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ABSTRACT: Dye-sensitized solar cells (DSSCs) belong to the group of thin-film solar cells which have been under 

extensive research for more than two decades due to their low cost, simple preparation methodology, low toxicity 

and ease of production. Still, there is lot of scope for the replacement of current DSSC materials due to their high 

cost, less abundance, and long-term stability. The efficiency of existing DSSCs reaches up to 12%, using Ru(II) dyes 

by optimizing material and structural properties which is still less than the efficiency offered by first- and second-

generation solar cells, i.e., other thin-film solar cells and Si-based solar cells which offer ~ 20–30% efficiency. This 

article provides an in-depth review on DSSC construction, operating principle, key problems (low efficiency, low 

scalability, and low stability), prospective efficient materials, and finally a brief insight to commercialization. 
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I. INTRODUCTION 

With the purpose to achieve panchromatic absorption for constructing efficient dye-sensitized solar cells (DSSCs), 

the cosensitization approach of using two dyes with complementary absorption has been developed with great 

success. However, this approach usually requires time-consuming optimization of a number of parameters for 

controlling the ratio and distribution of the two coadsorbed dyes on TiO2 film, which limits the potentials of this 

strategy. We herein report an alternative approach for developing efficient DSSCs by designing a class of “concerted 

companion dyes” with two complementary dye components linked covalently. Thus, a newly synthesized organic 

dye Z2 was linked to a recently reported doubly strapped porphyrin dye XW51 through flexible chains with various 

lengths to afford XW60–XW63. These dyes exhibit excellent absorption and efficiencies in the range of 8.8%–
11.7%. Notably, upon coadsorption with chenodeoxycholic acid, XW61 affords an impressive efficiency of 12.4%, 

a record for iodine electrolyte-based DSSCs, to the best of our knowledge. In addition, these dyes also exhibit the 

advantages of easy cell fabrication, simple optimization, as well as excellent photostability.[1,2] 
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Among the third-generation photovoltaic devices, dye-sensitized solar cells (DSSCs) have aroused 

considerable attention owing to their easy fabrication and colorful appearance since the first report by Grätzel and 

O'Regan in 1991 [1-3]. The power conversion efficiencies (PCE) have been dramatically promoted with the 

development of various mesoscopic semiconductors [4], photosensitizers [5], redox shuttles [6, 7] and device 

designs [8, 9]. Among them, the photoactive sensitizers act as the electron pumps to harvest light and transfer the 

excited electrons into the semiconductor in the DSSCs. In this respect, various types of sensitizers have been 

developed. For example, ruthenium-based complexes [10], metal-free organic dyes [11-13] and zinc porphyrin dyes 

[14-18] have been designed to enhance the PCEs [19-20]. 

Porphyrin sensitizers, as the analogues of chlorophylls in photosynthesis, possess the properties of intense and 

broad absorption, convenient modification and remarkable light-thermal stability, which enable them to be effective 

in fabricating efficient DSSCs [11]. However, the absorption valley for porphyrins in the green light region limits 

their light-harvesting capability and the related photovoltaic performance [13]. 

To fill up the absorption valley and improve the PCEs, various organic sensitizers have been designed and 

used as the cosensitizers for porphyrins to fabricate efficient DSSCs [14]. However, a number of factors need to be 

optimized for fabricating the cosensitized DSSC devices, and the distribution of the dyes on the semiconductor is 

rather difficult to control, which is unfavorable for further improving the photovoltaic performance [16]. To address 

these problems, we have recently developed a novel class of concerted companion (CC) dyes to achieve the 

"intramolecular cosensitization" effect by covalently linking the organic dye and porphyrin dye units through long 

chains [18]. Remarkably, such dyes feature panchromatic absorption, and endow the corresponding DSSCs with 

high-efficiency and long-term photostability. Based on this background, we herein report the optimization of the 

organic dyes to systematically modulate the absorption and thus improve the performance of CC dyes. With respect 

to the design of organic dyes, the thiophene unit has been extensively used as the π spacer [20], and its number [10] 

and position [8] in the dye framework dramatically affect the photophysical properties of the sensitizers. Thus, three 

organic dyes XL1-XL3 have been synthesized by incorporating the β-hexylthiophene (HT) unit as the π spacer, the 

electron-rich phenothiazine unit as the donor [38, 39], and benzothiadiazole as the auxiliary acceptor [6]. Then, 

these organic dye units are covalently linked with our previously reported porphyrin dye XW10 [20] to construct the 

corresponding CC dyes XW74−XW76 
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Molecular structures of dyes XL1-XL3, XW74-XW76. 

