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We report the synthesis and structure-properties relationships of five benzothiadiazole-based organic dyes designed for use in Dye-Sensitized Solar Cells 

(DSSCs). These compounds exhibit hues ranging from pink to violet-blue and demonstrate good Power Conversion Efficiencies (PCEs) ranging from 7.0% to 

9.8% when employed as photosensitizers with TiO2 mesoporous electrodes. The combination of two of these dyes following a co-sensitization approach led 

to a PCE of up to 10.9% with an iodine-based liquid electrolyte. We demonstrate, thanks to charge extraction and transient photo-voltage experiments, that 

the improvement of the performances with the cocktail of dyes is related to a better light absorption and a passivation of the TiO2 surface. When the volatile 

electrolyte is swapped for an ionic-liquid based one, PCEs over 7.5% are attained and the best solar cells retain 80% of their initial performances after 7000 h 

of light exposure, according to the accelerated aging test ISOS-L2 (65°C, AM1.5G, under continuous irradiation at 1000 W.m-2). Finally, we report excellent 

performances in five-cell mini-modules with a 14 cm2 active area demonstrating a PCE of 8.7%. This corresponds to a power output of circa 123 mW, ranking 

among the highest performances for such semi-transparent photovoltaic devices

.

1. Introduction  

During the past two decades, tremendous efforts have been 

focused on the development of photovoltaic (PV) technologies 

capable to palliate some drawbacks of conventional Silicon-

based solar panels such as heaviness, opaqueness and a large 

energy consumption during manufacturing.1,2 Technologies 

integrating organic and hybrid materials such as Dye-Sensitized 

Solar Cells (DSSCs), Bulk-Hetero-Junction solar cells (BHJ), or 

Perovskite Solar Cells (PSC) have progressed significantly.3,4 

Nowadays they appear adapted to solve some of these 

drawbacks.5 In terms of power conversion efficiencies (PCEs),  

the best DSSCs performances lie in the range of 10 to 14.2%,6–

10 which is lower compared to BHJ and PSC, but interestingly 

they already demonstrated superior long-term stability. Indeed, 

when non-volatile electrolytes are employed, 11–13 their 

performances can be conserved under ha rsh testing 

conditions,11  and a stability corresponding to approximately 10 

years of use in real conditions has been demonstrated. Besides, 

this technology enables the fabrication of semi-transparent 

solar panels that can be colourful and prepared out of non-toxic 

constituents.14 All these criteria make DSSCs very appealing for 

Building-Integrated Photovoltaics (BIPV)13,15,16 or Automobile 

Integrated Photovoltaics (AIPV). 17 The performance of a DSSC 

mainly depends on the molecular structure of the dye used to 

photosensitize the mesoporous electrode. Historically,  Ru(II)-

polypyridyl complexes were the first efficient dyes used as 

photosensitizers in DSSCs (N-719 or N-749)18 but these 

molecules possess low absorption coefficients in the visible 

range,19 and contain Ruthenium which is a rare and high-cost 

element. Besides, their plausible toxicity restrains their 

development at the industrial level. Consequently, metal-free 

organic dyes based on Donor-(π-spacer)-Acceptor structure 

have been extensively developed, studied and screened as 

photosensitizers in DSSCs.20,21  

To improve the photocurrent generation and hence 

photovoltaic performances of DSSCs, the development of new 

dyes better matching the solar emission spectrum appeared to 

be an efficient strategy. A decade of development led to a 

plethora of new organic dyes, allowing identif ication of  very 

efficient electron-rich units (such as triarylamine derivatives) 

and anchoring electron-withdrawing units (such as cyanoacrylic 

acid or carboxylic acid) for their preparation. 17 Many 

chromophores have been also investiga ted as π-conjugated 

spacers (BODIPY,21 isoindigo,22 porphyrins7,23,24) to tune their 

optoelectronic properties. Few years ago, we reported a 

benzothiadiazole-containing dye, namely RK1,11 showing a 

rather simple chemical structure and demonstrating a power 
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conversion efficiency of up to 10.2% with an outstanding 

