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Abstract 

In the present thesis, external quantum efficiency (EQE or IPCE) technique was implemented. 

This home-made set up was used as a complementary characterization to better understand solar 

cell performance and to find optimal fabrication conditions. Organic photovoltaic solar cells 

(OPVs) were fabricated using commercial electron-donor polymers PTB7, PTB7-Th and PBDB-

T, and electron-acceptors PC71BM, ITIC and FeS2, and by means of scanning tunneling 

microscopy (STM), donor film molecular ordering was analyzed. These measurements indicate 

that PTB7-Th film chains are somewhat thicker and less spaced than those in PTB7 based OPVs, 

which could possibly provide better electrical charge transport. Besides, PBDB-T, with a shorter 

distance between polymer backbone chains, could facilitate a more efficient intramolecular charge 

separation, and thus improve charge transfer from the active layer to the OPV electrodes. For PTB7 

based OPVs, non-toxic iron sulfide (FeS2) nanocrystals (NCs) were added to the active layer at 

different weight ratios as a second electron-acceptor, achieving an increase in power conversion 

efficiency (PCE) of 21%. For PTB7-Th based OPVs (best achieved PCE was 7.65%), optical-

electrical analyses were carried out using EQE and internal quantum efficiency (IQE), applying 

active layer thickness variation (from 40 to 165 nm) by means of the transfer matrix method 

(TMM). Our results show a significant reduction of IQE (when increasing the active layer 

thickness above 120 nm), and consequently, also of EQE and PCE, mainly due to the reduction in 

charge carrier collection probability. A comparison between the experimental measurements and 

theoretical simulations was discussed in order to have better understanding of the OPVs 

performance. Finally, PBDB-T:ITIC based OPVs were tested with different hole transport layers 

(HTLs): PEDOT:PSS, fluorinated reduced graphene oxide (F-rGO)/PEDOT:PSS and just F-rGO. 

With F-rGO/PEDOT:PSS and PEDOT:PSS as HTLs, average PCEs of 8.3% and 8.7% were 

achieved, respectively (the highest efficiency reached with PEDOT:PSS was 8.9%), and with F-

rGO, efficiency decayed to 5.4%. Device stability maintained a similar trend with the use of either 

F-rGO/PEDOT:PSS or PEDOT:PSS; however, for the F-rGO case, stability showed a faster decay. 
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1. Introduction 
 

Nowadays, renewable energies are some of the most important topics worldwide because of the 

increase in the demand for in electricity, the unavoidable depletion of fossil fuel resources, and the 

environmental impact. Wind, water, geothermal heat and sunlight are some of the sustainable 

resources used to generate energy. One of the key aspects of renewable energies is that they are 

inexhaustible, along with the fact that their exploitation is environmentally friendly. In Figure 1.1, 

the estimated distribution of energy sources of total energy consumption in 2016 is shown. As can 

be observed, the biggest share of energy generation came from fossil fuels (79.5%), followed by 

7.8% from traditional biomass, 2.2% from nuclear energy, and 10.4% from a mix of modern 

renewable technologies (combined renewable energy adds up to an estimated 18.2%). The biggest 

portion of modern renewables corresponds to electricity with 5.4% (3.7% from hydropower, and 

1.7% from wind, solar, biomass, geothermal and ocean power), followed by thermal energy (4.1%) 

and transport biofuels (0.9%) [1]. 

 

Figure 1.1: Estimated distribution of energy sources of  total energy consumption in 2016 [1]. 

Some of these technologies are growing very fast, such as wind and solar photovoltaics (PV), as 

seen in Figure 1.2. In spite of the great acceptance of wind and solar PV energy sources, the growth 

of these technologies is affected by high demand and human population growth [1]. 
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Figure 1.2: Global renewable power capacity from 2007 to 2017 [1]. 

Solar PV energy had a historical year in 2017. The growth in installed solar PV technology 

capacity was bigger, as compared to any other energy generation technology, and solar PV energy 

was the main source of new power capacity in several countries, including China, India, Japan and 

the United States. In 2017, as shown in Figure 1.3, solar PV energy had an impressive improvement 

in installed capacity of ~33%, at least 98 GW, in comparison to 2016. Approximately, 402 GW of 

solar PV energy were in operation worldwide at the end of 2017, which means that an average of 

40,000 solar panels were installed every hour of the year. The top countries having the largest solar 

PV technology capacity are China, the United States, Japan, Germany and Italy, but several 

countries worldwide are also contributing significantly to the growth of the use of solar energy 

technology [1]. 
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Figure 1.3: Solar PV Global Capacity by Country from 2007 to 2017 [1]. 

In Mexico, there have been efforts made to increase the use of renewable energies; in fact, a 35% 

increase in renewable power generation is expected by 2024, 37.7% by 2030 and 50% by 2050. In 

2017, Mexico was among the Top 10 Countries with better geothermal power capacities, 

occupying the 6th place after New Zealand, and the use of such technology could satisfy 1.7% (5.9 

TWh) of the country’s electricity needs during a year. Also, concentrating solar thermal 

installations were added during the same year in Mexico, the majority for industrial applications, 

having a total estimated capacity of 2.8 MW. Solar thermal heat has become more cost-effective 

than heat from fossil fuel boilers. For wind power capacity, Mexico is ranked second in Latin 

America and the Caribbean for total capacity (4 GW). Mexico has increased the investment in 

renewable energy by 6 billion USD [1]. One of the technologies that needs to be more exploited 

is that of solar PV cells, principally because of the feasibility of using it in Mexico due to the 

country’s geographic situation, which puts it under high sun irradiation throughout the year (~ 5.5 

kWh/m2) [2].  

This technology has evolved through time. In 1839, the first attempt in the area was made by the 

French Becquerel, who experimented with electrochemical cells [3]. In 1954, solar cells based on 

a P-N junction silicon semiconductor were built by Chapin and Bell laboratories [4]. Subsequently, 

thin-film photovoltaic cells were manufactured with inorganic semiconductors [5]. Then, in 1986, 

C. W. Tang began to deal with photovoltaic organic solar cells (part of the so-called third 

generation of solar cells) reaching a power conversion efficiency of about 1% [6].  
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Solar PV cell technologies can be divided into three generations. Crystalline silicon based solar 

cells are the first generation and, in fact, remain dominant in markets; they have good performance 

and stability, but they are still expensive and have some important drawbacks. Thin film PV cells 

based on inorganic semiconductors are the second generation and have some advantages over the 

first: generally, they have better absorption, can be processed onto large area substrates, and are a 

bit less expensive, but they are based on rare elements, and are still costly.  Our generation of 

interest is the third, solar PV cells based on organic materials like polymers or small molecules; 

they are divided into dye-sensitized, multijunction cells, hybrid and organic devices [5,7], 

reaching, until now, PCEs of 14% [8], 17.3% [9], 23.7% [10] and 16.5% [11] respectively. Figure 

1.4 shows the best research cell efficiencies from 1976 to 2019, revised by the National Renewable 

Energy Laboratory (NREL) [12]. Since 2003, it has been predicted that the new generations of 

OPVs and hybrid photovoltaic cells will become a cutting-edge technology, capable of providing 

sustainable and affordable energy. In particular, organic photovoltaic solar cells (OPVs) have 

several advantages over other photovoltaic technologies, and for that reason, they are at the core 

of what this work is about. At present, a lot of work is being done to develop this type of cells so 

that they can be used on an industrial scale. A key factor to achieve this is to develop organic 

materials that have the technical and economic characteristics required to be used in an industrial 

environment [13,14]. In the next chapter, a general overview of this technology will be presented. 

 

 Figure 1.4: Best research cell efficiencies from 1976 to 2019 [12]. 
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2. Organic solar cells 
 

Organic solar cells are devices that convert sun light into electrical power through the photovoltaic 

effect, using thin films of organic semiconductors [5,7]. At present, OPVs have already achieved 

17.3 % of power conversion efficiency (PCE) in a tandem architecture [9] and 16.5 % in a single-

junction inverted architecture [11]. Also, commercial OPV panels with a PCE of ~ 2% and a size 

of 2.52×0.52 m2 are being tested [15]. Despite these recent PCE improvements at the laboratory 

level, it is still necessary to take into account important factors for large-scale commercialization 

of OPVs, such as stability (including flexible devices), fabrication processes and better 

efficiencies. This type of emerging technology has been widely studied because of its advantages 

over other solar cell technologies, which are mainly its low-cost, ease of fabrication, flexibility, 

low environmental impact, light weight and semi-transparency [16–21]. OPVs have two important 

disadvantages, relatively low power conversion efficiency and poor stability. The low efficiency 

depends largely on the architecture, active layer area, materials and method of fabrication used. 

The relatively poor stability entails, as a consequence, a short lifetime for the devices and this is 

due to ambient factors such as humidity, oxygen, temperature and illumination, among others [22]. 

These important disadvantages can be addressed with the use of new semiconductor materials, 

electrodes, encapsulation materials, etc.  

2.1. Organic semiconductors 
 

Organic semiconducting materials are carbon compounds and their derivatives, and they have very 

attractive properties to be used in photovoltaic applications (OPVs), light emitting diodes (OLEDs) 

and field-effect transistors (OFETs); some of these characteristics are that they have high 

absorption coefficients, mechanical flexibility and sufficient electrical conductivity, as well as 

being non-toxic, relatively cheap, easy to process and band-gap adjustable, among others [7]. The 

organic molecule structure is mainly formed by carbon-carbon and carbon-hydrogen bonds. 

Carbon atoms can be linked by conjugated bonds (an alternating single bond-double bond structure 

between them), and this leads to an extended delocalized π-electron system with good electronic 

polarizability, enabling absorption in the visible region and electrical charge transport [23]; other 

atoms can be on the structure, and they are named functional groups, such as hydroxyl, ether, 

aldehyde, ketone, carboxyl, etc. [24].  
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According to their molecular weight, there are two major classes of organic semiconductors: small 

molecular weight materials (monomers) and conjugated polymers (repetition of a monomer); in 

scheme 1 it is shown an example of a monomer (styrene) and a polymer (polystyrene). Those from 

the first class are interesting because of their ability to form ordered structures that enable high 

carrier mobilities; they are formed by conjugated π-electron systems and are deposited by means 

of vacuum deposition [25]. Those from the second class are formed by a chain of carbon atoms in 

a π-conjugated network, possibly with side chains to improve solubility in organic solvents. Their 

conjugated bonds define the material’s electrical and optical properties. Polymers can be classified 

as low, medium or wide bandgap polymers. When lower bandgap polymers are used, better OPV 

efficiencies are expected [7]. 

Scheme 1: “Monomer and polymer” 

 
In general terms, an organic semiconductor is a material that is capable of conducting electric 

charges. This type of materials have energetic levels that are analog to the valence and conduction 

bands of inorganic semiconductors, and they are the highest occupied molecular orbital (HOMO) 

and the lowest unoccupied molecular orbital (LUMO), respectively; the bandgap is the separation 

between them [24]. The HOMO level is full of electrons that can be excited and moved to the 

LUMO level (free of electrons), only if the absorbed photon energy is bigger than the bandgap 

energy [26]. The bandgap is responsible for absorption in organic materials. The absorption 

spectrum depends inversely on the bandgap, which means that if the bandgap is narrow, the 

absorption spectrum is wide and shifted to higher wavelengths; then, it is convenient to have low 

bandgap polymers, as mentioned before [27]. It is necessary that the organic semiconductors used 

in active layers absorb in the visible and near infrared spectrum (approximately from 400 to 1200 

nm). 
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Organic semiconductors are also classified as electron-donor or electron-acceptor materials. 

Donors are those that have a low ionization potential, and thus, can easily donate an electron, while 

acceptors are those that have high electron affinity, and thus, can take up an electron [7]. 

2.2. Architecture  
 

An OPV can be fabricated in two different configuration types: direct or inverse. In Figure 2.1a, 

the direct configuration is shown, consisting of a positive semitransparent electrode or anode 

(indium tin oxide (ITO), generally employed on top of a substrate), a hole transport layer (HTL), 

an active layer (where the photovoltaic process takes place), an electron transport layer (ETL), and 

a negative electrode or cathode [28]. In Figure 2.1b, the inverse configuration is shown, consisting 

of a negative semitransparent electrode (cathode) on top of a substrate (also ITO as the most 

frequently used), an ETL, an active layer, an HTL, and a positive electrode (anode) [29]. In this 

last structure, light goes into the OPV’s cathode side, and ITO changes its function from anode to 

cathode, with the help of the buffer layers. The anode and the HTL (in the direct configuration), 

or the cathode and the ETL (in the inverse configuration), have to be semitransparent layers to 

allow the passage of light. HTL and ETL, also known as buffer layers, have important functions 

on the performance of solar cells; respectively, they improve the selectivity of charges and the 

collection of holes and electrons, facilitating charge collection at the electrodes. Poly(3,4-ethyl-

enedioxythiophene) polystyrene sulfonate (PEDOT:PSS) is one of the most commonly conductive 

polymers used in OPVs as HTL because of its semitransparency and charge selectivity. As ETLs, 

several materials are used, such as metal oxides (ZnO, TiO), lithium fluoride (LiF) and poly[(9,9-

bis(3´-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)] (PFN), among 

others. In Figure 2.2, the chemical structures of PEDOT:PSS and PFN materials can be observed, 

which were respectively used as HTL and ETL in this work for the fabrication of direct OPVs. 

The anode and cathode have different work functions to help charge transport and collection. Work 

function is the energy needed to pull out or insert an electron from or into the material. ITO is one 

of the most used electrodes (anode or cathode for direct or inverse configurations, respectively) 

due to its semitransparency, high work function and low sheet resistance. Some of the metals used 

as cathodes are aluminum (Al), silver (Ag) or other metals that have low work function values.  

https://en.wikipedia.org/wiki/Poly(3,4-ethylenedioxythiophene)
https://en.wikipedia.org/wiki/Poly(3,4-ethylenedioxythiophene)
https://en.wikipedia.org/wiki/Polystyrene_sulfonate
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a)                                                                       b) 

Figure 2.1: OPV (a) direct and (b) inverse configuration. 

 

Figure 2.2: Chemical structures of two of the materials used as HTL (PEDOT:PSS) and ETL (PFN). 

An OPV active layer can also be made with different structure configurations: bi-layer [30], bulk-

heterojunction (BHJ) [31] and tandem [32]. A bi-layer structure (Figure 2.3a) is that where the 

donor and the acceptor layers are deposited as two independent layers; a main disadvantage of this 

kind of structure is that there may be loss in some donor-acceptor contact areas, which in 

consequence affects the generation of charge carriers (CCs). The BHJ approach (Figure 2.3b) is 

the most promising configuration in order to enhance interpenetrated interface area in OPVs, since 

it contributes to having an efficient charge separation of the excitons into CCs [33–35]; in this 

approach, a donor-acceptor mix is prepared into a solution, and then is deposited as a thin film, 

forming a nanoscale network of the materials and allowing good electric contact; BHJ OPVs can 

be binary (a mix of two materials) [28], ternary (a mix of three materials, Donor:Donor:Acceptor 

or Donor:Acceptor:Acceptor) [36], or even quaternary (a mix of four materials) [37], and OPV 

performance strongly depends on the morphology of this BHJ layer, for if such morphology is not 

good enough, there can be recombination processes inside the bulk,  and this causes PCE decay. 

Finally, but not less important, there is the tandem structure (Figure 2.3c), which is a “sandwich” 
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of stacked OPVs connected in series or in parallel; this type of structure is used to increase active 

layer absorption range and to produce bigger open circuit voltage (Voc), but it is complicated to 

join the OPVs and choose the right materials for their good performance. Nowadays, BHJ is the 

principal structure used in many research works, as it was in conducting the work leading to this 

thesis dissertation. 

 
a)                                           b)                                             c) 

Figure 2.3: OPV (a) bi-layer, (b) heterojunction and (c) tandem structure in direct configuration. 

2.3. Working principle  
 

OPV performance depends largely on the mismatch of the energy level alignment of each 

component (HOMO and LUMO cascade between materials), organic compounds and architecture 

used, type of solvent, active layer deposition technique, annealing conditions, and thickness and 

morphology, among other factors [38,39]. The active layer is where the photovoltaic process takes 

place, and for that reason, it is extremely important to control the thickness and morphology of 

this layer, since these parameters directly affect the four principal OPV processes: light absorption, 

exciton dissociation, charge transport and charge collection [40–45]. It is well known that a thicker 

film has better light absorption than a thinner film, but also, it could increase the series resistance 

and affect CC transport and collection [46]. On the contrary, a thinner film could convert arriving 

photons into collected charges more efficiently [47], although not at the required largest rate 

because of the reduced absorption; thus, among other factors, the most adequate active layer 

thickness must be determined. CC lifetime and transit time define the upper limit for the active 

layer thickness in order to get efficient charge collection [48]; optimum active layer thickness is 

about 100 nm for most BHJ architectures [49–52]. After a brief explanation about the active layer, 
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the general working principle of these devices can be explained through the four principal OPV 

processes mentioned before. 

Light absorption and exciton generation 

As shown in Figure 2.4, a photon of incident light travels through the semitransparent anode and 

the HTL, and it is absorbed at the active layer by the donor polymer, exciting an electron from the 

HOMO to the LUMO level of the material (if the photon energy is  bigger than the organic 

semiconductor bandgap), creating a Coulombic bound electron-hole pair (exciton) [53].  

 

Figure 2.4: Light absorption and exciton generation. 