II. DISCUSSION 

To develop efficient dye-sensitized solar cells (DSSCs), concerted companion (CC) dyes XW60–XW63 constructed 

from the covalent linkage of a strapped porphyrin dye unit and an organic dye unit have been reported to exhibit 

panchromatic absorption and excellent photovoltaic performance. However, these CC dyes only afforded moderate 

VOC values of ca. 763 mV, demonstrating relatively weak antiaggregation ability, which remains an obstacle for 

further enhancing the photovoltaic behavior. To address this problem, we herein develop porphyrin dyes XW77–
XW80 with the macrocycles wrapped with alkoxy chains of various lengths (OC6H13–OC22H45) and the 

corresponding CC dyes XW81–XW84 containing these porphyrin dye units. Interestingly, the new CC dyes XW81–
XW83 exhibit increasing VOC from 745 to 784 mV with the chain lengths extended from C6 to C18, and a lowered 

VOC of 762 mV was obtained for XW84 when the chain length was further extended to C22.[3,4] As a result, 

XW83 afforded the highest PCE of 12.2%, which is, to the best of our knowledge, the record efficiency for the 

iodine electrolyte-based solar cells sensitized with a single dye. These results can be rationalized by the so-called 

doubly concerted companion (DCC) effects, that is, the two subdye units exhibit not only complementary absorption 

but also concerted antiaggregation with the long wrapping chains on the porphyrins unit simultaneously protecting 

the porphyrin macrocycle and the neighboring organic subdye unit, thus affording panchromatic absorption and 

strong antiaggregation and anticharge-recombination ability. [5,6]These results provide a new approach for 

constructing a class of DCC dyes to achieve high-performance DSSCs without using any antiaggregating 

coadsorbent or absorption-enhancing cosensitizer.[7,8] 
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Construction of di-anchoring organic sensitizers has been recently recognized as an effective strategy to develop 

high-efficiency dye-sensitized solar cells (DSSCs). However, the relatively low open-circuit photovoltage (Voc) for 

di-anchoring dyes have become to be the bottle-neck for further advancing the photovoltaic performance. In this 

work, two novel L(D-π-A)2 type di-anchoring sensitizers, W11–W12, featuring 9H-thieno[2′,3':4,5]thieno[3,2-

b]thieno[2′,3':4,5]thieno[2,3-d]pyrrole (TTTP) as π-conjugated spacer, have been developed and well examined for a 

systematical study of the structure-property relationship of these dyes. Through the rational adjustment of donor-

linking bridges, carbazole decorated W12 exhibits dramatically enhanced light-harvesting efficiency as well as self-

anti-aggregation ability with respect to those of W11 employing triphenylamine linkage. More importantly, a 

compact arranged organic layer benefiting from the superior dye-loading amounts has been formed for W12,[9,10] 

which is beneficial to keep the oxidized electrolyte from the TiO2 surface, thus bringing forth more efficient 

suppression of interfacial charge recombination and consequently higher Voc values. Under standard AM 1.5 G 

illumination, DSSCs sensitized by W12 employing [Co(phen)3]
2+/3+

 electrolyte display a fascinating power 

conversion efficiency as high as 8.28%, with an impressive open-circuit voltage (Voc) of 847 mV, which is among 

the highest cells efficiencies of L(D-π-A)2 type di-anchoring organic dyes.[11,12] 

Organic concerted companion (CC) dyes CCOD-1 and CCOD-2 were constructed by covalently linking two organic 

dye units with complementary absorption spectra. Both CC dyes exhibited intense absorption from 300 to 650 nm 

with the band edges extended to 700 nm. These CC dyes were used to fabricate dye-sensitized solar cells (DSSCs), 

and the photovoltaic performance was investigated using different light sources. CCOD-2 possessed bulkier outer 

shelter than CCOD-1 owing to the longer carbon chains (C12) at the donor moiety, and thus it had stronger anti-

aggregation and anti-charge-recombination ability. Under simulated sunlight (AM1.5G), CCOD-2 exhibited 

enhanced photovoltaic behavior with an open-circuit voltage (VOC) of 759 mV, short-circuit current density (JSC) of 
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19.23 mA ⋅ cm
−2, and power conversion efficiency (PCE) of 10.4 %, respectively. Notably, under the illumination of 

the indoor T5 fluorescent lamp (2500 lux), CCOD-2 afforded an enhanced PCE of 28.0 % with 
remarkable VOC and JSC of 692 mV and 0.424 mA cm−2

, respectively. Notably, the PCE achieved for CCOD-2 

outperformed those of the reference sensitizer N719 and our previously reported CC dyes XW61 and XW70-C8 

under the same indoor lamp conditions. In summary, the novel organic CC dyes developed in this work were 

demonstrated to be promising for fabricating DSSCs to efficiently harvest the energy of indoor lamps.[13,14] 