stability of more than 9000 hours when subjected to a  harsh 

accelerated ageing test. This orange-reddish dye was the first 

purely organic photosensitizer to be implemented in a large 

semi-transparent module (active area of 1400 cm²) suitable for 

BIPV.16 Inspired by the design of this dye, we reported in 2018 

another benzothiadiazole-based molecule namely YKP-88, 

where the TPA unit is bridged to the thio phene ring to form an 

indeno[1,2-b]thiophene unit.  This dye showed efficiency over 

9% in DSSCs fabricated with classical architectures, and up to  

10.3% with inverse opals-based electrodes.25 Consequently, in 

this work, we investigate further the performance of YKP-88 

and report the synthesis of four new analogue compounds 

whose chemical structures are tuned with the goal to shift its 

Internal Charge Transfer (ICT) absorption band towards lower 

energy wavelengths while keeping control  of the energy levels 

of the frontier orbitals. Our objective was to prove efficient and 

stable dyes following this molecular conception while obtaining 

various colours. Their optoelectronic properties have been 

studied by UV-Vis spectroscopy, cyclic voltammetry (CV) and 

then compared to DFT calculations. We implemented these 

dyes in DSSCs using opaque TiO2 electrodes and various 

electrolytes and we report their photovoltaic performances. 

The combination of YKP-88 with one of the new dyes, following 

a co-sensitization approach, led to PCE of up to 10.9% using an 

iodine-based electrolyte. The reasons behind the improvement 

of the performances were unravelled thanks to Charge 

Extraction (CE) and Transient Photo-Voltage (TPV) 

measurements. We also report, using ionic liquid-based 

electrolyte, stable solar cells  that retain 80% of their initial 

efficiency for over 7000 hours when subjected to a standard 

ISOS-L2 ageing test. Finally, we show that semi-transparent 

mini-modules with an active surface of 14.08 cm² (and a total 

surface of 23 cm²) can be fabricated with YKP-88.  This mini-

module reached a PCE of 8.7% with a power output of circa 123 

mW. 

2. Results and discussion. 

2.1 Design and synthesis. 

Owing to the good efficiency and stability of DSSCs sensitized 

with RK1 or YKP-88 and the relatively ease of synthesis of these 

dyes, we developed in this study new molecules presenting 

rather close chemical design. Figure 1 presents the chemical 

structures of RK1, YKP-88 and the 4 new dyes synthesized in this 

work. With the goal to shift the absorption of the new dyes 

towards longer wavelengths in the visible range, we tuned the 

push-pull effect within the molecules (inspired by the YKP-88 

structure) by increasing the electron-donating strength of the 

triarylamine (TPA) unit or by reinforcing the electron-

withdrawing character of the electron-accepting segment. First,  

the TPA unit was substituted with two alkoxy groups to give 

YKP-137, second the replacement of the thiophene flanking the 

indene ring by a thieno[3,2-b]thiophene unit was performed to 

give MG-207. Then we swapped the benzene spacer between 

the benzothiadiazole and the anchoring function by a furan unit.   

 
Figure 1. Chemical structure of the previously reported dye RK1, YKP-88 and structures 

of the four dyes synthetized in this work. 

This replacement led to a better planarization and conjugation 

of the electron-accepting units.26 Therefore, we obtained DJ-

214 and MG-214 that are analogues of YKP-88 and MG-207,  

respectively. The synthesis routes towards these 4 new dyes are 

presented in Figure 2.  The synthesis involves, as a precursor,  

ethyl-5-bromo-2-iodobenzoate that can be coupled to a 

thiophene unit through a Suzuki coupling or a thieno[3,2-

b]thiophene unit through a Neigishi coupling to give 

compounds 1 and 8, respectively.  From 1,  6-bromo-4,4-bis(4-

hexylphenyl)-4H-indeno[1,2-b]thiophene, 2 can be obtained via 

Grignard reaction and cyclization under acidic conditions.25 

Applying the same procedure starting from 8 resulted in 

compound 9. The triarylamine units 3, 4 and 10 were obtained 

via Buchwald-Hartwig cross-coupling reaction using 

unsubstituted or alkoxy-substituted diphenylamine. 

