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Dye Aggregation in Dye-Sensitized Solar Cells  

Lei Zhangab and Jacqueline M. Cole*cdef  

Dye aggregation dictates structural and optoelectronic properties of photoelectrodes in dye-sensitized solar cells (DSSCs), 

thereby playing an essential role in their photovoltaic performance. It is therefore important to understand this molecular 

phenomenon so that dye aggregation can be suitably controlled in DSSC devices. Accordingly, this review presents the 

molecular origins of dye aggregation, manifestations of hypsochromic (H) and bathochromic (J) dye aggregation in DSSCs, a 

classification of the molecular factors that cause this aggregation, and ways by which dye aggregation can be suppressed in 

cases where it is undesirable. To this end, a classification of molecular engineering methods that are being used in order to 

better understand and control dye aggregation is described. The review concludes with a broader outlook on how molecular 

aggregation in chromophores can similarly effect a wider range of optoelectronic phenomena.
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1. Introduction 

The transparent and low-cost nature of dye-sensitized solar 

cells (DSSCs) affords them niche applications as solar-powered 

windows.1,2 Such ‘smart windows’ herald exciting prospects for 

creating energy-sustainable buildings for future cities. The dye 

is a particularly important material component of the DSSC, as 

it carries out two different functions: light-harvesting and 

initiating the electrical current in the solar cell.3,4 These two 

functions occur sequentially, whereby the dye molecule initially 

absorbs light from the sun, thus generating a photo-excited dye 

which, in turn, injects an electron into the conduction band of 

the semiconductor (usually TiO2) onto which the dye is 

adsorbed. Since this dye/semiconductor composite comprises 
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the working electrode of the solar cell, this electron-injection 

process initiates the electrical current in the photovoltaic 

device. The ways dye molecules are adsorbed onto the TiO2 

surface thereby controls the performance of the DSSC. One 

might naively consider dye molecules to align neatly on the TiO2 

surface. However, experimental findings testify to a much more 

complicated scene. Dyes orient on the TiO2 surface in different 

ways,5 and dye···dye separation on this surface varies, 

presumably due to dye-specific steric and electronic factors. 

Dye molecules may also aggregate, either prior to adsorption 

onto the TiO2 surface during the DSSC fabrication process, or 

thereafter.6,7 

This dye aggregation can severely disrupt the function of a DSSC 

device; as such, its molecular origins need to be understood and 

controlled in order to mitigate any harmful effects it may have 

on the photovoltaic output of the DSSC.3,8  Yet, such 

understanding is difficult to achieve, given that dye aggregation 

is very common and complex on the molecular level. While 

many individual reports on dye aggregation exist, there appears 

to be no coherent piece that aims to collate the important 

studies and reviews of this area within a single paper. This 

review on dye aggregation in DSSCs has been written to help to 

close this gap.      

This review will begin with an introduction to DSSCs, whereby 

the chemical processes associated with the operational 

mechanism in DSSCs will be described, with a focus on the 

molecular factors that influence the function of the DSSC 

working electrode, which comprises a dye···TiO2 interface. Dye 

aggregation will be introduced as one of these factors, and the 

scope of the review will then be defined in this respect. To that 

end, the basic concepts of H- and J-aggregation will be 

described, in the context of molecular exciton theory. These 

effects of dye aggregation on DSSCs will then be exemplified by 

reviewing experimental and computational case studies. 

Examples will be given on how dye aggregation can affect the 

photovoltaic DSSC performance in a beneficial, detrimental, or 

auxiliary manner. Molecular factors that govern dye 

aggregation will be classified, and the ways molecular 

engineering methods can be used to mitigate dye aggregation 

in DSSCs, to improve device performance, will be illustrated. 

Finally, the review considers how molecular aggregation of 

chromophores can also affect other optoelectronic phenomena 

such as non-linear optical activity or electron mobility in organic 

transistors. 

 

1.1. Operational mechanism of DSSCs 

A DSSC consists in essence of a photo-anode and a photo–
cathode that are connected via an electrolyte (Figure 1). In this 

setup, the photo-anode comprises dye molecules immobilized 

on a semiconductor oxide substrate, which is responsible for 

the absorption of light and the photon-to-electron conversion. 

The performance of a DSSC is characterized by the overall 

device performance conversion efficiency (η), short-circuit 

current density (Jsc), open-circuit voltage (Voc), fill factor (FF), 

and incident-photon-to-current conversion efficiency (IPCE). 

 

         

Figure 1 Schematic structure of a DSSC, consisting of a photo-anode, electrolyte, and a 

photo-cathode (left); charge-transfer steps involved in a DSSC (right). Blue arrows 

indicate normal steps involved in a working DSSC, i.e., light absorption, dye-to-TiO2 

charge transfer, and regeneration of the dye by the electrolyte. Red arrows indicate 

parasitic charge transfer from injected dyes to the oxidized molecule or the electrolyte. 

1.1.1. Overall device performance conversion efficiency (η) 
The overall power conversion efficiency (η) of a photovoltaic 

device is one of the most important parameters in solar cell 

research, which is defined by the short-circuit photocurrent 

density (Jsc), the open-circuit photovoltage (Voc), the fill factor 

(FF), and the incident light power (Pin):  

 
                                     

        (1) 

 

 

1.1.2. Short-circuit current density (Jsc) 

The short-circuit current density (Jsc) is the current density 

measured when no external bias is applied. Jsc is strongly 

influenced by the light absorption of the dye molecules, their 

intramolecular charge transfer, and the interfacial charge 

transfer from the dye molecules to the semiconductor 

substrate.  
 

1.1.3. Open-circuit voltage (Voc) 

Voc is the difference between the redox level of the electrolyte 

and the quasi-Fermi level of the semiconductor. Voc is affected 

by the concentration of electrons in the conduction band (CB) 

of the semiconductor and the magnitude of electron 

recombination from the injected dyes to the oxidized 

electrolyte:9,10 

                         (2)                         

where n is the number of electrons in the semiconductor, NCB 

the effective density of states in the semiconductor, ECB the 

energy level of the bottom of the CB of the semiconductor, Eredox 

the energy level of the electrolyte, and q the unit charge. 
 