III. RESULTS 

To develop photosensitizers with high open-circuit photovoltage (Voc) is a crucial strategy to enhance the power 

conversion efficiency (PCE) of co-sensitized solar cells. Here, we show a judiciously tailored organic 

photosensitizer, coded MS5, featuring the bulky donor N-(2’,4’-bis(dodecyloxy)-[1,1’-biphenyl]-4-yl)-2’,4’-
bis(dodecyloxy)-N-phenyl-[1,1’-biphenyl]-4-amine and the electron acceptor 4-(benzo[c][1,2,5]thiadiazol-4-

yl)benzoic acid. Employing MS5 with a copper (II/I) electrolyte enables a dye-sensitized solar cell (DSC) to achieve 

a strikingly high Voc of 1.24 V, with the Voc deficit as low as 130 mV and an ideality factor of merely 1.08. The co-

sensitization of MS5 with the wider spectral-response dye XY1b produces a highly efficient and stable DSC with the 

PCE of 13.5% under standard AM1.5 G, 100 mW cm
−2

 solar radiation. Remarkably, the co-sensitized solar cell 

(active area of 2.8 cm2
) presents a record PCE of 34.5% under ambient light, rendering it very attractive as 

an ambient light harvesting energy source for low power electronics. Since the industrial revolution, tremendous 

consumption of fossil fuels has led to rapid growth of the global economy and improved quality of life, but at the 

cost of high risks and impacts of climate change due to the CO2 emission. The Paris agreement, which aims to hold 

the increase in the global average temperature to well below 2 °C above pre-industrial levels, relies on the 

development of renewable energy technologies to reduce the consumption of fossil fuels. Photovoltaics (PV) now 

supply nearly 3% of global electricity reducing CO2 emission and attenuating climate change. Thus, Germany’s PV 

generated 47.5 TWh electric energy in 2019, covering 8.2% of the country’s gross electricity demand in the same 

year and avoiding about 29 million tons of CO2 emission[15,16] 
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IV. CONCLUSIONS 

The use of existing fossil fuels for energy needs is accepted as the main cause of global climate change. Silicon solar 

cells or organic solar cell which are an alternative solution to this traditional fossil energy and can directly converts 

solar energy to electrical energy, have become the focus of attention [1- 5]. The limited performance and high 

production costs of inorganic silicon-based solar cells used today have increased the search for alternative materials 

to these cells [6]. DSSC technology is an alternative to silicon-based solar cells technology [7-9]. The DSSC is 

constituted of three main parts. These layers can be listed as the two conductive contacts, the redox layer and the dye 

material that consisting of organic semiconductor material located between these contacts [8-11]. In this point 

organic semiconductor materials play an important role in layer of the DSSC device [12-15]. One of the layers that 

the molecular structure of the organic semiconductor dye material can be designed to consist of donor and acceptor 

parts [16-18]. Thus, this design let to be transferring the electrons easily in the device. In order for all molecular 

electronic technology devices to work efficiently, the electron transfer in organic semiconductor dye between the 

electron donor (donor) and electron acceptor (acceptor) parts must take place effectively [17,18]. Donor-Acceptor 

type organic semiconductor materials (small molecules) are of great interest, especially since they are systems in 

which energy and electron transfer can be controlled [10]. One of the advantages of these materials is that the p-

doping and n-doping properties of the material are determined by controlling the energy of the conjugated π system 
with the regular repetition of donor and acceptor monomers in the chain, and the HOMO-LUMO band gap can be 

easily tuned [19]. Because of these properties, it is common to use the donor-acceptor type materials in molecular 

electronics, nonlinear optical materials, and optoelectronic technology devices. Donor-Acceptor type small 

molecules are widely used in organic electronics, especially since they are systems in which energy and electron 

transfer can be controlled. One of the advantages of these materials is that the p-doping and n-doping properties of 

the material are determined by controlling the energy of the conjugated pi system with the regular repetition of 

donor and acceptor monomers in the chain, and the HOMOLUMO band gap can be easily tuned. Because of these 
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properties, the use of donor-acceptor type materials in molecular electronics, nonlinear optical materials, and 

optoelectronic technology devices is common [19]. Organic semiconductor materials-based solar cells continue to 

be studied intensively due to their low production cost, their ability to cover large surfaces, their mechanical 

flexibility, and their constantly increasing efficiency. In addition, since organic solar cells can be produced in 

transparent form, it offers the opportunity to use this technology in all areas of daily life such as automotive and 

construction glass.[20] 
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