Regioselective lithiation of 3 and 4 followed by a nucleophilic 

substitution with chloro-trimethylstannane afforded two 

stannylated intermediates, which were not isolated due to poor 

chemical stability. The intermediate corresponding to 4 was 

subsequently used in a Stille cross-coupling reaction with 4-(7-

bromobenzo[c][1,2,5]thiadiazol-4-yl)benzaldehyde27 to give 

compound 7.  The stannylated intermediate corresponding to 3 

was reacted with 5-(7-bromobenzo[c][1,2,5]thiadiazol-4-

yl)furan-2-carbaldehyde, 5,  to afford compound 6.  On the other 

hand, compound 10 was lithiated selectively to allow the 

formation of an organo-zinc intermediate by nucleophilic 

substitution with zinc chloride. This organo-zinc intermediate 

was then coupled via Neigishi coupling with 4-(7-

bromobenzo[c][1,2,5]thiadiazol-4-yl)benzaldehyde to give 

compound 11 and with 5-(7-bromobenzo[c][1,2,5]thiadiazol-4-

yl)furan-2-carbaldehyde, 5, to give compound 12.  The targeted 

materials YKP-137, DJ-214,  MG-207 and MG-214 were obtained 

via Knoevenagel condensation with cyanoacetic acid in the 

presence of piperidine. (Synthetic procedures, 1H-NMR, 13C-

NMR, HRMS and elemental analysis are given in ESI).  



 

 

Figure 2. Synthetic routes and intermediates towards YKP-137, DJ-214, MG-207 and MG-214 dyes. 

2.2 Optoelectronic properties 

The optical properties of the compounds YKP-137, DJ-214, MG-

207 and MG-214 were investigated and compared to those of 

YKP-88. When the dyes are evaluated in diluted solution (10-5 

M in dichloromethane (see Figure 3)), they all display intense 

absorption in the visible range with molar extinction 

coefficients,  at m ax,  comprised between 27000 and 43300 

L.mol-1.cm-1. The absorption band located at lower energy is 

attributed to the Internal Charge Transfer (ICT) transition, 

whereas the other transition (around 400 nm) is attributed to 

the π-π* transitions of the different aromatic units. As 

expected, increasing the electronic density difference between 

the electron donating and the withdrawing part implies a 

bathochromic shift of the Internal Charge Transfer (ICT) band. 

Thus, the alkoxy substituents introduced on the TPA unit of YKP-

137 induce a red shift of the ICT band by 28 nm compared to 

YKP-88. On the other hand, the replacement of the thiophene 

by a thienothiophene unit in MG-207 has a minor effect on the 

max with a small bathochromic shift (+3 nm). However, the shift 

is more pronounced for the UV absorption band (+12 nm). If  the 

absorption spectra of YKP-88 and MG-207 are compared to the 

ones of DJ-214 and MG-214 respectively, we can probe the 

effect of swapping the benzene spacer for a furan. A strong 

bathochromic shift of the m ax is now observed (+52 nm) 

accompanied by a significant hyperchromic shift. This 

observation can be explained by the smaller resonance energy 

of furan compared to benzene (16 kcal.mol−1 vs 36 kcal.mol−1) 

leading to a more effective conjugation.28 Besides, our results 

confirm (see Figures S1 in ESI) that using a furan spacer, a higher 

degree of planarity along the molecule is achieved.29 The 

dihedral angle of 20° between the benzothiadiazole unit and the 

phenyl in YKP-88 is reduced to 0° between the benzothiadiazole 

unit and the furan in DJ-214, leading to a perfect co-planarity 

and a better conjugation with the anchoring function. The 

introduction of the furan unit also induces the emergence of an 

absorption shoulder between 400-450nm.26  

 



 

 

Figure 3. (a) Absorption spectra registered (a) in Dichloromethane solution, (10-5 M, 

25°C), (b) on 2µm-thick mesoporous TiO2 electrodes, for compounds YKP-88 (red line),  

YKP-137 (magenta line), DJ-214 (violet line) MG-207 (cyan line) and MG-214 (blue line) 

(c) Cyclic voltammetry traces in solution for each coumpound (deoxygenated 

Dichloromethane, 10-3 M, 25°C, voltage scan 200 mV/s). 

located at circa 450 nm. The new compounds exhibit bright 

colours ranging from pink to violet-blue in solution. In order to 

gain more insights on the behaviour of these dyes once 

adsorbed on mesoporous TiO2, their absorption spectra were 

measured after grafting 2 µm-thick TiO2 mesoporous layer from 

a 2 mM solution in a 1/1 mixture of ACN and tBuOH (see Table 

1). Once the dyes are attached to TiO2, their absorption spectra 

are broadened and the ICT band is blue-shifted by 16 nm, 24 nm 

and 13 nm for YKP-88,  YKP-137 and MG-207 respectively,  

whereas the shift is more important i.e. 32 nm and 30 nm for 

DJ-214 and MG-214. A small blue shift is often observed when 

organic photosensitizers are grafted on the TiO2 surface, which 

can be ascribed partly to the deprotonation of the carboxyl ic 

acid function. 30 However, larger shifts and broadening of the 

spectrum can be associated to the formation of aggregates31,32,  

which is consistent with the more planar nature of the furan-

containing molecules.   