Exciton dissociation 

The generated exciton needs to diffuse (within the donor polymer) to reach the donor-acceptor 

contact interface and dissociate into CCs before recombination, as shown in Figure 2.5. The 

dissociation at the interface can occur only at energetically favorable acceptor molecules, 

transferring the electron from the LUMO of the donor material to the LUMO of the acceptor 

material, and dissociating into independent charges (leaving a hole in the HOMO level of the donor 

material) [53]. The energy difference between the LUMOs of the materials has to be larger than 

the exciton binding energy, at least 0.3 eV [7], and the LUMO of the acceptor material should have 

lower energy than the LUMO of the donor material. It is also important to mention that if the active 

layer is very thick (optimal active layer thickness is about 100 nm, as mentioned before), or the 
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materials’ domain sizes are large (> 20 nm), then the probability of exciton recombination  

increases significantly, since exciton diffusion length is between 5 and 20 nm in organic materials 

[24,54]. Therefore, it is required that the donor and acceptor material form interpenetrating 

domains with a phase separation on the order of the exciton diffusion length to avoid charge 

recombination and to get efficient photocurrent generation [55]. 

 
Figure 2.5: Exciton dissociation. 

Charge transport 

Once there are independent charges, a hole in the donor material and an electron in the acceptor 

material, they move through the donor HOMO and the acceptor LUMO respectively, in search of 

balance (as shown in Figure 2.6). The transport of CCs is limited by the active layer’s charge 

mobility [53].  

 
Figure 2.6: Charges transport. 
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Charge collection 

HTL and ETL layers play an important role in avoiding charge recombination; they are selective 

with the holes and electrons charges respectively, and therefore, help CCs arrive to electrodes. It 

is very important to have the adequate ohmic contact between the OPV layers, because this 

influences CC transport in a strong fashion. Holes and electrons are then respectively collected by 

the anode and the cathode, as shown in Figure 2.7. The electrodes’ work functions have to be also 

aligned in the energetic level system, for they make current generation possible [53].  

  

Figure 2.7: Charges collection. 

There are different loss mechanisms from the absorption to collection processes that limit the 

device’s performance. Geminate recombination happens when the same electron-hole pair is 

recombined radiatively, meaning that the exciton is relaxed to the ground state before dissociation 

due to its inability to reach the Donor-Acceptor interface [56]. Excitons have a few nanoseconds 

(~ 100 ns) to dissociate before radiatively recombining, so, if the materials’ domain size is larger 

than the exciton diffusion length, the possibilities for recombination increase, as mentioned before. 

Non-geminate recombination happens when free CCs are traveling to the electrodes, and a free 

electron and hole are recombined (called bimolecular recombination), or when a free CC finds an 

opposite trapped CC and recombines (trap assisted recombination). The main difference between 

geminate and non-geminate recombination is that in the second case, the CCs did not stem from 

the same photon. For non-geminate recombination, time is between nanoseconds and milliseconds, 

and can be influenced by charge carrier mobility, active layer thickness, phase separation, etc. [56]. 
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2.4. Fabrication 

The steps of the fabrication process are explained below. 

Substrate cleaning 

The first fabrication step is the preparation of substrates. ITO covered glass substrates (glass/ITO 

electrode) are cut (in this work: ~1.8 cm × 1.8 cm) and ultrasonically and sequentially cleaned for 

about 20 minutes in some solvents (in this case, in a detergent solution, distilled water and ethanol), 

and then, dried in an oven at 80 °C for at least 12 h. Finally, ITO substrates are treated with UV-

Ozone plasma for 20 minutes to eliminate organic residues and contribute to adhesion to the next 

layer. 

 

Solution preparation  

Preparation of the active layer solution is the most important part of the fabrication process. It is 

necessary to select the right materials (donor and acceptor), π-conjugated systems with HOMO 

and LUMO levels forming a level cascade-like to make charge dissociation and transport possible, 

with a difference between donor and acceptor LUMOs of ~0.3 eV, as mentioned before. The donor 

bandgap needs to be less than the acceptor bandgap, so that it requires less energy to get more 

easily excited. Then, the solvent for the solution has to be selected; solvent plays an important role 

in the morphology of the active layer, and for that reason, it is important to select the right one for 

the mix. It is extremely important that both donor and acceptor materials are soluble in the solvent, 

and this can be known by analyzing the materials’ polarities. To maintain solution concentration, 

it is necessary that solvent boiling temperature be much greater than ambient temperature to avoid 

excessive evaporation. The solution is prepared mixing donor and acceptor materials at a specific 

ratio (for example: 1:1.5 w/w respectively), dissolving them to a specific concentration (for 

example: 30 mg (organic materials)/ml (solvent)), and then stirring the solution on a hot plate to 

obtain a well dissolved solution. It is necessary to control material ratio and solution concentration 

to obtain the right active layer thickness and morphology, thus achieving good device performance. 

 

Film deposition 

Once we have dried the substrates and prepared the solution, we can start depositing OPV films in 

the following order (for direct configuration): HTL, active layer and ETL. At the laboratory level, 

there are several OPV film fabrication methods, such as drop casting, spin coating and doctor 
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blading. One of the most frequently used techniques for active layer deposition is spin-coating, a 

technique in which polymers form films with low RMS roughness (~ 1-3 nm) [57]. In this 

technique, the substrate is placed into the spinner and held in position by means of vacuum; then, 

the solution is added on top of the substrate, and the spinner starts to rotate with specific 

acceleration, angular speed and rotation time to evaporate the solvent and form the film, and 

through those parameters, it is relatively easy to control and reproduce film thicknesses; this 

deposition technique is principally used for OPVs with small areas. Another important technique 

that has recently been used a lot  is doctor blading; which uses a metallic base where the substrate 

is placed, and then a blade moves along, dragging the solution and covering the substrate; with 

this technique, it is possible to make films with well-defined thickness at major OPV areas [58]. 

At the end of each film deposition, thermal and/or solvent annealing are necessary for structure 

ordering and drying. In this work, the spin-coating method was the one used to deposit OPV films.  

 

Cathode deposition 

The last step in OPV fabrication process is the deposition of the top electrode. The top metal 

electrode work function has to adequately connect with the ITO work function, favoring the flow 

of electrons. The most frequently used methods for top electrode deposition are evaporation and 

drop casting. Evaporation is the most expensive method because it requires equipment with special 

conditions, such as high-vacuum and high temperature; the material is deposited on top of the last 

OPV layer by means of a sublimation process. Drop casting is the cheapest way to deposit the top 

electrode. The metal is melted in a hot plate (at the metal boiling point temperature), and the 

substrate is put on the hot plate at the same temperature, so that it reaches a temperature similar to 

that of the metal, and then, the drop is placed at the top of the OPV; next, the melted metal is 

spread on top of the OPV, the device is removed from the hot plate, and the metal is allowed to 

solidify. Not all metals can be deposited using this last method, because the boiling points of some 

are too high, as is the case of Al or Ag. In this work, an alternative free-vacuum deposited top 

electrode was used; Field’s metal (FM) is an eutectic alloy that has been previously used by our 

group [16,38,59–61], which is made up of 32.5% Bi, 51% In and 16.5% Sn by weight, has a 

melting point above 62°C, and  can be deposited through drop casting at low temperature (~ 95°C) 

and room environment conditions [16,38,59–61], unlike other standard top electrodes (such as Al) 

that need to be deposited using high-vacuum evaporation, increasing device cost. 
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2.5. Characterization techniques 
 

In the dark, an ideal solar cell behaves as a semiconducting current rectifier (or diode), see Figure 

2.8 green curve, and can be represented by a current source connected in parallel with a rectifying 

diode. The corresponding current-voltage (J-V) characteristics are described by Shockley equation 

[5,62] , 

I = 𝐼𝑝ℎ − 𝐼0 (𝑒
𝑞𝑉
𝑘𝐵𝑇 − 1)                                              (1), 

where 𝑘𝐵 is Boltzmann´s constant (1.38 × 10−23 𝑚2𝑘𝑔/(𝑠2𝐾)), 𝑇 is the temperature in Kelvin 

degrees, 𝑞 is the electron charge, V is the voltage, 𝐼𝑝ℎ is the photocurrent under illumination, and 

𝐼0 is the saturation current in the dark. 

In practice, the J-V characteristics of a solar cell differ from the ideal characteristics because of 

leakage currents in the device. Therefore, a real OPV can be modeled with an equivalent circuit to 

take into account parasitic resistances (series and parallel resistances),  and the analytical 

expression to model the equivalent circuit is governed by equation (2) [63,64] , 

𝐼 = 𝐼0 (𝑒𝑥𝑝 (
𝑉 − 𝐼𝑅𝑠

𝑛𝑘𝐵𝑇
) − 1) +

𝑉 − 𝐼𝑅𝑠

𝑅𝑠ℎ
− 𝐼𝑝ℎ            (2),  

where 𝑛 is the diode ideality factor (normally between 1 and 2), and 𝑅𝑠 and 𝑅𝑠ℎ are the series and  

parallel resistances, respectively, along with the other parameters that were previously defined. 

OPV power conversion efficiency can be estimated through the J-V curve under illumination. The 

solar simulator used for J-V characterizations imitates the standard spectrum Air Mass 1.5 (AM1.5) 

with specific characteristics: sun angle zenith of 48.2° and an intensity of 100 mW/cm2. The solar 

simulator employed for this work was the Sciencetech SS150 class AAA, and it was calibrated 

using an Oriel reference cell. J-V curves where measured using a Keithley 2450 source meter under 

normal room conditions. To that end, the OPV was illuminated with the solar simulator, and the 

source meter was connected to the electrodes, where a potential difference sweep was applied to 

the cell, with the generated current being measured at the same time. With the applied voltage and 

the generated current, the J-V graph can be plotted, see Figure 2.8 blue curve. The important 

parameters that define OPV quality can be determined using the J-V curve.  
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Figure 2.8: J-V curve of a solar cell (with light->blue, in dark->green), with the main OPV parameters. 

Short circuit current density (𝐽𝑠𝑐) and open circuit voltage (𝑉𝑜𝑐) are obtained directly from the 

curve; they are at the intersections with the vertical and horizontal axes, respectively. 𝐽𝑠𝑐 is the 

value where 𝑉𝑜𝑐 is zero, and 𝑉𝑜𝑐 is the value where 𝐽𝑠𝑐 is zero. 𝐽𝑠𝑐 can be affected by the donor 

bandgap and CC dissociation. Voc can be theoretically calculated as the difference between the 

donor HOMO and the acceptor LUMO, and it can be affected by the active layer morphology and 

the electrodes’ work functions. Fill factor (𝐹𝐹) is the square area represented in Figure 2.8, and it 

is defined by equation (3):  

𝐹𝐹 =
𝑃𝑚𝑎𝑥

𝐽𝑠𝑐 ∗ 𝑉𝑜𝑐
=

𝐽𝑚𝑎𝑥 ∗ 𝑉𝑚𝑎𝑥

𝐽𝑠𝑐 ∗ 𝑉𝑜𝑐
                                      (3),  

where 𝑃𝑚𝑎𝑥 is the maximum power point at a voltage 𝑉𝑚𝑎𝑥 and a current density 𝐽𝑚𝑎𝑥. For a high 

PCE, a small 𝑅𝑠 and a large 𝑅𝑠ℎ are required, and these parameters are highly impacted by active 

layer morphology. Then, to obtain a high 𝐹𝐹, it is necessary to have low roughness and optimized 

thickness of the active layer in order to have good charge separation and transport.  

 PCE of solar cells can be calculated by means of equation (4), 

𝑃𝐶𝐸 =
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
∗ 100% =

𝐽𝑠𝑐 ∗ 𝑉𝑜𝑐 ∗ 𝐹𝐹

𝑃𝑖𝑛
                       (4),  

where 𝑃𝑖𝑛 is the source power (100 mW/cm2) under the AM1.5 standard. 
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 2.5.1. Complementary characterization techniques 
 

UV-Vis spectroscopy: It is one of the most widely used techniques in almost every laboratory. It 

measures the intensity of light before it goes through the sample, and compares it with the light 

intensity that goes out of the sample; spectroscopic analysis is commonly carried out in solutions 

and solids [65]. In this work, a Lambda 900 UV-Vis spectrometer from Perkin Elmer Instruments 

was used for UV-Vis absorption measurements. 

Atomic force microscopy (AFM): This is a powerful imaging technique and a common tool for 

material characterization, reaching resolutions on the nanometer scale. It has different ways of 

interacting with the sample. With AFM, mechanical, electrical, magnetic and optical spectroscopic 

properties of a sample can be characterized [66]. In this work, an AFM Easyscan2 from Nanosurf 

was used. 

Scanning tunneling microscopy (STM): It is a technique used for imaging at the atomic level, 

which works on the basis of the quantum tunneling concept. A conducting tip is placed very close 

to the sample, and a voltage is applied, thus obtaining a surface image at the atomic scale [67]. In 

this work, STM determinations were carried out under ambient conditions with a Nanosurf 

Easyscan 2 STM device (by means of the liquid/solid interface technique [68,69]). 

Scanning electron microscopy (SEM): This technique scans a surface with a high-energy focused 

beam of electrons, penetrating the sample to a given depth (depending on the accelerating voltage), 

and then, the electrons interact with the atoms in the sample, generating signals that are employed 

to get information of the surface. Optical resolution of SEM (between 1 and 20 nm) is much better 

than that achieved with a modern optical microscope (> 200 nm) [70,71]. In this work, SEM 

images were acquired with a Jeol JSM 7800F electron microscope. 

X-ray diffraction (XRD): It is a nondestructive analytical technique for material characterization 

that gives detailed information about structures, chemical composition, phases, crystal 

orientations, crystallinity, and so forth. An X-ray monochromatic beam is projected onto the 

sample, and then scattered at specific angles caused by the interaction with the sample. The 

scattered X-rays interfere with each other, and the diffraction peaks are produced by the 

constructive interference between them [72]. In this work, X-ray diffraction pattern generation was 

carried out with a Bruker D2 PHASER. 
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Cyclic voltammetry (CV): It is a standard technique used for measuring electrochemical properties; 

it applies cycling potential scans, and measures the resulting current at the working electrode. With 

it, one can obtain qualitative information about the orbital energy levels of materials used for 

organic electronics [73]. CV measurements, in this work, were carried out using a PARSTAT 2273 

potentiostat in a classical three-electrode electrolytic cell. 

There are many other techniques for the characterization of solar cell and materials, such as 

impedance spectroscopy (IS), or light beam induced current/voltage (LBIC/LBIV), among others 

[60,74,75]. One important characterization technique that was used in this work is external 

quantum efficiency (EQE), or incident photon to current efficiency (IPCE). In the next chapter, it 

will be explained in detail. 
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3. External Quantum Efficiency 
 

In order to realize the operational limit of these devices, it is important to understand the operating 

mechanism for OPVs and the principal processes related with PCE. The main processes (as 

explained before) are (i) photon absorption in the active layer, which produces the photogenerated 

excitons (𝜂𝐴𝑏), (ii) exciton dissociation and CC generation (𝜂𝐶𝐺), (iii) transport of the holes by the 

donor conjugated material and the electrons through the electron acceptor material and the 

subsequent transfer of these CCs across the respective transport layers (𝜂𝐶𝑇) , and finally, (iv) CC 

collection at the electrodes (𝜂𝐶𝐶) [50]. Those four processes directly affect the PCE value, and they 

can be analyzed through the EQE technique. EQE rules the performance of OPVs; it is the ratio 

between the generated and collected charges and the total number of incident photons, as shown 

in equation (5). EQE is expressed in terms of the four aforementioned processes according to 

equation (6) [50,55]. 

𝐸𝑄𝐸 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑎𝑛𝑑 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑐ℎ𝑎𝑟𝑔𝑒𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
                       (5) 

𝐸𝑄𝐸 = 𝜂𝐴𝑏 × 𝜂𝐼𝑄𝐸 = 𝜂𝐴𝑏 × 𝜂𝐶𝐺 × 𝜂𝐶𝑇 × 𝜂𝐶𝐶                                           (6) 

Also, EQE measurements are a complement to the J-V plots for both stability monitoring and 

OPVs characterization [55,76]. Nevertheless, the experimental acquired EQE value is often not 

enough to completely understand OPV performance, and calculation of internal quantum 

efficiency (IQE) is also important [77,78]. To determine IQE data, it is necessary to know the 

internal absorption (𝑄𝐴𝐿 or 𝜂𝐴𝑏 as named above) of the active layer, as shown in equation (7). 

Then, with EQE and 𝑄𝐴𝐿 data, IQE is calculated as shown in equation (8) [50,77,78]. 

𝑄𝐴𝐿 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑏𝑠. 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑖𝑛 𝑎𝑐𝑡. 𝑙𝑎𝑦𝑒𝑟

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
                                         (7) 

𝐼𝑄𝐸 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑎𝑛𝑑 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑐ℎ𝑎𝑟𝑔𝑒𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑏𝑠. 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑖𝑛 𝑎𝑐𝑡. 𝑙𝑎𝑦𝑒𝑟
=

𝐸𝑄𝐸

𝑄𝐴𝐿
         (8) 

Summarizing, EQE takes into account the total number of arriving photons to the OPV cell, and 

IQE is just related to the net absorbed photons at the active layer. When IQE is close to 100%, 

almost every absorbed photon results in CCs that are collected at the electrodes [47]. To improve 

IQE, and thus EQE, active layer thickness needs to have an adequate value. Also, it is important 
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to mention that variations in the complex refractive index (𝒏 = 𝑛´ + 𝑖𝑘) of the layers that form the 

OPVs stack can affect their performance, specifically the EQE shape [77]. Through the layers’ 

optical constants and thickness values, it is possible to perform simulations of the optical electric 

field distribution on each layer [77]. Then, it is necessary to get an accurate absorption spectrum 

of the active layer (𝑄𝐴𝐿), due to all the internal reflections and interference processes that the stack 

structure produces [50]. Thus, for device optimization and for efficiency improvement, optical 

effects must be accounted for.  