1.1.4. Fill factor (FF) 

Moreover, η is strongly affected by the fill factor (FF), which is 

defined by the ratio of the maximum power of the solar cell to 

the product of Jsc and Voc. It is therefore essentially a measure 

of the quality of a solar cell. As such, FF varies with different 

fabrication methods, characterization conditions, and the series 

resistance.11 
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1.1.5. Incident photon-to-current conversion efficiency (IPCE) 

The incident photon-to-current conversion efficiency (IPCE) is 

another fundamental indicator for the performance of a solar 

cell.2 It is defined as the ratio between the photocurrent density 

produced in the external circuit under monochromatic 

illumination of the cell and the incident photon flux: 

 

                                     (3) 

The IPCE is closely related to the light-harvesting efficiency and 

comprises the following contributions: 

 

    (4)  

where LHE is the light-harvesting efficiency, nj the quantum 

yield for electron injection, reg the quantum yield for dye 

regeneration, and ηcc the charge-collection efficiency. The 

product of inj, reg, and ηcc is called absorbed-photon-to-

current-conversion efficiency (APCE), which characterizes the 

efficiency of the conversion of the absorbed photons into 

electrical current.12 

 

1.2. Molecular factors that control DSSC function 

The molecular origins of DSSC function concern a range of 

factors that are associated with the dye. Such factors concern 

the molecular constitution of the dye molecule, the 

susceptibility of the dye to its solution environment during the 

dye sensitization process that creates the DSSC working 

electrode, and the nature of the dye···TiO2 interface that 

comprises this electrode. These three states of the dye need to 

be considered when judging the prospects of a dye for DSSC 

application. For example, the chemical nature of the dye will 

influence DSSC function via its molecular shape and size, the 

nature and extent of intramolecular charge transfer that 

pervades the dye molecule, the type of substituents that the 

dye may possess (e.g. long alkyl chains that act as hydrophobic 

groups), and the nature of the chemical substituent that acts as 

the anchoring point for the dye to adsorb onto the surface of 

the TiO2 semiconductor.13 The dye is dissolved into a solution in 

order to fabricate the DSSC working electrode, whereby a m-

thick layer of TiO2 on a substrate of transparent conducting 

oxide glass is submerged into this solution for a sufficient time 

that the dye molecules have chance to adsorb onto the TiO2 

surface. A range of factors may influence this dye sensitization 

process, including the dye concentration, temperature and pH 

value of this solution, the choice of solvent, the sensitization 

time, and any additives that may be present in the solution. The 

dye···TiO2 interface that comprises the resulting DSSC working 

electrode is in turn affected by the nature of its molecular 

environment. This can influence the charge characteristics of its 

operation in terms of electron injection, electron recombination 

and dye regeneration and such charge effects can in turn affect 

device stability.  

The molecular aggregation characteristics of a dye are in fact 

influenced by all three states of a DSSC dye. The chemical nature 

of the dye (e.g. its polarity and types of substituents) will 

influence its innate ability to interact with another molecule of 

its own. The experimental conditions of the fabrication process 

will determine how many dye molecules can interact with each 

other, or with another type of chemical (e.g. solvent, additive), 

or indeed be inhibited from interaction. The dye···TiO2 

interfacial structure is assumed to feature a monolayer of 

homogeneously spaced dyes, but the clustering of dyes could 

negate this monolayer structure if present in the lateral 

direction, while dye aggregation in the longitudinal direction 

would void the homogeneous dye distribution. A dye that binds 

on top of another dye instead of the TiO2 surface will negate its 

own photovoltaic function, as it will not be able to interact with 

the TiO2 surface to undergo electron injection, while also 

preventing the electrolyte ion from reaching the cognate dye on 

the TiO2 surface to afford it electron regeneration. Meanwhile, 

a dye molecule that binds to the TiO2 surface too close to 

another dye molecule on that surface stands to result in 

dye···dye interactions, which could affect their charge 

characteristics in a beneficial or deleterious fashion.  

The nature and extent of dye aggregation in DSSCs therefore 

needs to be understood in good detail if its effect on 

photovoltaic function is to be discerned. Fortunately, molecular 

exciton theory helps explain how dyes aggregate in solution or 

on a solid support, and how this impacts on their energetics that 

can be detected as solvatochromic shifts in UV/vis absorption 

spectra. These shifts may be hypsochromic or bathochromic 

according to the bimodal classification of dye clustering as H- or 

J-aggregates.  

2. Dye aggregation in DSSC dyes 

2.1 H- and J-aggregates as explained by molecular exciton theory  

2.1.1 Energy-level description of molecular exciton theory 

The photophysical behavior of organic molecules used for many 

technological applications such as photovoltaics, sensors, and 

light-emitting diodes is governed by the structure and dynamics 

of their low-lying electronic states. These excited electronic 

states, which are collectively called excitons, and can be 

thought of as mobile quasiparticles that carry energy. Excitons 

can be described in terms of a site Hamiltonian, whereby each 

site has two molecular orbitals. The electronic states of 

molecules change as they assemble to form aggregates.14 The 

optical properties of dye aggregates can be described by 

Kasha’s molecular exciton theory,15 which describes a 

resonance splitting of the excited state composite molecular 

energy levels, which are non-degenerate in the individual 

molecule or light-absorbing unit. The molecular exciton theory 

states that when two monomeric dyes (1 and 2) are interacting 

to form a dispersive dimer, coupling phenomena lead to excited 

state splitting,15–17 whereby the energy of the excited dimer 

becomes either:  

 

      (5)    

or: 
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     (6)   

wherein ϯ denotes the excited state, E1 and E2 the ground state 

energy of molecule 1 and molecule 2, respectively, while V12 is 

the intermolecular perturbation potential. Figure 2 

schematically represents the energy splitting due to molecular 

exciton theory. The last term in equations (5) and (6) is the so-

called exciton-splitting term, which represents the interaction 

energy due to the exchange of excitation energy between 

molecules 1 and 2:  

 

                                                (7) 

 

 

 

 

Figure 2 Schematic representation of the molecular exciton theory. The left side 

represents the energy of the monomer, while the right side represents the energy of the 

dimer. 

2.1.2 Relating energy levels to dye-aggregated structures 

The excitation energy of a dye dimer depends on the 

arrangement of the molecular dipole moments. H-aggregates 

(termed after the concomitant hypsochromic shift of the 

absorption spectra) or J-aggregates (named after their co-

discoverer Jelley) are obtained for face-to-face or edge-to-edge 

arrangements of the dipole moments (Figure 3).14,18   

Figure 3 Simplified schematic of exciton theory to explain the different absorption 

behaviors of H- and J-aggregates. The dotted lines help to explain the relative 

populations that relate the molecular alignment to the energies of the exciton band.  

The face-to-face alignment of molecules results in a 

hypsochromic absorption shift, since the difference between 

the molecular dipole moment of the monomer and that of its 

aggregate is very small. The associated transition dipole 

moment is thus essentially negligible, resulting in a fast energy 

relaxation of absorbed photons from the exciton band to the 

ground state. Consequently, the lower energy state in this 

exciton band is barely populated, while the ephemeral 

population of the upper energy state renders a low quantum 

yield. This ephemeral population is nonetheless detectable in 

UV/vis absorption spectroscopy as an absorption band, whose 

peak is high-energy-shifted relative to the peak maxima that 

corresponds to the monomer. This is the hypsochromic shift 

that is assigned to H-aggregates of the monomeric species of 

the sample under investigation, providing evidence that face-

to-face molecular aggregates have formed. 

In contrast, the edge-to-edge alignment of molecules generally 

creates aggregates whose dipole moment is significantly 

enhanced relative to that of the monomeric species, since 

molecules tend to align in a head-to-tail fashion owing to 

attractive forces of a polar molecule (such as a dye). This large 

difference in the molecular dipolar moment of the monomer 

and that of the aggregate results in a large transition dipole 

moment upon photon absorption. The lower level of the exciton 

band is thus stabilized such that a large population builds up in 

this state. Accordingly, an optical band of lower energy than 

that of the monomeric species is created from the formation of 

edge-to-edge aggregates, i.e., a bathochromic shift is observed 

in the UV/vis absorption spectrum that is assigned to J-

aggregates. This band has a high quantum yield since it is 

associated with a highly populated exciton state. 

