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“We are like tenant farmers chopping 

down the fence around our house for 

fuel when we should be using Nature´s 

inexhaustible sources of energy – sun, 

wind and tide… I’d put my money on 

the sun and solar energy. What a source 

of power! I hope we don’t have to wait 

until oil and coal run out before we 

tackle that.” 

Thomas Edison 
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ABSTRACT 

Dye-sensitized solar cells (DSSCs) or Grätzel cells are electrochemical devices in 

where physicochemical properties of different materials are combined to obtain electric 

energy. These photoconversion devices have evolved from a pioneering concept of 

molecular photovoltaics to industrial development with confirmed record efficiencies of 

14.3%. Their efficiency combined with low-cost production methods and a high aesthetic 

interest enables the production of DSSC products for consumer electronics market. The 

strengths of this technology and the fact that its drawbacks are not limiting for this 

application makes consumer electronics and DSSC a perfect match for the development 

of self-powered devices. Some companies have already spot a potential market and are 

currently launching different consumer electronics and other devices with embedded 

DSSC. This thesis provides an overview of the operation principles of DSSC and the 

possible routes to improve the efficiency of these devices to emerge and thrive. 

Additionally, improvements in efficiency, stability and manufacturing needed to be 

addressed in the near future for this technology are discussed and its suitability to 

represent a breakthrough in the market of consumer electronics. An overview of the main 

companies developing DSSC and current prototypes and products is included. 

Key words: DSSC, consumer electronics, efficiency, dye-sensitized solar cells, 

commercialization. 
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 8 Introduction 

1. INTRODUCTION 

1.1. THE ENERGY PROBLEM AND PHOTOVOLTAIC ENERGY 
In 2003, Richard E. Smalley, Nobel Laureate in Chemistry in 1996 [1], gave a series of 

conferences in the USA where the 10 main problems that humanity had to face in the first half of 

the 21st century were raised. On top of the list he described the need for supplying energy to 

society in an economically and efficient way, highlighting this as the key to help solve other basic 

needs of humanity, such as access to fresh water, food and health [2], [3]. 

Nowadays, electric energy is in a difficult situation worldwide, given the consumption 

rapid increase, particularly in industrialized countries [4]. During the last two centuries, fossil 

fuels, such as coal or oil, have been the main energy source (Figure 1), dragging the inherent 

problem of pollution that involves the combustion of carbon-based substances. Additionally, the 

control over fossil fuels resources has been used as geopolitical tool by the main economic powers 

to impose their policies on the rest of the planet.  

 

Figure 1 Global energy consumption in 2019 [5] 
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Carbon dioxide (CO2) is produced during the combustion of fossil fuels. Hydrocarbons of 

4 to 11 carbon atom lengths are common in many combustion engines. When these hydrocarbons 

are burnt, CO2 is created as follows: 

2C8H18+25O2→16CO2+18H2O    (1.1) 

Carbon dioxide is among the greenhouse gases, which include water, methane, nitrous 

oxides and chlorocarbons, that are present in the atmosphere. These gases absorb and emit 

infrared (IR) radiation. The sun radiates photons, in the UV-Vis spectrum, on our planet. This 

radiation is absorbed and re-emitted in IR-photons, which should exit the atmosphere. When the 

concentration of greenhouse gases in the atmosphere is increased, IR-radiation is absorbed by the 

gases and re-emitted back to the Earth, contributing to global warming [6]. Nowadays, there is 

clear evidence of an increased carbon dioxide concentration in the atmosphere [7] and additionally, 

the Intergovernmental Panel on Climate Change (IPCC) has reported CO2 as the primary source 

of climate change and, as a consequence, of global warming [8].  

Anthropogenic activity has caused a strong 

environmental impact. From 1880 to 2012 an increase of 

0.85 ˚C in Earth’s surface temperature has been observed. 

The sea level has increased by 0.19 m in the last 109 years, 

which represents a greater increase when compared to 

what accounts for the previous two millennia. The 

concentrations of greenhouse gases have increased by 40% 

respect to their pre-industrial values, of which the ocean has absorbed about 30%, causing an 

ocean acidification [9].  

In the USA, energy consumption related to electronic devices has doubled since the 1980s 

and is expected to continue growing at a rate that doubles the forecasted growth rate for 

residential electricity end use [10]. This increase is mainly due to home computers and consumer 

electronics, but other devices, such as power tools and portable appliances, add as well. Due to 

technological innovation created to meet consumer demands and a changing lifestyle, the breadth 

of these devices is also continually growing. In 1980, home electronics consumption accounted 

for only 5% of residential electricity consumption. In 2005, electronic products supposed 13%, 

while in 2015 it represented 34% of total electricity consumption (Figure 2). 

Consumer devices represent 

34% of total residential 

electricity consumption in USA 
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Figure 2 U.S. electricity consumed in residential buildings [11] 

The demand and consumption increase of energy and the difficulties that exist to satisfy 

them with the available energy sources and their environmental impact are foreshadowing a 

scenario of a global energy crisis [12]. In this uncertain climate, the scientific community has 

placed high priority in finding cleaner and cheaper energy sources with more equitable access [13]. 

Among the different renewable energies, solar energy takes on special interest due to its virtually 

inexhaustible source of energy, as it has been shown to provide more energy in an hour than the 

current yearly world consumption [14]. 

1.2. SOLAR PHOTOVOLTAICS 
Early uses of solar energy can be documented from the 7th century BC, where a magnifying 

glass was used to concentrate the sun’s rays to make fire and burn ants [15]. A few hundred years 

later, in 3rd century BC, the Greeks and Romans used burning mirrors to light torches for religious 

ceremonies [16]. In 212 BC, the Greek scientist Archimedes used the reflective properties of 

bronze shields to reflect sunlight and burn the wooden ships of the Roman Empire during the siege 

of Syracuse. This story remains as a legend due to the lack of evidence of its occurrence. 

Nevertheless, in 1973, the Greek navy recreated the experiment and managed to set fire to a 

wooden ship more than 50 meters away using this technique [16]. Between the 1st and 4th centuries 

AD, the famous Roman baths were built facing south to absorb the heat from sunlight. In the 6th 

century AD, under the rule of Emperor Justinian, the "sun rights" were established to ensure 

individual access to the sun [17]. 

However, it took a few centuries to discover the photovoltaic effect. This achievement is 

attributed to the French physicist Alexandre-Edmond Becquerel in 1839 [18] [19], who reported 

a current flow between two silver electrodes in an electrolyte medium over exposure to light. 

Almost fifty years later, the American inventor Charles Fritts created the first photovoltaic cell 
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using a selenium semiconductor with a thin layer of gold, achieving an efficiency of 1% [20], based 

on previous studies from W. Smith, W Adams y R. Day [21]. Nevertheless, it was in 1905 when 

Albert Einstein finally brought a theoretical explanation to photoelectricity. In this he described 

the "light quanta", known today as photons [22]. He was awarded the Nobel Prize in Physics in 

1921 for this discovery. 

The breakthrough towards solar cells development occurred in 1954, Bell Lab scientists 

D. Chapin, G. Pearson and C. Fuller were able to develop a silicon photovoltaic cell [23], 

reporting an efficiency of 6%, and involving the discovery of a way to prepare positively (p) and 

negatively (n) doped silicon. During the 50s and 60s, an interest in photoelectrochemical 

conversion (PEC) of solar energy was born due to the strong energy crisis experienced [24] and 

to the foray of the photovoltaic energy in the space race, beginning the modern era of the 

photovoltaic solar technology. In fact, thanks to the obsession to conquer space and the Cold War, 

solar cells received special attention. First satellites and spacecraft failed due to problems with 

energy storage, for which solar cells were outlined as a good solution. In 1958, USA launched the 

Vanguard, the first satellite powered by photovoltaics (PV), and which opened the era of PV use 

for space applications, this last one currently ongoing with Opportunity robots on Mars. From 

the launch of Vanguard, the use of solar energy has expanded drastically, going from just sidereal 

space to now even being available at homes and businesses. Compellingly enough, the cost of solar 

panels has dropped an average of 10% annually since the 1980s [25].  