3.1. Set up 

Our EQE experimental set up (homemade) is shown in Figure 3.1. The computer controlled EQE 

set up was implemented using a monochromator (Princeton Instruments Acton Series SP2500), a 

xenon lamp (Oriel Instruments model 66902) as light source, a power meter (Thorlabs PM100) 

with a measurement range from 400 to 1100 nm, a source meter (Keithley 2400), and lenses, irises 

and mirrors as optical components. 

 
Figure 3.1: EQE experimental set up: (a) initial arrangement for light power measurements, (b) 

arrangement for OPV current determinations. 

In the set-up, light (supplied by the xenon lamp) is collimated with two plano-convex lenses (f=60 

mm, Thorlabs LA1401-A) and deviated with a mirror, then, it goes through a bi-convex lens 

(f=100 mm, Thorlabs LB1676) to focus the light onto the monochromator slit. An iris is used to 
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avoid noise at the entrance of the monochromator, and a high-pass filter (Thorlabs FB800-40) is 

used to avoid second order diffraction at higher wavelengths, see Figure 3.2. The monochromator, 

by means of diffraction gratings, splits the light into specific wavelengths, and the monochromatic 

output light passes through a bi-convex lens (f=125 mm, Thorlabs LB1904) and an iris to 

respectively focus and define the light spot, arriving next to the power meter detector (Figure 3.1a); 

power measurements at each wavelength are saved with the automated system. Then, the OPV is 

placed at the same position of the power meter detector, and the current is measured by the system 

with the source meter (Keithley) (Figure 3.1b). Once the current and the power have been obtained, 

the EQE curve is automatically plotted. A LabVIEW software was developed for the acquisition 

of EQE data. EQE() values are determined from equation (9) [79] , 

𝐸𝑄𝐸(𝜆) =
𝐽𝑠𝑐(𝜆)

𝑃𝑖𝑛(𝜆)
×

ℎ𝑐

𝑒
×

1

𝜆
=

𝐽𝑠𝑐(𝜆)

𝑃𝑖𝑛(𝜆)
× 1240 ×

1

𝜆
=

1240𝐽𝑠𝑐
𝜆𝑃𝑖𝑛

        (9),  

where 𝐽𝑠𝑐[𝑚𝐴/𝑐𝑚2]  is the short circuit photocurrent density produced in the cell at each , 

𝑃𝑖𝑛[𝑚𝑊/𝑐𝑚2] is the irradiance of the incident light (at each ), 𝜆[𝑛𝑚] is the incident photon 

wavelength, ℎ is Planck’s constant, 𝑐 is the light speed, and 𝑒 is the electron charge [79]. Through 

the integration of EQE over the solar spectrum, it is possible to evaluate the amount of current that 

the OPV device will generate upon being exposed to sunlight; then, as it is clear from equation (9), 

𝐽𝑠𝑐  can be determined from EQE measurements. Therefore, to verify EQE results, the 𝐽𝑠𝑐  PV 

parameter was calculated from those measurements, and the estimated values were compared with 

those achieved using the J-V plots; such parameter is calculated as the integral of the product of 

the measured EQE and the number of incident photons at each wavelength, see equation (10) 

[50,55]. 

𝐽𝑠𝑐 (
𝑚𝐴

𝑐𝑚2
) = ∫

𝑃𝑖𝑛𝜆𝜆

1240
×

𝐸𝑄𝐸𝜆

100
𝑑𝜆                   (10) 
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Figure 3.2: Light intensity measured from the monochromator output in order to observe the second 

diffraction order at different wavelengths (730, 750 and 760 nm). 

With the purpose of verifying the reliability of EQE measurements and how OPV reproducibility 

behaves with the same thickness, two statistical analysis were made. The first analysis was made 

taking three different EQE measurements for the same cell. In Figure 3.3a and b, three EQE 

measurements for the same cell and EQE measurements with their standard deviation are 

respectively shown. The highest standard deviation value is 2.3 %; knowing this value, it is 

possible to say that the EQE measurements are 97.7 % reliable.  

 

  
a)                                                           b)                                            

Figure 3.3: EQE measurements (a) for the same OPV cell, (b) with standard deviation. Highest standard 
deviation is 2.3 %; measurements are 97.7 % reliable. 

The second analysis was done to determine the reproducibility error. Five cells on individual 

substrates were fabricated under the same fabrication conditions. In Figure 3.4 a and b, the J-V and 

EQE curves of the tested cells are shown. The standard deviation (reproducibility error) in Figure 
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3.4c was calculated from EQE measurements, with 6.6% error, leaving 93.4% of good cell 

reproducibility. The highest standard deviations are between 755 and 770 nm, as can be observed 

for the graph, and this is due to the fact that the high-pass filter is manually placed at these 

wavelengths; therefore, these relatively high values are mainly due to human errors. 

 
a)                                                                b)         

 
                                        c)    

Figure 3.4: (a) J-V and (b) EQE measurements for five different OPVs, and (c) EQE measurements with 
standard deviation. Highest standard deviation (reproducibility error) is      6.6 %; reliable 

reproducibility is 93.4 %.  

Additionally, the monochromator bandwidth was measured with a spectrometer (Ocean Optics 

USB 4000) to calibrate the monochromator and to verify that we have the wavelength of interest 

in the EQE measurements; the calibration procedure was performed using the MonoControl 

software from Princeton Instruments. In Figure 3.5, the bandwidth measurement at 550 nm is 

shown, and as can be noted, the full width at half maximum (FWHM) of the curve is 4 nm. As 
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EQE measurements are taken in 5 nm steps, the desired wavelength will be the obtained 

wavelength. 

 
Figure 3.5: Bandwidth monochromator curve at 550 nm, FWHM of 4 nm. 

Some images of the EQE homemade set-up are shown in Figure 3.6.  

 
Figure 3.6: EQE homemade arrangement images. 

3.2. Transfer Matrix Method (TMM) 

As mentioned before, it is necessary to get an accurate absorption spectrum of the active layer, and 

therefore, optical effects must be taken into account; this analysis can be performed through TMM. 

This method, is one of the most important numerical methods in contemporary theoretical physics. 

It helps to predict and understand the behavior of thin films multilayer structures in a specific 

configuration through the transmission, reflection, absorption and electromagnetic field 
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distribution inside the layer system [80]. Several authors have used the well-established TMM to 

calculate 𝑄𝐴𝐿 in solar cells by using the optical constants of the film layers, refractive index (n´) 

and extinction coefficient (k). For instance, Moulé et al. [81] demonstrated that optical effects, 

such as reflections and interference, are responsible for the variations in OPV performance as a 

function of the active layer thickness; their OPVs’ active layers were based on P3HT:PCBM or 

OC1C10-PPV:PCBM. Slooff et al. [82] modeled the absorption profile of  a PF10TBT:PC60BM 

active layer and obtained a calculated IQE of 75 %. Jung et al. [83] calculated the spatial 

distribution of the optical electric field intensity, the power density, and the power dissipation of 

OPVs based on  a P3HT:PCBM active layer, and concluded that total device reflectance has an 

important impact on light absorption efficiency.  

In this work, TMM was used to analyze the electric field distribution inside the OPV’s thin film 

structure in order to optimize performance, and also, to obtain the accurate active layer absorption 

spectrum for IQE determinations. To use TMM, it is necessary to know the wavelength-dependent 

complex refraction index of each layer material. Then, through the layers’ optical constants and 

thickness values, it is possible to perform simulations of the optical electric field distribution on 

each layer. As shown in Figure 3.7, our OPV devices are considered as a stack of m homogenous 

layers and m+1 interfaces which are parallel between them, with specific thicknesses (𝑑) and 

optical constants (η), namely the dielectric constant 𝜀2(𝜔) and magnetic permeability 𝜇2. Film 

faces are located at 𝑧 = 0 and 𝑧 = 𝑑. 

 

  Figure 3.7: OPV cell stack consideration for TMM. 

Using the transverse component continuity of the electric and magnetic fields on each surface, 𝐸 

and 𝐻 respectively, the relationships between fields 𝐸𝑎 , 𝐻𝑎  at 𝑧 = 0 and 𝐸𝑏 , 𝐻𝑏  at 𝑧 = 𝑑  were 

obtained through the following expression (11) , 



26 
 

[
 
 
 cos (𝑘2𝑑) −𝑖𝑠𝑒𝑛(𝑘2𝑑)

µ2

𝛽2

−𝑖𝑠𝑒𝑛(𝑘2𝑑)
𝛽

µ
cos (𝑘2𝑑)

]
 
 
 
[
𝐸𝑏

𝐻𝑏
] = [

𝐸𝑎

𝐻𝑎
]       (11) ,     

where  𝑘2 =
𝜔

𝑐
𝛽2 and 𝛽2 = √𝜀2µ2 − 𝜀1µ1𝑠𝑒𝑛(𝜃𝑖) , ω is the incident light frequency, 𝑐 is the light 

velocity in vacuum,  𝜀1 and µ1 are the medium parameters at 𝑧 < 0, and  𝜃𝑖 is the incident angle 

from medium 1 to 2; we also considered an electric transversal light polarization, when the electric 

field is always on the x-y plane. 

 

For the multilayer case, this relation was used to connect the fields at each adjacent interface. With 

the equations obtained, it is possible to determine all field amplitudes, considering the incident 

field amplitude at 𝑧 = 0 as known, and also considering that the last layer only has a transmitted 

field and not a reflected one. 

 

For the case of plane waves, the total fields on each layer were written in terms of the partial fields 

as (12) and (13) , 

𝐸𝑗(𝑧) = 𝐸𝑗
+𝑒𝑖𝑘𝑗𝑧 + 𝐸𝑗

−𝑒−𝑖𝑘𝑗𝑧                           (12), 

𝐻𝑗(𝑧) =
𝛽𝑗

µ𝑗
𝐸𝑗

+𝑒𝑖𝑘𝑗𝑧 −
𝛽𝑗

µ𝑗
𝐸𝑗

−𝑒−𝑖𝑘𝑗𝑧                 (13),  

where 𝐸𝑗
+ and 𝐸𝑗

−are the light field amplitudes traveling to the right or left, respectively,  on the j 

layer. 𝐸𝑗
+ and 𝐸𝑗

− can be written in terms of the total fields at each interface, and the obtained 

expression allows us to draw the fields through all the system. For a detailed deduction, see 

reference [84].  

To determine reflectance, 𝑅 =  |
𝐸𝑅

𝐸𝐼
⁄ |

2

, where 𝐸𝑅  is the reflected field and 𝐸𝐼  is the incident 

(known) field, the continuity of the transverse components at 𝑧 = 0 was used, 

𝐸𝑅 + 𝐸𝐼 = 𝐸𝑎                                                      (14), 

𝛽1

µ1
𝐸𝐼 −

𝛽1

µ1
𝐸𝑅 = 𝐻𝑎                                            (15),  

and from that, 
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𝑅 = |

𝛽1
µ1

𝐸𝑎 − 𝐻𝑎

𝛽1

µ1
𝐸𝑎 + 𝐻𝑎

|

2

                                           (16).  

In the same manner, transmission can be obtained from the 𝐸𝑇 field in the last medium using  𝑇 =

|
𝐸𝑇

𝐸𝐼
|
2

. 

To calculate absorption at each layer, it was necessary to carry out a balance of energy,  and then, 

the continuity equation was used (equations 6.108 and 6.106 from [85]). The dissipated energy 

inside one medium is expressed with the term ∫ 𝐽.̅ 𝐸̅𝑑𝑉, where 𝐽 ̅is the current density 𝐽 ̅ = 𝜎𝐸̅ , 

and 𝜎 is the material conductivity. After some algebra, absorption at layer j can be determined 

with  

𝐴𝑗 =
𝜀𝑗
2𝜔

4𝜋𝑆𝑖
∫ |𝐸𝑗(𝑧)|

2
𝑑𝑥                               (17),

𝑍𝑗+1

𝑍𝑗

 

where 𝑍𝑗  and 𝑍𝑗+1  are the layer boundaries, 𝑆𝑖  is the incident Poynting vector, and 𝜀𝑗2  is the 

imaginary part of the complex dielectric function at the j layer. 

The dielectric function (𝜀 = 𝜀´ + 𝑖𝜀̃) is directly related to the complex refraction index (𝑛 = 𝑛´ +

𝑖𝑘) through 𝜀 = 𝑛2  (from Maxwell equations). Therefore, the real and imaginary parts of the 

dielectric function are given by 𝜀´ = 𝑛´2 − 𝑘2  and 𝜀̃ = 2𝑛´𝑘  , respectively. The complex 

refraction index is divided into the real part, the refractive index (𝑛´), and the imaginary part, the 

extinction coefficient (𝑘). The refractive index is a measure to know how much the velocity of 

light is reduced when it goes inside a medium, and the extinction coefficient is related to the 

absorption in a medium. The  𝑛´ and 𝑘 values used for TMM can be found elsewhere [86–89] for 

all layers (ITO, PEDOT:PSS, PFN), except for the PTB7-Th:PC71BM blend film, for which the 

mentioned parameters were measured here by using an optical thin film analyzer (Filmetrics F20). 

PTB7-Th:PC71BM films for these measurements were spin-coated over Si substrates with the same 

concentration and preparation conditions as those for the OPV solutions. Figure 3.8 shows a plot 

for the n´ and k values, determined in this work as a function of the wavelength for the PTB7-

Th:PC71BM blend; these values are similar for those reported for the PTB7:PC71BM film [90]. 
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Figure 3.8: Refractive index (black line) and extinction coefficient (blue line) of PTB7-Th:PC71BM blend 

film. 

For the top electrode (FM), the direct sum of the dielectric constants (𝜀 ) multiplied by the 

volumetric fraction (𝑓) of each material (32.5% Bi, 51% In y 16.5% Sn) was used, 

𝑒𝑓𝑓 = 𝑓1 ∗ 𝜀1 + 𝑓2 ∗ 𝜀2 + 𝑓3 ∗ 𝜀3                   (18),  

where  

𝑓1 + 𝑓2 + 𝑓3 = 1                                                 (19) 

3.3. Internal Quantum Efficiency (IQE) 

Regarding IQE, in 2015, Park et al. [50] reported an analysis of thickness-dependent internal 

quantum efficiency in OPVs for the PTB7:PC71BM active layer, showing a significant reduction 

of IQE when increasing active layer thickness (work range: 66-320 nm). In that same year, Huang 

et al. [91] used an off-center solution fabrication method for PTB7-Th:PC71BM based OPVs, with 

four different active layer thicknesses, 104, 180, 215 and 230 nm, and an inverted configuration, 

and they achieved near 100% IQE (at ~ 600 nm). In 2017, Fan et al. [92] studied the charge 

generation properties of OPVs based on PTB7-Th:PC71BM doped with (1-bromo-4-nitrobenzene 

(C6H4BrNO2)) through the IQE technique (at just an active layer thickness of 100 nm), indicating 

that this third component is useful for charge transport and transfer issues. Very recently, Chen et 

al. [93] used the EQE and IQE techniques to demonstrate an effective method to reach high 

efficiency in OPVs based on PTB7:PC71BM blend by using a sol–gel-derived ZnO:Al2O3 

composite layer, which helped to suppress recombination losses and to improve light absorption. 
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Once the internal absorption spectrum has been obtained through TMM, and EQE measurements 

have been taken, it is possible to plot IQE curves. IQE is the ratio of the generated and collected 

charges to the number of absorbed photons at the active layer, as shown in equation (8). With IQE 

measurements, the electronic and optical properties of cells can be analyzed separately, and thus, 

they provide relevant information about the solar cell electrical characteristics that cannot be 

obtained only through EQE [94]. The IQE spectral curve can give information about how 

efficiently the device convert photons to CCs, or about the CC recombination spatial dependence. 

The total recombination processes inside an OPV device are inversely related with IQE [94].  

Poly[(ethylhexyl-thiophenyl)-benzodithiophene-(ethylhexyl)-thienothiophene] (PBDTTT-EFT) 

[95,96], commonly called as PTB7-Th or PCE10, is a derivative of poly[[4,8-bis[(2-

ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2-[(2-

ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]], known as PTB7 or PCE9, see all the chemical 

structures used in this work in the scheme showed before Introduction section. For a single OPV 

BHJ layer device, with this polymer, PCE can be greater than 9% [95,96]. In this work, direct 

PTB7-Th:PC71BM based OPVs are fully characterized through the IQE technique by using the 

internal absorption estimated through TMM, when taking into account reflection and interference 

processes inside the OPV stack, unlike the case of PTB7:PC71BM [50,93] (In reference [93] an 

inverted configuration is used). To get a deeper understanding of the OPV device performance, in 

the next chapter, an analysis of the EQE and IQE spectra will be carried out for several active layer 

thicknesses, based on PTB7-Th polymer, within a range from 40 to 165 nm, as well as a 

comparison/discussion between the experimentally obtained results and the theoretical simulations 

through TMM.  
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4. Device fabrication and experimental results 

As a first step in this thesis dissertation, some comparisons between three relatively efficient 

polymers used in OPVs: two of the most common and low bandgap polymers: PTB7 and PTB7-

Th and a relatively novel medium bandgap polymer PBDB-T are presented. Film morphology 

(through atomic force microscopy (AFM)), film molecular ordering (through scanning tunneling 

microscopy (STM)), and X-ray diffraction (XRD) issues are commented. 