This description of molecular exciton theory is most easily 

envisaged when dimers form in one of these two contrasting 

aggregate configurations. Aggregates that align somewhere in 

between these extremes of face-to-face or edge-to-edge 

molecular alignment are classified as H- or J-aggregates 

depending on whether the angle,  between the transition 

dipole moment and the long axis of the aggregate that forms is 

higher or lower than tan-1(2), i.e., 54.7º. Aggregates that 

contain more than two species will naturally generate exciton 

bands with more levels. The exciton bandwidth of an aggregate 

is determined using the angle, , together with the angle 

between the transition dipole moments of neighboring 

molecules, the distances between molecules, and the number 

of interacting molecules in the aggregate.  

 

2.2 H- and J-aggregates of DSSC dyes in the context of 

molecular exciton theory 

H- or J-aggregates of dyes can form during the sensitization 

process of DSSC device fabrication, where the dyes exist in 

solution, or once the dye has adsorbed onto the TiO2 to create 

a solid dye···TiO2 interfacial structure that comprises the DSSC 

working electrode. Dye aggregation may present in neither, 

either, or both of the two different states, the nature and extent 

of which will vary according to the chemical nature of the dye 

or its local environment. 

 
2.2.1 H- and J-aggregates of dyes in solution during the DSSC 

fabrication process 

The molecular orientation preferences of dyes in solution are 

void of the physical restrictions of a solid support structure that 

constrains the dye orientation once the dye···TiO2 interface has 
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formed. Dye molecules in solution are nonetheless susceptible 

to their local environment.  
 

2.2.1.1. Molecular aggregation of dyes in solution caused by dye 

self-interaction.  

This local environment could pertain to the dye itself, whereby 

a sufficiently high dye concentration could easily result in the 

formation of aggregates due to dye self-interaction. The pH 

value and temperature of the solution will influence the polarity 

of the dye molecules and its solubility, respectively, which in 

turn will impact on the exact concentration required for such 

aggregation. The choice of solvent will also affect the solubility 

of the dye in solution, as could the presence of any additives in 

the solution. The type of aggregate that forms owing to dye self-

interaction will naturally be dye specific. A few examples of H- 

or J-aggregation in DSSC dyes caused by dye self-interaction are 

now given.  

Simple face-to-face and edge-to-edge aggregation forms owing 

to the dyes interacting with each other. Therefore, the total 

concentration is one of the prime factors affecting dye 

aggregation. For example, benzothiazole-based dyes 1 and 2 

with similar backbone structures can self-aggregate, whereby 1 

exhibits H-aggregation, while 2 displays J-aggregation in 

solution. Dye aggregation in solution and the subsequently 

observed aggregates and dynamics have been analyzed 

particularly in aqueous solutions,19–23 as these play an essential 

role in the textile and coloration industries. 

In addition, temperature changes affect dye aggregation at a 

constant concentration, whereby increases in temperature 

usually help to dissolve dye aggregates. For example, there is a 

strong temperature dependence of the H-aggregation for 

benzothiazole-based dye, 3, where the dissociation constant 

increases by two orders of magnitude when the temperature is 

raised from 10 to 80 °C.24 

 

                

1                                            2        

                     

                                                    3 

In some cases, molecular aggregation can be controlled or 

manipulated via the pH value. For example, dissolving azo dye 4 

(Solophenyl red 3BL) in highly acidic aqueous solutions leads to 

J-aggregates.25 Neutral pH leads to monomer formation of 

porphyrin dye 5; decreasing pH leads to preferential H-

aggregates and further acidification of the solution leads to J-

aggregates (Figure 4).26 

 

 

Figure 4 The formation of monomers, H-aggregates, and J-aggregates of 5 in response to 

the changes in pH.26 The monomers and aggregates are highlighted in red. Reproduced 

with permission from reference 26. Copyright ACS (2005) 

               

 

 

 

4 

                      

 

 

 

 

 

5 

Furthermore, the solvent composition affects dye polarization 

and thus dye aggregation: dyes are usually fully solvated, i.e., 

monomeric in good solvents, while they aggregate in solvents 

where they exhibit poor solubility.27,28 The dimeric aggregation 

of the trans-azobenzene dye 6 affects its optical properties, e.g. 

its photoisomerization in aqueous solution, which decelerates 

upon aggregation.19 In addition, optically active J-aggregates of 

cyanine dye 7 in aqueous solution can act as a chirality sensor, 

as the J-aggregates are sensitive to chiral additives.29 

Benzothiazole-based dye 3 exhibits a hypsochromically shifted 

absorption band in water, which has been assigned to a dimer.24 

The aggregation phenomena of a donor−acceptor 
tetrathiafulvalene dye 8 and its derivatives have been studied 

via optical absorption and electron spin resonance spectra in 

solution, which revealed the presence of homoleptic dimers 

and mixed-valence dimers. The intramolecular electron transfer 

within the dye reciprocally influences the intermolecular charge 

transfer occurring in a dimer.30 The aforementioned examples 

should be considered as merely representative, since control 

over H- and J-aggregation has been examined for a large variety 

of dyes in solution,20–22,31–45 and is very dye specific. 
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7         

    

  

      8                 

The dye self-interaction links directly with molecular exciton 

theory via the mutual orientation of each dye. Coumarin dye 9 

shows dyes self-interacting in a specific mutual orientation, as 

the coumarin dye is prone to aggregation in solution, whereby 

its different aggregation phases depend on the polarity of the 

solvent. Based on UV/vis absorption profiles and crystal 

structures, the presence of monomers, dimers, and higher-

order J-aggregates has been proposed (Figure 5).46  

 

                    

9                                                   10  

The arrangement of the dye aggregates affects their transition 

dipole moment,47 as well as the light-absorption and emission 

properties.47 For example, the results of density functional 

theory (DFT) calculations have shown that the relative angles 

between molecular dipoles (0 or 180) may affect the light-

absorption properties of the DSSC-active dye 10.16 

 

  

Figure 5 (a) Dimeric (b) trimeric, and (c) high-order aggregate models of 9 in solution.46 

Reproduced with permission from reference 46. Copyright ACS (2013). 

2.2.1.2 Molecular aggregation of dyes in solution that has been 

influenced by dyes interacting with another type of molecule or 

ion 

The choice of solvent or the presence of additives to a dye 

solution were described in the last section as factors that could 

implicitly affect how dyes self-interact. However, a solvent or 

additive could also interact explicitly with the dye molecules and 

such interactions could, in turn, affect how dyes aggregate. A 

representative selection of examples that illustrate these 

explicit influences is now given.     

Explicit solvent molecules can influence the dye aggregation in 

solvents. For example, an external solvent molecule can form 

an intermolecular hydrogen bond with azo dye 11, therefore 

tuning the solvatochromism through the manipulation of 

aggregation (Figure 6).48 

 

 
Figure 6 Hydrogen bonds in azo dye 11: (a) intramolecular hydrogen bond without 

external solvent molecules; (b,c) intermolecular hydrogen bonds with an external 

solvent molecules.48 Reproduced with permission from reference 48. Copyright ACS 

(2013). 

