, from
531 nm for butanol to 557 nm for DCM (data not shown).

It is found that the HOMO level (vs NHE) rises with the increasing
length (n) of the thiophene chain, but it remains at potentials
more positive than the iodine/iodide redox potential value
(Table 1), indicating that the regeneration of the oxidized dyes

Table 1. Experimental spectral and electrochemical properties of the
dyes.

Dye  Absy, [Inm]®  eM'em'l  Eg 5Vl Egq V9 Egsy V]
vs NHE®™ vs NHE®
FL2 480 25.979 1.42 1.98 —0.56
FL3 535 31.966 0.96 1.71 —0.75
FL4 557 12.807 0.80 1.60 —0.80
FL5 578 57.955 0.80 1.50 —0.70
FL6 583 47.053 0.72 1.45 —0.73

[a] Absorption spectra of dyes in DCM solution, [b] the ground state oxi-
dation potential of the dyes was measured with DPV under the following
conditions: Pt working electrode and Pt counterelectrode, electrolyte,
0.1™m tetrabutylammonium hexafluorophosphate, TBA(PF6), in dichloro-
methane. Potentials measured vs Ag/AgCl were converted to normal hy-
drogen electrode (NHE) by addition of +0.22V, [c] 0-0 transition energy;
Eo_oy estimated from the intercept of the normalized absorption and
emission spectra in DCM, [d] Estimated LUMO energies, E (o Vs NHE
from the estimated highest occupied molecular orbital (HOMO) energies
obtained from the ground state oxidation potential by adding the 0-0
transition energy, Eq .

with I~ ions is thermodynamically possible. The LUMO . level in the
case of 2FL (—0.56 V vs NHE) is slightly more negative than the
conduction band energy of TiO, (E.) for acid TiO, paste (~—0.5V
vs NHE). The LUMO level increases slightly when n increases, there-
fore, these types of sensitizers have sufficient driving force for elec-
tron injection to TiO,.

Using density functional theory (DFT) at the B3LYP/6-31G (Figure 4)
it is observed that the HOMO is distributed along the conjugated
system and the LUMO is located over the cyanoacetic unit through
thiophene allowing_significant charge separation within the dye
after photo-excitation. Furthermore the location of the LUMO at
the side of the TiO, surface and the HOMO at the opposite end of
the molecule, eases the electron injection into the semiconductor
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Figure 4. Frontier orbitals LUMO (top) and HOMO (bottom) of FL6 dye opti-
mized at the B3LYP/6-31G level.
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and prevents back regeneration of the dye with the injected elec-
trons. The distribution of the HOMO along the whole conjugated
chain also improves the regeneration of the dyes with the redox
couple. Efficient photoinduced electron transfer from FLn to good
electron acceptors as C, has been previously observed.?*3

In good agreement with the absorption spectra of Figure 3, the in-
cident photon-to-current conversion efficiency (IPCE) of the sensi-
tizers in Figure 5, increases and broadens as the conjugation

80

IPCE/ %

400 500 600 700 80O

Wavelength / nm

Figure 5. IPCE spectra for DSCs based on oligothienylvinylene sensitizers.

length (n) rises. FL2 exhibits a localized maximum of 65% but the
spectrum is narrow, resulting in lower overall efficiencies due to
spectral limitations. FL3 and FL4.show a broad IPCE with a maxi-
mum around 55%, giving an increase in the overall efficiencies of
DSC based on FL3 and FL4 dyes. Solar cells based on FL5 and FL6
show even broader IPCE in accordance to the broad absorption
spectrum achieved by increasing the linker conjugation. In the
IPCE, the broadening of the absorption spectra is remarkable,
yielding an extension in the absorption to ~ 100 nm higher wave-
lengths. This absorption at lower wavelengths is due both to the
use of thicker and scattering TiO, films and to the interaction be-
tween the absorbed dye and the electrolyte mentioned above.