The development of solar technology has been constant. It has flourished a diversification 

in matrices and shapes, reaching a record efficiency at laboratory scale of 47.1% (S1. Best Research-

Cell Efficiencies) [26]. Different types of photovoltaics have been created since, which can be 

grouped into different generations depending on their characteristics: 

First generation 

The solar cells of this generation are made of silicon wafers. They are characterized by 

their high efficiency, high cost and difficult manufacturing. They are based on pure silicon, either 

in crystalline (Si-c) or polycrystalline (Si-p) form which, using the doping technique, can be used 

as n type (higher concentration and conductivity 𝑏𝑒 of electrons) and type p (higher concentration 

and conductivity 𝑏ℎ of holes). The structure is based on a p-n homojunction where n-type Si is 

brought in contact with p-type Si, where the driving forces carry electrons and holes to the cathode 

and anode of the cell, respectively [27]. 

Second generation 

This generation’s cells present a lower efficiency, lower manufacturing cost and the use 

of materials in the form of films, implying an amorphous structure. The decrease in efficiency 

comes as consequence of the amorphous structure that, compared to crystalline materials, favors 

the recombination process and complicates the charge transport mechanisms within the material. 

Cells from this group are based on amorphous silicon (Si-a), CIGS (𝐶𝑢𝐼𝑛(1−𝑧)𝐺𝑎𝑥𝑆𝑒2) and 
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cadmium tellurium (CdTe). Despite the cost decrease, its manufacturing process produces toxic 

and environmentally unfriendly by-products [28]. 

Third generation 

Third generation solar cells are characterized by lowering manufacturing costs. These cells 

are based on gallium arsenide (GaAs), quantum dots (QDSC), dye-sensitized (DSSC), organic 

solar cells (OSC) and multi-junction solar cells. For OSC, organic materials are introduced in the 

cell structure, improving radiation absorption while facilitating device manufacturing. Thus, the 

cell can be built based on acceptor and donor materials, equivalent to n-type and p-type, 

respectively. However, the physicochemical processes that occur are equivalent to those seen in 

inorganic devices, accompanied by the side effects that decrease their efficiency [29]. 

Fourth generation 

Solar cells belonging to fourth generation are characterized by low costs and high efficiency. 

These cells are based in organic-inorganic and organometallic hybrid cells (perovskite). 

Perovskites exhibit high capacity for light absorption and favorable electronic properties (low 

exciton energy and long diffusion lengths). In less than a decade perovskite cells have increased 

their efficiency from 3.8% to 22.7%. However, they still present big disadvantages such as an 

instability under operating conditions and certain environmental factors [30]. 

Third and fourth generation solar cells can exceed the Shockley-Queisser limit. This limit 

is the maximum theoretical efficiency that solar cells built on a p-n junction principle can achieve. 

It was calculated by William Shockley and Hans Queisser in 1961 [31] and it is based on the 

processes limiting the efficiency of the cell. The decrease in manufacturing costs due to the use of 

cheap materials such as nanomaterials, the absence of toxic elements in their structure and the 

ease and cheap processes involved, have highlighted the attractiveness of these cells. 

Dye-sensitized solar cells (DSSCs) have emerged as one of the main representatives of the 

new generation of photovoltaic technology for solar-to-electric energy conversion  [32], [33]. This 

thesis has focused on dye-sensitized solar cells, which have recently gathered new attention due 

to the launch of consumer electronics products with integrated DSSC [34], [35].  

Although historically the first approaches that were made to the photovoltaic effect with 

contributions by dye sensitization date back to 19th century [36], dye-sensitized solar cells were 

born in 1991 by the hand of Michael Grätzel, a Swiss chemist who, together with Bryan O’Reagan, 

developed the first inorganic semiconductor photovoltaic device [33]. Their inspiration came from 

photosynthesis mechanisms carried out by plants and some types of organisms, such as 

cyanobacteria, where solar energy is transformed into chemical energy. Unlike conventional cells, 

in these new devices the absorption and transport of charge is carried out separately [37]. DSSCs 

can be flexible, present a variety of colors (depending on the dye used), work under ambient light 

and are easy to manufacture with a low cost [38]. Nonetheless, silicon-based cells efficiency levels 
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have not yet been reached [26]. What are these devices, how do they work and why are we betting 

on them at this moment? 

1.3. AIM OF THE STUDY 
The excessive use of fossil fuels to obtain energy has contributed to an acceleration of the 

deterioration of the environment due to greenhouse gases produced during combustion. In this 

context, compounds such as CO2 and SO2 contribute to an increase in Earth's temperature, 

leading to environmental problems, such as ice melting of the poles or desertification. The 

solution to the problems of this magnitude depends on future decisions regarding anthropogenic 

activities that compete energy obtainment. 

In this sense, in the last decades bountiful research has been carried out worldwide to find 

environmental-friendly and economically viable means for obtaining energy from inexhaustible or 

sustainable natural resources. Renewable energy sources such as geothermal and tidal wave are 

promising. Among them, solar energy stands out, as a virtually inexhaustible source (or at least, 

for the next 5000 million years). 

Photovoltaic devices capable of translating solar energy into electrical energy have been 

developed and currently have a great area of opportunity for their further progress 

implementation. In this area, dye-sensitized solar cells, commonly called Grätzel type, are 

proposed as a viable alternative to cover part of the energy needs. 

The purpose of this literature review is to gain an understanding of the existing state-of-

the-art of DSSC relevant to the use of these solar cells as a groundbreaking technology and to 

present that knowledge in the form of this master thesis. 
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2. METHODOLOGY 

 A scientific article is born from the need to find relevant information that helps the 

developing of research projects that are being carried out. A literature review is defined as a way 

of evaluating and interpreting available research, relevant to a particular research question, in a 

subject area or phenomenon of interest [39]. The method by Kitchenham proposes three 

fundamental stages: (i) planning of the review, (ii) development of the review and (iii) publication 

of results, which, consecutively, are divided into other stages that deepen how they are developed. 

The methodology for developing this master thesis, in the form of a literature review, followed 

the subsequent steps detailed in this chapter. 

2.1. STAGE 1: PLANNING THE REVIEW 
The specific purpose of this stage was to define the most important parameters to consider 

during the literature review. The reasoning for this review development (research questions), the 

procedure to carry out the literature search and review were established.  

Identification of the need 

The need for a review arises from the requirement of a researcher to answer certain 

research questions with the existing information on the subject in the literature. The recent 

interest in DSSCs is due to the market launch of different products with Grätzel cells integrated 

has motivated this thesis and the need to address the following questions:  

 Research question 1: What is the current state-of-the-art of DSSCs photovoltaic 

parameters? 

 Research question 2:  Do DSSCs represent the future of consumer electronics? 

 Setting a search protocol 

In this sub-stage, the procedure to follow regarding searching the necessary information 

to answer the research questions was stablished. Internet plays a major role in the accessibility to 

scientific literature, which is why it is necessary to use web search engines, correct terms and 

adequate criteria to access only reliable information.  

For developing this literature review, only search engines scientific-oriented have been 

used, mentioned in Table 1. All engines chosen provide access to multiple databases for different 

academic disciplines indexing only scholarly literature. This search engines ensure that, during a 

search, the first entries correspond to quality peer-reviewed online academic journals, books, 

conference papers, etc. Usually these engines put high weight on citation counts, so there is a 

“Matthew effect” on the first results displayed. Therefore, it is important not to check only the 

first entries obtained.  
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Tabla 1 Search protocol used 

Search engines and 
databases 

Web of Science (WoS), Google Scholar, Scopus, Springer, 
PubMed, ScienceDirect, ACM, IEEExplore 

Terms (in alphabetical 
order) 

absorption; commercialization; conversion; counter electrode; 
device; DSSCs; dye; dye-sensitized solar cells; efficiency, 
electrolyte; energy, Grätzel; industrialization; inorganic; kinetics; 
lifetime; light; long term stability; manufacturing; materials; 
oxidation; oxide; photoelectrochemistry; photons; 
photosensitizer; photovoltaics; platinum; p-n junction; principles; 
prototype; redox couple; reduction; ruthenium; semiconductor; 
sensitizer; solar; solid-state; technology; working electrode; 

Combinations 
Use of possible significant combinations between the terms that 
were identified individually. 