Co-adsorbents and co-sensitizers could likewise influence the 

aggregation of dyes in solution. For example, additives such as 

polyanion residues shift the monomer/dimer equilibrium of 

benzothiazole-based dye 12 and its derivatives49 towards H-

aggregates, and reduce the fluorescence intensity at low dye 

loadings.50 Upon addition of metal ions, benzothiazole-based 

dye, 13, forms J-aggregates in aqueous solution, whereby the 

rate of aggregation depends on the nature of the metal ion and 

the dye, as well as on the temperature.51  

 
12 
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2.2.2. H- and J-aggregates of dyes that form at the dye···TiO2 

interface 

The sensitization process immobilizes dye molecules on the TiO2 

surface, most typically as a self-assembled monolayer (SAM). 

This SAM can nonetheless consist of dye monomers or 

aggregates.52,53 Aggregates form when the dye monomers 

become too close to each other, either in lateral or longitudinal 

direction relative to the TiO2 surface. In longitudinal direction, 

dye molecules may clump together in certain parts of the TiO2 

surface, thereby precluding a homogeneous distribution of 

dyes. Alternatively, a homogeneous SAM of dyes may form 

wherein all dye molecules lie so close to each other that the 

entire SAM comprises an aggregate. In the lateral projection, 

dye molecules that are part of the SAM may form aggregates by 

interacting with other dye molecules via the part of their 

molecule that protrudes away from the TiO2 surface. These 

aggregates may form via a dye molecule landing on top of the 

SAM, or via a dye molecule that is part of the SAM forming 

aggregates with other dye molecules before it lands onto the 

TiO2 surface, during the fabrication process. Figure 7 illustrates 

these types of scenarios, which involve select dye molecules 

clumping together, or clustering on mass, on the TiO2 surface, 

or landing on top of a dye monolayer.   

 

 

Figure 7 Three types of dye aggregation forming on the surface of TiO2 semiconductor 

substrates (longitudinal dye clumping, dye clustering; lateral dye aggregation). 

2.2.2.1 H- and J-aggregates of dyes that form within the 

monolayer of dyes on the TiO2 surface 

These types of aggregates largely form during the dye 

sensitization process, as the SAM of dye molecules takes shape 

on the TiO2 surface, since the dye distribution is thereafter 

considered to be set. Face-to-face aggregates are the most 

likely to form under these circumstances since dyes tend to line 

up in this type of orientation with each other in an SAM. 

Representative examples of these types of dye aggregates have 

been given by Feng et al.,54-56 who used time-dependent density 

functional theory to model face-to-face aggregation in two 

DSSC dyes (14 and 15). Each dye forms dimers on the TiO2 

surface via intermolecular ··· interactions, but the associated 

dye···dye intermolecular electronic coupling in 15 is only 10% of 

that of 14. Feng et al.54 have shown that this is due to the 

presence of a diphenylquinoxaline anti-aggregation unit 

between the donor and acceptor groups of 15. 

 

 

      

 14           15 

2.2.2.2 H- and J-aggregates of dyes that form on top of the 

monolayer of dyes on the TiO2 surface  

These types of aggregates may originate from one of several 

scenarios, e.g. when excess dye molecules are present during 

the sensitization such that they add to the top of an already 

saturated SAM of dyes on TiO2; and in doing so, they interact in 

a fashion that renders them bound to each other. Alternatively, 

the dyes may reach the TiO2 surface in an already aggregated 

form, wherein the binding strength of the aggregate complex is 

too strong for it to break apart, even as a consequence of one 

or more of the dyes in this aggregate adsorbing onto the TiO2 

surface as part of its SAM of dyes. Either way, these dyes are 

likely to aggregate in an edge-to-edge fashion since it is the edge 

of the dye on the SAM that is available for the formation of 

intermolecular interactions. 

Several examples of these types of aggregates have been 

demonstrated via imaging studies of dyes on TiO2 surfaces. 

Scanning tunneling microscopy (STM) measurements revealed 

molecular aggregates of the Black Dye (N749, 16) on the rutile 

TiO2 (110) surface.57 Dye aggregation lateral to this TiO2 surface 

was specifically observed and quantified, indicating that the 

Black Dye could stack up to three molecules high, even at low 

dye-sensitization times and concentrations. An Atomic Force 

Microscopy (AFM) study58 showed that the dye Z907 (17), which 

is chemically similar to 16, also forms aggregates lateral to the 

TiO2 surface during the sensitization. The crucial difference 

between 17 and 16 is that the former features long alkyl chains; 

these enable 17 to stand upright on the TiO2 surface, and the 

AFM images indicate that during certain periods of the 

sensitization process, stacks of 17 reach the height of two 

molecules.   
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2.2.3 Energetic considerations of H- or J-aggregation  

Notwithstanding the topological considerations of molecular 

exciton theory, the energetics associated with H- or J-

aggregation of a dye are important indicators of solar-cell 

performance. For DSSC applications, H-aggregation is usually 

undesirable since the hypsochromic shift prevents the dye from 

absorbing in the longer wavelength region of the visible 

spectrum, as well as in the near infra-red (NIR) region, both of 

which constitute desirable parts of the solar spectrum. 

Moreover, for most optoelectronic devices it is more difficult to 

absorb photons in the longer-wavelength region of the visible 

spectrum relative to photons in the UV region. The band gap of 

semiconducting materials usually allows them to absorb 

photons in the former region, while narrower band gaps 

generally lead to an enhanced absorption of photons in the NIR 

region. Nevertheless, evidence has been presented that shows 

that H-aggregation may broaden UV/vis absorption spectra with 

respect to the monomeric form, thereby enhancing the light-

harvesting and DSSC performance of the dyes.59,60 Compared to 

H-aggregates, J-aggregates are universally beneficial for light 

absorption, and they have accordingly received substantially 

more attention.61,62 Since the discovery of J-aggregates in the 

1930s, intriguing insights into the operation of dye systems 

have been revealed, which have motivated research into 

custom-tailored dyes for specific applications.62  

Many dyes employed for DSSC applications exhibit H-

aggregation. For example, benzothiazole-based dye 3 displays 

H-aggregates upon sensitization of colloidal semiconductor 

particles.24 Sensitization of nanocrystalline TiO2 with 

benzoxazole-based dye 18 results in an absence of J-aggregates, 

and equal power conversion efficiencies (PCEs) were observed 

between the monomeric and the aggregated forms of 18.63 

Polyene dyes including retinoic and carotenoic acids and their 

analogues form H-aggregates on TiO2 substrates. The observed 

increase of the photocurrent upon lowering the concentration 

of the polyene dyes was ascribed to the suppression of 

aggregation at low concentrations.64,65 Ionic dyes including acid 

orange 7 (19), crystal violet (20), and methylene blue (21) 

exhibit dye aggregation and a hypsochromic shift of their 

absorption bands upon deposition on TiO2. H-aggregates of 

pyrogallol red (22) are able to inject electrons into the CB of the 

TiO2 substrate.66 A series of chalcogenorhodamine dyes (23) 