The photovoltaic performance of solar cells based on FL2, FL3, FL4,
FL5 and FL6 dyes under AM 1.5G illumination (100 mWcm™), is
summarized in Table 2 and light current-voltage curves are shown
in Figure 6. The electrolyte composition is 0.5m Lil (99.9%) and
0.05M 1, (99.9%) in 15/85 (v/v) mixture of valeronitrile and acetoni-
trile. No more additives to the electrolyte were added due to the
fact that the conduction band of the TiO, must be kept down inas-
much as is possible, taking into account the energies of the semi-
conductor and the dyes (see Table 1). Otherwise, injection from the
excited dye to the conduction band of the TiO, can be inhibited.®?
In order to avoid possible aggregation phenomena that could

Table 2. Photovoltaic performance of FLn family dyes.

Dye Jsc[mA Cm—Z][a] Voc [V][b] FF[C] n [%][d]
FL2 8.49 0.33 0.51 143
FL3 124 0.41 0.52 2.67
FL4 134 0.50 0.57 3.84
FL5 15.8 0.44 0.38 2.68
FL6 13.2 0.37 0.37 1.80

[a] Short circuit photocurrent density, [b] Open circuit potential voltage,
[c] Fill factor, [d] Power conversion efficiency
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Figure 6. Current density—potential curves for DSCs at 1 sun with FLn as sen-
sitizers.

appear with the length of the dye molecule, DSCs were prepared
using chenodeoxycholic acid (DCA) as a co-adsorbent obtaining
the same values of j.. This confirms that the design of the dyes
prevents m-stacked aggregation (Figure 7). Measurements of the j-
V curve were done one week later to check the stability of the dye
and the results were the same.
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Figure 7. Current density-potential curves at 1 sun obtained with FL5 as sen-
sitizer, coabsorbed with (line) and without chenodeoxycholic acid (dash).

The efficiency obtained with FLn dyes is increasing with the
number of TV units, from FL2 to FL4 (see Table 2), but when the
molecule dye is longer (FL5 and FL6), although the light harvesting
is enhanced, the efficiency drops down. It has been reported in the
literarure that several factors could cause such a decrease, like the
internal difference in dye load. Assuming a monolayer of the adsor-
bed dye onto TiO,, a larger dye will have a larger footprint (ex-
cluded volume) and hence result in lower dye load, that in con-
junction with binding.and orientation problems, could affect the
injection efficiency.® But the most important factors observed in
Table 2 for FL4 and higher are: i) the photocurrent at short circuit
is not increasing as expected, ii) a fall in the open-circuit voltage
(V..) and ii)) an important decrease of the fill factor (FF),*® when
the length of the dye molecule increases.

Since all the conditions of the solar cells are similar, one expects
from the higher IPCE and absorbance of F5 and FL6 that these
dyes will produce the highest photocurrents, and this is not the
case for FL6. Furthermore, a decrease in efficiency is already ob-
served for FL5 that is more pronounced for FL6. One conjectures
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that the origin of the lowered efficiency, the drop in FF and the de-
crease of the V,. for FL5 and FL6, must be related to an increased
recombination rate in the presence of the longer chain dyes. Intui-
tively, one expects recombination to govern the j-V curve behav-
iour close to V,, and not at low voltages. But it is appreciated in
Figure 6 that FL2, FL3 and FL4 solar cells, all trace a plateau of the
current, which indicates a saturation of photocurrent in the extrac-
tion regime of the solar cell, while this does not occur for FL5 and
FL6. This means that recombination is controlling these last two
solar cells even at low voltage, and not all the electrons photoin-
jected in the TiO, can be extracted. It should be recalled that IPCE
current is measured at very low. electron density, in which condi-
tion recombination rate should be considerably lower than at 1
sun. It is also possible that since the bandgap is shrinking at high
n in FLn, and the HOMO level becomes slightly less positive, the
driving force for regeneration of the oxidized dye approaches the
regeneration threshold at these high intensities (recall that this is
not observed the low intensity measurement of IPCE), thus reduc-
ing the photocurrent.