Search strategies 

In search engines: Scaled entry of terms and/or combinations 
of them. 
On the Internet: Access to articles and webpages to extend 
information that it was not possible to find on the set search 
motors. 
Authors: Identification of relevant authors and access to their 
publications: M. Grätzel, A. Hagfeldt, S-E. Linqvist, J. Wu. 
In journals: Detection of useful bibliographic references and 
based on them, search for the cited document. 

Record of results Record of search results in tables 

 

Setting a review protocol 

The review protocol specifies the methods that were used to undertake the review. This 

protocol is predefined to avoid researcher’s bias. The goal is to prevent, as far as possible, that the 

selection of studies can be guided by the expectations of the researcher. 

At this stage, the review of the studies found that could potentially be included in the 

review was performed. The inclusion and exclusion criteria used and the data extraction strategy 

were defined. 
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Table 2 Inclusion and exclusion criteria 

Inclusion criteria Exclusion criteria 

IC1: The articles are mainly focused on DSSCs 
AND 

IC2: The methodology is detailed and possible 
to reproduce AND 

IC3: The information contained is referenced 
or contains the corresponding data AND 

IC4: The papers are written in English 
(originally or a translation is available) AND 

IC5: The papers are published in a peer-
reviewed workshop / conference / journal / 
technical report 

EC1: The papers do not propose a viable 
solution OR 

EC2: The information is not clear, detailed or 
referenced OR 

EC3: The papers are not written in English 
(originally or a translation is not available) OR 

EC4: The papers are not published in a peer-
reviewed 
workshop/conference/journal/technical 
report 

 

Data extraction strategy consisted of reading each paper in order to gather the relevant 

data. This process was divided into two stages. Stage 1 consisted of reading the title, abstract and 

conclusions of the articles to earn an initial idea of the usefulness of the article, main contributions 

according to the authors and possible consequences. Stage 2 consisted of reading the full text, 

which made it possible to include in detail the information necessary for this review, as well as to 

understand the research carried out for each publication. 

2.2. STAGE 2: REVIEW DEVELOPMENT 
In this stage, the review itself was executed according to the planning established in the 

previous stage. In spite of, being a flexible process, changes were introduced to improve its 

performance, such as the amplification of the search terms, the reading of articles that are going 

to be excluded from the review but could be of interest, company webpages related to the sector, 

etc.  
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Table 3 Review development protocol 

Journal search 
The search for studies was realized based on the search protocol 
defined above. 

Studies selection 
The selection of the studies performed following the defined 
review protocol. This process was guided by the inclusion and 
exclusion criteria. 

Data extraction 

In this sub-stage, the information of interest was extracted from 
the selected studies in the form of summaries, ideas and 
annotations. Information regarding the bibliography was 
recorded. 

 

2.3. STAGE 3: PUBLICATION OF THE RESULTS 
This stage corresponded to the utilization of the compiled information and the knowledge 

acquired for writing this master thesis.  
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3. DYE-SENSITIZED SOLAR CELLS 

(DSSCS) 

3.1. PHOTOELECTROCHEMICAL CELLS 
Photovoltaic solar cells are based on the concept of charge separation at an interface 

between two semiconductor materials. When photons hit the photovoltaic cell, they are absorbed, 

reflected or transmitted. Absorbed photons are responsible for the photovoltaic process that 

occurs in the device. In a PV cell, the material in charge of absorbing these photons is a p-type 

semiconductor and, subsequently, the excited electrons of the material are transferred to a second 

semiconductor, n-type, as shown in Figure 3.  

 

Figure 3 Band diagram of a solar cell (modification from [40]) 

The absorbed photons promote the electrons from the valence band (VB) to the 

conduction band (CB) of the p-type semiconductor; afterwards, these are transferred to the n-

type semiconductor to be incorporated into a circuit, hence producing electrical energy. The 

difference in potentials at the p-n junction ensures that these electrons can move only in one 

direction. In Figure 4 a diagram of a common solar cell is represented. From top to bottom, a cell 
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is typically composed of an encapsulant, either glass or any material that separates the cell's 

components from the outside; it is coated with an antireflection layer, for avoiding the scattering 

of the incident sunlight and maximize the absorption. The next layer is a front contact grid, which 

is a metallic conductor that acts as an electron collector. Then, the n-type semiconductor and later 

the p-type semiconductor, both commonly doped silicon or other material are placed. Finally, 

there is a back contact, which is a metal that covers the back surface of the cell. 

 

Figure 4 Common structure of a photovoltaic cell [41]  

Photoelectrochemical cells differ from the previously described cell by using a redox 

process to transform light into electricity. This process determines the electrical potential of the 

cell [42]. Within this group, mainly representing third and fourth generation solar cells, dye-

sensitized solar cells made their appearance in the early 1970s, where at the University of 

California in Berkeley, a chlorophyll-sensitized zinc oxide (ZnO) electrode was prepared [43]. 

Unluckily, the efficiency of these DSSCs was very poor. It is only in 1991 that Michael Grätzel 

and Brian O'Regan, by using a nanoporous titanium dioxide electrode, increased the efficiency to 

7% [33]. This event is considered as the birth of DSSC technology. Hence, a new opportunity 

emerged to improve this type of solar cells, whose structure and operating principles are 

developed below.  

3.2. ARCHITECTURE OF A DSSC 
Schematically, a DSSC consists of a photoanode or working electrode (WE), a counter 

electrode (CE) a sensitizer (dye) and a redox mediator (electrolyte) [44] (sometimes replaced by 

a solid hole transporting material (HTM)). [45]–[49].  

Transparent and conductive substrate 

DSSCs are usually composed of two sheets of a transparent and conductive material. These 

sheets act as a substrate for the deposition of the semiconductor and the catalyst, but they also act 

as current collectors [50]. A good substrate for the construction of a DSSC has to present a high 
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degree of transparency, of at least 80%, in order to allow the passage of sunlight. At the same 

time, it must be considered that an efficient charge transfer and minimal energy losses are sought, 

therefore the substrate must have a high electrical conductivity. Some of the most used substrates 

are the fluorine-doped tin oxide (FTO, SnO2:F) and indium-doped tin oxide (ITO, In2O3:Sn). 

These substrates consist of a glass (usually soda lime glass) that is coated with the compounds 

mentioned above. FTO films present a transmittance around 75% in the visible region, while ITO 

films show a higher transmittance over 80%. On the other hand, FTO sheet resistance is 8.5 

Ω cm2⁄  while ITO films sheet resistance is 18 Ω cm2⁄  [50]. 

Working electrode 

The working electrode (WE) is prepare by depositing on the substrates previously 

mentioned a thin layer of a semiconductor oxide, such as TiO2, ZnO, SnO2 (n-type), Nb2O5 and 

NiO (p-type) [51], [52]. These oxides present a wide energy band gap. The most used oxide is 

TiO2 due to its non-toxicity, low cost and easy availability. Nonetheless, these semiconductors 

absorb only a small fraction of light, so, to optimize their performance, they are coated or 

immersed in a sensitizer. This dye is adsorbed on the surface of the TiO2, forming covalent bonds. 

Due to the roughness of the WE layer and a high porosity structure, a large number of dye 

molecules bind to the nanocrystalline surface of TiO2, increasing light absorption significantly. 

Sensitizer 

Dye, sensitizer or photosensitizer is the component responsible for the absorption of the 

incident light on the cell. Any material can act as dye, but, for an optimal performance, it must 

have the following characteristics: 

- It should be luminescence in order to emit the light previously absorbed. 