with phosphonic and carboxylic acid groups adsorb onto TiO2 

nanoparticles as mixtures of H-aggregates and monomers, 

which results in broadened absorption spectra. Anchoring on 

the surface via various functional groups affects the extent of H-

aggregation minimally, while H-aggregation does not reduce 

the electron-injection yield or charge-collection efficiency of 

DSSCs containing chalcogenorhodamine dyes.60 For dye 24, 

time-resolved laser spectroscopy measurements revealed 

electron-injection rate constants of 0.21 ps−1 (monomers) and 

0.07 ps−1 (H-aggregates), which demonstrate that H-

aggregation retards the electron-injection rates. Moreover, a 

rate constant of 0.04-0.25 ps−1 can be observed for the energy 

transfer from the excited state of the monomers to the H-

aggregates.67 Azo dyes such as para-methyl (25) and para-ethyl 

red (26) exhibit substantial H-aggregation on TiO2 substrates 

due to their azobenzene backbone, which is well-suited to 

engage in π···π interactions.48,68–71 The phenothiazine-based dye 

27 exhibits H-aggregation on TiO2 films in DSSCs, and the 

aggregation can be modulated by the presence of thiophene 

and ethylenedioxythiophene.72 Apart from its influence on 

electron injection, dye aggregation can significantly reduce 

photodegradation by pollutants adsorbed onto TiO2; see for 

example the case of dyes 19-21 where their interaction with the 

photocatalyst is inhibited.73 

 

           

18                                   19                                 20 

                               

21                                                   22   

  

  23                                                     24              

   

 

               25                                                      26                                              

 

 

27 

J-aggregation is better suited to enhance solar cell performance 

due to its effective capture of NIR photons, and various dyes 

form J-aggregates on semiconductor substrates. For example, 

the benzothiazole merocyanine dye 28 forms J-aggregates that 

differ in aggregate size.74 Depositing porphyrin dye 29 onto a 

nanocrystalline TiO2 film results in the formation of J-aggregates 

and a concomitant optical absorption at 420, 654, and 795 nm. 

Interestingly, these dyes show fluorescence on Al2O3 films, 
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while such fluorescence is not observed on TiO2 particles.75 

Porphyrin dye 30 simultaneously forms H- and J-aggregates 

upon adsorption onto the interfaces of nanocrystalline TiO2, 

whereby aggregation can be controlled by varying the 

electrolyte anion; in this case, J-type aggregates showed better 

solar cell efficiency than H-type aggregates.76  
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30 

The exciton energy and charge transfer of J-aggregates of 

porphyrin dye 31 on TiO2 have been analyzed by Verma and 

Ghosh.31 Such porphyrin aggregates are formed by weak van 

der Waals, π···π, electrostatic, and hydrogen-bond interactions, 

and exhibit a nonradiative decay via intermediate vibronic 

states (S1 and S2). Due to their low-energy exciton states, J-

aggregates receive energy from the porphyrin monomers that 

are not directly adsorbed on TiO2 (Figure 8).31 

 

 

 

Figure 8 Diagram for the exciton energy and charge transfer in monomeric 31 and its J-

aggregates on TiO2.31 Reproduced with permission from reference 31. Copyright ACS 

(2012). 

3. Molecular engineering of dyes to inhibit or 

suppress dye aggregation in DSSCs 

Dye aggregation in DSSCs is most commonly regarded as a 

phenomenon that is best to be avoided. Fortunately, several 

ways have been established that can inhibit or suppress the 

formation of dye aggregates. These can be classified into three 

options: altering the innate chemistry of the dye molecule; 

altering the dye sensitization conditions during the DSSC 

fabrication process; or altering the environment of the 

dye···TiO2 interface.  

 

3.1 Obviating dye aggregation by altering the innate chemistry of 

the dye molecule 

3.1.1. Molecular planarity of the dye 

Planar molecules are especially prone to H-aggregation, which 

is generally undesirable for DSSC applications (vide supra). In 

order to diminish the extent of molecular planarity, 

aggregation-free organic dyes with a twisted π-conjugation (32) 

have been developed by Numata et al.77 Compared with the 

corresponding planar dye (33), the twisted dye does not form 

aggregates, and the addition of co-adsorbing agents to 33 has a 

negligible influence on its absorption spectrum.  
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33 

 

Two mono-anchor dye molecules of 34 were synthetically 

bridged to form a di-anchor dye (35), which exhibits a non-

planar conformation. This bridging feature impedes aggregation 

of the dye when adsorbed onto TiO2, yielding an enhanced 

PCE.78 Additional side groups, such as pentafluorophenyl or 

cyanophenyl substituents, can be linked to the molecular 

backbone of a similar type of DSSC dye to form aggregation-free 

dyes 36 and 37. Aggregation is circumvented via the rotation of 

the additional substituent about the ipso carbon atom that is 

attached to the nitrogen atom of the pyrrole group. These 

31 
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organic dyes exhibit PCEs that are close to that of the DSSC 

benchmark N719 (38).79 Nonplanar triphenylamine groups and 

nonplanar butterfly-shaped molecular building blocks based on 

phenothiazine also inhibit molecular aggregation of the 

dyes.72,77,80 

 

 

            

                34         35 

                                                                 

 

    

  

36         37   

   

3.1.2. Adding alkyl groups and bulky substituents to the dye 

Introducing long-chain alkyl groups is another commonly 

employed method to impede dye aggregation in DSSCs.81 The 

length of the alkyl chain is important for tuning the 

optoelectronic properties of the DSSC. The introduction of long 

alkyl chains to a dye results in slower charge-recombination 

dynamics to both the dye cation and the redox electrolyte; see, 

for example, 17 and 39.82 Tuning bulky methoxy chains led to 

the enhancement of PCE in a series of organic D-π-A dyes with 

thienothiophene and cyanoacrylic acids (40,41), whereby 41 

contains the longest chain (hexyloxy) of these two dyes and 

correspondingly exhibits the highest PCE.83 Hydrophobic 

hexyloxy groups have been attached to the donor group of the 

triphenylamine-based dyes 41 and 42 in order to reduce 

aggregation, which resulted in an overall PCE of over 7%.84 An 

alkylphenyl chain has been introduced in the ladder-type 

pentaphenylene dye 43 to disturb the π···π stacking.85 For a 

series of benzothiazole merocyanine dyes, the aggregation 

behavior has been examined as a function of the alkyl chain 

length: dyes with longer alkyl chains exhibited J-aggregation on 

TiO2, increased PCE values, and enhanced photostability 

relative to dyes with shorter alkyl chains.74 It has accordingly 

been proposed that the alkyl-chain-induced formation of J-

aggregates may prevent isomerization by restricting internal 

rotation, which should improve the stability of the DSSCs.74 Side 

groups based on aromatic rings and methyl groups that have 

been introduced in e.g. diphenyldibenzofulvene-based 

sensitizers, led to a diminution of intermolecular interactions 

and J-type arrangements of the dyes on the TiO2 surface.86 
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3.1.3. Changing the chemical nature or substitution position of the 

anchoring group on the dye 

Aggregation may also be affected by changing the nature of the 

anchoring group on a dye. For example, the angle that a dye 

molecule subtends to the TiO2 surface upon adsorption can be 

altered by changing the position of the dye anchoring group. 