It has been proved that, with the incorporation of a third component in the OPV active layer, 

usually there exists an enhance in the harvesting solar energy and then in the charge transport and 

collection at the electrodes, and in some cases, also on lifetime stability; however, it depends on 

the third compound type and concentration into the active layer [97,98]. Therefore, several 

strategies for increasing efficiency in ternary OPVs have been carried out. It has been proved a 

photovoltaic parameters enhancement with the use of a second donor [99,100] or a second acceptor 

(fullerene or non-fullerene) [19,101]. For instance, isocyanate-treated graphene has been used to 

dope the active layer, based on P3HT, increasing 59% the conversion efficiency in comparison to 

the un-doped devices [102]. Also solution processable functionalized graphene (SPFG) was 

incorporated as a third component in PTB7:PC71BM active layer obtaining a PCE increment of 

22% with respect to the reference devices [16]. Cheng et al. [101], used ICBA to provide more 

routes for charge transfer at the PTB7:PC71BM interface improving the average efficiency from 

7.23% to 8.13 %. Wang et al. [103], used the non-fullerene acceptor molecule ITIC (2,2′-

[[6,6,12,12-Tetrakis(4-hexylphenyl)-6,12-dihydrodithieno[2,3-d:2′,3′-d′]-s-indaceno[1,2-b:5,6-

b′]dithiophene-2,8-diyl]bis[methylidyne(3-oxo-1H-indene-2,1(3H)-

diylidene)]]bis[propanedinitrile]) with PBDB-T, also named PCE12  (poly[[4,8-bis[5-(2-

ethylhexyl)-2-thienyl]benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl]-2,5-thiophenediyl[5,7-bis(2-

ethylhexyl)-4,8-dioxo-4H,8H-benzo[1,2-c:4,5-c′]dithiophene-1,3-diyl]]), and PC71BM to form 

efficient electron-transport pathways and, they reached a PCE of 10.2% compared to 9.2% and 

8.1% for the binary PBDB-T:ITIC and PBDB-T:PC71BM devices, respectively. The addition of 

magnetic oxide nanoparticles in OPVs P3HT:PC70BM active layer has improved the lifetime and 

stability of these devices with an efficiency of ~ 3% [104]. On the other hand, 5 wt % of Fe3O4 

nanoparticles (NPs), as doping agent into the P3HT:PCBM blend, increased conversion efficiency 

from 1.09% to 2.22% [105]. Lin et al. [106], reported a PCE increment from 2.08% to 2.3% with 
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the incorporation of small amounts of FeS2 nanocrystals (NCs) (0.3 wt. %) into P3HT:PC71BM 

active layer. Besides, Khan et al. [107], added 20 wt. % of FeS2 quantum dots (with ~ 5 nm size) 

and reached a PCE of 3.62% compared to the reference device (2.32%). Then, as a second step in 

this work, non-toxic iron sulfide (FeS2) nanocrystals (NCs) was used as a second electron-acceptor 

in PTB7:PC71BM active blend with the configuration 

ITO/PEDOT:PSS/PTB7:PC71BM:FeS2/PFN/FM. FeS2 NCs had been used with the purpose to 

enhance efficiency by improving dissociation and charge transport. Ternary active layers were 

prepared by blending small amounts of the semiconducting FeS2 NCs at different weight ratios: 

0.0, 0.25, 0.5, and 1.0 wt. %, with respect to the electron donor PTB7. 

As a third step, PTB7-Th:PC71BM solar cells with an active layer thicknesses varying from 40 to 

165 nm were made under direct configuration ITO/PEDOT:PSS/PTB7-Th:PC71BM/PFN/FM. An 

analysis of the external and internal quantum efficiency of the devices fabricated was carried out. 

A comparison between the experimental measurements and theoretical simulations (by TMM) was 

discussed in order to have better understanding of the OPVs performance. 

PEDOT:PSS, as mentioned before, is widely used as HTL. However, it has several limitations, the 

chemical interaction between PEDOT:PSS and ITO cause the ITO corrosion due to the 

PEDOT:PSS acidity due to the polystyrene sulfonic acid (PSS), and also, the hydroscopic nature 

of PEDOT:PSS eventually reduces the device performance [108]. For this reason, 2-dimensional 

carbon based materials such as graphene oxide (GO) have been extensively used as HTLs. 

Graphene shows stable aqueous dispersion [109], possess excellent intrinsic properties, such as 

high thermal conductivity, transparency, and high electrical charge mobility [110,111]. Therefore, 

as a final step in this work, PBDB-T:ITIC and PBDB-T:PC71BM binary solar cells were fabricated, 

reaching 8.9% and 6.9% respectively. Then, PBDB-T:ITIC based OPVs were tested with 

fluorinated reduced graphene oxide (F-rGO) as HTL and as a bilayer with the combination of 

PEDOT:PSS. 

4.1. Donor polymers comparisons: PTB7, PTB7-Th and PBDB-T 

Main difference between PTB7, PTB7-Th and PBDB-T polymers is their absorption spectra. In 

Figure 4.1 are shown low bandgap polymers PTB7, PTB7-Th and medium bandgap polymer 

PBDB-T absorption spectra. PTB7 and PTB7-Th polymers spectra are shifted to red compared 
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with PBDB-T spectrum: bandgap of PTB7-Th (1.58 eV) is smaller than that for PTB7 (1.64 eV) 

and at the same time, these two bandgaps, are smaller than that of PBDB-T (1.8 eV) [112,113]. 

Thus, OPVs devices based on PTB7-Th could enhance the photon absorption and can potentially 

have a better charge generation. Also, on the chemical structure of PTB7, it was replaced two 

oxygen atoms for two thiophene units to obtain PTB7-Th, with these modifications it was 

improved the planarity of the main chain and the polymer stability [112]. The absorption 

coefficient () of the active layers PTB7:PC71BM, PTB7-Th:PC71BM and PBDB-T:ITIC, at 485 

nm, is around 1.9 × 104 𝑐𝑚−1, 2.5 × 104 𝑐𝑚−1 and 3.4 × 104 𝑐𝑚−1 respectively [114,115]. See 

Table 4.1.  

 

Figure 4.1: PTB7, PTB7-Th and PBDB-T absorption spectra in solution. 
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Table 4.1: Comparative data of the PTB7, PTB7-Th and PBDB-T donor polymers 

  a On film, b Optical (on film), c From STM measurements 

A series of measurements were carried out to compare PTB7, PTB7-Th and PBDB-T polymer 

films. For film thickness and morphology, it was used an AFM (Easyscan2 from Nanosurf) 

operated in contact mode employing cantilever tips with aluminum reflective coating (ContAl-G) 

from BudgetSensors. When operating in tapping mode by using cantilever tips PPP-NCLAu with 

a metallic layer (Au), phase contrast and topography images of the layers were acquired; 

measurements were performed under ambient conditions. For these AFM measurements, sample 

films were prepared under the same OPVs fabrication procedure (without PFN neither FM); active 

layer thickness was ~100 nm. In Figure 4.2 are shown the AFM topography images (top) and phase 

contrast images (bottom) (with 5 µm × 5 µm scanning size) of: (a) PTB7, (b) PTB7-Th and (c) 

PBDB-T films; (d) PTB7:PC71BM, (e) PTB7-Th:PC71BM blends (ratio 1:1.5 wt %) with 3 % of 

DIO and (f) PBDB-T:ITIC (ratio 1:1 wt % with 0.5 % of DIO). Roughness values: (a) 0.6 nm, (b) 

1.6 nm, (c) 2.9 nm, (d) 0.9 nm, (e) 2 nm and (f) 2.5 nm. For the case of PTB7-Th based films (b 

and e), the roughness increment is about 1 nm compared with the PTB7 cases (a and d); it may be 

due to the fact that PTB7-Th polymer film has thicker chains (~ 0.7 nm thicker, see Table 4.1) as 

commented below from STM measurements. Also, domains shown in Figure 4.2e (PTB7-Th) are 

Parameters: PTB7 PTB7-Th PBDB-T References 

Chemical structure 

   

 

Also named PCE9 PCE10 PCE12  

LUMO -3.3 eV -3.66 eV -2.92 eV [16,116] 

HOMO -5.2 eV -5.24 eV -5.33 eV [16,116] 
aHole mobility 5.8 × 10−4𝑐𝑚2𝑉−1𝑠−1 2.83 × 10−3𝑐𝑚2𝑉−1𝑠−1 1 × 10−4𝑐𝑚2𝑉−1𝑠−1 [117–119] 
bBandgap 1.64 eV 1.58 eV 1.8 eV [112,113] 

aAbsorption 

coefficient 

1.9 × 104 𝑐𝑚−1 2.5 × 104 𝑐𝑚−1 3.4 × 104 𝑐𝑚−1 [114,115] 

cChain thickness ~ 900 pm to 1 nm ~ 1.5 nm to 1.7 nm ~ 600 to 700 pm This work 
cChain separation ~ 960 pm ~730 pm ~ 700 pm " 
aRoughness ~ 0.6 nm ~ 1.6 nm ~ 2.9 nm " 

Best PCE 6.89 % 7.65 % 8.87 % " 
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larger than those in Figure 4.2d (PTB7), which could be for the same above explained reason. For 

the PBDB-T:ITIC case (f), domains are larger and less spaced compared with the other two cases 

(d and e) and can be due to the chemical structure and chains thickness and separation (which are 

lesser for this polymer (~ 700 pm)) differences between PBDB-T and the other two polymers (see 

Table 4.1). These fact could improve CCs dissociation and transport. Also, PBDB-T HOMO is 

about 0.1 eV deeper compared with the similar HOMO of PTB7-Th and PTB7 (see Table 4.1), 

which can lead to higher OPVs 𝑉𝑜𝑐 [116]. 

 

 
Figure 4.2: AFM topography (top, traditional color map) and phase contrast (bottom, spectral color 

map) images of (a) PTB7, (b) PTB7-Th, (c) PBDB-T, (d) PTB7:PC71BM with DIO, (e) PTB7-Th:PC71BM 
with DIO, (f) PBDB-T:ITIC with DIO. For all cases, bar scale = 1 µm. As surface is relatively smooth, 

spectral color map provides better details. 

PTB7, PTB7-Th and PBDB-T films (monolayers) were analyzed with STM to study their film 

molecular ordering at the nanoscale regime. For these latter measurements, PTB7, PTB7-Th and 

PBDB-T were dissolved in 1-phenyloctane with 3% of 1,8-diiodooctane (DIO) with a 

concentration of 0.1 mg/ml and deposited on highly ordered pyrolytic graphite (HOPG) surface by 

drop casting. Electrochemically etched and mechanically cut Pt-Ir wires were used as STM tips. 
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Before each film deposition, HOPG substrates were cleaved by using the adhesive tape technique 

to obtain an atomically clean surface; then, a droplet (about 2 µl) of 1-phenyloctane was directly 

deposited between the tip and the sample surface to make the liquid/solid interface for STM 

measurements. Sample thicknesses for STM measurements were less than 1 nm (about 300 pm 

according to an image profile that was taken and analyzed through Gwyddion open source software 

(v. 2.49)) Figure 4.3 shows the STM images, here are seen worm-like chains at two different scales 

for PTB7: (a) and (d); for PTB7-Th: (b) and (e); and for PBDB-T: (c) and (f). The scan size, the 

tunneling current (It) and the applied potential (U) were: for (a) 6 nm × 6 nm, It = 121 pA and U 

= 950 mV, (b) 6 nm × 6 nm, It = 121 pA and U = 1.25 V, (c) 5 nm × 5 nm, It = 200 pA and U = 

0.9 V, (d) 38 nm × 38 nm, It = 201 pA and U = 850 mV, (e) 40 nm × 40 nm, It =161 pA and 

U=1.35 V and (f) 20 nm × 20 nm, It =120 pA and U=1.15 V. 

 
Figure 4.3: STM images showing worm-like chains of (a) PTB7 and (b) PTB7-Th with 6 nm × 6 nm scan 
size, (c) PBDB-T with 5 nm × 5 nm scan size, (d) PTB7 with 38 nm × 38 nm scan size, (e) PTB7-Th with 

40 nm × 40 nm scan size and (f) PBDB-T with 20 nm × 20 nm scan size. 

From Figure 4.3 can be observed amorphous domains in the three polymers measurements; 

separations for PTB7 chains are a little larger (~ 960 pm) than for PTB7-Th chains (~ 730 pm) and 

for PBDB-T chains (~ 700 pm). Besides, thickness of PTB7-Th chains are thicker (~ 1.5 nm to 1.7 

nm) than those for PTB7 chains (~ 900 pm to 1 nm) and for PBDB-T chains (~ 600 pm to 700 

pm). Maybe, these differences could be due to the already commented chemical structure 

modifications of PTB7 polymer to get the PTB7-Th one, i.e., the replaced two oxygens for the two 

thiophene units [112]. The worm-like chains of PBDB-T, where the prolonged π system allows 

the polymer to form a better π-π stacking with an interchain distance around ~450 pm and a shorter 
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distance of ~700 pm between different polymer backbone chains can influence PCE (Figure 4.3c 

and f). This short distance between PBDB-T chains could facilitate a more efficient intramolecular 

charge separation, and thus improve the charge transfer from the active layer to the OPV 

electrodes.  

XRD experiments were performed for 2θ in the range of 4–50° by using incremental steps of 0.02°; 

these measurements were carried out in an ambient atmosphere. Figure 4.4a shows the XRD 

patterns for PTB7, PTB7-Th and PBDB-T films. It is observed, in all patterns, the (010) plane 

formation indicating the π-π stacking with a face-on orientation [120,121]. The polymer films 

show the maximum peak between 22° and 23°, which is in good agreement with previous literature 

[121–123]. The higher intensity for the PTB7-Th pattern could indicate that has a better organized 

structure (packing of the chains) and higher co-planarity than the PTB7 and PBDB-T films 

[114,121]. Also, the maximum intensity value for PTB7 is in 22.4°, for PTB7-Th is in 22.7° and 

for PBDB-T is in 23.24°; these small shifts could correlate with the smaller chain separation (d-

spacing) in PTB7-Th films than the d-spacing in PTB7 layers and in the same manner PBDB-T 

has less d-spacing than PBT7 and PTB7-Th [121,122], see STM analysis in Figure 4.3 and Table 

4.1.  

Figure 4.4b, c and d show SEM images for PTB7:PC71BM, PTB7-Th:PC71BM and PBDB-T:ITIC 

layers, respectively (bar scale is 100 nm). Films are very homogenous and smooth, it correlates 

with the small films roughness values determined from AFM measurements: from 0.5 nm to 3 nm. 

For the PBDB-T case (d) an uniform fibrillar structure (interpenetrating network) can be observed, 

which could provide more homogeneous pathways, compared with the other two, helping CCs 

dissociation and transport in the active layer and diminishing exciton CCs recombination [124].  

 
a)                                                                      b) 
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c)                                                                      d) 

Figure 4.4: (a) XRD pattern of PTB7 (black line), PTB7-Th (red line) and PBDB-T (blue line) films, (b), 
(c) and (d) SEM images for PTB7:PC71BM, PTB7-Th:PC71BM and PBDB-T:ITIC films, respectively; 

surface is relatively smooth. 

Conclusions of section 4.1 

STM and XRD determinations indicate that PTB7-Th film chains are somewhat thicker and less 

spaced than those for PTB7 and also that, PTB7-Th films have a slightly better ordering and higher 

co-planarity, and thus, providing a possible better electrical charge transport; these facts could help 

to better understand the PV performance and stability in OPVs cells based on PTB7-Th than those 

based on PTB7. Otherwise, PBDB-T polymer, showing a worm-like pattern in a monolayer film 

with an interchain distance around ~450 pm and a shorter distance of ~700 pm between different 

polymer backbone chains, could facilitate a more efficient intramolecular charge separation and 

thus improve the charge transfer from the active layer to the OPV electrodes, due to the short 

distance between chains. Also, PBDB-T:ITIC uniform fibrillar structure and their domains larger 

and less spaced, could provide homogeneous pathways, helping CCs dissociation and transport 

and diminishing exciton CCs recombination. To the best of our knowledge this is the first time 

that these three polymers are compared between them. 

4.2. PTB7: Iron sulfide nanocrystals as second electron-acceptor 

Iron disulfide (FeS2) is a natural earth-abundant and non-toxic material with possible applications 

in different areas such as lithium batteries, transistors and photovoltaic (PV) devices [125,126]. 

According to the analysis carried out by Wadia et al. [127], among 23 semiconductors, it is the 

best candidate for large-scale solar cells development at a low cost (< 2 × 10-6 ¢/W). Pyrite FeS2 

presents excellent optoelectronic properties: direct band gap (0.8 to 1.38 eV) [128–132], high 
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optical absorption coefficient (2×105 cm-1) [128], high electron mobility (2 to 80 cm2/(Vs)) 

[128,133] and large charge carrier lifetime (200 ps) [134], therefore FeS2 nanoparticles (NPs) 

could be a good alternative for PV applications [135]. Pyrite semi-spherical NCs were added as a 

second electron-acceptor, at different concentrations, into the active layer PTB7:PC71BM of OPVs 

fabricated with the direct configuration glass/ITO/PEDOT:PSS/PTB7:PC71BM:FeS2/PFN/FM (as 

shown in Figure 4.5a). Figure 4.5b shows the chemical structure of PC71BM ([6,6]-phenyl-C71-

butyric acid methyl ester). 

 
a)                                                         b) 

Figure 4.5: (a) OPV structure; (b) Chemical structure of PC71BM. 

Sample preparation and characterization 

All chemicals were used as received without further purification. For OPVs fabrication, ITO 

covered glass substrates (10 Ω/sq, ~165 nm thickness) were purchased, from Delta Technologies, 

PEDOT:PSS (Clevios PVP AI 4083) was acquired from Heraeus and, PTB7 and PC71BM from 1-

Material Inc, PFN from 1-Material Inc and FM from Rotometals.  