 
Table 1. Selected optical and electronic properties of compounds YKP-88, YKP-137, DJ-

214, MG-207, MG-214.  (a) in solution (DCM, 10-5 M) or adsorbed on Anatase-TiO2 (2 

µm). (b) Calculated from 1241/λonset. (c) TiO2 electrode (thickness 2 µm), dyeing solution 

CHCl3/t-Butanol, 0.2 mM dye. (d) All potentials were obtained by cyclic voltammetry 

investigations in 0.2 M Bu4NPF6 in CH2Cl2. The platinum electrode diameter was 1 mm 

and the sweep rate: 200 mV s-1. Potentials measured vs Fc/Fc+ and the values are 

calculated using half-wave potentials (E1/2) and -4.8 eV as a Fc/Fc+ standard versus 

vacuum level. (e) Calculated from Eelec = EHOMO-ELUMO. 

To get more information on the optoelectronic properties of the 

compounds, cyclic voltammetry experiments were carried out 

with the objective to determine highest occupied molecular 

orbital (HOMO) and lower unoccupied molecular orbital 

(LUMO) energy level positions (see Figure 3). We estimated the 

energy levels from their oxidation and reduction potential after 

calibration with Ferrocene (Fc/Fc+).  Similarly to YKP-88, the dyes 

DJ-214, MG-207 and MG-214 exhibit two reversible oxidation 

waves located around +0.45 V and +0.95 V. YKP-137 is easier to 

oxidize because of the presence of alkoxy substituents on the 

TPA unit and hence its oxidation waves are found around +0.28 

V and +0.86 V (see Figure 3b). It appears clearly that the TPA 

unit dictates the HOMO energy level position. For all the dyes, 

the HOMO is around -5.25 eV except for YPK-137 whose HOMO  

is at -5.08 eV. Regarding the reduction process, it appears that 

the reduction potentials are similar for YKP-88 and YKP-137 

(around -1.55 V), i.e. the dyes showing the same pi-conjugated 

backbone.  The reduction waves are shifted towards more 

positive potentials for the dyes in which the pi-conjugated 

backbone is modified i.e. MG-207, DJ-214 and MG-214 (-1.50 V, 

-1.45 V and -1.40 V respectively). The LUMO energy levels are 

lying between -3.26 eV and -3.30 eV for the 3 dyes with a 

benzene spacer, and as expected, they are shifted towards 

more negative values for the dyes with a furan spacer.33  This is 

another manifestation of the higher degree of conjugation 

between the electron-accepting unit and the benzothiadiazole 

unit.  The HOMO and LUMO energy levels of the dyes are 

positioned correctly with respect to the conducting band (CB) 

energy level of the TiO2 and the redox potential of the 

iodine/iodide electrolyte, to warrant an efficient electron 

photo-injection from the dye to the TiO2 and a good 

regeneration of the oxidised dye by the redox mediator. 

Consequently,  we have fabricated DSSCs using this device 

configuration. 

 

 

 

 

 



 

 

 

Table 2. Photovoltaic parameters of compounds YKP-88, YKP-137, DJ-214, MG-207 and MG-214, under irradiation AM1.5G at 1000 W.m-2; Electrodes: TiO2 mesoporous anatase + 

scattering layer. (a) Fabricated and tested at CEA. (b) Fabricated and tested at Solaronix. First line and second line correspond to best cells; third line corresponds to mean-values  

and standard deviation calculated from at least 3 devices.  Dyeing bath: [Dye] = 0.2 mM, [CDCA] = 2 mM in MeCN:tBuOH 1:1, (v:v) except for MG-207 and MG-214  (c) Dyeing bath: 

[Dye] = 0.2 mM, [CDCA] = 2 mM in CHCl3:EtOH 1:1, (v:v).