Such an alteration has afforded control over the tendency for 

dye aggregation in zinc phthalocyanine (44)-sensitized solar 

cells;87 the judiciously substituted dye 44 is void of any 

significant effects of dye aggregation. The combination of 

catechol axial attachment and tert-butyl peripheral groups in 45 

allows efficient sensitization in the absence of co-adsorbents 

and dye aggregation.88 The relative positions of the xanthylium 

core and the surface-binding anchoring groups determine 

whether dye 23 (where E = O) forms H-aggregates.89 

Selenorhodamine dyes with carboxylic (46), hydroxamic (47), or 

phosphonic acid (48) anchoring groups exhibit different 

aggregation modes, which is reflected in different absorption 

bands in their UV/vis absorption spectra.90 Considering the 

chemical nature of anchoring groups, first-principles 
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calculations and molecular dynamics (MD) simulations have 

predicted that dyes with -CSSH anchoring groups (49) are less 

prone to dye aggregation due to weaker intermolecular 

hydrogen bonding.91 
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3.2 Obviating dye aggregation by altering the dye sensitization 

conditions during the DSSC fabrication process 

3.2.1 Adding co-adsorbing agents to the dye solution  

The sole function of a co-adsorbing agent is to suppress 

undesirable dye aggregation by adding it to the dye solution 

during the sensitization of the DSSC. When electrodes with 

sintered TiO2 films are exposed to solution(s) containing dye(s) 

and co-adsorbing agent(s), both adsorbents compete for 

anchoring spaces on the TiO2 surface. Cholic acid (CA, 50) and 

chenodeoxycholic acid (CDCA, 51) (Figure 10), as well as their 

derivatives, are frequently used as co-adsorbing agents.92–94 

The co-adsorbing agents usually contain a carboxylic acid 

anchoring group and an alkyl chain with aromatic groups to 

suppress intermolecular coupling. 

 

            

50                                                   51 

                  

                               

52 

Hara et al. have studied the interaction between CDCA and 

coumarin dye 52, which is prone to aggregation upon 

adsorption onto TiO2, where the dye is sensitized alone.95,121 

The modelled structure revealed a distance of ~3 Å between the 

molecules of CDCA and those of coumarin on the surface of a 

(TiO2)82 substrate. An increased interaction energy was found 

which denoted the replacement of dye···dye dimers with 

CDCA···dye dimers (Figure 9), suggesting a favorable co-

adsorption of CDCA and dye molecules, and an effective 

suppression of homodimer dye···dye stacking.95,121  

 

Figure 9 Left: optimized ground-state geometries for 52 (top panel) and CDCA on the 

surface of a (TiO2)82 substrate (bottom panel). Right: close interactions between 52···52 

homodimer (top panel) and a CDCA···52 heterodimer (bottom panel), together with the 

corresponding interaction energies, -4.9 and -8.2 kcal/mol, respectively.95 Reproduced 

with permission from reference 95. Copyright ACS (2013).  

The effect of adding CDCA to a DSSC based on indoline dye D149 

(53), which was electrodeposited on porous ZnO, has been 

studied in detail.96 To achieve high PCEs, control over the 

adsorption time and use of co-adsorbing agents were essential.  

Using higher concentrations of CDCA led to longer lifetimes of 

the excited dyes on the ZnO substrate due to the suppression of 

aggregation–induced quenching.96 

CDCA has also been co-adsorbed with Zn-porphyrin dyes 54, 55 

and 56, and the addition of CDCA improved the PCEs of all 

sensitizers except for 55 with long alkyl groups.97 The carbazole-

substituted triphenylamine-based organic dye 57 deposited on 

alumina and TiO2 nanoparticles showed blue-shifted emission 

bands and longer excited-state lifetimes in the presence of 

CDCA; effects that were attributed to reduced dye 

aggregation.98 For TiO2 electrodes sensitized with Zn-

phthalocyanine dye 58, the quantity of co-adsorbent allows 

control over the degree of aggregation, while femtosecond 

transient absorption measurements revealed that the injection 
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yield of phthalocyanine 59 was essentially void of aggregation-

induced recombination.87 
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CDCA derivatives suppress aggregation of the Black Dye (16) 

during the sensitization of TiO2 films by forming stronger 

hydrogen bonds with the dye molecules.99, 100  

For squaraine dye 60, the presence of the co-adsorbent CDCA 

avoids the formation of H-aggregates, and leads to the 

detection of two transient species corresponding to a monomer 

and a radical cation.102 Morandeira et al. studied the effects of 

the presence of CDCA on the non-aggregated dye 61 and found 

that even though the injection kinetics and yield are not 

affected by the addition of co-adsorbents, the electron 

recombination with the dye cations was retarded.103 This result 

possibly owes itself to the fact that the co-adsorbent increases 

the tilt angle of the adsorbed dyes, affecting the distance 

between the TiO2 surface and the dye orbitals. 
 

60          61  

 
3.2.2 Changing the solution conditions of dye sensitization 
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Varying parameters that are associated with the solution 

conditions of the dye sensitization process will often influence 

the ability of the dye aggregates to form.105 These conditions 

include: the dye concentration in the sensitizing solution; the 

solvent choice for this solution; and the sensitization time by 

which the dye is exposed to the TiO2 surface. For example, in 

the case of the Ru-based dye N3 (62), long sensitization times 

promote dye aggregation, as the dye loading increases with 

exposure time, resulting in a decreased PCE.106 Nevertheless, 

for other dyes, such as 63, adsorption saturation of TiO2 films in 

dye solution occurs only after several hours, which suggests the 

spontaneous formation of a monolayer.106 

Several examples nicely illustrate how the sensitization solvent 

can significantly influence the formation of aggregates. For the 

anionic merocyanine dye 64, sensitization in acetonitrile leads 

to the simultaneous formation of aggregates and monomers on 

nanostructured TiO2 films,107 while sensitization in Aerosol-

OT/heptane solutions leads to the predominant formation of 

monomers. The IPCE of the monomer is nearly five times higher 

than that of the aggregates, while a significantly higher 

fluorescence quantum yield and excited singlet lifetime can be 

observed for dyes dissolved in heptane rather than in 

acetonitrile.107 
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64 

3.2.3 Employing host-guest media 

Host-guest systems in solution represent an effective method 

to manipulate the formation of H- and J-aggregates and thus 

control dye aggregation. For example, the host cucurbit[7]uril 

disrupts the formation of J-aggregates of the pseudoisocyanine 

dye 65 and the formation of H-aggregates of the pseudoiso-

pinacyanol dye 66, taking advantage of the binding properties 

of the cucurbit[7]uril host.108,109 Introducing anionic 

polyelectrolytes in the presence of a host enhances the 

formation of cationic cyanine dye aggregates in aqueous 

media.109 However, such host-guest systems have not yet been 

directly applied to suppress unwanted dye aggregation in 

DSSCs. One highly interesting application would be the use of 

host-guest systems to control dye aggregation in the solid form 

on TiO2 substrate. 