FeS2 NCs were prepared using the hot two-pot method [136]. Iron II chloride (0.5M) and sulfur 

(0.57M) precursors were used to obtain the FeS2 NCs. The iron precursor was dissolved with 

octadecylamine at 120ºC for 1 h under argon atmosphere. Sulfur was dissolved with diphenyl ether 

at 70ºC for 1 h under argon gas. Then sulfur-diphenyl ether solution was added in the iron-

octadecylamine complex. The solution was heated up at 220ºC for 2 h. Once the reaction is 

finished, the product was cooled down to 110ºC, subsequently 5 ml of chloroform was added and 

kept at room temperature; finally, 35 ml of methanol were added to purify the product by 
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centrifugation, this step was repeated several times. The final product was re-dispersed in 

chloroform for the posterior active layer fabrication. 

Solution for the active layer was prepared by dissolving PTB7 and PC71BM at 1:1.5 w/w, 30 mg/ml 

in anhydrous chlorobenzene (CB):1,8-diiodooctane (DIO) (97:3 v/v) within a glovebox under 

nitrogen atmosphere. Solution was stirred in a hot plate for about 24 h at room temperature. FeS2 

NCs were added to the active layer at 0, 0.25, 0.5, 1.0 wt. % with respect to the electron donor and 

then mixed in an ultrasonic bath for 20 minutes. OPVs devices were fabricated as follows (Figure 

4.5a): after ITO substrates were cleaned and dried, a PEDOT:PSS layer of ~ 40 nm thickness was 

spin-coated at 4500 rpm for 1 minute on top of the ITO substrate and then it was 120 ºC thermally 

treated for 20 minutes. The active layer with and without FeS2 was spin coated on 

ITO/PEDOT:PSS at 1900 rpm for 60 s at normal room conditions and then a thermal annealing of 

80°C for 15 minutes was provided to the deposited films (~ 100 nm). A PFN layer (~ 5-10 nm) 

was spin-coated at 6000 rpm on top of the active layer and exposed to thermal annealing for 15 

minutes at 80 °C. Active area (0.07 cm2) was delimited with a Scotch tape. FM top electrode was 

deposited (after melting it at 95 °C in a hot plate) by drop casting on top of the PFN layer following 

the procedure previously reported [63]. The final device structure is: glass (1.1 mm)/ITO (~165 

nm)/PEDOT:PSS (~40 nm)/PTB7:FeS2:PC71BM (~100 nm)/PFN (~5 nm)/FM.  

TEM images were taken with a JEOL JEM-1010 with an acceleration potential of 80 kV. For STM 

measurements, FeS2 were suspended in chlorobenzene with a concentration of 0.2 mg/ml and 

deposited on highly ordered pyrolytic graphite (HOPG) surface by drop casting. For CV 

measurements: the working electrode was an ITO electrode; the reference electrode was Ag+/Ag° 

(0.01 M AgNO3/0.1 M tetrabutylammonium perchlorate in acetonitrile) and the counter electrode 

was platinum. All CV measurements were carried out in dry acetonitrile using 0.1 M 

tetrabutylammonium hexafluorophosphate (TBAPF6) as electrolyte at a scan rate of 100 mVs-1, 

and each solution was purged with N2 prior to measurement. UV-Vis characterization was 

performed through thin films of PTB7:PC71BM active layer, with and without FeS2 NCs at 

different concentrations (0, 0.25, 0.5 and 0.1 wt.%), spin coated on a corning glass at 1900 rpm for 

60 s in order to obtain similar thickness (~ 100 nm). The active layer thickness was measured with 

the AFM operated in contact mode employing cantilever tips with aluminum reflective coating 

(ContAl-G) from BudgetSensors. AFM height (roughness) images were acquired in dynamic force 
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mode (using PPP-NCLAu from NanoSensors), which has better resolution than the contact mode 

[137]. For these AFM measurements, sample films were prepared under the same OPVs 

fabrication procedure (without PFN neither FM). A potenciostat/galvanostat PARTAT 2273 

system was used for IS measurements. The impedance spectra were measured (in ambient 

atmosphere, at room temperature) under dark and illumination conditions using a frequency range 

from 1 to 500 kHz with an amplitude of 20 mV. The curves were simulated with ZView software 

[63]. 

OPVs results 

The diluted dark product of FeS2 was observed by Transmission Electron Microscopy (TEM) 

(Figure 4.6a and b). Semispherical NCs, with an average size of 20 nm  4 nm, were observed. 

Distribution of the NCs size was determined from the Image J software (Figure 4.6c). X-ray pattern 

(reported in our previous work [136]) of these NCs, showed peaks at 2θ= 28, 33, 37, 40.7, 47.5, 

56, 61.5, 64.5 º, corresponding to the pyrite crystalline phase (pyrite JCPDS (Joint Committee on 

Powder Diffraction Standards) card), which is in good agreement with the reported cubic 

morphology [138]. 

         

a)        b) 
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c) 

Figure 4.6: (a) and (b) TEM morphology of FeS2 NCs at 50 and 100 nm scale bar, respectively and, (c) 
distribution of NCs sizes. 

FeS2 thin films were analyzed with STM to study their film molecular ordering at the nanoscale 

regime. Figure 4.7a shows the STM image. The scan size, the tunneling current (It) and the applied 

potential (U) were: 50 nm × 50 nm, It = 500 pA and U = 450 mV, respectively. Scanning Electron 

Microscopy (SEM) image of agglomerated FeS2 NCs is shown in Figure 4.7b. In these TEM 

(Figure 4.6a and b), STM (Figure 4.7a) and SEM (Figure 4.7b) images can be appreciated that the 

size of the NCs are in the nanoscale regime (~ 15 to 25 nm) as stated previously. 

   
a)                                                         b) 

Figure 4.7: (a) STM image of FeS2 deposited on HOPG substrate (thickness ~ 20 nm) with 50 nm × 50 
nm scan size and (b) SEM image of FeS2 NCs (scale bar = 100 nm). 

Energy levels of FeS2 NCs were characterized by CV, Figure 4.8a shows the cyclic 

voltammogram. For the CV measurements the working electrode was an ITO electrode; the 
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reference electrode was Ag+/Ag° (0.01 M AgNO3/0.1 M tetrabutylammonium perchlorate in 

acetonitrile) and the counter electrode was platinum. All CV measurements were carried out in dry 

acetonitrile using 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) as electrolyte at a 

scan rate of 100 mVs-1, and each solution was purged with N2 prior to measurement. It shows an 

oxidation peak, i.e., the ionization potential at approximately +0.39 V and a reduction peak, i.e., 

the electron affinity at about -0.40 V. In order to estimate the electrochemical band gap energy, 

the valence and band conduction energies (EVB and ECB, respectively) were calculated through the 

following Equation (20) and (21): 

𝐸𝑉𝐵 = −(𝐸[𝑜𝑛𝑠𝑒𝑡,𝑜𝑥] − 𝐸
[
1

2
(𝐹𝑐)]

+ 4.8) 𝑒𝑉                                                 (20)    

 and  

𝐸𝐶𝐵 = −(𝐸[𝑜𝑛𝑠𝑒𝑡,𝑟𝑒𝑑] − 𝐸
[
1

2
(𝐹𝑐)]

+ 4.8) 𝑒𝑉                                                (21)   

where 𝐸[𝑜𝑛𝑠𝑒𝑡,𝑜𝑥] and 𝐸[𝑜𝑛𝑠𝑒𝑡,𝑟𝑒𝑑] are onset potentials of the oxidation and reduction relative to the 

ferrocene/ferrocenium (Fc+/Fc),  𝐸
[
1

2
(𝐹𝑐)]

 (half-wave ferrocene potential) is 0.20 V, the value 4.8 

eV represents the difference between the vacuum level potential of the normal hydrogen electrode. 

Thus, a EVB of -4.99 eV and an ECB of -4.20 eV, respectively, were determined resulting in a 

suitable energy band gap of 0.79 eV, which is close to the reported range [128–132]. Figure 4.8b 

shows the energy levels diagram of all used materials in the device structure. FeS2 could improve 

OPVs performance as a second acceptor by charge carriers pathways generation and cascade like 

formation in the energy levels of the active layer materials (as shown in the diagram) [16]. Perhaps 

charges might travel through three different pathways: PTB7-FeS2, PC71BM-FeS2 and PTB7-

PC71BM [101]. These characteristics can help to a better exciton dissociation, charge transport and 

collection processes and indeed, to the overall PCE value. 
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a)                                                                  b) 

Figure 4.8: (a) Cyclic voltammograms of ITO (reference, black) and FeS2 NCs in acetonitrile with 
TBAPF6 0.1 M at 100 mV s-1 (Blue: Anodic zone, Red: Cathodic zone), (b) Flat energy levels diagram of 

the used organic materials as well as FeS2 for OPVs fabrication [16]. 

Figure 4.9 shows UV-Vis absorption spectra of OPVs active layer with different concentrations of 

FeS2, as well as its alone absorption (also in film). The optical absorption of PTB7:PC71BM active 

layer presents a broad absorption in the visible range (300 to 750 nm). In all absorbance spectra 

PTB7 peaks appear at 630 and 700 nm and PC71BM peaks in 375 and 480 nm as reported elsewhere 

[139]. FeS2 NCs do not contribute to the absorption spectra neither to light harvesting due to the 

low amount added to the PTB7:PC71BM active layer [106]. Then, difference in absorption of the 

active layer could be to slight difference in sheet thicknesses as well as to some light dispersion 

due to optical quality. 

                                              

Figure 4.9: UV-Vis absorption of the blend PTB7:PC71BM with different FeS2 concentrations: 0.0 wt. %, 
0.25 wt. %, 0.5 wt. %, 1.0 wt. %. 
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Figure 4.10a shows J-V plots of OPVs with 0, 0.25, 0.5 and 1 wt. % of FeS2 as third component in 

ternary active layer. For OPVs with 0.5 wt. % of FeS2, a PCE of 6.47% was reached (with reference 

devices: 0 wt. %, PCE of 5.69%) and it was mainly due to a 𝐽𝑠𝑐 and 𝐹𝐹 increment (𝑉𝑜𝑐 remains 

nearly the same). For each FeS2 concentration, three different OPVs sets were fabricated and 

tested, results followed the same trend; Figure 4.10a shows the best values. EQE plots of OPVs 

reported in Figure 4.10a are shown in Figure 4.10b. EQE curves indicate that the generated 

photocurrent is reached mainly in the 400 - 750 nm range, which correlate to the PTB7:PC71BM 

blend absorption. EQE for devices with 0.5 wt. % of FeS2 is higher than that for the reference 

OPVs cells, this fact can be attributed to a better charge separation (exciton dissociation 

enhancement), transport and collection in devices [16]. In other words, exciton recombination 

reduction can take place while having additional electron charge pathways in the active layer; 

further, a better charge-balance (free holes/electrons) could also be presented and thus, improving 

the overall OPVs performance. 

 
a)                                                                b) 

Figure 4.10: (a) J-V curves and (b) EQE of PTB7:PC71BM based devices with different concentrations of 
FeS2: 0.0 wt. %, 0.25 wt. %, 0.5 wt. %, 1.0 wt. %. 

The averaged PV parameters of the fabricated OPVs, with different amounts of FeS2, are shown 

in Table 4.2. For PCE, numbers in parentheses are the best values and standard deviations are also 

shown (in the literature, normally, PCE is the one that present the standard deviation because the 

other parameters are related with PCE). The best average efficiency (6.02 %) is for 0.5 wt. % of 

FeS2 added into PTB7:PC71BM as explained before. On the contrary, for 0.25 wt. % of FeS2 exists 

a significant decrement in PV parameters (PCE= 1.57 %) compared to the reference OPVs 

(average PCE= 4.98 %).  
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Table 4.2: Average PV parameters of OPVs sets (n=3) with different FeS2 content in the active layer. For 
PCE, numbers in parentheses are the best values and standard deviations are also shown. 

FeS2 

wt.% 

Thickness 

(nm) 

Voc (V) FF Jsc  

(mA/cm2) 

PCE  

(%) 

Roughness 

(nm) 

0.0 101 0.73 0.48 14.48 4.98±0.53 (5.69) 1.1 

0.25 109 0.64 0.23 11.15 1.57±0.52 (2.09) 1.4 

0.5 110 0.75 0.52 15.31 6.02±0.31 (6.47) 1.7 

1.0 106 0.74 0.51 15.21 5.48±0.71 (5.97) 3.2 

 

As shown in Figure 4.10a, OPVs with 0.25 wt. % of FeS2 exhibit an S-shape type, this behavior 

could be due to charge recombination or accumulation as a consequence of poor charge’s transport 

between OPV interfaces [140], or/and due to a poor quality of the BHJ active layer [141]. This S-

curve shows a linear zone (low fill factor) attributed to a large serial resistance, which, perhaps, it 

could be attributed to the poor and irregular distribution (accommodation) of FeS2 isolated NCs 

into the active blend at this low concentration (0.25 wt. %) inducing a reduction in Jsc and FF, and 

thus in the overall PCE, see SEM images in Figure 4.13 bellow. Also, PCE starts to decrease for OPVs 

with 1 wt. % of FeS2 (5.48 %) and it could be due to the presence of FeS2 agglomerates into the 

active layer. Figure 4.11 shows AFM images in non-contact mode in 2D (left) and 3D (right) of 

OPVs with different concentrations of FeS2 (0.0 wt. %, 0.25 wt. %, 0.5 wt. % and 1.0 wt. %). 

Roughness has a tiny gradual increment as FeS2 concentration increases (See Table 4.2 and Figure 

4.11), which could create traps for charge carriers and to enlarge the leakage current. Because of 

these agglomerates, OPVs parameters start to decrease, free charges cannot be efficiently 

extracted; it is mainly observed for OPVs cells with 1 % of FeS2 (See Figure 4.11 and 4.13d). 
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Figure 4.11: AFM images in non-contact mode in 2D (left) and 3D (right) of OPVs with different 
concentrations of FeS2: (a) 0.0 wt. %, (b) 0.25 wt. %, (c) 0.5 wt. % and (d) 1.0 wt. %. 

 

Figure 4.12 shows a SEM image of an OPV layers cross-section, it is observed the thickness of 

each layer: ITO ~ 197 nm, PEDOT:PSS ~40 nm and PTB7:PC71BM active layer ~113 nm, which 

acceptably correlate with sheet thicknesses determined from AFM in contact mode. Also, a zoom 

of the active layer with non-NCs is presented in Figure 4.12. 

 

Figure 4.12: SEM image of OPVs layers (ITO ~197 nm; PEDOT:PSS ~40 nm; PTB7:PC71BM ~113 nm) 
and an active layer zoom with non-NCs.  

Figure 4.13, from a to d, shows SEM images of OPVs active layer with the different concentrations 

of FeS2. It can be noted the ITO layer (granular structure) due to the high used voltage for these 

SEM measurements (15 kV) in comparison with that for PEDOT:PSS image (Figure 4.13e) taken 
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at low voltage (1 kV) where the ITO layer cannot be distinguished. These SEM images are a 

complement to the AFM images showed in Figure 4.11; some NCs were denoted inside red circles, 

however, it is not very clear to observe them because they are immersed in the polymer matrix. In 

Figure 4.13b and c (0.25 wt. % and 0.5 wt. % respectively) can be observed some NCs distributed 

in the active layer, in minor quantity and more isolated for the b case (0.25 wt. %) compared to the 

c case (0.5 wt. %). In case d (1 wt. % of FeS2) NCs agglomerates can also be observed.  

 

a)                                                                   b) 

 

c)                                                                      d) 
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                                   e) 

Figure 4.13: SEM images (at 15 kV) of OPVs active layer with different concentrations of FeS2: (a) 0.0 
wt. %, (b) 0.25 wt. %, (c) 0.5 wt. % and (d) 1.0 wt. %; (e) image of PEDOT:PSS at a lower SEM voltage 

(1kV). Scale bar = 1 µm. 

To study the CCs transport and recombination in devices based on PTB7:PC71BM and 

PTB7:PC71BM:FeS2 (with 0.5 wt. % of FeS2) impedance spectroscopy (IS) analysis was 

conducted. IS is an important technique for solar cell transport and recombination processes 

monitoring [142], these measurements can provide information about the different processes that 

limits the solar cell efficiencies: charge storage, carrier lifetimes, recombination and resistivity 

[143]. Figure 4.14 shows the IS (Nyquist plot) measurements and the simulations made (with the 

equivalent circuit model presented in Figure 8c), at different operating bias (0.0 V, 0.3 V, 0.6 V 

and close to Voc), under illuminated conditions for two OPVs cells based on a) PTB7:PC71BM 

and b) PTB7:PC71BM:FeS2 with 0.5 wt. % of FeS2. As can be seen, the fitted lines showed good 

agreement with the measured data. IS under dark conditions is also presented. IS achieved data are 

in agreement with the previously reported OPVs based on low band-gap polymers IS [63,143]. At 

low and large frequencies is possible to get information about the recombination (Rrec) and series 

resistance (Rs), respectively [63,142,143]. Rs is related to the overall resistance devices that can 

reduces Jsc value, Rrec to charge carriers recombination processes in the device and C is a non-

ideal capacitor; the higher Rrec value is better for the devices [143]. Table 4.3 shows the equivalent 

circuit parameters (Rrec and Rs) reached from the fitted data for PTB7:PC71BM and 

PTB7:PC71BM:FeS2 (with 0.5 wt. % of FeS2) based solar cells. These values are in good agreement 

with the reported values of PTB7:PC71BM solar cells [63,143]. Rs data are similar for both devices, 

which might suggest that the possible fabrication defects in the stack architecture are comparable 
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in both devices [63]. Rrec values present a rapid decrement while applied bias increased from 0.0 

V to near Voc, as shown in Figure 8d. This behavior is due to the fact that at high bias, the carriers 

density in the OPV increases and thus more recombination takes place in the device [63,143]. 