2.3 Dye-Sensitized Solar Cells 

2.3.1 Evaluation of the performances of the photosensitizers  

In order to characterize the photovoltaic behaviour of the dyes, 

DSSC were fabricated (See procedure in ESI), and their current-

voltage characteristics were recorded using a 0.36 cm² mask 

under AM1.5G irradiation at 1000 W.m-².  

Two types of electrolytes containing I-/I3
- redox couple were 

employed, f irst,  a liquid electrolyte (Iodolyte HI-30) to achieve 

high performances and second, an ionic liquid-based electrolyte 

(Mosalyte TDE-250) to obtain more robust solar cells.  The 

electrode thicknesses were optimized for each device 

configuration. Thick electrodes with 10 to 14 µm-thick 

mesoporous TiO2 f ilms coated with a 3 to 4 µm-thick reflecting 

layer were prepared and used with the liquid electrolyte. 

Thinner mesoporous layers (8 µm-thick coated with a 3 µm-

thick reflecting layer) were employed to facilitate the complete 

filling of the pores with Mosalyte TDE-250 because it shows 

higher viscosity. Some of the devices were fabricated in a 

double-blind process at Solaronix and at CEA, and the 

performances are as reported in Table 2 to prove the reliability 

and reproducibility of the results.  

As can be noticed from this table, when used with a liquid 

electrolyte based on a low viscosity solvent, the f ive new dyes 

exhibit relatively good efficiencies, ranging from 7.01% up to 

9.78% for the best cells. Notably, Jsc over 14.5 mA.cm-2 are 

measured with all the dyes. The performances of the DSSCs 

sensitized with the compounds embedding a phenyl spacer are 

higher than the ones arising from the dyes with a furan. One 

noticeable difference concerns the lower Voc values obtained 

when a furan spacer is used. Voc mean-values are up to 708 mV, 

726 mV and 704 mV for compounds YKP-88,  YKP-137 and MG-

207 respectively, whereas with DJ-214 and MG-214 they are 

lowered by circa 40 to 60 mV. The highest Voc, is obtained with  

YKP-137, because of the presence of alkoxy-chains on the TPA 

that is known to lower recombination rate.34–36The loss of Voc 

when a furan is inserted close to the anchoring group was 

expected since several teams have reported this phenomenon 

before us. In previous studies, the Voc drop was clearly 

attributed to an increase of the charge recombination rate37,38 

and a conduction band down-shift.26  

The external quantum efficiency (EQE) were measured for the 

different solar cells and the spectra are compared in Figure 4.  

The new dyes show a wider photo-response which is extended 

towards the higher wavelengths compared to YKP-88. The 

results confirm that the dyes embedding a furan spacer are less 

efficient to convert photons into electrons.  This experiment also 

confirms the good photovoltaic behaviour of the thieno-

thiophene based dyes and that MG-207 is the most efficient dye 

from this series. To summarize, with an iodine-containing liquid 

electrolyte, the new compounds  YKP-137 and MG-207 exhibit 

efficiencies quite comparable to YKP-88, while the inclusion of 

a furan spacer in the chemical structure of DJ-214 and MG-214 

appears to be clearly detrimental to the performances.  



 

 

Figure 4. External Quantum Efficiency (EQE) spectra of solar cells fabricated with YKP-

88, YKP-137, DJ-214, MG-207 and MG-214.  

When tested with an ionic liquid-based electrolyte, all the dyes 

yield Jsc values over 15.4 mA.cm-2 and two of them i.e.  DJ-214 

and MG-207 exhibit a PCE over 7.3%. As previously observed, 

the devices sensitized by the dyes embedding a furan spacer 

possess lower Voc (decreased by 30-60 mV). It should be noticed 

that, with PCEs comprised between 6.52% and 7.52%, our best 

solar cells rank amongst the most efficient using ionic liquid 

electrolytes.39–41 Besides, these devices are quite robust. For 

the evaluation of their stability,  we subjected them to  the 

standard ISOS-L2 ageing test.42 This test consists of continuous 

irradiation in a solar simulator with a light intensity of 1000 

W.m-2 at 65 °C with ambient relative humidity.42 The DSSCs were 

not encapsulated but simply protected with a UV absorbing 

polymer (400 nm cut-off). Under these conditions, we found 

that the solar cells retain more than 85% of their initial 

performances after 1000 hours. One of the dyes, YKP-88,  was 

then subjected to this test for a longer period. Interestingly, the 

corresponding device demonstrated a high stability and kept 

80% of its initial PCE after 6984 hours (291 days). This T80 

corresponds approximately to 7 years in real conditions.  (See 

ESI).   