 

 

   

 

65                        66     
3.2.4 Dye co-sensitization  

Dye co-sensitization is the process by which two or more 

chemically different dyes are sensitized onto the surface of a 

TiO2 thin film to form a DSSC working electrode. At first sight, a 

dye co-sensitizer may seem somewhat like a co-adsorbing agent 

that was described in section 3.2.1. However, while a dye co-

sensitizer may inhibit or help suppress dye aggregation, as is the 

function of a co-adsorbing agent, the primary purpose of a dye 

co-sensitizer is to add functionality to the DSSC in its own right 

as a dye. For example, the use of two chemically different dyes 

in a DSSC, whose UV/vis absorption wavelengths are 

complementary, can result in panchromatic absorption; thus, 

the DSSC device presents greater light-harvesting 

efficiency.6,68,110–112 If dye co-sensitization can thus reduce dye 

aggregation as well, this offers a ‘win-win’ situation for DSSC 
device technology. A stepwise molecular engineering approach 

has been adopted to design a panchromatic response in co-

sensitized DSSCs,113 whereby fluorescein dye derivatives 

exhibiting extended optical absorption up to 500 nm have been 

shown to be suitable co-sensitizers for DSSC applications.114 

Meanwhile, when co-sensitized with the Ru-based dye 67, the 

phthalocyanine dye 68, which is incapable of hole regeneration, 

can produce a photocurrent via intermolecular energy transfer 

with an average excitation-transfer efficiency of > 25%, boosting 

light harvesting from 700 to 800 nm.115 

             

 

         

 

 

67               68        

When co-sensitized with the energy-relay dye (ERD) 69, which 

is a highly photoluminescent chromophore, 70 on TiO2 

undergoes Förster resonance energy transfer (FRET), which 

allows a broader spectral absorption, an increase in dye loading, 

and an enhanced PCE. A typical absorption process in DSSCs 

with FRET is characterized by: i) light absorption by the 

sensitizing dye, ii) initial absorption of higher-energy photons by 

the ERD, iii) FRET from the ERD to the sensitizing dye (Figure 

10).116 A 35% improvement in the photovoltaic performance of 

zinc phthalocyanine dye 70 was observed due to FRET when it 

was co-sensitized with the two ERDs 71 and 72.117 The FRET 

method has also been investigated in standard DSSCs sensitized 
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with Ru-based dye N719 (38), which led to an improvement of 

the optoelectronic properties of the device.118 
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Figure 10 Schematic representation of a DSSC containing energy-relay dyes for FRET.116 

Reproduced with permission from reference 116. Copyright Macmillan Publishers 

Limited (2009). 

Co-sensitizers based on donor–acceptor-type molecules have 

also shown that they can provide added value to their intrinsic 

use as a complementary light harvester. For example, dyes 73 

and 74, which exhibit intense absorption at 350-400 nm, have 

been added to DSSCs sensitized with the Black Dye (16), to 

afford an increase in the PCE of the solar cell from 10.7% to 

11.4%.101 This improvement in device performance arises 

because the addition of these donor–acceptor type molecules 

also adjusts the separation between molecules of 16 to avoid 

aggregation, counterbalances the competitive absorption of 

visible light by the electrolyte (I-/I3
-), and reduces the extent of 

electron recombination in the TiO2 film.101 In another example, 

chemisorption of the porphyrin 75 in the presence of fullerene 

molecules, functionalized with carboxylic acid anchors on the 

surface of semiconductor substrates, resulted in reduced 

aggregation.104  
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3.3. Obviating dye aggregation by altering the environment of the 

dye···TiO2 interface 

3.3.1 Atomic layer deposition (ALD) 

As dye aggregation often quenches the excited states of the 

dyes and limits the yield of electron injection into the 

semiconductor substrate, surface treatment strategies, such as 

atomic layer deposition (ALD) have been employed to minimize 

dye interactions caused by aggregation and the associated 

ultrafast dye aggregate excited-state relaxation processes. ALD 

effectively fills the gaps between adsorbed dye molecules with 

ultrathin layers of either TiO2 or Al2O3, thereby preventing 

aggregation (Figure 11). Prior to ALD, intermolecular 

interactions are usually severe, while dye interactions are 

retarded due to the isolation of the dyes after ALD. Following 

ALD, the rate of electron recombination from the injected 

electrons in TiO2 to the oxidized form of the redox shuttle is 

attenuated.119  In the case of solar cells employing an archetypal 

donor−acceptor organic dye such as 76, ALD is more effective 

than co-adsorbing agents, and the ALD post-treatment induces 

an increase of more than 30% in overall PCE of the solar cell, 

while it does not interfere with dye/semiconductor electronic 

coupling.119 Apart from aggregation, ALD also prevents 

desorption of dyes from the photoelectrode, which is one of the 

major limitations for the longevity of DSSCs.120 
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Figure 11 Schematic diagram for post-sensitization ALD on TiO2 nanoparticles. The gaps 

between adsorbed dye molecules on standard nanoparticles can be efficiently filled with 

ultrathin layers of either TiO2 or Al2O3.119 Reproduced with permission from reference 

119. Copyright ACS (2015). 

3.3.2 Electrolyte additives 

In the presence of Li+ cations, 4-tert-butylpyridine (TBP, 77) 

adsorbs on dye-sensitized TiO2 films, and suppresses the dark 

current on the TiO2 surface, which improves the photovoltage 

of the solar cell in a manner similar to CDCA.121 Substituted 

benzene derivatives such as bromobenzene (78), anisole (79), 

benzene (80), and iodobenzene (81) have been included in DSSC 

electrolytes to penetrate dye layers and form stable complexes, 

which can lead to an increased quenching of excited states and 

enhanced charge-separation efficiency of the DSSC. Similar to 

the ALD method, electrolyte additives inhibit the recombination 

between electrons in the semiconductor and the oxidized 

electrolyte, thus increasing Voc.122 
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4. Aggregation in related optoelectronic 