- The absorption spectrum of the dye must cover the ultraviolet-visible (UV-Vis) and 

the near-infrared (NIR) in order to absorb as much light as possible. 

- The highest occupied molecular orbital (HOMO) must be far from the conduction 

band of the WE oxide, while the lowest unoccupied molecular orbital (LUMO) must 

be as close as possible to the surface of the WE, and therefore must be higher respect 

to the WE conduction band potential. This increases the electronic transfer. 

- HOMO should be lower than the one corresponding to the redox electrolytes. 

- The dye must be hydrophobic. Otherwise, a distortion induced by the presence of 

water may appear, which would reduce the stability of the cell. 

A common problem is the aggregation of dye molecules on the surface of the WE oxide. 

For avoiding this to happen, anchoring groups such as alkoxy-silyl [53], carboxylic acid group  [54] 

or co-absorbents such as chenodeoxycholic acid (CDCA) [55] are introduced between the dye 

molecule and WE. Preventing aggregation has an impact on limiting the recombination reaction 

[55], and creates more stable bonds. 
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Electrolyte 

The electrolyte is mainly composed of a redox couple (such as I-/I3
- , Br-/Br2

-  [56], 

SNC-/SCN2 [57] or CO(II)/Co(III) [58]), a solvent or ionic liquid, additives and cations. A good 

electrolyte should have the following properties: 

- The redox couple must be able to regenerate the oxidized dye. 

- It must show a good stability, both chemical, thermal and electrochemical. 

- The solvent or the different components of the electrolyte must not corrode the other 

components of the DSSC. In the case of I-/I3
-  it has been proven to have a high 

efficiency [59], but it presents important limitations since it corrodes the glass. 

Furthermore, it is highly volatile and responsible for photodegradation and dye 

desorption, affecting the long-term stability of the cell [60], [61]. 

- The absorption spectrum of the electrolyte must not overlap with the absorption 

spectrum of the dye. 

The choice of an optimal electrolyte will ensure a good contact between the WE and CE, 

allow a good diffusion of charge carriers and enhance conductivity. 

Counter Electrode (CE) 

The counter electrodes are mainly prepared with platinum (Pt) or carbon (C). The 

function of the CE is to act as a catalyst in the reduction of the redox couple. Despite the fact that 

platinum-composed CEs show high efficiencies  [47], they present a problem since Pt is expensive 

and scarce. Various alternatives have been developed with carbon, carbonylsulfide and alloy CEs 

among others, which have been discussed in a review by Wu et al. [62]. 

3.3. WORKING PRINCIPLE OF A DSSC 
The working principle of a dye-sensitized solar cell is based on four steps: light absorption, 

electron injection, transportation of carrier and collection of current [63]. Mainly, a DSSC device 

generates electrical energy from incident solar radiation without a permanent chemical 

transformation [64].  

DSSCs’ kinetics, where electron-hole charges movement is studied through the different 

not-well defined interfaces is broad and complex. Figure 5 outlines kinetic mechanisms involved 

in this type of cells. 
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Figure 5 Diagram of the operation of a DSSC. The processes that take place are (a) photo-excitation, (b) injection, 

(c) transport, (d) conduction, (e) diffusion and (f) regeneration (modified from [65]). 

The operating principle is based on interfacial electron transfer processes. When incident 

radiation hits the photoelectrode, a photon (hv) is absorbed by the sensitizer or dye (S) and 

anchored on the semiconductor, which changes to its excited state (S*) (equation 3.1): 

𝑆 (𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑎𝑡 𝑇𝑖𝑂2) + ℎ𝑣 → 𝑆∗(𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑎𝑡 𝑇𝑖𝑂2)   (3.1) 

From the dye’s excited state (S*), an electron is discharged or injected in the available 

states of conduction band (CB) of TiO2 and, consecutively, convert itself into S+ oxidative species 

(equation 3.2): 

𝑆∗(𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑎𝑡 𝑇𝑖𝑂2) → 𝑆+(𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑎𝑡 𝑇𝑖𝑂2) + 𝑒− (𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑎𝑡 𝑎𝑡 𝑇𝑖𝑂2) (3.2) 

Afterwards, electrons transfer into the TCO layer with the help of the porous 

semiconductor interconnected network of TiO2 nanoparticles. Once in the TCO layer, the 

electrons travel to the counter electrode (CE) via the external circuit. This transported electron 

diffuses into the electrolyte and 𝐼3
− is reduced to 𝐼− (equation 3.3). Once 𝐼− is generated, the 

process of dye regeneration takes place as indicated in equation 3.4, where the previously S+ 

oxidative species react with the produced 𝐼− to generate a non-excited dye and 𝐼3
− again, closing 

the current cycle: 

𝐼3
− + 2𝑒−(𝑐𝑎𝑡ℎ𝑜𝑑𝑒) → 3𝐼−(𝑐𝑎𝑡ℎ𝑜𝑑𝑒)     (3.3) 
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2𝑆+(𝑎𝑡 𝑇𝑖𝑂2) + 3𝐼− → 2𝑆(𝑎𝑡 𝑇𝑖𝑂2) + 𝐼3
−    (3.4) 

During this process, unwanted side effects occur that result in a loss of efficiency, called 

recombination processes The electrons injected into the CB of TiO2 can be transferred to the 

oxidized dye (equation 3.5) or to 𝐼3
− ions, which are close to the surface of the semiconductor 

(equation 3.6) [48]: 

𝑆+(𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑎𝑡 𝑇𝑖𝑂2) + 𝑒−(𝑇𝑖𝑂2) → 𝑆(𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑎𝑡 𝑎𝑡 𝑇𝑖𝑂2)  (3.5) 

𝐼3
− + 2𝑒−(𝑇𝑖𝑂2)  → 3𝐼−(𝑎𝑛𝑜𝑑𝑒)    (3.6) 

Although the mechanism of the reduction of dye cations are still under debate, equation 

3.4 appears to occur by the sequential reactions [66], [67]:  

𝐼− + 𝑆+ → [𝐼−: 𝑆+]      (3.7) 

[𝐼−: 𝑆+] + 𝐼− → 𝐼2
− + 𝑆     (3.8) 

where equation 3.7 is fast while 3.8 is limiting. After this point, the mechanism is quite unclear 

and different paths are considered. According to equation 3.8, the regeneration reactions is 

dependent on the interaction of a second iodide ion (𝐼−) with a [𝐼−: 𝑆+] complex [66]. But for 

this reaction to happen, it is needed that the dye presents a thiocyanate (SCN) ligand. When this 

ligand is not present, the intermediate complex is unknown. The interaction with the second 

iodide leads to a dissociation of diiodide, 𝐼2
−, from the dye molecule. Afterwards, this diiodide 

radicals disproportionate, forming iodide and triiodide (equation 3.9) [67]: 

2𝐼2
− → 𝐼− + 𝐼3

−      (3.9) 

The driving force is the potential difference between the quasi-Fermi level, when hit by 

sunlight, and the redox potential of the redox couple in the electrolyte. For obtaining good 

efficiencies it is necessary that the injection (equation 3.2) and regeneration (equation 3.4) 

processes (forward reactions) are kinetically favored with respect to the recombination processes 

(back-reactions). In Figure 6 the different processes and time scales are represented. The DSSC 

concept works as the photoelectron recombination is slower than the dye regeneration. 

 

Figure 6 Time scale of the different processes in a DSSC 
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Another key process in the functioning mechanism of DSSCs is the absorption of light by 

the sensitizer. When the dye absorbs sunlight, an electron is excited from the level of the highest 

occupied molecular orbital (HOMO) to the level of the lowest unoccupied molecular orbital 

(LUMO). An important point to consider is the relative position between these orbitals of the dye 

and energy bands of the semiconductor, to ensure electronic transfer [47]. 