From Figure 4.14 and Table 4.3, it can be noted that Rrec values are in the same order of magnitude 

for both systems, but recombination resistance is higher for PTB7:PC71BM:FeS2 cells (red curve) 

to that of PTB7:PC71BM (blue curve) cells. Therefore, IS analysis suggests that electrical losses 

by charge carriers recombination are diminished in devices with FeS2 nanoparticles (specifically 

with 0.5 wt. %) and, therefore, the Jsc and FF values (shown in Table 4.2) of the latter device are 

improved. 

 
a)                                                                        b) 

     
c)                                                                         d) 

Figure 4.14: Impedance spectroscopy measurements (filled color squares) and simulations (black lines) 
of a) PTB7:PC71BM and b) PTB7:PC71BM:FeS2 (with 0.5 wt. % of FeS2); c) Equivalent circuit used for IS 
simulations; d) Rrec values vs bias voltage for PTB7:PC71BM (blue) and PTB7:PC71BM:FeS2 (with 0.5 wt. 

% of FeS2) (red). 
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Table 4.3: Parameters of the equivalent circuit used to simulate experimental IS data for PTB7:PC71BM 
and PTB7:PC71BM:FeS2 (with 0.5 wt. % of FeS2) based solar cells. 

Device DC bias (V) Rs (Ω · cm2)  Rrec (Ω · cm2) 

PTB7:PC71BM 0.0 V 1.59 396 

 0.3 V 1.83 155 

 0.6 V 2.22 24 

 Voc 2.20 5.2 

PTB7:PC71BM:FeS2 0.0 V 1.67 445 

(0.5 wt. % of FeS2) 0.3 V 1.88 177 

 0.6 V 2.32 26 

 Voc 2.27 4.8 

Figure 4.15 shows two graphs for the OPVs averaged electrical parameters versus FeS2 content of 

three independent experiments for each concentration. OPVs parameters present small variation 

for 0.5 wt. % and 1.0 wt. % of FeS2 content compared with the reference (0.0 wt. %), however, as 

previously stated, PCE is statistically enhanced for the 0.5 wt. % FeS2 concentration. For 1.0 wt. 

% of FeS2 parameters starts to decrease because of the FeS2 agglomerates. PV parameters decay 

significantly with 0.25 wt. % of FeS2, as commented before. Summarizing, with the addition of 

0.5 wt. % of FeS2, a better charge generation/transport/collection is potentially reached because of 

the better exciton dissociation and additional charge pathways in the active layer. To the best of 

our knowledge, it is the first time that FeS2 NCs are added to the PTB7:PC71BM active layer and 

reached a PCE improvement in OPV devices. 

 
a)                                                         b) 

Figure 4.15: Electrical parameters of OPVs as a function of FeS2 NCs content. Three different sets and at 
least three devices for each concentration were tested. 
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Conclusions of section 4.2 

Iron sulfide (FeS2) nanocrystals were added as a third component (second electron acceptor) in the 

PTB7:PC71BM active layer to enhance solar cell performance. It was found, by varying the FeS2 

content (0, 0.25, 0.5 and 1.0 wt. %), an increment in PV parameters at a specific doping level (0.5 

wt. %). PCE was 21% improved (average PCE of ~ 6 % (best = 6.47 %)) compared to reference 

devices (average PCE of ~ 5 % (best = 5.69 %)). Hence, FeS2 NCs, due to the energy level 

accommodation within the active layer, potentially assist charge dissociation; also additional 

charge-carrier pathways are created improving charge transport and collection. 

4.3. PTB7-Th: Active layer thickness variation analysis 

In this section, an analysis of EQE and IQE of OPVs, based on PTB7-Th:PC71BM, as a function 

of the active layer thickness ranging from 40 to 165 nm is carried out. 

Sample preparation and characterization 

All chemicals were used as they were purchased without further purification. After ITO substrates 

were cleaned and dried, a PEDOT:PSS layer of 40-nm thickness was spin-coated at 4500 rpm on 

top of the ITO substrate and dried in an oven for 20 minutes at 120 °C. As electron donors were 

used PTB7 and PTB7-Th (1-Material Inc.) and, as electron acceptor PC71BM. The solution for the 

active layer was prepared by dissolving PTB7 or PTB7-Th and PC71BM (ratio 1:1.5 wt %) in 

anhydrous CB with 3 % of DIO within a glovebox under nitrogen atmosphere. The solution was 

stirred in a hot plate for about 24 h at room temperature. Then, it was spin-coated, at normal room 

conditions, with different spin velocities onto the PEDOT:PSS layer to have the active layer 

thickness variation (40-165 nm). Deposited films were left in the glovebox overnight under N2 

atmosphere and at the next day, a thermal annealing of 80 °C for 15 minutes was provided. A PFN 

layer (~5-10 nm) was spin-coated at 5500 rpm on top of the active layer and exposed to thermal 

annealing for 15 minutes at 80 °C. Active area (0.07 cm2) was delimited with a Scotch tape. FM 

top electrode was deposited (after melting it at 95 °C in a hot plate) by drop casting on top of the 

PFN layer; during this procedure, the OPV cell was kept in the hot plate at the same temperature. 

Finally, OPVs cells were cooled down at room temperature. In Figure 4.16 the OPV cell structure: 

glass (1.1 mm)/ITO(165 nm)/PEDOT:PSS(40 nm)/PTB7-Th:PC71BM(40-165 nm)/PFN(~5 

nm)/FM used in this work is schematized. 
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Figure 4.16: Architecture of the fabricated OPVs cells. See chemical structures in page x, before 

Introduction section. 

OPVs J-V curves where measured by a Keithley 2450 source meter under normal room conditions 

with a solar simulator Sciencetech SS150 class AAA (under AM1.5). For film thickness and 

morphology, it was used the AFM operated in contact mode employing cantilever tips with 

aluminum reflective coating (ContAl-G) from BudgetSensors. When operating in tapping mode 

by using cantilever tips PPP-NCLAu with a metallic layer (Au), phase contrast and topography 

images of the layers were acquired; measurements were performed under ambient conditions. For 

these AFM measurements, sample films were prepared under the same OPVs fabrication 

procedure (without PFN neither FM); active layer thickness was ~100 nm. For STM 

measurements, PTB7 and PTB7-Th were dissolved in 1-phenyloctane with 3% of 1,8-diiodooctane 

(DIO) with a concentration of 0.1 mg/ml, and deposited on highly ordered pyrolytic graphite 

(HOPG) surface by drop casting. The use of 1-phenyloctane with DIO helps to get a better image 

quality because a phase separation between the polymer aggregated and nonaggregated chains 

occurs [61]. Electrochemically etched and mechanically cut Pt-Ir wires were used as STM tips.  

Before each film deposition, HOPG substrates were cleaved by using the adhesive tape technique 

to obtain an atomically clean surface; then, a droplet (about 2 µl) of 1-phenyloctane was directly 

deposited between the tip and the sample surface to make the liquid/solid interface for STM 

measurements [61]. Sample thicknesses for STM measurements were less than 1 nm (about 300 

pm according to an image profile that was taken and analyzed through Gwyddion open source 

software (v. 2.49)). For XRD and SEM characterizations, active films were prepared under the 

same OPVs fabrication procedure; however, for these cases, active layer thickness was ~180 nm. 

OPVs results 

In Figure 4.17 are shown the best J-V curves and achieved efficiencies for our fabricated OPVs 

based on PTB7:PC71BM (PCE = 6.89 %) and PTB7-Th:PC71BM (PCE = 7.65 %) as active layers. 
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PCE values for these OPVs (under direct configuration) are comparable with OPVs based on PTB7 

derivatives reported in the literature: range 5−10 % [28,96]. The best PCE presented in this work 

(7.65 %) is slightly larger than one of the highest PCE reported under a similar configuration: 7.35 

% [28]. However, for the EQE/IQE analysis carried out here as a function of the active layer 

thickness, we were more interested in maintaining the preparation conditions over the entire range 

of the studied active layer thicknesses, i.e., for these measurements, PCE values were slightly 

smaller; additionally, here it was used the alternative FM top electrode vacuum-free deposited 

[16,59,60,63].  

 
Figure 4.17: Best J-V curves and achieved efficiencies for PTB7:PC71BM (blue curve) and PTB7-

Th:PC71BM (red curve) based OPVs devices by using the FM alternative top electrode vacuum-free 
deposited. OPVs performance is somewhat better for those based on PTB7-Th polymer. 

In Figure 4.18 J-V data, for one of the sets made with PTB7-Th:PC71BM blend (three different sets 

were fabricated and tested to verify these data), are presented for the active layer thickness from 

40 to 92 nm (a) and from 100 to 165 nm (b);  the measured EQE values versus wavelength are also 

shown for the corresponding thicknesses in c and d. It is noteworthy that the best EQE values are 

for the thickness range 92 to 110 nm, which are in concordance with the best PCE achieved 

efficiencies. In Table 4.4 are shown the PV parameters for the active layer thicknesses analyzed in 

this work. Also it is presented in Table 4.2 two EQE values (at 500 and 730 nm) to better observe 

the EQE differences between thicknesses. In Table 4.4 it is shown the highest achieved PCE (6.77 

%) in that set and it is correlated with the highest EQE value at 485 nm (53 %), it corresponds for 

an active layer thickness of 100 nm, which is the optimum active layer thickness for most BHJ 

architecture [49–52]. In the thickness range 80 to 120 nm, 𝐽𝑠𝑐 values are in good agreement with 
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those reported in the literature for PTB7-Th:PC71BM active layer (range: 13 to 15 mA/cm2 

[64,144]). Determined values for 𝑅𝑠  and 𝑅𝑠ℎ  are between 2 ̶ 20 Ωcm2 and 138 ̶ 210 Ωcm2, 

respectively, which are similar to those OPVs reported for PTB7-Th:PC71BM blend film [64,144]. 

Also, similar 𝑅𝑠 and 𝑅𝑠ℎ values, to those mentioned in this work, are reported by H. Park et al. 

[50] for the blend PTB7:PC71BM. The obtained 𝑉𝑜𝑐 and 𝐹𝐹 also are similar to those found in the 

literature under a similar configuration [64,144]. 

 

          
Figure 4.18: Current-density vs voltage (J–V) curves of PTB7-Th based OPVs devices with active layer 
thicknesses from (a) 40 to 92 nm, and (b) 100 to 165 nm. EQE vs wavelength of devices with active layer 
thicknesses from (c) 40 to 92 nm, and (d) 100 to 165 nm. For each thickness, at least three OPVs samples 

were fabricated and tested, they followed a similar trend. 
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Table 4.4: PV parameters at different active layer thicknesses. For each thickness, at least three OPVs 
samples were fabricated and tested, they followed a similar trend. OPVs configuration: 

glass/ITO/PEDOT:PSS/PTB7-Th:PC71BM/PFN/FM. Standard deviation is included for the PCE values. 

 

In Figure 4.19a and b are presented the PCE, 𝐽𝑠𝑐, 𝑉𝑜𝑐 and 𝐹𝐹 values as a function of the active 

layer thickness. As shown in Figure 4.19a, PCE values increase when increasing the active layer 

thickness until 100 nm and, after that maximum, PCE values once again decrease. It is due to the 

CCs recombinations and charge’s trapping that are present when the active layer is thicker (above 

110 nm producing losses and reducing the possibility of CCs to survive and arrive to the electrodes 

[50]). On the other hand, when the active layer thickness has a significant decrease (under 75 nm) 

PCE is also reduced because not enough CCs are generated. 𝐽𝑠𝑐 values have a similar behavior 

than the PCE ones, while in Figure 4.19b 𝑉𝑜𝑐 values remains almost constant for all thicknesses 

and 𝐹𝐹 also decreases with increasing thickness (above 100 nm), however, it maintains similar 

values for thicknesses over 120 nm. 

 

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 

(𝑛𝑚) 

𝑉𝑜𝑐 

(𝑉) 

𝐽𝑠𝑐 

(𝑚𝐴/𝑐𝑚2) 

𝐹𝐹 𝑃𝐶𝐸 

(%) 
𝐸𝑄𝐸 (500𝑛𝑚) 

(%) 

𝐸𝑄𝐸 (730𝑛𝑚) 

   (%) 

𝑅𝑠 

(Ω𝑐𝑚2) 

𝑅𝑠ℎ 

(Ω𝑐𝑚2) 

40 0.74 9.4 0.42 2.91±0.30 32 24 6 138 

55 0.76 10.4 0.48 3.79±0.41 31 21 7 170 

69 0.79 10.2 0.49 3.94±0.28 34 24 5 177 

75 0.81 12.9 0.48 5.05±0.25 46 33 7 167 

80 0.82 13.4 0.52 5.75±0.35 45 43 7 197 

92 0.81 14.8 0.55 6.55±0.38 51 37 5 208 

100 0.81 13.6 0.61 6.77±0.88 52 38 2 193 

110 0.80 14.3 0.54 6.21±0.40 49 36 8 210 

120 0.81 15.0 0.45 5.53±0.31 45 37 10 156 

133 0.80 12.8 0.46 4.71±0.32 28 31 8 140 

165 0.80 11.6 0.41 3.80±0.45 29 22 20 191 
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Figure 4.19: (a) PCE (filled squares), 𝐽𝑠𝑐 (filled circles), (b) 𝑉𝑜𝑐 (open squares), and 𝐹𝐹 (open circles) as 

a function of the active layer thickness. 

In Figure 4.20a EQE values versus active layer thickness at the wavelengths of 500, 580 and 730 

nm (see Figure 4.18c-d) are showed; these particular wavelengths were chosen because close to 

500 nm is where the largest EQE values are reached, 730 nm is where there exists the maximum 

absorption of PTB7-Th and, 580 nm just as an intermediate wavelength. The average maximum 

EQE values for the three wavelengths are in the thickness range 92-110 nm, corresponding to the 

same range where the maximum values of PCE are reached (see Figure 4.19a). 

 
Figure 4.20: (a) EQE values at 500, 580 and 730 nm as a function of the active layer thickness, (b) 𝐽𝑠𝑐 
determined from J-V curves (black squares) and  𝐽𝑠𝑐 estimated from EQE measurements (blue squares) 

versus active layer thickness. 

In Figure 4.20b are shown the  𝐽𝑠𝑐 values determined from J-V curves (black squares) and those 

estimated from EQE measurements (blue squares) versus active layer thickness; as it can be seen, 

they follow the same behavior. In Table 4.5 are listed the 𝐽𝑠𝑐 values from J-V curves and from EQE 

measurements. As we can see, values are similar; however, always the estimated  𝐽𝑠𝑐 value from 

EQE is smaller than that from J-V curve (see also Figure 4.20b). It could be due to the fact that 

when EQE measurements were carried out, an approximately 10 % smaller OPV area was excited 

(illuminated) than the size of the solar cell’s active area (0.07 cm2), it was due to our experimental 

EQE set up conditions.  
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Table 4.5: Current density values from J-V curve vs the estimated ones from EQE. OPVs configuration: 

glass/ITO/PEDOT:PSS/PTB7-Th:PC71BM/PFN/FM 

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 
(𝑛𝑚) 

𝐽𝑠𝑐 J-V 
(𝑚𝐴/𝑐𝑚2) 

𝐽𝑠𝑐  EQE 
(𝑚𝐴/𝑐𝑚2) 

40 9.4 8.0 

55 10.4 9.1 

69 10.2 9.2 

75 12.9 11.7 

80 13.4 12.0 

92 14.8 13.6 

100 13.6 12.9 

110 14.3 13.4 

120 15.0 14.5 

133 12.8 11.2 

165 11.6 11.5 

 

On the other hand, the optical electric field (of the illumination light) is affected by interference 

effects due to the strong light reflection at the metal as top electrode, and partial reflections at the 

layers interfaces of the cell stack when light propagates through the device. Thus, the optical 

electric field is modulated and when the active layer thickness increases the electrical field peaks 

could move off the active film. To better understand these facts, it was used the TMM for 

simulating the optical electric field inside the device. For simulations, our OPVs devices are 

considered as a stack of m layers and m+1 interfaces, which are parallel between them (see Figure 

4.16); the thicknesses of all layers were kept fixed during calculations, except the active layer 

thickness that goes from 40 to 165 nm as mentioned above. It will be also assumed that the incident 

electromagnetic plane waves arrive to the first layer at normal incidence (from the ITO side) and 

that the top electrode is a mirror, represented by FM, with high reflectivity (then, the incident light 

travels twice through the active layer). These simulations only provide insight of the optical 

effects, but details of the excitons dissociation and CC’s transport and collection efficiencies are 

needed to gain a complete picture of CC’s generation and extraction. Both, optical and electronic 

effects define the overall performance of OPV devices. 
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In Figure 4.21 is presented the absorbance spectra of ITO, PEDOT:PSS and PTB7-Th:PC71BM 

thin films: (a) experimentally determined (for each single layer; taking into account the same 

experimental conditions than for the whole OPV device), (b) calculated through TMM (without 

taking into account reflection and interference effects, i. e., for each single layer), and (c) estimated 

through TMM when taking into account reflection and interference effects (whole cell stack 

including PFN and FM). As expected, case c corresponds to the active layer film that mainly 

absorbs the incident energy for the considered PV device. Plots determined experimentally in a 

and through TMM in b did not take into account the reflection and interference processes that 

occurs into the cell due to FM top electrode (working as a perfect mirror), the absorbance for those 

layers were independently obtained and for this reason, results are significantly different to those 

reached through simulations with all the cell structure in c. Indeed, the measured active layer 

absorbance in a is smaller than the simulated (with all the layers together) in c because there is not 

the double light absorption (when reflected light at the top electrode is no presented) neither other 

interface reflections.   