In order to clarify these assumptions, impedance spectroscopy (IS)
measurements were performed on the cells (FL2, FL3, FL5 and
FL6). All measurements were carried out under an irradiation of 1
sun at AM 1.5 conditions, and different bias potentials that ranged
from 0 to 0.45V and frequencies between 1 MHz and 0.1 Hz. These
measurements were analyzed using the impedance model devel-
oped by Bisquert et al.,*’>? that-allows to isolate the recombina-
tion resistance (which is related to“recombination flux“®) from
other resistive contributions in the cell. The recombination resist-
ance evaluated from IS, shown in Figure 8, clearly indicates differ-
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Figure 8. Charge-transfer resistance versus applied potential.

ences in the charge recombination kinetics of the cells. In the case
of FL2 and FL3 (not shown since it presents very close values of
R.c to FL2), the slope of R.. vs the potential is much higher than
the slopes of samples FL5 and FL6. The consequence of these
changes is the important reduction in the FF®® observed in
Table 2. Furthermore, for the lower values of the potential, the R
is higher for FL2 (and FL3), which means that at the same Fermi
level, the DSCs with FL5 and FL6 present larger recombination
losses from the TiO, towards the redox couple than sample with
FL2. As a consequence, the bending of the plateuau of the j-V
curve towards the V,_ occurs at lower potentials and this produces
a decrease of V.. This is the case of FL6, which in spite of having a
similar short circuit current (charge collection) to FL3, the photo-
potential is reduced to a value very close to the FL2 sample. In the
case of FL5, the V. obtained is enhanced, with respect to FL6 by
the larger number of electrons collected by the cell, that displaces
upwards the j-V curve of FL6 to match the one from FL5 but,
again, the V. is very close to FL3 with much less short circuit cur-
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rent. Part of the difference between the short circuit current densi-
ty of FL5 and FL6 could be in the smaller R, value that can be ob-
served in Figure 8 for the lowest potentials. It cannot be excluded
that at high illumination intensity the current is also partly limited
by the decreased regeneration rate of the dyes absorbed in the
TiO, surface.

In summary the impedance results therefore confirm that the de-
creasing efficiency at high number of TV units in the FLn dyes, de-
spite the higher photon collection, is due to an increased recombi-
nation rate, which impedes charge extraction, even at voltages
close to short-circuit condition. The mechanistic origin of the in-
creased recombination should be further investigated.

3. Conclusions

A family of organic dyes based on oligothienylvinylene units show-
ing high absorption in the visible and NIR region have been syn-
thesised and their application in dye solar cells studied. The dyes
do not present any aggregation phenomena. By increasing the -
conjugation of the nTV, the HOMO and LUMO energy levels were
modified. Calculations show that LUMO is distributed over the nTV
units and the HOMO over the cyanoacetic acid. Dyes FL2, FL3 and
FL4 give reasonable efficiencies, increasing with the number of
nTV units. For the longers dyes, FL5 and FL6, despite the broader
spectral response, the solar cells present an increase in the recom-
bination of electrons to the triiodide, decreasing dramatically the
V.. and in consequence the efficiency. The FLn family of dyes ap-
pears suitable for their use not only for DSC with liquid electrolyte,
but also for future solid state applications due to the high extinc-
tion coefficient that they present.
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g Bandgap Modulation in Efficient n-
Thiophene Absorbers for Dye Solar
Cell Sensitization

Dyes as sensitizers: Increasing the con-
jugation length of thienylvinylene dyes
results in a red-shift of the optical ab-
sorption from 550 to 750 nm, improving
the spectral overlap with the solar spec-
trum. The photovoltaic performance of
these dyes as sensitizers in mesoporous
TiO, solar cells shows a clear correlation
of increasing photocurrent with the ex-
tension of the conjugation up to an op-
timal length (see figure).
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