3.4. THERMODYNAMICS OF DSSCS 
In DSSCs, charge transport is carried out primarily by diffusion, promoted by 

concentration gradients generated in charge separation processes. Thermodynamically speaking, 

in DSSC the charge separation is performed by the difference in redox potentials of the species 

present at the reaction interfaces (TiO2/dye/electrolyte). Hence, for favoring the donation of a 

photogenerated electron from dye’s LUMO to titanium dioxide, it must present a potential more 

negative than the corresponding to the potential of the TiO2 conduction band. Likewise, the 

HOMO level of the dye must be positioned at positive potentials with respect to the potential of 

the electrolyte (3I-/I3
- ) [68], [69]. 

Another thermodynamic parameter is the power of the cells. The power is not only related 

to the charge separation process, but also to the photovoltage generated, which is the difference 

in energy between the two electrodes. Therefore, DSSC maximum power is given by the 

difference between the redox potential of the electrolyte and the Fermi level of the TiO2 [70]. 

Additionally, the cell current is determined by the energy gap between HOMO and 

LUMO of the dye. Cells are considering efficient and market competitive if at least 20 mA/cm2 

are obtained when irradiated with 1000 W/m2 at 25 ˚C [41].  

3.5. DSSC PHOTOVOLTAIC PARAMETERS 
The current development of DSSCs has allowed these cells to be compared with each other 

through different parameters that standardize the working conditions and reflect the performance 

of the devices.  

Conversion efficiency 

The energy conversion efficiency of a solar cell is an important parameter in the 

characterization of a cell. This is defined as the percentage of power converted (from absorbed 

light into electrical energy) and collected when a solar cell is connected to an electrical circuit. 

The overall solar conversion efficiency of DSSC, 𝜂, is determined by the short-circuit current 

density, 𝐽𝑠𝑐, the open-circuit photovoltage, 𝑉𝑜𝑐, and the cell fill factor, 𝐹𝐹, according to the total 

solar power incident on the cell, 𝑃𝑖𝑛, 100 mW/cm2 for air mass (AM) 1.5. It is given by the 

expression:  
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𝜂 =
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
=

𝐽𝑠𝑐 ∙ 𝑉𝑜𝑐 ∙ 𝐹𝐹

𝑃𝑖𝑛
      (3.7) 

Open-circuit voltage, 𝑽𝒐𝒄 

The open circuit voltage, 𝑉𝑜𝑐, is the maximum voltage available from a solar cell when the 

current is zero. 

Short-circuit current, 𝑰𝒔𝒄 

The short circuit current, 𝐼𝑠𝑐, is the maximum current in a solar cell and occurs when the 

voltage across the device is zero. To avoid dependence on the area of the solar cell, it is more 

common to speak of the short circuit current density, 𝐽𝑠𝑐. In an ideal solar cell, the short circuit 

current density and the current density generated by light are identical. Actually, the current 

density is directly dependent on the intensity of sunlight, and depends on the absorption and 

reflection properties of the cell. 

Fill factor, 𝑭𝑭 

Previously defined parameters are respectively the maximum voltage and the maximum 

current of a solar cell. Yet, for both operating points, the power of the solar cell is zero. Fill factor 

is defined as the ratio of the maximum power exhibit by the solar cell, 𝑃𝑚𝑎𝑥, to the product of 

𝑉𝑜𝑐 and 𝐽𝑠𝑐. The typical FF values are between 0.4 and 0.80. With little room for improvement 

it does not represent an interesting parameter to further research. However, it must be clarified 

that the FF is affected by the total series resistance of the cell, which include the sheet resistance 

of the substrate and counter electrode, electron transport resistance through the working 

electrode, ion transport resistance and the charge-transfer resistance at the counter electrode. 

I-V curve 

I-V is the abbreviation for current-voltage characteristics and it is used to represent the 

operation of a solar cell (Figure 7). As previously described, when the cell is not connected there 

is an open circuit voltage, and when the cell is short circuited, there is a short-circuit current. For 

an increase in voltage from 0 to 𝑉𝑜𝑐, the current is almost constant up to a maximum voltage 𝑉𝑚𝑎𝑥, 

and thereafter it decreases rapidly. Since 𝑃 = 𝑉 ∙ 𝐼, at any point the power can be calculated, as 

shown in the curve. 
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Figure 7 I-V curve used to evaluate cells performance (modified from [63]) 

3.6. THE ROAD TO SUCCESS 
Using a standardized light source at AM 1.5 conditions, current densities of up to 22.00 

mA/cm2 [71], 𝑉𝑜𝑐 of 1.42 V [72] and 𝐹𝐹 of 0.79 [73] have been achieved to date. In 2015, the 

record cell efficiency for these devices was established. This record cell was prepared using a 

alkoxysilyl-anchor dye, coded as ADEKA-1 and a carboxy-anchor organic dye, coded as LEG4, 

combined with a cobalt (II/III) redox shuttle, and a combination of gold and graphene 

nanoplatelets as counter electrode. It managed to reach an efficiency of 14.3 % and its photovoltaic 

parameters were and 𝐽𝑠𝑐  of 18.36 mA/cm2, 𝑉𝑜𝑐 of 1.013 V and 𝐹𝐹 of 0.770 [74]. Nevertheless, 

in other literature sources it is considered that the record cell was built in 2019, prepared using a 

two triazatruxene (TAT)-based dye, coded as ZL003, using a classical platinum as counter 

electrode. It managed to reach an efficiency of 13.6% and its photovoltaic parameters were and 

𝐽𝑠𝑐 of 20.73 mA/cm2, 𝑉𝑜𝑐 of 0.956 V and 𝐹𝐹 of 0.685  [75]. 

A few months ago, several researchers have published a review in tribute to Michael 

Grätzel's 76th birthday, which summarizes all the relevant advances in the field of DSSC and its 

photovoltaic parameters (S3. Photovoltaic parameters in the development of DSSCs) [76]. 

Based on current results, research groups worldwide aim to improve on the numbers 

already achieved to increase efficiency. To increase the 𝐽𝑠𝑐, the most straightforward way is to 

absorb a greater fraction of the incident light, the dye being the key component for success. In 

ruthenium-based dyes, the bandgap is around 1.8 eV, which translates into an absorbance close to 

700 nm [77]. Therefore, for increasing the photocurrent density it is necessary to reduce the dye’s 

optical gap, therefore the energy required to achieve the excitation of the dye would be lower, 

absorbing at wavelengths closer to the infrared. For narrowing the optical gap, it is possible either 
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to lower the energy of the LUMO or to increase the energy of the HOMO. For the dye ZL003 

used in the cell with record efficiency, the bandgap is reported to be 1.89 eV [78]. 

Another strategy with an impact on efficiency is to increase the 𝑉𝑜𝑐  that results from the 

difference between the Nernstian potential of the electrolyte and the semiconductor's quasi-Fermi 

level. At open circuit, the rates of electron injection and recombination become the same, thus 

making the position of their steady-state determined by the concentration of electrons in the 

semiconductor. Accordingly, the means for increasing the 𝑉𝑜𝑐 consist of increasing the speed of 

electron injection (𝐽𝑠𝑐) or decreasing the speed of recombination. Yet, the injection speed does 

not represent an interesting improvement opportunity, given that the current best cells already 

inject at, basically, the maximum rate. Hence, the alternative lies in inhibiting the rate of 

recombination, making its potential more positive [79]. 

The second alternative for increasing 𝑉𝑜𝑐  is given by the electrolyte. The dye+/0 potential 

differs from the 𝐼−/𝐼3
− potential by approximately 550 mV [79]. Ergo, there is considerable room 

for improvement by using other redox couples with more positive potentials. 