 

 
Figure 4.21: Absorbance of ITO, PEDOT:PSS and PTB7-Th:PC71BM layers (a) experimentally 
determined (for each single layer), (b) calculated through TMM (for each single layer), and (c) 
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determined through TMM (with all the cell structure, where light cross the films twice because of the 
reflection at the top electrode and also there are other reflections contributions because of the films 

interfaces). Film thicknesses: 165, 40 and 100 nm for ITO, PEDOT:PSS and PTB7-Th:PC71BM layers, 
respectively. 

The square modulus of the optical electric field was calculated when light propagates through the 

layers of the OPV as shown in Figure 4.22 for an active layer thickness of 100 nm. It is considered 

a unitary incoming intensity and that light arrives from the bottom (ITO). At the beginning the 

intensity is unitary but when reflection occurs the intensity is amplified. It was observed an 

oscillatory behaviour (see Figure 4.23) due to multiple reflections at the interfaces as the light 

travels inside the device. The oscillatory behavior denotes the incipient formation of standing 

waves inside the system. PFN layer shows almost zero intensity of the electric field, this layer is 

very thin (~ 5 nm) and it is close to the reflective top electrode where the electric field must be 

quickly annulled. Also, it is shown the electric field for incident light (arriving from the left side) 

in Figure 4.23a with 500 (blue line) and 730 (red line) nm of wavelength, for an active layer 

thickness of 100 nm and in Figure 4.23b with 500 nm of wavelength for all active layer thicknesses. 

It should be noted that the extinction coefficient for the active layer is several times larger than the 

corresponding for ITO and PEDOT:PSS (for ITO = 0.054 [86], PEDOT:PSS = 0.08 [87], and for 

PTB7-Th:PC71BM = 0.325 at 600 nm, see Figure 3.8). It is worth to mention that for an active 

layer thickness of 100 nm, the maximum electric field is roughly at the active layer center, which 

could improve the CCs transport and collection (for other thicknesses the maximum is sometimes 

shifted, see Figure 4.23b).  

 
Figure 4.22: Optical electric field intensity (black color = zero intensity, yellow = maximum value 

estimated by TMM considering a unitary incoming intensity (light arriving from the bottom side)) passing 
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through these layer thicknesses: 165 nm of ITO, 40 nm of PEDOT:PSS, 100 nm of PTB7-Th:PC71BM and 
5 nm of PFN. 

Similar simulations to those shown in Figure 4.22 and 4.23 were carried out in previous works for 

PTB7-Th:PC71BM [52], PTB7:PC71BM [50] and other active film blends [87]. Based on Figure 

4.22, the generated charges could be correlated to the optical electric field intensity inside the 

active layer [50].  Kobori and Fukuda [52] stated that current density (𝐽𝑠𝑐 ) is not increasing 

proportional to the increase of active layer thickness, that the  𝐽𝑠𝑐 behavior is in agrement with the 

change in the simulated optical intensity distribution, and that there exist a close correspondence 

between the OPV performance and the optical density distribution. As mention before, the layer 

thicknesses plays a very important role in the optical electric field behavior. For example, if the 

ITO layer thickness were 20 nm, the optical electric field inside the stack would be different; 

besides, the ITO thickness is important for OPV performance because, with lesser ITO thickness 

the sheet resistance becomes bigger and thus the conductivity decrease. 

     
Figure 4.23: Optical electric field intensity calculated by TMM considering a unitary incoming intensity 

(incident from the left) for (a) 500 nm (blue line) and 730 nm (red line) light wave for an active layer 
thickness of 100 nm, (b) 500 nm light wave for all active layer thicknesses (from 40 to 165 nm, OPV 

position means from 205 nm to 370 nm for the thicker active layer). The showed electric field is the result 
from reflection and interference processes that occur inside the OPV cell stack. 

Each layer absorption cannot be independently measured because the optical density of all layers 

together is not the sum of the optical density in each layer. This is due to interference effects caused 

by relfections and transmissions in the stack. The top metal electrode, used as cathode, introduce 

strong interference effects that contribute in the OPV absorption [94]. Figure 4.24a shows the 

calculated absorbance by TMM for the studied range of thicknesses of the active layer over glass 

substrate (single layer). On the other hand, Figure 4.24b shows the absorbance (𝑄𝐴𝐿) by TMM 

when taking into account all the presented layers in the OPV device (see Figure 4.21b and c for 
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the active layer thickness of 100 nm). It can be seen that, without the other layers, absorbace 

increases as thickness does, however, for the case with the other presented OPVs films, this 

regularity is lossed due to the mentioned interference effects. In this latter case, there exist an 

increment of the absorbace until about 80 nm, after that, it decreases again because the absorption 

in these thin film multilayer structures typically exhibits strong interference due to multiple 

reflections and transmissions at the interfaces. It is necessary to remember that for the estimation 

of IQE is more precise the case when all OPVs layes are presented. It is noted that the better 

efficiency obtained was for an active layer thickness of 100 nm and this result did not match with 

the thickness with better theoretical absorbance (80 nm). It could be due to the fact that the electric 

field inside the active film with 100 nm has a centered maximum and in the 80 nm case the 

maximum is shifted (see Figure 4.23b). When the maximum is centered, the electric charges could 

have better chance to arrive to the corresponding electrodes if the electron and hole mobilities 

values are matched. One way to obtain a ratio close to 1 between the electron and hole mobilities 

(𝜇𝑒
𝜇ℎ

⁄ = 1) is varying the mixed weight ratio between the donor and acceptor materials [145]. 

The electron mobility for PC71BM is 1 × 10−3𝑐𝑚2𝑉−1𝑠−1 [146] and the hole mobilities for PTB7 

and PTB7-Th is 5.8 × 10−4𝑐𝑚2𝑉−1𝑠−1 [117] and  2.83 × 10−3𝑐𝑚2𝑉−1𝑠−1 [28], respectively, as 

showed in Table 4.1. Then, mobilities are in the same order of magnitude and with the D:A weight 

used ratio (1:1.5) the electrons and holes could arrive to their respective electrodes quasi-

simultaneously. However, it is necessary to take into account also the buffer layers thickness and 

their mobilities. PEDOT:PSS and PFN film thicknesses are approximately 40 and 5 nm, 

respectively. When holes and electrons move through the PEDOT:PSS and PFN layers, 

respectively, mobility values change (PEDOT:PSS has a hole mobility of 1 × 10−4𝑐𝑚2𝑉−1𝑠−1 

[147] and for the PFN layer it is assumed that carrier transport is similar as in the active layer 

because of the tiny PFN thickness (~ 5 nm) [148]). 
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Figure 4.24: PTB7-Th:PC71BM absorbance for each active layer thickness determined by TMM: (a) 

when just the active film is deposited on glass substrate; (b) with the complete cell configuration. 

In Figure 4.25, the active layer absorbance (𝑄𝐴𝐿) versus thickness, by taking into account reflection 

and interference effects as in Figure 4.25b, is presented for three different wavelengths: 500, 580 

and 730 nm. Graphs follow the same trend: until 80 nm there exists an increment and then, a 

decrement in the absorbance occurs. 

 
Figure 4.25: Active layer absorbance (by taking into account all the OPV layers) vs thickness obtained 

with TMM for three different wavelengths: 500, 580 and 730 nm. 

With the active layer absorbance spectra showed in Figure 4.24b and the EQE measurements from 

Figure 4.18c and d, it was possible to calculate the IQE spectra for all the active layer thicknesses 

(according to equation (8)) as shown in Figure 4.26a from 40 to 92 nm and b from 100 to 165 nm. 

Figure 4.26c shows IQE versus active layer thicknesses for 500, 580 and 730 nm of incident 

wavelength. Analyzing the absorbance trend in Figure 4.25, it is noted that the better absorbance 

range is for 69-92 nm thickness. However in Figure 4.20a and Figure 4.26c, the range from 92 nm 

to 120 nm is where the best EQE and IQE values are reached. As we can see, before 92 nm and 
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after 120 nm, EQE and IQE values are smaller than those for the 92-120 nm range. It means that 

in the range of 92 to 120 nm the largest number of absorbed photons in the active layer are 

converted to charges and collected by the electrodes. Such deviations between PCE with the 

internal absorption, as the active layer thickness increases, have been reported previously 

[51,81,82] and it is correlated with the internal reflections and their interferences. 

 
Figure 4.26: Internal Quantum Efficiency (IQE) obtained from EQE and the PTB7-Th:PC71BM 

absorbance (from TMM) (a) from 40 to 92 nm thickness; (b) from 100 to 165 nm thickness; (c) IQE 
versus active layer thickness for three different wavelengths: 500, 580 and 730 nm. 

 In Table 4.6 are presented the IQE values for all the active layer thicknesses range at four specific 

wavelengths (470 (around maximum), 500, 580 and 730 nm). Here, values close to 100% were 

reached at any specific active layer thicknesses, however, at thicknesses larger than 120 nm, IQE 

values rapidly start to decrease similar to the earlier reports (see Figure 4.26b) [50,77]. The 

maximum IQE in Figure 4.26b reaches 97% at 470 nm for an active layer thickness of 110 nm 

(having an EQE of 49 %); and for an active layer thickness of 100 nm (maximum reached PCE), 

IQE value reaches 91.3% and EQE 50.7%, showing that these IQ efficiencies, related with the 
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exciton dissociation, the charge transport in donor and acceptor networks, and the charge 

extraction in both organic/electrode interfaces, are close to 100% in those thicknesses at specifics 

wavelengths. After reached the maximum value, in some cases, IQE starts to decrease; for the 100 

nm case, IQE goes down around 60% approximately. When having IQE close to 100 %, 

morphology of the OPVs active blended films should be close to the ideal donor and acceptor 

nanometer-scale interpenetrating network [47]. 𝑅𝑠  and 𝑅𝑠ℎ  values are directly related with the 

OPVs morphology and consequently with their PV performance. The relatively small variation in 

𝑅𝑠 and 𝑅𝑠ℎ values (see Table 4.4), indicates that morphology is not ideal, however, film surface is 

very smooth (as shown from AFM and SEM analysis). 

Table 4.6: IQE values at 470 (around maximum IQE, for an active layer thickness in the range 92-120 
nm), 500, 580 and 730 nm. OPVs configuration: glass/ITO/PEDOT:PSS/PTB7-Th:PC71BM/PFN/FM 

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 
(𝑛𝑚) 

𝐼𝑄𝐸 (470 𝑛𝑚) 
(%) 

𝐼𝑄𝐸 (500 𝑛𝑚) 
(%) 

𝐼𝑄𝐸 (580 𝑛𝑚) 
 (%) 

𝐼𝑄𝐸 (730 𝑛𝑚)  
(%) 

 

40 51 52 54 67  
55 53 55 52 64  
69 43 43 43 41  
75 57 57 51 50  
80 64 57 48 61  
92 81 79 56 52  

100 91 80 61 56  
110 97 84 63 60  
120 86 81 71 69  
133 65 51 57 64  
165 40 38 35 46  

 

IQE spectra can be divided into two parts: the region from 400 to 550 nm, dominated by the 

contribution of fullerene, and the region from 550 to 800 nm, dominated by the polymer 

contribution (in terms of their absorbance). In the 400 to 550 nm range (where the fullerene mainly 

absorbs), high IQE values are reached (from 92 to 120 nm active layer thickness range), and it 

involves a comparably efficient excitons generation and collection in the PCBM domains [149]. It 

is thought that those increments in the lower wavelengths are because, with the annealing 
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treatment, occurs the phase separation in the active layer that produces a morphology with smaller 

fullerene domains compared to the polymer domains. Then, excitons generated in the fullerene 

domains could be more easily diffused to the donor and acceptor interface, producing the charge 

dissociation. It is worth to mention that with the active layer increases, the IQE spectral 

dependency changes. According to equation (6), EQE is smaller for active film thicknesses from 

120 nm to 165 nm (and also PCE) because of the decrement in the IQE values. There is an increase 

in losses for thicker films, and it is notable due to the rapidly drop of IQE. The highest losses are 

for thinner active layers, where the fullerene absorption is more significant (400-550 nm). 

Otherwise, for thicker active layer (above 120 nm) there exist, over the entire spectrum, an IQE 

with a more homogeneous behavior (the IQE spectral dependence is more constant). It can be 

concluded that thinner devices are limited, in the 400-550 nm wavelength region, by charge 

generation; otherwise thicker devices are affected by an increment in recombination mechanisms 

[149]. If an OPV device has large absorption but low EQE, it could mean that CCs transport and 

collection are diminished. 

From equation (6), IQE is the combination of these three factors: 𝜂𝐶𝐺 × 𝜂𝐶𝑇 × 𝜂𝐶𝐶 . If we analyze 

those factors separately, 𝜂𝐶𝐺 seems to remain high in a BHJ active layer because in D:A interfaces 

the excitons dissociate effectively and form stable CCs [150]. Then 𝜂𝐶𝑇  and 𝜂𝐶𝐶  will be the 

responsible for IQE reduction, because the CCs did not transport correctly and did not arrive to 

electrodes, assuming the fact that there are losses for recombination and trapping when the active 

layer is thicker. At thicker film thickness, charge collection becomes limited, reducing the IQE 

value substantially. Our findings are similar to those of previous reported works [50–52,55,76–

78,82], thus, it can be mentioned that the reduction, as the active layer increases over 120 nm, in 

EQE, and consequently in PCE, is due to the reduction in the product of 𝜂𝐶𝑇 and 𝜂𝐶𝐶 [50].  

Conclusions of section 4.3 

Here were fabricated and characterized OPVs with the configuration 

glass/ITO/PEDOT:PSS/PTB7-Th:PC71BM/PFN/FM, for different active layer thicknesses in 

order to obtain a fully characterization regarding EQE and IQE measurements. For these latter 

determinations, internal absorption was estimated through TMM by considering reflection and 

interference phenomena in the OPV stack. The highest IQE took place for the active layer thickness 

range 92 to 120 nm. This estimated IQE spectra showed a significant reduction with the increasing 
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of active layer thickness (> 120 nm), and also if it was very thin (< 75 nm), it is because of the 

losses for recombination and trapping, and poor absorption, respectively. If an OPV cell exhibits 

a low EQE but a high absorption, then the reduction in efficiency arises from either poor transport 

or poor interfacial kinetics (or both). 

4.4. PBDB-T: F-rGO as an alternative hole transport layer 

First, PBDB-T:ITIC and PBDB-T:PC71BM binary solar cells were fabricated, reaching 8.87% and 

6.87% respectively. UV-Vis absorption spectra on films of PBDB-T:PC71BM (blue) and PBDB-

T:ITIC (red) blends are shown in Figure 4.27a. Spectra of the blends are the mix of the independent 

materials spectra and can be compared with the spectra reported previously [103]. As can be noted, 

PBDB-T:ITIC blend has more absorption in the near infrared compared with the PBDB-T:PC71BM 

blend, and this is because the non-fullerene acceptor molecule ITIC absorbs mainly in that region. 

Figure 4.27b shows J-V best curves for PBDB-T:PC71BM (blue) and PBDB-T:ITIC (red) blends. 

The best efficiencies achieved for PBDB-T:PC71BM and PBDB-T:ITIC case was 6.87 % and 8.87 

% respectively which are comparable with the best reported efficiencies for direct BHJ 

configuration but with Al evaporated cathode (8.21 % and 9.38 % respectively) [103]. 

 
a)                                                                    b) 

Figure 4.27: (a) UV-Vis absorption spectrum of PBDB-T:PC71BM (blue) and PBDB-T:ITIC (red) and (b) 
J-V curves of ITO/PEDOT:PSS/PBDB-T:PC71BM(blue) or PBDB-T:ITIC(red)/PFN/FM. 

Then, because of the results showed above, PBDB-T:ITIC blend was chosen for the HTLs tests. 

F-rGO is implemented in OPVs as HTL and as a bilayer with the combination of PEDOT:PSS. 

The well matched work function (5.1 eV) of F-rGO and PEDOT:PSS is likely to facilitate the 

charge transportation and an overall reduction in the series resistance [151]. 
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Sample preparation and characterization 

Flake graphite (Alfa Aesar, natural, 325 mesh, 99.8%), Sulphur acid (H2SO4, 98%), phosphoric 

acid (H3PO4, 85.5%), hydrochloric acid (HCl, 37%), potassium permanganate (KMnO4, 99%), 

hydrogen peroxide (30%), pentafluorophenylhydrazine (Aldrich, 97%), chlorobenzene (C6H5Cl, 

Aldrich, anhydrous, 99.8%), and N,N-dimethylformamide (DMF, Aldrich, anhydrous, 99.8%) 

were used as received. PBDB-T and ITIC were obtained from 1-Material Inc. 1-phenyloctane and 

n-hexadecane were purchased from Sigma-Aldrich and used without further purification. 

Preparation of F-rGO 

Synthesis of F-rGO: GO was prepared from graphite powder according to Marcano´s method as 

reported elsewhere [102,152,153]; is the reduction of GO with pentafluorophenylhydrazine. GO 

(40 mg, 1 wt equiv) was dispersed in deionized water (10 ml) using an ultrasonic bath cleaner. 