 

2.3.2 Co-sensitized dye solar cells  

Co-sensitization in DSSCs is a simple and powerful method to 

increase the PCE.43 Using a convenient strategy referred to as 

“dye cocktails” for the photosensitization,  state-of-the-art PCEs 

of 14.2% and 11.6% with a [Co(bpy)3]2+/3+ and an I−/I3
− redox 

electrolyte respectively, have been reported in 2020.10 The co-

grafting onto the TiO2 surface of two properly designed organic 

dyes affords a compact and robust self-assembled monolayer,12 

which results in a reduction of interfacial charge recombination 

and an improvement of the Voc. Following this strategy, we 

combined YKP-88 and YKP-137,  two dyes just differing from the 

alkoxy-chains on the TPA unit,  to co-sensitize TiO2 mesoporous 

electrodes. This choice was motivated by their close chemical 

structure, their good performances and the possibility to 

benefit from an “umbrella effect” thanks to the alkoxy groups 

borne by YKP-137.  Indeed, bulky substituents on the TPA unit 

give rise to a physical protection of the surface and prevent the 

redox electrolyte to recombine with the electrons in TiO2.  

 

 

 

Figure 5. (a) current-voltage (J,V) curves for YKP-88, YKP-137 and YKP-88/YKP-137 (6/4) 

devices, (b) charge extraction data showing electron density as a function of induced 

voltage for the corresponding DSSCs (c) transient photovoltage data showing electron 

lifetimes versus electron density. (d) Comparison of the IPCE spectra of YKP-88-, YKP-

137-based solar cells and the co-sensitized device (ratio 6/4).  



 

 

The co-sensitized DSSCs were fabricated using dyeing baths 

containing 5 mM of YKP-88/YKP-137 with ratio varying from 8/2 

to 2/8 and 5 mM of CDCA. For all compositions, an improvement 

of the performances was observed with respect to the solar 

cells sensitized with a single dye. (See table S2 in ESI).  The best 

performance was achieved for a 6/4 ratio of YKP-88/YKP-137,  

for which a Jsc of 20.66 mA.cm-2, a FF of 71, a Voc of 745mV and 

a PCE of 10.9% was obtained (Figure 5a).  

As expected, the co-sensitization method is an efficient strategy 

to improve the Jsc because the absorption of the photoelectrode 

is wider with two dyes, but more interestingly, the Voc is also 

improved.12 In a DSSC, the Voc is known to be correlated with 

the conduction band edge (Ec) of the semiconductor (TiO 2) and 

the electron density. The latter is in itself  dependent on the rate 

of recombination between TiO 2 electrons and oxidized 

electrolyte species. To shed light on the origin of this 

improvement, charge extraction (CE) and transient 

photovoltage (TPV) measurements were conducted for the 

different cells.  CE data (Figure 5b) shows that the co-sensitized 

device has a higher charge density with respect to the YKP-88 

and the YKP-137-based solar cells. This indicates a TiO2 

conduction band shift after co-sensitization compared to other 

devices. Electron lifetimes measured at identical electron 

densities are in good agreement with the cell voltages. The 

electron lifetime (Figure 5c) for the co-sensitized device is 

longer than for the solar cells sensitized with a single dye. This 

suggests a lower propensity for oxide electrons to recombine 

with redox species in the electrolyte. The benefits of the co-

sensitization are also confirmed by the IPCE measurements that 

clearly show the contribution of the two dyes with an increase 

of the photons to current conversion efficiency and the 

extension of the photo-response of the cells towards near-infra 

red region (Figure 5d).  