Comprising the components that integrate a DSSC, the sensitizer, the redox mediator, the 

photoanode and the counter electrode are distinguished. Yet it is possible to modify the four 

mentioned components, present research lines focus their efforts mainly on electrolyte and 

sensitizers, where a wide literature on these topics has already been written [32], [45], [47], [48], 

[68], [76], [79]–[82]. 
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4. COMMERCIALIZATION OF DYE-

SENSITIZED SOLAR CELLS 

Recently, DSSCs have evolved from being unknown to the general public to emerging as 

the new technology to tackle the problem of electricity consumption in small devices. DSSCs 

show notable advantages over other types of cells, such as easy manufacturing, lower cost, and 

compatibility with flexible substrates. But from an industrial point of view, the issues of the so-

called “Golden Triangle” [83] are cause of concern, namely the low photoelectric conversion 

efficiency, long term stability and the need to reduce the production costs [81], [84]. In Table 4 

the last reported efficiencies can be found: 

Table 4 Highest reported efficiency for different types of third and fourth generation solar cells 

Cell type Efficiency (%) 

Organic solar cells 18.2 [85] 
Quantum dots solar cells 18.1 [86] 
Dye-sensitized solar cells 14.3 [74] 
Perovskite solar cells 25.6 [87] 

 

Currently, silicon is the most studied and used doped material for the production of solar 

cells. The highest efficiency of these devices is based on monocrystalline silicon, which produces 

a maximum efficiency of 40%. Withal, this type of cell requires extremely pure materials for its 

manufacturing and laborious encapsulation techniques, which increases the cost per kW generated. 

Lower cost alternatives have been made using polycrystalline silicon or amorphous silicon as 

semiconductor material, producing efficiencies of 20% and 13% respectively. 

Based on Shockley-Queisser limit theory [31], the maximum theoretical efficiency that is 

possible to achieve in a DSSC is estimated to be around 32% [88] but, nevertheless, in practice it 

has not been possible to obtain more than 14,3% [74]. As stated in the previous chapter, numerous 

efforts to improve efficiency have focused on the development of the electrolyte redox couple 

[82], increase the wide band gap in the WE [89], further development of the CE [90] and dye 

absorbance [91]. 

4.1. ESTABLISHMENT OF DSSC IN PV MARKET 
 The field of research opened by Grätzel and O’Reagan 30 years ago has led to the 

development of a wide variety of materials suitable for DSSCs, as described in various reviews 

[38], [45], [48], [70], [79], [92], [93]. Concurrently that these materials have been developed, 

different cell architectures, manufacturing processes and characterization methods specifically 

designed for DSSCs have been defined. All these advances and efforts are quantified with an 

increasing registration of patents in the area of DSSCs [94]. Currently, several companies have 
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focused their activity on the development of prototypes and DSSC products, both glass and 

flexible substrate-based, using a wide variety of materials and production line set-ups [95]–[104]. 

In addition, since DSSCs are very different from other photovoltaic devices, this has allowed 

companies not specialized in the sector or belonging to the chemical sector, to enter the market. 

Among the potential market areas, the first promising application has been consumer 

electronic devices (solar bags, headphones, decorative solar lamps, chargers, etc.). In recent years, 

several companies have launched devices that are still emerging as niche products due to their low 

performance compared to other solar technologies. On the other hand, other companies have 

reached a product launch phase with integrated DSSCs in different devices. 

Nevertheless, DSSCs have advanced from a research stage (where, for example, other 

types of cells are still found, such as organic or quantum-dot solar cells) and are on the way 

approaching the thin film PV market after good results obtained in the laboratory. In a market 

that for several years has been dominated by traditional silicon-based solar cells, DSSCs can 

compete in terms of stability for non-standard conditions of temperature, irradiation and solar 

incident angle. In the normal operating temperature range of 25-65 ˚C, the efficiency of DSSCs 

is almost independent of temperature. For this same range, the efficiency of Si solar cells declines 

by 20%. In diffuse light or in unfavorable light conditions, DSSCs show even better efficiency than 

polycrystalline silicon solar cells. Also, the performance is less sensitive to the angle of inclination 

of solar radiation. Furthermore, in economic terms, the manufacturing of the cells with low-cost 

processes is possible, likewise, the materials used are abundant and cheap (and those that were 

not, such as Pt, have been substituted). However, DSSCs major strength is based on terms of 

esthetic possibilities, since it is possible to use flexible and lightweight substrates that allow the 

integration of cells into architectural elements to the aforementioned consumer devices. In turn, 

it is possible to manufacture a range from opaque to semi-transparent and multi-colored cells by 

changing the sensitizer depending on the end-use.  

From an economic perspective, there is a general consensus that the price per peak Watt 

for a DSSC module has to be $0.6 for being competitive [70]. This calculation is based on the fact 

that, being less efficient than other modules, it will need a balance of system (BOS, such as support 

materials, cables, batteries, etc.), which increases installation costs (Figure 8). 
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Figure 8 Performance and price range of different PV technologies 

Any solar technology that intends to enter the market has to be approached from a more 

global point of view. In the period 2009-2011 there was an exploding growth in the market despite 

the fact that the world was in an economic recession. Today, the situation is the opposite, the PV 

field has begun to suffer economic cuts by the governments (feed-in-tariffs, tax incentives, 

subsidies) that have been supporting the market during this time. Yet, for the market of consumer 

devices, it is possible that these measures have no impact since it is not a market that depends on 

subsidies, and therefore the development of DSSCs could enter firmly in the PV market. [105].  

4.2. CURRENT LIMITATIONS  
Long term stability 

Long term stability of DSSCs represents one of the main concerns. Previous research 

shows that DSSCs could last up to over 20000 h without showing apparent degradation [106]–

[108]. Withal, the specific degradation mechanisms [55] that occur in the cell can limit its lifetime, 

i.e. Pt counter electrode corrosion by the redox couple, liquid electrolyte leakage, electrolyte 

bleaching and dye desorption are some of the key factors [109], [110]. 

Stability can be divided into internal and external stability factors [111]. Internal factors 

are inherent to cell structure and composition. External factors refer to the stress that a solar cell 
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experiences due to thermal and light soaking, which can cause electrolyte degradation. In the case 

of the redox couple 𝐼−/𝐼3
−, the most common degradation is produced by the loss of 𝐼3

−, known 

as bleaching due to the loss of yellow color to a transparent liquid [59]. This phenomenon is linked 

to the exposure of the cell to ultraviolet (UV) radiation and high temperatures (T> 50 ˚C) [112]. 

Other mechanisms such as sublimation of electrolyte due to a poor sealing or impurities (OH 

radicals, water, hydroxyl groups) have also an impact [113]. 

A good combination with the redox couple 𝐼−/𝐼3
− is the use of Pt in the counter electrode 

for its great electrocatalytic ability [114]. Still, platinum presents stability issues, such as a loss in 

its electrocatalytic properties and chemical dissolution in the electrolyte [115], with the 

corresponding negative impact on the cell performance. 

Moisture also have a negative impact on the cell stability. DSSCs are normally assembled 

under normal atmospheric conditions, so the presence of water is unavoidable. When hydrophilic 

dyes are used, the presence of 5-10% humidity in the cell can cause a 20% loss of photocurrent 

[116] due to dissolution of the dye. The presence of humidity also causes a decrease of 𝐼3
− due to 

its reactivity with water  [117]. For organic solvent-based electrolytes, iodate (𝐼𝑂3
−) is formed 

instead of triiodide, causing desorption of dye due to the bond between water and TiO2. 

Another key parameter is sealant and encapsulation. The instability of the cell is given by 

the volatility of the solvent in the electrolyte. Again, encapsulation degradation by solar radiation 

and temperature changes can cause oxygen and water to enter into the cell and affect its 

performance [118] as discussed in the previous paragraph. 

Cell cost 

The commercial goal of any technology is to achieve the lowest cost-per-watt in order to 

be competitive against fossil fuels. Although the price of silicon cells has dropped significantly in 

the last years, and their efficiency has increased as well as their lifetime, the cost-per-watt price is 

still much higher than fossil fuels [70]. In a research study from Grätzel et al. the cost of a typical 

DSSC structure was calculated [110]. For obtaining a cost similar to silicon solar cells, it would 

be necessary a cell efficiency of 13-17.6% [78]. 