Then, 260 mg (1.3 mmol) of pentafluorophenylhydrazine was added to the suspension and stirred 

at 60 °C for 6 h. The mixture reaction was filtered, and the filtered product was washed with methyl 

alcohol. The black solid was dried at 80 °C for 12 h. The graphene oxide reduction with hydrazine 

induce chemical transformations in some functional groups; in reference [155] is reported a table 

with the affected ones, for example: 1-tetralone, 2-acetonapthone, 2-hydroxy-1-naphthaldehyde, 

etc. Under this preparation method, OH groups in the structure, are easily lost [154]. F-rGO 

reaction occurs as is shown in Figure 2 of previous work of our group [154]. 

Devices fabrication 

Figure 4.28a shows the chemical structures of ITIC and F-rGO materials, the other materials 

chemical structures were showed before. All chemicals were used as they were purchased without 

further purification. For the HTL it were tested three different approaches: PEDOT:PSS, F-

rGO/PEDOT:PSS and F-rGO. PEDOT:PSS layer of ~ 40 nm thickness was spin-coated at 4500 

rpm for 1 min on top of the ITO substrate (or over the F-rGO layer, after ITO substrates were 

cleaned and dried) and dried in an oven for 30 minutes at 80 °C. F-rGO layer (~ from 1 to 4 nm 

layer thickness) was spin-coated in dynamic mode at 2000 rpm for 1 min and 4500 rpm for 15 sec 

on top of the ITO substrate from a suspension of F-rGO in dimethylformamide (1 mg/ml) and 

dried in an oven for 20 min at 150°C. For the active layer it was used as electron donor: PBDB-T 

and, as electron acceptor, a non-fullerene material: ITIC. The solution for the active layer was 
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prepared by dissolving PBDB-T and ITIC at 1:1 w/w, 20 mg/ml in anhydrous chlorobenzene with 

1,8-diiodooctane (CB:DIO) (99.5:0.5 v/v) within a glovebox under nitrogen atmosphere. Solution 

was stirred in a hot plate for about 24 h at room temperature. Then, it was spin-coated, at 2500 

rpm for 1 min (active layer thickness ~ 100 nm) inside the glovebox, onto the PEDOT:PSS or F-

rGO layer. A thermal annealing of 160 °C for 10 minutes was provided, and then, active layer was 

soaked with ethanol for 2 min and then was spin-coated on the active layer at 5000 rpm for 1 min. 

A PFN layer (~5-10 nm) was spin-coated at 6000 rpm on top of the active layer and exposed to 

thermal annealing for 15 minutes at 80 °C. Active area of devices (0.07 cm2) was delimited with 

a Scotch tape. FM top electrode was deposited by drop casting on top of the PFN layer, after 

melting it at 95 °C in a hot plate; during this procedure, the OPV cell was kept in the hot plate at 

the same temperature. In Figure 4.28b the final OPV cell structure: glass/ITO/HTL/PBDB-

T:ITIC/PFN/FM used in this work is schematized, where HTL is: PEDOT:PSS, F-

rGO/PEDOT:PSS or F-rGO as mention before. 

            

a)                                                    b) 

Figure 4.28: (a) chemical structures of ITIC and F-rGO, (b) architecture of OPV devices. 

Characterization 

For J-V, UV-Vis, SEM and EQE measurements were used the same devices mention before. In 

order to analyze device’s stability, it was used the ISOS-D1 (shelf storage) testing protocol [156]. 

OPVs were stored in darkness at normal atmosphere conditions and J-V characterization was 

spaced for ~170 h (~7 days). 
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OPVs results 

UV-Vis absorption spectra of the different HTLs (PEDOT:PSS, F-rGO/PEDOT:PSS and F-rGO) 

over glass/ITO are shown in Figure 4.29a, as noted the absorption of the three buffer layer tested 

are low because they are semitransparent. Figure 4.29b shows the absorption spectra for PBDB-

T:ITIC active layer on top of glass/ITO/HTL, where HTL are also PEDOT:PSS, F-

rGO/PEDOT:PSS or F-rGO. As can be observed in the image, there are not significant differences 

in absorbance with the use of the different buffer layers. PBDB-T:ITIC active layer spectrum is 

similar to those reported in the literature [157,158]. 

 
a)                                                                      b) 

Figure 4.29: UV-Vis absorption spectra of (a) the HTLs used (PEDOT:PSS, F-rGO/PEDOT:PSS and F-
rGO) and (b) PBDB-T:ITIC active layer over the different HTLs. 

In Figure 4.30 is shown the best J-V curve and achieved efficiency for our fabricated OPVs based 

on PBDB-T:ITIC (PCE = 8.87 %) upon ethanol solvent treatment. PCE values for these OPVs, 

under direct configuration and with the use of the alternative FM top electrode vacuum-free 

deposited [16,38], are comparable with OPVs based on PBDB-T reported in the literature: range 

7-11 % [19,103,124,159–162]. 
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Figure 4.30: Best J-V curve (from series of at least five devices each) and achieved efficiency for PBDB-

T:ITIC based OPVs devices using the FM alternative top electrode vacuum-free deposited. 

Figure 4.31a and b shows the best J-V and EQE curves of OPV devices with the different HTLs. 

For the F-rGO/PEDOT:PSS as bilayer, it was expected an improvement in the efficiency because 

of better energy alignment between F-rGO (WF = 5.1 eV), PEDOT:PSS (WF = 5 eV) and the 

HOMO level of PBDB-T (WF = 5.2 eV), and also, potentially by an increment in conductivity by 

the weakening of the coulombic attraction between PEDOT and PSS through the functional groups 

of F-rGO nanosheets [109], however, a single F-rGO film does not cover homogenously the ITO 

surface, as it can be seen from SEM images (Figure 4.32b); yielding a lower efficiency of 8.38% 

than for a single HTL of PEDOT:PSS (8.87 %). For F-rGO case only, as has been reported [163], 

it was expected an improvement in PCE due a better-matched WF with the highest occupied 

molecular orbital level of PBDB-T donor (WF = 5.2 eV), which induces a superior device open-

circuit voltage. However, efficiency decays to 5.45% mainly due to a considerable voltage 

decreases (from 0.87 to 0.74 V), current density also has a decrement (of about 1 mA/cm2) and FF 

too. Devices with F-rGO as HTL exhibit very poor performance in comparison with PEDOT:PSS 

as HTL, main reason could be inhomogeneity of F-rGO on the ITO surface, which is in agreement 

with literature [164], however, it has been reported that F-rGO present significant improvement in 

the photovoltaic stability [164]. EQE measurements for PEDOT:PSS and F-rGO/PEDOT:PSS 

based OSCs are also very similar and reached almost 80%; for F-rGO case, EQE was almost 65%, 

these data in correlation with those from J-V plots. The averaged PV parameters (from series of at 

least five devices each) for the fabricated OSCs, with different HTL, are shown in Table 4.7 

bellow. The best PCEs achieved for each case are shown in parenthesis. 
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a)                                                                  b) 

Figure 4.31: (a) Best J-V curves and achieved efficiencies and (b) EQE curves for PBDB-T:ITIC based 
OPVs devices with the different HTLs (PEDOT:PSS, F-rGO/PEDOT:PSS and F-rGO). 

Figure 4.32 from a to d, shows SEM images of ITO, ITO/F-rGO, ITO/PEDOT:PSS and ITO/F-

rGO/PEDOT:PSS respectively. It can be noted the typical granular structure of ITO layer in Figure 

4.32a. In Figure 4.32b for the F-rGO case, it can be observed that here there is not an homogenous 

film over ITO (un-covered zones) [16]; also, it can still be observed the ITO structure on the back, 

and this fact partially is because of the F-rGO film low thickness (between 1 and 4 nm) [165–167]. 

OPV cells performance is sensitive to F-rGO film thickness due to its electrical insulating 

characteristics [167,168]. Figure 4.32c and d show the ITO/PEDOT:PSS and ITO/F-

rGO/PEDOT:PSS SEM surface, as observed, the PEDOT:PSS layer is a homogenous film 

(thickness ~40 nm) and cover all the ITO or ITO/F-rGO surface. 

  
a)                                                                   b) 
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c)                                                                    d) 

Figure 4.32: SEM images (at 1 kV) of a) ITO, b) ITO/F-rGO, c) ITO/PEDOT:PSS and d) ITO/F-
rGO/PEDOT:PSS. Scale bar = 100 nm. 

 

Table 4.7: PV average parameters of the fabricated devices. For PCE, numbers in parenthesis are the 
best values. OPVs configuration: glass/ITO/HTL/PBDB-T:ITIC/PFN/FM. 

𝐻𝑇𝐿 𝑉𝑜𝑐 (𝑉) 𝐽𝑠𝑐 (𝑚𝐴/𝑐𝑚2) 𝐹𝐹 𝑃𝐶𝐸 (%) 
PEDOT:PSS 0.87 14.9 0.63 8.7±0.21 (8.9) 

F-rGO/PEDOT:PSS 0.88 14.6 0.64 8.3±0.15 (8.4) 
F-rGO 0.74 14 0.53 5.4±0.11 (5.5) 

OPVs normalized parameters stability monitoring, under ISOS-D1 testing protocol (dark storage 

at ambient conditions) [156], are shown in Figure 4.33 from a to d. As can be observed devices 

with PEDOT:PSS (red) and F-rGO/PEDOT:PSS (blue) as HTLs shows a similar evolution in all 

of the parameters (PCE, 𝑉𝑜𝑐 , 𝐽𝑠𝑐  and 𝐹𝐹). For the F-rGO case (black) the voltage and current 

density, and then the efficiency has a faster decay compared with the other two cases.  

 
a)                                                                  b) 
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c)                                                                    d)              

Figure 4.33: Stability of OPVs normalized parameters: (a) power conversion efficiency, (b) voltage, (c) 
current density and (d) fill factor, for the three HTLs (PEDOT:PSS red, F-rGO/PEDOT:PSS blue and F-

rGO black) under ISOS-D1 testing protocol. The average values and error bars were calculated from 
three devices for each case. 

Conclusions of section 4.4 

The use of F-rGO as HTL has been investigated in non-fullerene devices with direct configuration: 

ITO/HTL/PBDB-T:ITIC/PFN/FM. OPVs PEDOT:PSS-based showed an average PCE of 8.7 %, 

and devices based on F-rGO as HTL exhibited an efficiency of 5.4%. When a bilayer of F-

rGO/PEDOT:PSS was used as HTL an average PCE = 8.3% was achieved and this could be due 

to the fact that a single F-rGO film was deposited and this only film does not cover homogenously 

the ITO surface. Moreover, device stability maintain similar with the use of F-rGO/PEDOT:PSS 

compared with just PEDOT:PSS. 

 

 

 

 

 

 

 

 

 

 

. 
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5. Conclusions 

In addition to the partial conclusions presented in sections 4.1, 4.2, 4.3 and 4.4, here are presented 

the general conclusions of this thesis dissertation. 

 Donor polymers comparisons indicate that PTB7-Th film chains are somewhat thicker and 

less spaced, and have a slightly better ordering and higher co-planarity than those for PTB7, 

providing possible better electrical charge transport. Also, the novel PBDB-T polymer, due 

to its short distance between chains, could facilitate a more efficient intramolecular charge 

separation, and thus improve charge transfer from the active layer to the OPV electrodes. 

Besides, PBDB-T:ITIC uniform fibrillar structure and its larger and less spaced domains 

could provide homogeneous pathways, helping CC dissociation and transport, and 

diminishing recombination of exciton CCs. In this work, the best achieved efficiencies with 

these polymers was 6.89% for PTB7:PC71BM, 7.65% for PTB7-Th:PC71BM, and 8.87% 

for PBDB-T:ITIC. 

 The use of a second electron-acceptor (ternary active layer) is favorable to assist charge 

dissociation (with cascade-like energy levels between materials), and also to create 

additional charge-carrier pathways, improving charge transport and collection at the 

electrodes. Therefore, the use of iron sulfide (FeS2) nanocrystals at the PTB7:PC71BM 

active layer helped to enhance solar cell performance at a specific doping level (0.5 wt. %); 

PCE was 21% improved (average PCE of ~ 6 % (best = 6.47 %)) compared to reference 

devices (average PCE of ~ 5 % (best = 5.69 %)).  

 An active layer thickness variation analysis, with a full characterization regarding EQE and 

IQE measurements, was made (considering reflection and interference phenomena in the 

OPV stack through TMM) for the PTB7-Th:PC71BM based OPVs. The estimated IQE 

spectra showed a significant reduction with the increase in the active layer thickness (> 120 

nm), and also when it became too thin (< 75 nm); it is due to losses in recombination and 

trapping, and to poor absorption, respectively. If an OPV cell exhibits low EQE but high 

absorption, then the reduction in efficiency arises from either poor transport or poor 

interfacial kinetics (or both). 

 Graphene derivatives, as mentioned before, have several advantages due to their high 

thermal conductivity, transparency and high electrical charge mobility, characteristics that 
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could be very well applied in photovoltaic devices. The use of F-rGO as an alternative HTL 

in PBDB-T:ITIC based OPVs had an average PCE = 8.3% when a bilayer of F-

rGO/PEDOT:PSS was used. PEDOT:PSS-based OPVs showed an average PCE of 8.7 %, 

and devices based on F-rGO exhibited an efficiency of 5.4%. Moreover, device stability, 

tested under the ISOS-D1 protocol, remained similar with the use of F-rGO/PEDOT:PSS 

compared with just PEDOT:PSS. 

Future work 

To complement the studies made in this work, it would be interesting to make TMM analyses with 

different materials and thicknesses to reach a higher optical electric field inside the active layer, 

and therefore, achieve better photon absorption and charge generation, increasing OPV efficiency. 

This is a very helpful method because it allows one to simulate how the device will behave, 

removing the need to perform many laboratory tests (with the ensuing waste of time, materials, 

money, and the like), in order to achieve a well-functioning device. Also, ternary active layers are 

a promising way to achieve higher efficiencies in OPVs. The search for and use of new materials 

that have the required energetic levels along with a wide absorption spectrum (low bandgap), and 

that can be mixed, could be very interesting to improve OPV performance. On the other hand, the 

use of different buffer layers can improve charge transport and collection at the electrodes, and 

sometimes, also stability. Especially, graphene derivatives can be tested with more than one 

deposit to diminish the uncovered zones and/or with other thermal treatments; this could improve 

the homogeneity of the graphene layer, and therefore, the device stability and efficiency. It is 

important to mention that, within our group, we are acquiring new high-efficiency electron-donors 

and electron-acceptors to try to increase our PCE record to at least 15% in the near future. 
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Appendix A 
 

Matlab program to determine Jsc from EQE: 

% Ruta del archivo 
f_ipce='a2.txt'; 
path_= 'D:\Trabajo\Doctorado en Ciencias\Tesis\Mediciones\Calcular Jsc\'; 
ipce=load( [path_ f_ipce], '-ascii' ); 

  
% Carga de datos 
f_power='potencia.txt'; 
potencia=load([path_ f_power], '-ascii' ); 
potencia=potencia(1:5:end); 

  
% Calculo densidad de corriente 
Jsc=ipce(:,1).*ipce(:,2).*potencia/1240; 
Jsc=trapz(Jsc)*100; %A 
Jsc*1000 %mA 

 

Matlab program to determine Rs y Rsh using the single diode model: 

% Cálculo del voltaje térmico Vt a 27°C (300 K) 
% Carga del electrón q  = 1.6021766208e-19; 
% Constante de Boltzmann Kb = 1.38064852e-23 J/K; 
n  = 1.6; 
Vt = n / (1.6021766208e-19 / 1.38064852e-23 / 300); 
Iph=13.59e-3; 

  
% Carga los datos 
m = xlsread( 'F:\Trabajo\Tesis\Calculo Rs y Rsh\datos100.xls' ); 
V = m(:,1); 
I = m(:,2); 

  
% Elimina los voltajes negativos 
% index = find( V < 0, 1, 'last' ); 
% V = V( index:end ); 
% I = I( index:end ); 
% clear( 'index' ); 

  
plot( V,I, 'ok' ); 

  
% Modelo de ajuste 
photocell = @( x,xdata ) ( ... 
                x(1) * ( exp( ( V - x(2)*I ) / Vt ) - 1 ) + ... 
                              ( V - x(2)*I ) / x(3) - Iph ); 

  
% Estimación de valores iniciales 
hold on; 
plot( V, photocell( [ 1e-10, 15,150 ], V) ) 
plot( V, I, 'ok' ); 
hold off; 
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% Ajuste de la corriente ideal 
[x,~] = lsqcurvefit( ... 
            photocell, ...                   % Función 
            [ 0.8e-10, 10,100 ], ....  % Valores Iniciales 
            V, I, [], [], ... 
            optimset( 'Algorithm','levenberg-marquardt' ) ); 

  
% Despliega los valores 
close all 
hold on; 
plot( V, I*1000, 'ko' ); 
plot( V, photocell( x, V )*1000, '-r' ); 
xlabel('Voltage (V)'); 
ylabel('J (mA/cm^{2})'); 
hold off; 

  
fprintf( '\nCorriente de Saturacion (Is): %e\n', x(1) ); 
%fprintf( '   Fotocorriente Ideal (Iph): %e\n', x(2) ); 
fprintf( '   Resistencia en Serie (Rs): %f\n', x(2) ); 
fprintf( 'Resistencia en Paralelo (Rs): %f\n\n', x(3) ); 

  
semilogy(V,abs(I)); 
hold on; 
semilogy(V, abs(photocell( x, V )), '-r' ); 
xlabel('Voltage (V)'); 
ylabel('J (mA/cm^{2})'); 
hold off; 
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