   

2.3 Fabrication and characterization of mini-modules  

One goal of this work was to demonstrate the potential of the 

new dyes for the fabrication of larger area semi-transparent 

solar cells.  Therefore, we fabricated semi-transparent mini-

modules with a 23 cm2 overall surface and an active area of 

14.08 cm² thus representing around 61% of the total area. The 

mini-modules are constituted of f ive rectangular-shaped cells 

that are inter-connected in series using a W-type design.44 In 

order to achieve a good photovoltaic performance while 

keeping an acceptable semi-transparency in the visible, the 

thickness of the titania electrode was kept at 7-8 µm without 

scattering layer. YKP-88 dye was selected as the photosensitizer 

because of its good performance and stability in laboratory 

testing devices and the well-known ruthenium dye N-719 was 

employed as a reference.45 

The manufacturing was done at Solaronix and can be briefly 

described as follows. First, the electrodes of the DSSC sub-

modules were fabricated on F-doped tin oxide (FTO) coated 

glass with a conductivity of 7 Ω/sq. A LASER scribing machine 

was used to remove the FTO layer on the photoelectrode side 

following the W-module design. All the FTO glass substrates 

were cleaned by ultra-sonicating consecutively in soap water, 

acetone and isopropanol for 20 min. The TiO 2 paste (Solaronix 

Ti-Nanoxide T/SP) was deposited on the electrodes in two steps 

via screen printing to obtain TiO2 f ilms with a thickness of 7-8 

μm. All samples were dried on a hot plate at 120 °C for 10 min 

in between depositions. Then they were annealed at 485 °C for 

30 min. All samples received a TiCl4 post-treatment by heating 

in 40 mM TiCl4 solution at 70 °C for 30 min. The W-module 

design was chosen, so the counter electrode is on the same 

electrode. The FTO was drilled where the counter electrode is 

and the Pt solution painted (Platisol T solution), followed by 

another calcination at 485 °C for 30 min. After cooling, the TiO 2 

film coated FTO were soaked in the YKP-88 or N-719 (reference) 

dyeing solution with CDCA overnight. Before cell construction, 

the sensitized electrodes were rinsed in ethanol to remove 

excess dye and then dried. The sealing lamination was done 

with a dual hot-press, using Surlyn® film as sealant material.  

Both heating sides were set up to 125 °C, the pressure was set 

to 1.5 bar for 10 s and increased to 4 bar for 45 s more. The 

module was f illed with electrolyte using vacuum and closed 

with a piece of glass glued with Surlyn®. Contacts were 

ultrasonically soldered. The pictures of the YKP-88 and N-719 

(reference) mini-modules are shown in Figure 6.  

The YKP-88 mini-module shows an aesthetic burgundy red tint 

and possesses an average visible transmittance (AVT) of 26% 

measured between 380 nm and 740 nm. The first prototype of 

this 23 cm²-mini module showed a current, Isc of 58.1 mA, a Voc 

of 3.63 V, and a FF of 58.26% leading to a PCE of 8.73% and a 

power output of 122.9 mW when measured under 1 Sun. This 

corresponds to a surface power density of 53.4 W.m-². These 

performances are significantly higher than the ones obtained 

for the reference N-719 mini-module that exhibited a current, 

Isc, of 51.8 mA, a Voc of 3.52 V, and a FF of 48.5% leading to a 

PCE of 6.3% and a power output of 88.5 mW. This device is more 

transparent in the blue and green region, and shows an AVT of 

34%. This may explain the lower Isc and performances. 

 
Figure 6. AVT spectrum of an individual cell from the mini-module, picture and 

performances for the mini-module fabricated with YKP-88 (top) and N-719 (bottom).  

Figures plotted on python using colour science library.46 



 

 

Conclusions 

We have designed, synthesised, and characterized four new 

organic dyes for DSSCs application,  and compared their 

performances with our recently reported reference dye YKP-88.  

The new photosensitizers reveal pink to violet-blue hues and 

demonstrate PCEs comprised between 7% and 9.8% when used 

with an iodine-based liquid electrolyte. When an ionic liquid-

based electrolyte is employed, the solar cells exhibit PCEs 

comprised between 6.52% and 7.52%, and retain more than 

85% of their initial performance after 1000 hours under ISOS-L2 

accelerated ageing conditions. Using one of these molecules i.e.  

YKP-137 in combination with YKP-88 in a co-sensitization 

approach, the PCE of the solar cells are improved up to 10.9% 

and we demonstrate that better photo-injection of electrons 

and lower recombination rates are responsible for the 

simultaneous increase of the Jsc and Voc.   

Finally, we demonstrate that YKP-88 can be successfully 

incorporated in solar mini-modules with an active area of 14cm² 

(total area 23 cm²), exhibiting a transparency in the visible of 

26% and yielding a power output of circa 123 mW  

corresponding to a surface power of 53.4 W.m². This work 

highlights the potential of this new generation of  organic dyes 

for future applications in semi-transparent solar cells.  
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