phenomena 

In this review, we have discussed the impact of dye aggregation 

on the performance of DSSCs. In fact, dye aggregation not only 

strongly influences DSSC performance, but also affects several 

optoelectronic parameters and devices. Molecular aggregation 

is common in a variety of optoelectronic systems, including dye-

sensitized water-splitting systems, molecularly-modified solar 

cells, aggregation-induced emission (AIE) systems, nonlinear 

optics, and organic transistors.123  

The photoanode of dye-sensitized water-splitting systems is 

very similar to that of DSSCs, both of which use a dye to absorb 

light and convert it into an electrical current. In the dye-

sensitized water-splitting photoanode, molecular aggregation 

can be controlled by molecular co-adsorption and the ALD 

method.124   

In organic solar cells, light absorption is critical and it can be 

controlled by molecular aggregation. For example, H- and J-

aggregates can be formed selectively via a judicious choice of 

solvents, resulting in a difference in photovoltaic performance 

of organic solar cells based on squaraine/fullerene bilayer 

heterojunction photovoltaic cells.125 Molecular aggregation on 

the surface of CdTe solar cells has been employed to produce 

AIE, and thus convert unfavorable photons in the UV region into 

favorable photons in the NIR region.126 

Dye aggregation has also been investigated extensively to 

control emission phenomena.127,128 Dye aggregation on 

nanoparticles has found applications in bioimaging, where one- 

and two-photon fluorescence is enhanced via manipulation of 

dye aggregation to minimize intermolecular quenching, which 

enables a remarkable improvement of signals in bioimaging.129 

A host-guest complex serves as a template for the formation of 

H-aggregates of thiazole orange molecules, which does not 

exhibit fluorescence in aqueous solutions, and presents a well-

resolved fluorescence spectrum.130 Molecular engineering 

methods, such as introducing bulky peripheral groups, have 

been employed to enhance fluorescence by hindering 

aggregation via steric congestion.131 

In nonlinear optics (NLO), light absorption is critical for 

achieving frequency modulation. J-aggregation induces a 

doubling of the second-order NLO response, which is associated 

with a narrow and intense band in the absorption spectrum that 

is red-shifted relative to that of the isolated NLO material.132,133 

J-aggregation has been applied in organic transistors in order to 

induce lower carrier mobilities of electrons and holes with 

respect to the mobilities of the H-aggregation mode.134 

Conversely, the large π-overlap in materials based on H-

aggregates facilitates significantly higher carrier mobilities due 

to the inherently higher levels of packing order and the stable 

morphologies, which leads to a highly reproducible 

performance.135 

5. Other materials characterization methods to 

probe dye aggregation 

A key barrier to a better understanding of dye aggregation is the 

lack of structural information about this phenomenon at the 

molecular scale. One way to overcome this barrier is to use a 

greater variety of materials characterization methods to 

understand dye aggregation. This review has necessarily 

focused on results from UV/vis spectroscopy, since this acts by 

far as the primary tool to understand dye aggregation at the 

molecular scale. However, there are a few examples of studies 

that demonstrate the application of other materials 

characterization methods to the study of dye aggregation on 

DSSCs.  

Other optical probes such as emission spectroscopy, time-

resolved emission spectroscopy, and transient absorption 

spectroscopy have been used to determine lifetimes and decay 

channels of electronic states that comprise the exciton bands 
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created by dye aggregation.31 Photoelectron spectroscopy has 

been used to infer surface effects of aggregation of dyes on a 

ZnO semiconductor surface,136 while bulk effects on the same 

were observed indirectly from complementary infra-red and 

Raman spectroscopy and electrochemical studies.137 

Photoelectrochemical techniques such as I-V curves, incident-

photon-to-current efficiency (IPCE) measurements, and 

impedance spectroscopy can also be used to evidence indirect 

manifestations of dye aggregation.138,139  

More direct structural information about dye aggregation can 

be obtained at the molecular scale, via atomic imaging and 

scattering techniques. For example, atomic force microscopy 

has demonstrated that dyes can stack on top of each other to 

form multilayers of dye aggregates on TiO2 surfaces,58,140 and 

that dye coverage can be inhomogeneous,140 i.e., not 

necessarily occur in the homogeneous distribution of dye 

monolayers on TiO2 surfaces that has historically been assumed. 

Scanning tunneling microscopy (STM) has produced similar 

findings.57 Meanwhile, combining STM with scanning tunneling 

spectroscopy (STS) capabilities has revealed the first direct 

evidence for dye molecules adsorbing onto TiO2 with multi-

conformational variation, including a dimer as one such 

variant.141 This STM/STS study has challenged the historical 

view that dyes anchor onto TiO2 in only one structural form and 

that molecular aggregates of dyes need to be considered as one 

possible form. Such structural variations not only affect the 

spatial considerations of dyes on the TiO2 surface, but also the 

the energetics of the DSSC working electrode: multiple 

structural forms of dyes yield multiple LUMO energies that, in 

turn, produce multiple driving forces for electron injection in 

the DSSC device. 

The propensity for dye aggregation and likely structural types 

can be anticipated from X-ray crystallography,142-145 whose 

three-dimensional structural determination of dye molecules 

can also support142,143 X-ray reflectometry (XRR) studies. To this 

end, XRR has demonstrated its use in quantifying the average 

molecular orientation of dyes on TiO2 surfaces5,146,147 and 

inferring the nature of dye…dye intermolecular interactions 

therein;5,147 such interactions may describe dye aggregation in 

either the lateral or longitudinal projection to the TiO2 surface. 

These are ex situ XRR studies in the sense that they provide 

information on the dye···TiO2 interfacial structure of the 

exposed DSSC working electrode, while this electrode becomes 

a buried interface once embedded within its device 

environment. A recent in situ neutron reflectometry (NR) 

study147 has demonstrated that the same type of structural 

information discerned from XRR can be determined, but on the 

dye···TiO2 interface as it manifests within a DSSC device 

environment. The NR study revealed that the structure of this 

buried interface was altered by the presence of the electrolyte 

in the device. This highlights the importance of such in situ 

structural studies and opens a new path for exploring the nature 

of dye aggregation within a DSSC device medium.  

6. Conclusions 

Recent experimental and theoretical studies on dye aggregation 

in DSSCs have revealed aggregate structures at the nanoscale. 

Their influence on photovoltaic properties has promoted the 

development of improved methods to understand and thence 

control dye aggregation on semiconductor substrates to fit 

specific device requirements. The optical properties of dye 

aggregates can be described by Kasha’s molecular exciton 

theory.15 The excitation energy of a dye dimer depends on the 

arrangement of the molecular dipole moments. Face-to-face 

alignment of molecules, and therefore molecular dipoles, yields 

H-aggregates, which are associated with hypsochromic shifts of 

the light-absorption spectra; conversely, J-aggregates are 

obtained for edge-to-edge arrangements of the dipole 

moments. Whether a specific dye forms H- or J-aggregates 

strongly depends on the molecular structure of the dye, and 

parameters of the deposition process. Unfortunately, a 

universal law to reliably predict the formation of H- or J-

aggregates for a given dye does not yet exist. However, dye 

aggregation can be manipulated to some extent via molecular 

engineering methods. These may involve a chemical means to 

reduce molecular planarity of a dye, by adding bulky, 

hydrophobic, or other substituents, or vary the nature and 

position of the dye anchoring group. Alternatively, the dye-

sensitization conditions may be modified via atomic layer 

deposition, or the use of electrolyte additives or co-adsorption 

agents. The judicious selection of dye-sensitization time, 

concentration, and the type of solvent will also impact the 

nature of the dye···TiO2 interface that comprises the working 

electrode.  

Certain types of dye aggregates can even improve the 

performance of DSSCs, and also those of other optoelectronic 

devices that rely on dye molecules, such as water-splitting 

systems, organic solar cells, light-emitting systems, and non-

linear optical devices. While it is not currently possible to 

determine a priori if dye aggregation augments or depletes the 

desired photovoltaic or optoelectronic effect, a better 

understanding of dye aggregates at the molecular level will 

inevitably lead to device improvements in a variety of DSSC and 

optoelectronic media. To this end, increasing the prevalence of 

studies on dye aggregation that engage a much wider remit of 

materials characterization methods will undoubtedly help in 

realizing better options for the molecular engineering of DSSC 

dyes and related optoelectronic phenomena. 
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