Critical manufacturing processes and materials 

During DSSC manufacturing process, mesoporous TiO2 nanocrystal electrode needs to be 

sintered at 500 ˚C to improve electronic contact, which not only increases the price of the cell, 

but also limits the substrate materials and cell architecture [119]. Ruthenium-based sensitizers 

have shown remarkable efficiency, yet they are toxic, expensive and limited, which rules them 

out as a component for an industrial approach [80]. Additionally, platinum contained in the CE is 

one of the most expensive components of the cell ($50,000/kg) and, like the Ru-dyes, it is a 

limited resource [93]. 
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Regarding sealants and encapsulation, some solutions proposed to increase long term 

stability involve the use of glass frit at the edges of the cell, but it requires a high sintering 

temperature (over 600 ˚C), therefore it cannot be used for roll-to-roll processes and increase 

manufacturing costs [120]. At low temperatures the solution is the use of rubber flexible seals 

using hot melts (Surlyn and Bynel). Albeit the performance is not affected, these plastics cannot 

be used at temperatures higher than 60 ˚C, excluding the possibility of outdoor use [121]. 

Despite the challenges that DSSCs still have to face as mentioned above, these cells are a 

promising technology due to their low manufacturing cost compared to first- and second-

generation cells. However, its efficiency is still far from being competitive with respect to these 

modules. Although the reported efficiency is 14.3%, the certified value is 11.9% for cells built 

with a rigid substrate, while for flexible substrates it is 7.6% [122]. Also, for outdoor applications, 

stability is a key parameter. For example, silicon cells and thin films are available on the market 

with efficiencies similar to those reported for DSSCs but with a remarkably higher lifetime (over 

20 years for thin film cells) [123].  

4.3. FROM THE LABORATORY TO THE MARKET 
Despite the aforementioned challenges and the lack of a breakthrough progress in cell 

efficiency over the past 25 years, there are several companies developing prototypes and products 

with integrated DSSCs [83].  

Development is an important part of the process for creating any device with industrial 

purposes. For all photovoltaic technologies, the highest solar conversion efficiencies have been 

produced in laboratory experiments with cells having small surface area. When the functional 

(charge generation and collection) cell area increases, the efficiency per square centimeter 

decreases due to the loss of some photogenerated charge carriers via recombination and/or trap 

processes. This effect occurs in practically all PV technologies: single crystal-Si, amorphous Si, 

CdTe, CIGS, etc. In the case of DSSC, a minimum efficiency of 10-12% is necessary [124] for the 

cell to be competitive with other PV technologies. 

Consumer electronics application is far more benevolent with the cell since it works at 

room temperature and the light flux is less than the full solar level. Therefore, the requirements 

for thermal stability for this application are lower than in the case of panels exposed outdoors, 

where they have to withstand temperatures between -10 and 60 ˚C, and humidity levels higher 

than 75%. Orderly, these panels need to have an extended lifetime to be profitable. It must also 

be considered that the fast-technological advances in consumer electronics and the obsolescence 

of some components mean that a long useful life of the cell is not necessary, since other 

components have shorter life cycles than the cell itself. 
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Figure 9 G24 Power Limited dye-sensitized module (left) and Power Curve charger (right) 

Different applications of DSSCs are being studied by various companies. Solaronix 

(Switzerland) and Dyesol (Australia) have focused on the development of integrated prototypes 

in bus shelters, building facades, rooftops and semi-transparent windows [83]. G24 Power 

Limited (UK) is developing prototypes where solar modules are integrated into consumer 

electronics such as smart watches, e-readers, bluetooth keyboards and TV remote controls among 

others. The company has incorporated a DSSC into its Power Curve Universal Solar Power Charger 

(Figure 9), which consists of a DSSC embedded into a waterproof case that can be attached to any 

outdoor gear [124]. One of their programs consists of a joint collaboration with African companies 

to distribute portable solar chargers in poverty-stricken communities across the continent. In 

October 2009, G24 Power Limited became the first company to commercialize a product in 

association with Mascotte Industrial Associates (MIA), a Hong Kong-based bag manufacturer, 

creating backpacks capable of producing 0.5 W of power under direct sunlight (Figure 10). 

 

Figure 10 Backpack and duffel bag with an integrated DSSC 

3GSolar (Israel) focused on rural off-grid markets, such as power supplies for remote 

irrigation pumps, solar powered lamps, etc. Their prototypes were glass-based and oriented on 
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combining small DSSCs to create a larger module. They have recently adapted their development 

towards wireless electronics for indoor applications where the cells are powered with fluorescent 

and LED light. Lately, the first product powered by a flexible DSSC was launched by a Swedish 

company based in Stockholm, EXEGER Sweden, in the form of a bike helmet and self-charging 

headphones (Figure 11). The latest has been labeled as groundbreaking true innovation in 

headphones tech together with the introduction of noise canceling in 1989 and bluetooth 

integration in 2004 [125]. 

 

Figure 11 Urbanista Los Angeles solar powered headphones using Exeger Powerfoyle technology 

According to projections by IDTechEx, the market for dye sensitized solar cells (DSSCs) 

will grow to over $130 million by 2022, with a compound annual growth rate (CAGR) of 12.4% 

from 2014 to 2022. 

4.4. END OF LIFE OF A DSSC 
Due to climate change and the importance of environmental sustainability, it is not 

possible to analyze the prospect future of a technology without taking into account the recycling 

of end-of-life modules. In July 2012, the European Commission classified PV technologies under 

the Directive of Waste of Electrical and Electronic Equipment (WEEE), establishing rules for the 

collection, disposal and recycling of solar modules [126]. Besides this regulation, there were 

already two programs at the European level for the recycling of PV modules, the PV Cycle 

Program and the First Solar Program. To date, these programs have been responsible for recycling 

up to 95% of solar modules  [127].  

Recycling of solar panels is an important issue due to the growth of this industry and, 

taking into account a life-time of 25-30 years of a PV device, an exponential growth in the module 

waste is expected between 2025 and 2030 [128]. Excluding BOS, 80% of the material that 
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composes a cell is represented by support material. In the case of glass-based DSSCs, glass 

recycling is a well-known process. For flexible substrates, usually composed of different polymers, 

the polymer recycling process is also well-developed, but the separation of the polymer from the 

other materials present in the cell could represent a problem.  

The recycling of the other components of the cell is a process that is still under 

investigation. Regarding the semiconductor, in the case of DSSCs, it is formed by a nanostructured 

metal oxide, generally TiO2, as mentioned. Today, the recycling process for nanomaterials and 

nanotechnologies presents many uncertainties and greater investment in research is necessary  

[129]. Unluckily, due to the wide availability of TiO2, recycling is not presented as a priority 

process, although there are already some promising proposals [130]. Another recyclable 

component is the sensitizer, especially for those combinations including metal-based dyes. In this 

case, the recycling of the metal compound is of the greatest interest, both from an environmental 

and an economic point of view. The same considerations can be applied to CE, generally based on 

Pt. 

The biggest problem arises when the economic feasibility of the recycling process is evaluated, 

since for PVs this process is economically unfavorable compared to a landfill process [128]. 

Nonetheless, it is important that a sustainable technology is recyclable and therefore it is necessary 

to join efforts and invest in research to develop processes that make recycling a favorable process 

at all levels. 
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5. CONCLUSIONS AND FUTURE OUTLOOK 

5.1. CONCLUSIONS 
The possibility of converting solar energy into electricity as a means of renewable and 

clean energy source is considered as one of the mechanisms to solve the environmental pollution 

problem and energy crisis. This situation has been reached due to the high consumption of fossil 

fuels and the growing demand for energy in countries in development [131] The dye-sensitized 

solar cells, manufactured with cheap and environmentally-friendly materials, show great potential 

to cover part of the world's energy demand. 

DSSCs have progressed from its conceptual idea created by Michael Grätzel in the 1990s, 

to its materialization and commercialization in less than 30 years of existence. Albeit this 

development represents the fruit of years of research, the basic photoelectrochemical principles 

of operation have remained constant, and its development has focused mainly on dyes, redox 

shuttles and different architectures to increase their efficiency. A successful commercialization of 

a PV technology requires good efficiency, long term stability and a market competitive cost. 

DSSCs have shown certified efficiencies up to 14.3% [74], good performance over 20000 h of 

continuous illumination and several years of outdoor testing  [106]–[108]. Materials and 

manufacturing costs will continue to decline as demand for solar cells grows, production volumes 

increase, and production processes improve. 

Despite lower efficiency of DSSCs compared to c-Si and CdTe cells, additional features, 

such as the possibility of making a flexible, thin cell and ease of integration has made them 

attractive to fast-changing markets such as consumer electronics. The main challenge that this 

technology is facing is to find materials, architectures and manufacturing processes that combine 

high efficiency, long term stability and low costs. Formerly, an increase in the efficiency of the 

cell would place them as a direct competitor of the CdTe. The wide possibilities of combining 

different redox couples, dye and anodes foresee a discovery of the right combination for an 

important efficiency increase. Yet, a good understanding of the physicochemical mechanisms of 

this technology is necessary for speeding up the research process. 

The stability of the cells has been tested and the degradation mechanisms that limit the cell 

are known, which makes it possible to use the module for applications where its strengths are 

powered and its drawbacks are not limiting. Granting that many challenges remain to improve the 

cell, its success integrated in consumer electronics seems like a done deal. The main indoor use 

of these devices, a high-speed changing market combined with the obsolescence of electronic 

components represent a good scenario for a potential incursion of DSSC globally without the need 

for a technological breakthrough in its design. 
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On a realistic approach, all different technologies will coexist in a future PV market. Then, 

the author of this thesis believes that the evolution of DSSCs should focus on complementarity 

instead of competitiveness. Focusing on the end-use of the technology and seeking its adaptation 

to practical applications instead of a global approach will be the key to success. 

5.2. OUTLOOK 
Despite that dye-sensitized solar cells have recently made their foray into the consumer 

electronics market, there is still much work to be done to be closer to the theoretical maximum 

efficiency of these devices. The technology is not fully developed and, therefore, it is necessary to 

continue researching for obtaining a deep understanding of its operational mechanisms at a 

theoretical level. The fact that DSSCs and consumer electronics are a good match does not exclude 

that the cell presents important limitations that restrain it from being as a direct competitor to 

other PV technologies. Therefore, although DSSCs are shaping up to be the future of consumer 

electronics, this future could be limited.  

The desirable prospection of this devices is represented by a scenario in which DSSCs 

become equivalent to bluetooth technology: implemented as an indispensable part in practically 

all electronic devices. We will still have to wait several years to see if the new products launched 

with embedded DSSCs are here to stay or will represent a technological failure. For this purpose, 

beside developing the scientific part, a good marketing campaign is also necessary so that the 

technology, practically unknown to the society, is accepted and do not raise doubts about its 

usefulness or safety. 

5.3. PERSPECTIVES 
Nobel laureate Richard E. Smalley stressed that the energy problem is the key to solving 

basic needs such as access to fresh water, food and health. Despite at first glance it does not seem 

that the integration of DSSCs in consumer electronics such as headphones, phones, tablets or 

smartwatches could be related to solve global basic needs, in fact, it does. Most consumer 

electronic devices have the characteristic of being portable and need a power supply to work. 

Other devices with these characteristics are several medical devices. Especially, during the current 

covid-19 pandemic that the world has suffered in the last year and a half, millions of PCRs have 

been done, for which a thermocycler is needed. There are portable thermocyclers with a low-

power consumption (7.3 Wh for 30 PCR cycles) in the market, but the need of a power source 

and limits their use in remote or poverty-stricken areas. The integration of DSSCs in this type of 

devices would represent a tremendous advance for the diagnosis of infectious diseases such as 

tuberculosis, dengue or malaria, and therefore, the rapid administration of the corresponding 

treatment that would save millions of lives every year. 

The usefulness of DSSCs becomes more evident if the focus is set on the electrification of 

rural areas or on meeting the needs of developing countries. Low cost off-grid electricity supply 
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would greatly improve the situation in these countries, with a great availability of sunshine and 

scarce resources to cover people’s needs. [132]. Likewise, the incorporation of DSSCs for 

powering agricultural tools in rural areas, i.e. water pumps, would produce a flourishing of 

agriculture in areas without direct access to water, reducing hunger and poverty for entire towns. 

Similar applications with a direct impact in a sustainable development would benefit of an 

integrated DSSC.  

Thus, although the recent launch of consumer electronics with embedded DSSCs seems 

to be more focused in covering first world needs, the monetization of DSSC concept in the form 

of a product represents a first step for its future application for sustainable purposes. 
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S. SUPPORTING INFORMATION 

S1. DEFINITIONS 
Absorbance 

 Absorbance is defined as the logarithm of the ratio of incident to transmitted radiant power 

through a sample.  

AM-1.5 

 The air mass coefficient is defined as the direct optical path length through the Earth-s 

atmosphere. It is expressed as a ratio relative to the path length vertically upwards. It is used to help 

characterize the solar spectrum. 

Balance of system 

 The balance of systems groups all the components of a PV contributing to the functioning that 

are not the PV itself. It includes wiring, switches, inverters, batteries, junction boxes, etc. 

Band gap 

 Band gap is defined as the separation between the conduction band and valence band in 

semiconductors and insulators. It is an energy range in a solid where no electron states exist. 

Conduction band and valence band 

In solid-state physics, these bands are the bands closest to the Fermi level, and they determine the 

electrical conductivity of the solid.  

 Fermi level  

 The Fermi level of a solid-state body is defined as the thermodynamic work required to add 

one electron to the body. Applied to semiconductors, the Fermi level determines the probability of 

electron occupancy at different energy levels. The closer the Fermi level is to the conduction band 

energy, the easier it will be for electrons in the valence band to transition into the conduction band. 

Luminescence 

 Luminiscence is the spontaneous emission of light by a substance without increasing its 

temperature. 

Matthew effect 
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 It is summarized as “the rich gets richer and the poor gets poorer”. 

Nernstian potential 

 In electrochemistry, it refers to the equation that relates the reduction potential of a reaction 

to the standard electrode potential, temperature and concentration of the chemical species during 

redox reactions. 

Optical gap 

 The optical bandgap is the threshold for photons to be absorbed. 

Photoelectron 

 A photoelectron is the electron emited when electromagnetic radiation such as light, hits a 

material. 

p-n junction 

 A p-n junction is a type of interface or boundary happening between two types of 

semiconductor materials: p-type and n-type. The p-type is characterized by containing an excess of 

holes. On the other hand, the n-type material  contains an excess of electrons in the outer shells. This 

configuration allows the current to pass only in one direction. 

 

Figure S.1 p-n junction 

Quasi-Fermi level 

This concept is used in quantum mechanics and solid-state physics to describe the population 

of electrons separately in the conduction band and valence band. 

Redox couple 

 A redox couple is a combination of the oxidized an reduced form of the same substance, taking 

part in an oxidation or reduction half reactions. 
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Series resistance 

This term refers to the resistance of a capacitor to the passage of an alternating current of a 

certain frequency. 

Sheet resistance 

 Also known as surface resistance. It is a measure of the lateral resistance through a thin square 

of material, measured as the resistance between the opposite sides of the square. 

Soda lime glass 

 Soda-lime glass is the most common type of glass. It is composed of 70% of silica, 15% of 

sodium oxide (soda) an 9% of calcium oxide (lime) 

Transmittance 

 Transmittance is defined as the ratio of the light energy falling on a body to that transmitted 

through it. 

Transparent conducting dioxide (TCO) 

 A transparent conducting dioxide is an electrical conductive material with a very  low 

absorption of light.  
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S.2. BEST RESEARCH-CELL EFFICIENCY CHART 

 

Figure S.2 NREL chart of the highest confirmed conversion efficiencies for research cells of photovoltaic technologies [26] 

  



  

S.3. PHOTOVOLTAIC PARAMETERS IN THE DEVELOPMENT OF 

DSSCS 
Table S.1 Photovoltaic parameters in the development of DSSCs under AM1.5G. 

 


